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Enteroaggregative Escherichia coli (EAEC) is recognized as an emerging cause of diarrhea in children and
adults worldwide, and recent studies have implicated EAEC in persistent diarrhea in patients infected with
human immunodeficiency virus (HIV). In this study, we identified aggregative adhesion fimbria type III
(AAF-III) in isolate 55989, a typical EAEC strain. Analysis of the sequence of the plasmid-borne agg-3 gene
cluster encoding AAF-III showed this cluster to be closely related to the agg and aaf operons and to the afa
operons carried by diffusely adherent pathogenic E. coli. We investigated the adhesion properties of a collection
of 25 EAEC strains isolated from HIV-infected patients presenting with persistent diarrhea. We found that a
minority of strains (36%) carried sequences similar to those of the agg and aaf operons, which encode AAF-I
and AAF-II, respectively. We developed PCR assays specific for the agg-3 operon. In our collection, the
frequency of AAF-III strains was similar (12%) to that of AAF-I strains (16%) but higher than that of AAF-II
isolates (0%). Differences between EAEC strains in terms of the virulence factors present render detection of
these strains difficult with the available DNA probes. Based on comparison of the agg, aaf, and agg-3 operons,
we defined an AAF probe internal to the adhesion gene clusters and demonstrated that it was efficient for the
identification of EAEC strains. We investigated 32 EAEC isolates, of which only 34.4% were detected with the
classical CVD432 probe (detecting pAA virulence plasmids) whereas 65.6% were detected with the AAF probe.

Escherichia coli is the predominant facultative anaerobe of
the human colonic flora, and most strains are harmless. How-
ever, certain E. coli strains cause intestinal and extraintestinal
diseases in humans. Diarrheagenic E. coli strains generally
adhere to mucosal epithelia early in the colonization of host
tissues. This pathogenic property is associated with the pro-
duction of adhesins, which are specific to the particular dis-
ease. Enteroaggregative E. coli (EAEC) strains constitute an
emerging pathotype responsible for enteric illness. Epidemio-
logical studies have now implicated EAEC strains in acute and
persistent diarrhea in children, in food-borne diarrhea out-
breaks, and in traveler’s diarrhea (36). Several recent studies
have reported an association between EAEC strains and per-
sistent diarrhea in patients infected with the human immuno-
deficiency virus (HIV) in developing and industrialized coun-
tries (19, 21, 28, 32, 44). Eradication of EAEC from the stools
of HIV-infected patients with persistent diarrhea by antibiotic
treatment, leading to the resolution or improvement of intes-
tinal symptoms, has been reported (17, 19, 43).

EAEC displays a characteristic aggregative adhesion (AA)
pattern on the surfaces of HEp-2 or HeLa cells, with the
bacteria adhering to each other to form a “stacked brick wall”-
like structure on epithelial cells and glass coverslips. Two types
of fimbriae, AA fimbriae types I and II (AAF-I and AAF-II),
have been shown to be required for expression of an AA
pattern. Analysis of the distribution of the genes encoding
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these fimbriae among EAEC strains revealed that only a mi-
nority of isolates produced these two types of fimbriae (12, 38,
41). Thus, EAEC strains must also produce other adhesive
structures. In addition to adhesins, a variety of other virulence
factors have been described, including the heat-stable entero-
toxin (EAST1), the plasmid-encoded toxin (Pet), and a protein
involved in intestinal colonization (Pic) (36). However, none of
these factors are present in all EAEC isolates. Consequently,
the molecular probes developed by genetic characterization of
plasmid- and chromosome-borne virulence genes cannot be
used in routine clinical laboratory testing for identification of
EAEC. Identification remains dependent on production of the
adhesins that generate the AA pattern.

EAEC strains are heterogeneous both with respect to symp-
toms developed by infected hosts and with respect to virulence
genes. The aim of this study was to explore this diversity and to
increase our understanding of the genetic basis of virulence
factors in EAEC by identifying new adhesins. This study was
made possible by characterization of a collection of E. coli
isolates recovered from the stools of HIV-infected patients
suffering from persistent diarrhea. We carried out molecular
typing for a collection of 25 EAEC isolates, using probes and
PCR assays for detection of adhesion-associated genes in order
to evaluate their distribution. In addition, because EAEC iden-
tification depends on production of the adhesins that generate
the AA pattern, we decided to develop an EAEC-sensitive
probe by comparing the two AAF-encoding operons previously
described and the new operon identified in our study, in order
to identify common features.

