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Escherichia coli 73-1 (serotype O73:H33) and 5-2 (serotype O89:H—) isolated from patients with diarrhea
adhered to tissue culture cells (HeLa and HEp-2) as well as coverslips (plastic and glass) in a diffuse pattern.
Adherence of strain 73-1 was mediated by a 110-kbp plasmid designated pEDA1 and correlated with p-
mannose-resistant hemagglutinin (MRHA) detected with bovine, sheep, or human erythrocytes. The MRHA
region was duplicated on pEDA1 and mediated the production of the 57-kDa outer membrane protein whose
N-terminal amino acid sequence was hydrophobic. In accordance with MRHA and adherence, the 57-kDa outer
membrane protein was observed best at 37°C and to a lesser extent at 25°C. In human intestine, adherence to
mucus and colonic epithelium was obvious. No detectable pili were observed. The enteroaggregative E. coli
heat-stable enterotoxin 1 (EAST1) gene, whose nucleotide sequence was 99.1% homologous to that of entero-
aggregative E. coli, was present adjacent to the MRHA region on pEDAI. Strain 5-2 also exhibited MRHA
activities and adherence and had sequences corresponding to those of the MRHA region and EAST1 gene. The
data suggest that strain 73-1 (and strain 5-2), which has characteristics of both diffusely adhering E. coli and

enteroaggregative E. coli, possesses a novel hemagglutinin associated with diffuse adherence.

Although Escherichia coli is a major constituent of the nor-
mal flora of the human intestine, particular E. coli strains are
associated with diarrhea. On the basis of distinct virulence
properties and syndromes, diarrheagenic E. coli strains have
been classified into five categories (1, 9, 19, 23): enterotoxi-
genic E. coli strains, enteropathogenic E. coli strains (EPEC),
enteroinvasive E. coli strains, enterohemorrhagic E. coli strains,
and enteroaggregative (previously termed enteroadherent-ag-
gregative [23, 34]) E. coli strains (EAggEC). Among those, EPEC
and EAggEC exhibit unique adherence patterns (localized adher-
ence and aggregative adherence, respectively) in tissue culture
cell assays using HEp-2 or HeLa cells (23, 24, 29).

In such tissue culture cell assays, a third type of adherence
pattern (called diffuse adherence) has been demonstrated with
E. coli isolated from patients with diarrhea (24, 29). Diffuse
adherence was first reported with E. coli strains having EPEC
serotypes (24, 29). Those strains carried adherence-mediating
plasmids (2, 24) and produced no detectable hemagglutinins
(HAs) (2, 24). The adherence factor of one such strain was
shown to be a plasmid-encoded outer membrane protein of
100 kDa, called afimbrial adhesin involved in diffuse adherence
I (AIDA-T) (3).

Another type of diffuse adherence was reported with diar-
rhea-associated E. coli strains (of non-EPEC serotypes) that
were negative for the virulence factors of the five categories of
diarrheagenic E. coli. Those strains have been called diffusely
adherent E. coli (DAEC) (32) or diffuse-adhering E. coli (11)
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strains. In one such strain, the determinant for an adhesin
(F1845 fimbriae) has been shown to be located on the chro-
mosome (4). F1845 is a member of the Dr family of adhesins,
which recognize the Dr(a) blood group antigen as a receptor.
This family includes adhesins of uropathogenic E. coli such as
afimbrial adhesins I and III and Dr hemagglutinin (26, 31). The
F1845 DNA probe-positive DAEC adhere to tissue culture
cells but not to glass (11, 34) and produce b-mannose-resistant
HA (MRHA) detected with human erythrocytes (4). Volun-
teer studies using such F1845 DNA probe-positive DAEC have
failed to demonstrate significant pathogenicity (32). Conse-
quently, the association of diffuse adherence with diarrhea has
remained unclear (8, 11, 19, 20). In other DAEC which did not
hybridize with F1845 or AIDA DNA probes, the genes for
diffuse adherence were located on conjugative drug resistance
plasmids (13).

In previous experiments (38), we have analyzed bacterial
adherence to HeLa cells by scanning electron microscopy and
unambiguously demonstrated that there exist two distinct sub-
types of DAEC: one adhering to HeLa cells but not to a plastic
coverslip and being F1845 DNA probe positive, and another
adhering to both HeLa cells and a plastic coverslip in a diffuse
pattern and being F1845 DNA probe negative. The latter bac-
terial strains (73-1 and 5-2) had originally been reported to be
EAggEC on the basis of their adherence patterns on HEp-2
cells observed under a light microscope (34). In this study, we
investigated adherence of strains 73-1 and 5-2 to tissue culture
cells (HeLa and HEp-2), coverslips (plastic and glass), and
human intestines and characterized a novel HA associated
with the adherence. We also determined the nucleotide se-
quence of the EAggEC heat-stable enterotoxin 1 (EAST1)
gene, reported by Savarino et al. (27, 28), of strain 73-1.
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FIG. 1. Scanning electron micrographs showing adherence to HeLa cells and plastic coverslips of F1845 DNA probe-positive DAEC strain D1 (A and D), E. coli
73-1 (B and E), and E. coli 5-2 (C). (A to C) Adherence to HeLa cells on a plastic coverslip; (D and E) adherence to plastic coverslips (without tissue culture cells).