(This work was presented in part at the 100th and 101st
Meetings of the American Society for Microbiology, Los An-
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TABLE 1. Recombinant plasmids used in this study
Phenotype”
Plasmid Vector Insert Aggregates Production HelLa cell Reference
in EPO of fimbriae binding
pILL1268 pHC79 45-kb Sau3A fragment from E. coli 55989 DNA containing the + + + This study
agg-3 gene cluster
pILL1282 pHC79 pILL1268 with an agg-34 gene mutated by partial deletion and - - - This study
insertion of the kanamycin resistance cassette
pILL1279 pBR322 4.7-kb Nhel-Sphl PCR product from pILL1268 containing the agg- + + + This study
3 operon
pILL1277  pUCIS8 0.5-kb EcoRI-HindIII PCR product from pILL1268 containing an ND ND ND This study
agg-3C internal fragment
pILL1151  pUCI18 10.5-kb BamHI fragment carrying the afa-3 gene cluster from A30 ND - + 15
pILL1218  pACY184 Clal fragment carrying the AAF-I biogenesis genes with a ND - - 14
mutation in aggA
Cosmid D6 pCVD301 Sau3A fragment from pAA2 carrying the AAF-II biogenesis genes + + + 13
“ ND, not determined.
geles, Calif., 21 to 25 May 2000, and Orlando, Fla., 20 to 24 DNA sequencing and sequence analysis. We sequenced double-stranded DNA

May 2001, respectively.)

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. EAEC strains have fre-
quently been identified as agents of persistent diarrhea (of at least 14 days’
duration) in etiological studies of HIV and diarrhea in adults in Bangui, Central
African Republic (19), and Dakar, Senegal (17). Yves Germani of the Pasteur
Institute of Bangui and Awa Aidara-Kane of the Pasteur Institute of Dakar
kindly provided us with 32 such EAEC isolates. Twenty-five of these strains were
isolated from the stools of patients with CD4 lymphocyte counts of <499
cells/mm who presented with persistent diarrhea. In each case, E. coli accounted
for 90 to 100% of the bacteria isolated on the bromocresol purple agar plate onto
which stool specimens were streaked. At least three of the five colonies initially
selected for adhesion assays displayed an AA pattern. One of these colonies was
selected and sent to our laboratory. Seven EAEC stains were isolated from
nondiarrheagenic stools from immunocompromised patients.

The prototype EAEC strains used in this study were JM221 (29), which
produces AAF-I, and 042 (33), which produces AAF-II. These two strains were
initially isolated from the stools of children with diarrhea in Mexico and Peru,
respectively. Strain A30, carrying the afa-3 operon (22), and E. coli E2348/69 (1),
kindly provided by J. Kaper, were used as diffusely adherent E. coli (DAEC) and
enteropathogenic E. coli (EPEC) prototypes, respectively.

E. coli strains HB101 (6) and MC1061 (27) were used as hosts for the recom-
binant plasmids listed in Table 1. Vectors pBR322 (5), pUCI8 (46), and
pACY184 (7), as well as the cosmid vector pHC79 (9), were used in cloning
experiments. E. coli AAECI185 (AfimB-H) (4), kindly provided by D. Gally, was
used as a non-type 1 pilus-producing host strain for recombinant plasmids in
electron microscopy experiments and invasion assays.

Strains were routinely cultured in Luria-Bertani (LB) broth (or on LB agar)
without glucose. For autoaggregation and infection assays, strains were grown in
peptone water (or on peptone agar), without shaking, at 37°C. We selected for
antibiotic resistance by adding antibiotics to the medium at the following con-
centrations: carbenicillin, 100 mg/liter; tetracycline, 10 mg/liter; kanamycin, 20
mg/liter; and chloramphenicol, 20 mg/liter.

DNA manipulations. We used standard recombinant DNA techniques (27).
Hybridization was performed on nitrocellulose filters under stringent (65°C)
conditions, unless otherwise stated, with probes labeled with [*>P]dCTP by using
the Megaprime DNA labeling system (Amersham). PCR was carried out as
previously described (24) with Tag polymerase (Amersham) for detection assays
and with the Expand High-Fidelity PCR System (Roche Molecular Biochemi-
cals) for amplification of DNA fragments for cloning. Most of the probes and
oligonucleotides used are listed in Table 2. The astA, pet, shf, aspU, and irp2
sequences were detected with primers described elsewhere (11, 45). The se-
quences of the primers used to amplify the pic gene were 5'-CGTAACGCCTC
GCTGAACAG-3' and 5'-ACCGGCCTGAATATGCCCGT-3" (J. Nataro, per-
sonal communication). A genomic library, consisting of 35- to 50-kb Sau3A DNA
fragments from E. coli 55989, was constructed in the pHC79 cosmid vector
digested with BamHI, as previously described (23).

using the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit
(Perkin-Elmer Applied Biosystems, Foster City, Calif.). Sequence data were
analyzed with ABI version 3.0.1b3 software. Sequences were screened for simi-
larity to previously published sequences by using the BLASTN and BLASTX
computer programs at the National Center for Biotechnology Information. Mul-
tiple sequence alignments were generated with the CLUSTAL W program.

Allelic replacement. We carried out allelic exchange for the agg-34 gene, using
pILL1268 as previously described (8). The strategy involved the use of recom-
bination to replace a 419-bp agg-34 internal segment (bp 47 to 472) with a PCR
product containing the nonpolar kanamycin resistance cassette and 80-nucleo-
tide [nt] homology arms. We used the following primers for PCR: Agg3A/5'Km
(5'-GAATACAATATTTAGGAGATTTTTCATATGAAAAAGATAAGTAT
CATTGCGAGTCTGGTATTCAGCTTGTACAGTGGGTTCTAACTAGGA
GGAATAAATG-3') and Agg3A/3'Km (5'-CATCCACTTATGCGATCAAAA
AGCGCTAAGTGGGGCTTAGCGCACTGTTTTTATTTATGGTAAAACC
ATAACACCATGGGTTCCCTCCAGGTACTAAAAC-3").

Electron microscopy. For observation of cellular appendages, bacteria were
negatively stained with 1% ammonium molybdate in water as previously de-
scribed (25). Staining of some samples was enhanced by rotary platinum shad-
owing. Transmission electron microscopy of infected HeLa cells was carried out
as previously described (20).

Adhesion and invasion assays. Human HeLa (ECACC 84121901) and Caco-2
cells were maintained as previously described (20, 39). Intestine-407 (Int407)
cells were maintained in Dulbecco’s modified Eagle medium (GIBCO) supple-
mented with 1% glutamine and 10% fetal calf serum. They were cultured at 37°C
in 5% CO,-95% air. Adhesion and invasion assays were performed as previously
described (20).

Nucleotide sequence accession number. The GenBank accession number for
the 12,012-bp region of pILL1268 reported in this paper is AF411067.

RESULTS

Identification of a new variant AAF. To identify AA factors
(other than AAF-I and AAF-II) involved in the interaction of
EAEC strains with epithelial cells, we constructed a cosmid
library from isolate 55989. This isolate is a typical EAEC
strain, containing both chromosomal and plasmid-borne genes
associated with EAEC virulence, but it does not contain genes
encoding AAF-I or AAF-II (Table 3). This strain displays a
typical AA (AAt) pattern, with bacterial aggregates adhering
to both cells and glass coverslips (Fig. 1A), and it forms ag-
gregates in static broth cultures. A role for autoagglutination
via lipopolysaccharide (26) in such phenomena has been ruled
out because no macroscopically visible aggregates are observed
if bacteria grown on agar plates are suspended in 2% NaCl and
shaken on a glass slide at room temperature.
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TABLE 2. Primers and probes used in this study

Virulence factor

Targeted region

PCR primers or restriction

Reference
detected Genes Description Size fragment
EAEC factors
CVD432 probe Fragment of the pAA  Unknown function 630 bp 5'-CTGGCGAAAGACTGTATCAT-3' 40
virulence plasmid® 5'-CAATGTATAGAAATCCGCTGI T-3'
AAF probe agg-3C AAF-III usher subunit agg3C PCR product This study
AAF-1 aggA AAF-I fimbrial subunit 450 bp 5'-TTAGTCTTCTATCTAGGG 3’ 11
5'-AAATTAATTCCGGCATGG 3’
AAF-II aafA AAF-II fimbrial subunit 332 bp HindIII-EcoRI fragment from pJC2 10
aafDA AAF-II chaperone and 1.7kb  EcoRI fragment from pJC2
fimbrial subunits
AAF-III agg-3A AAF-III fimbrial subunit 462 bp 5'-GTATCATTGCGAGICTGGTATTCAG3’'  This study
5'-GGECTGTTATAGAGTAACTTCCAG 3’
agg-3C AAF-III usher subunit 485 bp 5'-GTTTGGAACCGGGAATTAACATTG 3! This study
5'-ATACTTTAGATACCCCTCACGCAG 3’
AggR aggR AAF-1 and AAF-II tran- 308 bp 5'-CTAATTGTACAATCGATGTA-3’ 11
scriptional activator 5'-CTGAAGTAATTCTTGAAT-3’
DAEC factor, AFA afaBC AFA chaperone and 750 bp 5'-GCTGGGCAGCAAACTGATAACTCTC3" 24
usher subunits 5'-CATCAAGCTGTTTGITCGT CCGCCG 3’
EPEC factors
EAF plasmid® pJN16 fragment Unknown function 1 kb BamHI-Sall fragment 33
Bundle-forming pili (Bfp)  bfp4 Bfp major subunit 324 bp 5'-CAATGGTGCTTGCGCTTGCT-3' 42
5'-GCCGCTTTATCCAACCTGGT-3'
Intimin eaeA Structural gene 494 bp 5'-GCAAATTTAGGTGCGGGTCAGCGTT-3" 18

5'-GGCTCAATTTGCTGAGACCACGGT T-3'

“The CVD432 or pAA probe correlates with the presence of a pAA virulence plasmid (2).

b Plasmid encoding Bfp.

Bacteriophage lambda particles carrying recombinant cos-
mid molecules containing fragments of 55989 DNA were pre-
pared and used to infect E. coli HB101. We screened 1,460
recombinant HB101 strains for the autoagglutination proper-
ties of the parental 55989 strain and identified 23 clones that
formed aggregates in static broth cultures. The recombinant
cosmid clone HB101(pILL1268) was selected for further study.
HB101(pILL1268) displayed a pattern of adhesion to HeLa
cells similar to that of strain 55989 (Fig. 1B). The pILL1268
cosmid carried an insert of about 45 kb. Detection of se-
quences specific to pAA virulence plasmids in this clone indi-
cated that the pILL1268 insert corresponded to plasmid se-
quences. PCR experiments revealed that, like the parental
strain 55989, HB101(pILL1268) carried aggR, aspU, and astA
sequences, which were mapped to the cosmid insert by South-
ern hybridization (Fig. 2). Electron microscopy of the parental
strain 55989 grown in static broth showed that the bacterial
surface was surrounded by long, flexible fimbrial structures.
These fimbriae seemed to be involved in autoagglutination,
facilitating contact between bacteria for aggregate formation
(Fig. 3A and B). Although no surface appendages were de-
tected for strain AAECI185 under the same conditions (data
not shown), long fimbriae (diameter, 3 to 5 nm) similar to
those of the parental strain were observed on the surface of
AAECI185 transformed with pILL1268 (Fig. 3C). Unlike
AAF-I and AAF-II, which formed bundles (10, 34), the novel

fimbrial structure encoded by pILL1268, designated AAF-III,
was most commonly observed as individual filaments.

Internalization of bacteria producing AAF-III. We investi-
gated the invasion properties of strains producing AAF-III
by comparing those of the wild-type strain 55989 and the re-
combinant strain AAECI185(pILL1279) with those of the
EPEC strain E2348/69, used as a positive control, and strain
AAECI185, used as a negative control. The results of invasion
assays suggested a low level of internalization for AAF-III-
producing strains (Table 4). Transmission electron microscopy
of HeLa cells infected with strain 55989 or HB101(pILL1268)
confirmed these data. For both strains, bacteria were observed
within the cells. Internalized bacteria were present within
membrane-bound vacuoles, frequently with 2 bacteria per vac-
uole for isolate 55989 (Fig. 4).

Sequence analysis of agg-3 and associated loci. We charac-
terized the AAF-III-encoding genes by partial sequence deter-
mination of pILL1268, initiated from the aggR region (Fig.
2B). We sequenced a 12,012-bp region. Within this sequence,
we identified regions displaying similarity to previously de-
scribed AAF-encoding gene clusters (the agg and aaf operons,
encoding AAF-I and AAF-II, respectively). One such region
was the agg-3 gene cluster (region 1), which comprises four
open reading frames (ORFs), transcribed in the same orien-
tation, mapping to the same loci as the aggD, aggC, aggB, and
aggA genes in the agg operon. We investigated whether agg-3
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TABLE 3. Characterization of the adhesion properties of diarrhea-
associated EAEC strains isolated from HIV-positive patients

Detection® of:

EAEC factors

Isolate Adhesmnb DAEC
phenotype Adhesins factor,
PAA AggR AFA
aggA  aafA  aag-3A°
56390 AAt + + — - + —
645125 AAt + + - — + -
384P AAt + +/— — - — —
559894 AAt + - - + + —
387A¢ AAt + - —e + + -
8852544 AAt + - - + + —
11097 AAt + - - - + —
11006 AAt + +/- - - + -
11053 AAII + - - - + —
381A AAt - - - - - -
911277 AAt - - - - - -
041344 AAt - - - - - -
11074 AAt - - - - - -
50A AAll - - - - = =
113A AAll - - —< - - -
374P AAll - - = - = =
36197A AAll - - - - - -
100A AAll - - = - = =
647129 AAll - - - - - -
495P AAll - - = - = =
934290 AAll - - - - - -
650139 AAll - - = - = =
950305 AA/DA - - —¢ - - +
148A AA/DA - - — - - +
504P AA/DA - - - - - -

¢ +, positive detection; —, absence of detection; +/—, the strain was positive
by hybridization and negative by PCR. No strain was positive for EPEC factors.

® AAIL low level of aggregative adhesion; AA/DA, mixed phenotype.

¢ The same results were obtained with the agg-3C amplicon used as a probe.

@ Strain tested positive for shf, aspU, astA, pic, and irp2 sequences.

¢ Strain negative with the aaf4 probe but positive with the aafDA probe.

genes conferred adhesion properties by PCR amplification of a
4.7-kb agg-3-containing region of pILL1268. The amplicon was
ligated into pBR322. The resulting plasmid, pILL1279, con-
ferred on the host strains (MC1061 and AAEC185) the ability
to produce fimbriae involved in bacterial aggregation and to
bind HeLa cells. For three of the ORFs, agg-3D, agg-3C, and
agg-3B, a BLASTX search predicted amino acid sequence sim-
ilarities between the products of AAF-encoding operons and
those of afa operons. The Agg-3D product displays significant
sequence similarity to putative periplasmic chaperone proteins

P
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such as AggD, AafD, and AfaB (63 to 67% identity and 77 to
82% similarity), and the Agg-3C product is similar to the
AggC, AafC, and AfaC putative usher proteins (65 to 67%
identity and 79% similarity). Significant similarities were found
between the Agg-3B protein and members of the invasin fam-
ily, for which AfaD-III (from the afa-3 operon) is the prototype
(16). Agg-3B is 58, 59, and 54% identical to AggB, AafB, and
AfaD-III, respectively. The sequence similarities extend over
the full length of the proteins, and Agg-3B contains the highly
conserved 8-amino-acid (aa) region (ATGRXXCR) described
for all proteins of the family (14). The agg-34 gene was located
174 bp downstream of agg-3B. A potential ribosome-binding
site precedes the start codon, and a putative signal sequence
was identified in the 165-aa polypeptide, which displays no
significant sequence similarity to any protein sequence in the
database. However, alignments of the Agg-3A, AggA, and
AafA sequences highlighted the conservation of residues de-
scribed as typical of the family of adhesins encoded by afa-
related operons (10), including 2 cysteine residues separated
by 31 to 33 aa in the N-terminal moiety of the mature product
and a glycine near the C terminus (Fig. 5). Agg-3A was dem-
onstrated to function as an adhesin by replacing part of agg-34
by a nonpolar kanamycin cassette in pILL1268. The resulting
plasmid, pILL1282, did not confer on the host strain aggregate
formation in static broth culture, fimbria production, or adhe-
sion to HeLa cells (Table 1).

A 2,121-bp region of the pILL1268 insert (region 2) located
5 kb downstream of the stop codon of the agg4 gene was found
to be very similar (99%) to region 2, which is involved in the
production of AAF-I. Sequence alignment showed that this
region contained a gene 100% identical to the previously pub-
lished aggR gene, which encodes a transcriptional activator
(37).

A third interesting region (region 3) follows the agg-3 gene
cluster (Fig. 2B). This region contains an ORF very similar to
the astA gene, encoding the EAST1 toxin, from the enterotoxi-
genic E. coli (ETEC) strain 27D (31). A single base difference
between the two nucleotide sequences, in codon 4, does not
result in an amino acid substitution, and the products encoded
by the two genes are 100% identical. This region is also very
similar in sequence to IS/414 (1,106 bp identical over 1,111
bp), an insertion element identified in ETEC strain 27D. As in
strain 27D, the EAST1-encoding gene is present within the
insertion element. The 1S747/4-like element of strain 55989 is

W
& <

FIG. 1. Photomicrographs of HeLa cells infected with AAF-III-producing strains: the wild-type strain 55989 (A) and the recombinant
HB101(pILL1268) (B). Bacteria displayed an aggregative pattern of adhesion to the cells and, to a lesser extent, to glass coverslips. (C) HB101

(negative control).
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FIG. 2. Structure of the agg-3 region. (A) Physical map of the pILL1268 insert. Restriction fragments hybridizing with the aggR, aspU, and
CVDA432 probes are indicated. (B) Genetic organization of the 12,012-bp sequenced region. The locations and directions of transcription of the
ORFs described in this study are indicated by arrows. The truncated IS74/4 element (IS7414x) is indicated by a box. The region used as the AAF

probe is also shown. Abbreviations: B, BamHI; S, Sall.

very unlikely to be functional, because it contains an incom-
plete transposase gene (with 211 bp deleted from the 3’ end)
and the target site is not duplicated. Instead, sequences similar
to parts of IS91 and IS2, respectively, were found on either
side.

The 3,606-bp nucleotide sequence between regions 2 and 3
showed no significant similarity to sequences in the database,
except for a region from nt 8889 to nt 9292, which displayed
97% identity (398 nt identical over 409 nt) to part of insertion
sequence 1S629 from Shigella flexneri (30).

Distribution of AAF-encoding operons in EAEC strains iso-
lated from HIV patients. We investigated 25 diarrhea-associ-
ated isolates, including isolate 55989, initially identified as
EAEC strains on the basis of their AA patterns in HeLa cell
adhesion assays in Bangui and Dakar. We first checked the

adhesion properties of these strains on HeLa cells after stor-
age. Various AA phenotypes were observed (Table 3). Twelve
strains exhibited a typical AA pattern (AAt). Ten isolates
showed a low-level AA pattern (AAll). Finally, three strains
showed a mixed adhesion pattern (AA/DA) corresponding to
AAt or diffuse adhesion (DA) depending on the HeLa cell
examined. We also performed adhesion assays with human
intestinal cell lines, such as undifferentiated Caco-2 cells and
Int407 cells. For all isolates, the adhesion pattern was similar
for intestinal and HeLa cells. We characterized these strains in
more detail, using PCR and probes to detect genes for adhe-
sion factors from the three pathotypes of diarrhea-associated
enteroadherent E. coli (EAEC, DAEC, and EPEC) (Tables 2
and 3). None of the isolates tested positive for the genes
involved in the localized adherence pattern of EPEC strains.

FIG. 3. Electron micrographs of AAF-III-producing E. coli strain preparations negatively stained with 1% aqueous ammonium molybdate and
shadowed with platinum. (A) Strain 55989; (B) detail of the region framed in panel A; (C) AAEC185(pILL1268). The wild-type 55989 isolate
produces both flagella and long, flexible fimbriae, which are involved in the cohesion of bacterial aggregates, as indicated by arrows in panel B.
AAECI185(pILL1268) produces fimbriae similar to those observed in 55989. These fimbriae are designated AAF-III. Bars, 0.5 pwm.



VoL. 70, 2002

TABLE 4. Invasion of HeLa cells by E. coli strains
producing AAF-III

Strain Virulence % Invasion” Relatiye %
factor(s) (mean * SD) invasion®
E2348/69 (EPEC) Bfp, Eae“ 0.22 = 0.05 100
55989 AAF-III 0.05 £ 0.02 22.7
AAECI185 (pILL1279) AAF-III 0.02 = 0.005 9.1
AAEC1854 None 0.001 = 0.0007 0.45

“ Bacteria resisting treatment with gentamicin as a percentage of the number
of bacteria present in the original inoculum. Results are means = standard
deviations from two experiments, each performed in duplicate.

? Invasion relative to that with E. coli E2348/69, which was defined as 100%.

¢ Bfp, bundle-forming pili; Eae, intimin.

@ Similar results were obtained with AAEC185 harboring pBR322.

Two of the AA/DA isolates tested positive for afa operons,
which confer DA on DAEC (uropathogenic and diarrheal)
strains. Eleven of the 25 strains tested negative for all the
factors. These 11 strains comprised 3 AAt, 7 AAll, and 1
AA/DA strain.

Most of the AAt strains (8 of 12) and 1 of the AAll isolates
tested positive by classical methods for the pAA virulence
plasmid and the aggR gene.

The aggA gene, which encodes the AAF-I fimbrial subunit,
was detected by both PCR and hybridization. Only four pAA-
positive strains also tested positive for agg4. Two of these four
isolates tested positive by both approaches and also tested
positive for aggR; these two strains were classified as typical
AAF-I strains. Two other isolates testing positive only for
aggA, by hybridization, were described as carrying agg-related
sequences.

No isolate hybridized with the aafA4 probe, corresponding to
the AAF-II fimbrial subunit. However, five strains (two AAt,
two AAIll, and one AA/DA strain) hybridized with a probe
corresponding to a larger region (aafDA) of the aaf operon,
suggesting that they carried aaf-related sequences. Interest-
ingly, four of these strains were negative for pAA and aggR.
One of the three AA/DA isolates contained both an afa operon
and an aaf-related operon.

We used PCR assays to evaluate the frequency of the agg-3
operon. Two sets of agg-3-specific primers were designed from
the nucleotide sequences of the agg-3C and agg-34 genes for
detection of the corresponding sequences (Table 2). The spec-
ificity of the oligonucleotide pairs was evaluated by testing
representative strains. Amplicons were obtained from strain
55989, from which the agg-3 genes were cloned, and HB101
(pILL1268). No amplification was observed with strain JM221,
042, or A30, carrying genes encoding the AAF-1, AAF-II, and
AFA-III adhesins, respectively, or with the E. coli K-12 strain
HB101, used as a negative control. Only 3 of the 25 EAEC
strains in our collection tested positive by PCR for both agg-3C
and agg-3A: isolates 55989, 885254, and 387A. All these strains
were isolated from AIDS patients in the Central African Re-
public, and all carried the same genetic markers (CVD432,
aggR, aspU, astA, shf, pic, and irp2). In our collection, the
frequency of AAF-III strains (12%) was similar to that of
AAF-I strains (16%) and of strains carrying aaf-related se-
quences (20%) (Table 3).

Development of a probe to detect AAF-encoding operons.
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Characterization of the EAEC collection highlighted the vari-
ability between isolates. However, identification of the agg-3
operon demonstrated conservation of the AAF-encoding gene
clusters involved in the adhesion phenotype. Moreover, the
results of the adhesion and hybridization experiments pre-
sented in this study (Table 3) clearly indicated that, in addition
to the agg, aaf, and agg-3 operons, other, as yet unidentified
gene clusters must be associated with the expression of an AA
pattern. Based on alignment of the three available sequences
of AAF-encoding operons, we showed that the usher-encoding
region (aggC, aafC, or agg-3C) was the best conserved region in
these operons. We selected a 485-bp fragment of the agg-3C
gene from strain 55989 as a potential probe for AAF-encoding
genes (Fig. 2B; also see Table 2 for sequences of the oligo-
nucleotides used as primers). The recombinant plasmid
pILL1277 was produced by inserting the AAF probe sequence
into pUCI18. The specificity of the AAF probe (485-bp ampli-
con) was evaluated by testing representative strains by colony
hybridization at 65°C (Table 5). Strains carrying the agg operon
[JM221 and HB101(pILL1218)] and strains expressing the aaf
operon [042 and HB101(cosmid D6)] tested positive with the
probe. No hybridization was detected with strain HB101, used
as a negative control. Similar results were obtained if hybrid-
ization was performed at 60°C.

This study and previous reports provide evidence for a high
level of similarity between the AAF-encoding operons and the
afa operons carried by DAEC strains (13, 14). Not surprisingly,
clinical and recombinant strains carrying an afa operon also
hybridized with the AAF probe. We obtained positive results
with strains A30, AL845 (25), and HB101(pILL1151), carrying
the afa-3 operon; strain AL851, carrying the afa-5 operon (25);
and strain C1845, carrying the daa operon (which belongs to
the afa family of operons) (3, 15). In contrast, seven DAEC
strains that did not carry afa operons tested negative with the
AAF probe. We evaluated the sensitivity of the probe by test-
ing the 32 EAEC strains (25 diarrheagenic and 7 nondiarrhea-
genic isolates) of the collection. Once again, the results of
hybridizations at 65 and 60°C were similar. However, the re-
sults were easier to interpret if hybridization was carried out at
60°C. All strains testing positive with the CVD432 probe also
tested positive with the AAF probe (11 strains). However, 10
other strains also hybridized with the AAF probe, giving a total
of 21 AAF probe-positive strains (65.6%). Only 20% of the
AAt and 57% of the AAll strains were not identified with the
AAF probe, which compares favorably with the 40 and 85.7%,
respectively, not identified with the classical CVD432 probe.

DISCUSSION

EAEC strains may be considered to be a heterogeneous set
of strains with factors in common, resulting in a common AA
phenotype on HEp-2 and HeLa cells (35). Some EAEC iso-
lates have been recognized as pathogenic strains associated
with various intestinal diseases. However, the genetic bases of
EAEC pathogenesis have not yet been fully elucidated, and
EAEC strains may be pathogenic or nonpathogenic. Great
progress toward the identification of pathogenic EAEC strains
could be achieved by characterizing new adhesion factors and
developing genetic tools for detection of EAEC clones in
stools.
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carrying the recombinant plasmid pILL1268. Bars, 1 wm. (Insets) Intracellular bacteria. Bars, 0.5 pm.

We identified the AAF-III adhesion factor in isolate 55989.
The genetic system encoding this factor also encodes a fimbrial
adhesin involved in the aggregation of bacteria and the adhe-
sion of bacteria to cells. The genetic organization of the gene
cluster, designated agg-3, is very similar to those of the agg and
aaf operons from EAEC isolates. A gene encoding a product
identical to AggR, a positive transcriptional regulator of both

the agg and aaf gene clusters, was detected downstream of
agg-3, but there is no evidence that it is involved in AAF-III
production. Analysis of the sequence of agg-3 also confirmed
that the operons encoding AA factors were similar to afa
operons. The Agg-3B product is similar to AggB and AfaD,
both of which are invasins. Thus, as suggested for AafB, to
which it is also similar, Agg-3B is probably an invasin (14).
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FIG. 5. Sequence alignment of adhesins encoded by the agg-3, agg, and aaf operons. Gaps, indicated by dashes, have been inserted to optimize
the alignment. Asterisks and points represent identical and similar residues, respectively, identified with the CLUSTAL W program. Numbers
correspond to amino acid positions in the protein encoded by the agg-3 gene cluster. The predicted translational start site of Agg-3A is indicated

by +1.

HeLa cells may take up agg-3-expressing wild-type and recom-
binant strains. It is unknown whether invasion is specifically
promoted by Agg-3B in AAF-III-producing bacteria. Like DA
afa-expressing isolates, agg-3-expressing EAEC strains invade
HeLa cells at low frequency. The ability of EAEC strains to
invade epithelial cells may reflect an evolutionary strategy de-
signed to establish bacterial reservoirs and persistence within
the host. This notion is strongly supported by the isolation of
these strains from patients presenting with persistent enteric
infections. The present lack of clinical evidence of invasiveness
may be accounted for by a low efficiency of internalization into
epithelial cells both in vivo and in vitro.

Like the agg and aaf operons, agg-3 is plasmid borne and is
genetically linked to the ast4 gene, which encodes the EAST1
toxin. The region carrying agg-3 displays a genetic organization
similar to that reported for the agg and aaf regions: the adhe-
sion-encoding operon is followed by the toxin gene, which in
turn is followed by the regulator gene. These genes are also
tightly linked to sequences reminiscent of the sequences of
various insertion elements. Thus, multiple recombination
events have been involved in the genetic linkage of adhesion-
and toxin-encoding gene blocks on pAA plasmids, suggesting
that such topological associations of virulence genes could play
a role in determining the pathogenic potential of an isolate.

EAEC strains isolated from AIDS patients have never be-
fore been characterized. We investigated 25 EAEC strains
isolated from HIV-infected patients presenting with persistent
diarrhea. We characterized these strains phenotypically and
genotypically on the basis of their adhesion properties. These
strains were originally isolated in Bangui and Dakar, and were
selected based on their AA patterns on cells. However, the
adhesion phenotypes of these strains differed in some cases in
our hands, suggesting that genotypic identification should
greatly facilitate epidemiological studies, overcoming variation
due to individual interpretation, laboratory growth conditions,
and storage conditions. We studied the prevalences of the
three AAF-encoding operons in these strains. To detect
AAF-I- and AAF-II-encoding genes, we used internal seg-
ments of the aggd and aafA fimbrial subunit genes, which
display no significant sequence similarity to each other, as
probes, to avoid problems with cross-reactivity. The results

obtained with the AAF-II probe were surprising. Although no
positive hybridization signals were obtained with the aafA
probe, five isolates (20%) hybridized with the aafDA probe,
which carries the sequences of both the chaperone and fimbrial
subunit genes. These data indicate a high level of heterogene-
ity for the aafA gene of the aaf operon, which has not previ-
ously been reported. Use of the aafDA probe has been sug-
gested as a possible means of detecting AAF-II as a relevant
marker of pathogenic EAEC (38). It would be useful to type
the fimbrial subunits encoded by the various operons detected
with this probe, as a means of identifying the subunits associ-
ated with pathogenicity. In previous studies, detection of aaf
operons was reported to be strongly associated with detection
of both the regulator-encoding aggR gene and the pAA plas-

TABLE 5. Comparison of probes for detection of
EAEC strains by hybridization

No. (%) of strains positive

Isolate and adhesion with probe:
phenotype
CVD432 AAF
Diarrheagenic strains
AAt (n = 12) 8¢ (66.6) 10” (83.3)
AA/DA (n = 3) 0 39(100)
AAll (n = 10) 1“ (10) 34(30)
Nondiarrheagenic strains
AAt (n = 3) 14(33.3) 2 (66.6)
AAll (n = 4) 14 (25) 3(75)
Total (n = 32) 11 (34.4) 21 (65.6)
Control strains
AAt (JM221, 042) + +
+ +
DA (A30) - +

“ All of these strains were positive with the AAF probe.

> One of the two strains negative with the CVD432 probe carries sequences
related to that of the aaf gene cluster (it was positive with the aafDA probe and
negative with the aaf4 probe).

¢ Two strains were positive for AFA; one strain was positive for AAF-III.

4 The two strains negative with the CVD432 probe carry sequences related to
that of the aaf gene cluster (they were positive with the aafDA probe and
negative with the aaf4 probe).
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mid. We found no such relationship in most of the strains
carrying aaf-related sequences (four of five), indicating that the
potential aaf operons detected here differ from the AAF-II-
encoding gene cluster. Two PCR tests have been developed for
the specific detection of agg-3-positive strains: they detect the
agg-3C gene and the agg-34 adhesin-encoding gene, respec-
tively. With the aid of these tests, we identified three AAF-III-
producing strains among the diarrheagenic isolates from HIV-
infected patients tested. Three isolates had a set of plasmid-
and chromosome-borne virulence genes in common. Accord-
ing to our results, the frequencies of AAF-I, AAF-II-related,
and AAF-IIT strains seem to be similar. Further studies should
be performed to address the prevalence and potential clonality
of AAF-III strains. Interestingly, we recently identified an
AAF-III-positive isolate from the diarrheagenic stools of a
child in New Caledonia, indicating that AAF-III production is
not restricted to strains from HIV-infected patients. Although
none of the 25 strains carried both AAF-I- and AAF-III-en-
coding sequences, one AAF-III-producing isolate also tested
positive for aaf-related operon sequences, confirming that two
AA factor-encoding gene clusters may be present in a single
EAEC strain. Only 11 of the 25 EAEC isolates (44%) studied
gave a positive result with at least one of the three AAF
adhesion system probes, and the basis of AA remains unknown
for 14 strains. The prevalence (36%) of strains testing positive
with the CVD432 probe was very low, which is consistent with
several previously published results (36). On the basis of our
results, we were unable to differentiate strains isolated from
HIV-infected patients from isolates of other origins.

Characterization of the collection of EAEC isolates studied
provided evidence for variability between strains and demon-
strated the existence of a new variant fimbria, AAF-III. Several
other studies have also suggested that some EAEC strains
carry virulence plasmids that do not hybridize with the
CVD432 probe (11). However, sequence analysis of the agg-3
gene cluster showed a high degree of conservation between
the various operons involved in the adhesion phenotype. We
therefore decided to design a new EAEC probe for sequences
directly involved in expression of the AA pattern. We report
here that an internal fragment of the agg-3C gene functions
efficiently as a probe for the identification of strains carrying
AAF-encoding operons. This probe is sensitive for a family of
operons widespread among enteroadherent E. coli. Indeed, in
addition to AAF-encoding operons, this probe detects the afa
operons carried by DAEC and uncharacterized operons in-
volved in various adhesion phenotypes, such as AA/DA or
AAll, described in this study. Use of this probe could make it
possible to identify genetically a large proportion of enteroad-
herent pathogenic E. coli for which it is not always easy to
determine an adhesion pattern.

EAEC strains are an emerging cause of diarrheal infections
worldwide. The epidemiological significance of the virulence
markers identified to date should be evaluated by testing
large collections of EAEC isolated from diarrheagenic pa-
tients and healthy controls. One limitation to such studies is
the lack of probes for detection of all adhesion factors. The
probe described here should facilitate progress in this di-
rection.
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