Bars = 10 um (A to C) and 20 um (D and E).

MATERIALS AND METHODS

Bacterial strains. E. coli 73-1 (serotype O73:H33 [34, 38]) and 5-2 (serotype
O89:H— [34]) were isolated from patients with diarrhea in Chile and kindly
provided by James B. Kaper (University of Maryland School of Medicine, Bal-
timore). Strains 73-1 and 5-2 were negative (38) for colony hybridization with the
EAggEC DNA probe (0.8-kbp PstI-EcoRI fragment of pCVD432 which origi-
nated in the adherence-mediating plasmid of EAggEC) (1) or with the F1845
DNA probe (0.45-kbp PstI fragment of pSLM852 which originated in the daaC
gene on the chromosomal F1845 locus [4]); this probe is not specific for F1845
and may identify members of a Dr family of adhesins.

DAEC strain D1 (serotype O36:H4 [38]) was isolated from a patient with
diarrhea in Thailand. This strain adhered to HeLa cells (in a diffuse pattern) but
not to plastic coverslips and was positive with the F1845 DNA probe.

EAggEC strain TL100 (serotype O127a:H21 [37, 38]) was isolated from a
patient with diarrhea in Thailand, adhered to both HeLa cells and plastic cov-
erslips in an aggregative pattern, and was positive for the EAggEC DNA probe
(1).

E. coli HB101 is a hybrid between E. coli K-12 and E. coli B and lacks
restriction ability. E. coli 20S0 (K-12 derivative strain) carrying plasmid pTH10
was constructed previously (37); pTHI10 is a self-transmissible plasmid (incom-
patibility group P) with temperature-sensitive replication and codes for resis-
tance to ampicillin (as a result of the ampicillin resistance transposon Tnl),
tetracycline, and kanamycin (12).

E. coli T19 (maltoporin [LamB] ") and its LamB ™~ mutant strain TNE001 were
from collections in the Institute of Medical Sciences, Tokai University.

Media and bacterial growth. For bacterial growth, we used L broth (18) as a
liquid medium. Incubations were conducted at 37°C for 14 to 20 h with agitation

(unless otherwise noted). L (2%) agar, MacConkey agar (Eiken Chemical, To-
kyo, Japan), and Mueller-Hinton agar (Difco Laboratories, Detroit, Mich.) were
used as solid media. Incubations were carried out for 18 to 20 h at 37°C.

HA assay. Bacterial cells grown in L broth or on L agar were suspended in
phosphate-buffered saline (PBS; pH 7.4) to a concentration of 600 Klett units
(measured in a Klett-Summerson photoelectric colorimeter with a red filter;
Klett Manufacturing, Long Island City, N.Y.). This concentration of DAEC
strain 73-1 corresponded to 2.1 X 10° CFU/ml. HA titers were then determined
by the 24-well plate method described previously (39).

Adherence test with tissue culture cells and coverslips. Adherence of E. coli
strains to HeLa and HEp-2 cells was examined (unless otherwise noted) essen-
tially by a method previously described (23, 29, 33) except that samples were
finally examined with a scanning electron microscope (38) instead of a light
microscope. HeLa or HEp-2 cells were grown on a plastic coverslip (diameter,
13.5 mm; Sumitomo Bakelite, Tokyo, Japan) at ~50% confluence; the plastic
coverslips were those treated for hydrophilicity with negative charge at the
surface. The cells on a plastic coverslip were then incubated in 1 ml of Eagle
minimal essential medium (Nissui Pharmaceutical, Tokyo, Japan) supplemented
with 5% fetal calf serum and 0.5% (wt/vol) b-mannose and containing 5 or 40 wl
of bacterial cultures for 3 h at 37°C (38). Adherence of bacteria to plastic or glass
coverslips (without cells) was also examined as described above.

In some experiments, bacterial adherence to plastic coverslips (with or without
HeLa cells) was conducted in PBS for 10 min at 37°C as described previously
(38).

Preparation of intestine specimens. Jejunum specimens were obtained from a
3-month-old infant with congenital biliary atresia at Juntendo Hospital. The
mucosa of the intestine segment was isolated as described previously (39). The
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TABLE 1. MRHA production of F1845 DNA probe-negative and -positive DAEC and EAggEC

INFECT. IMMUN.

Time (h) of MRHA activity” against erythrocytes of the indicated origin
E. coli strain Medium incubation
at 37°C Bovine Sheep Human Guinea pig Rabbit Horse
F1845-negative diffusely adherent

73-1 L broth 40 16 (4) 16 (4) 2(<1) 2(<1 2(<1) 2(<1)
20 8(1) 8(1) 1(<1) 1(<1) 1(<1) 1(<1)

L agar 20 1 <1 <1 <1 <1 <1
5-2 L broth 40 4(1) 4(1) <1(<1) <1(<1) <1(<1) <1(<1)
20 2(<1) 2(<1) <1(<1) <1(<1) <1(<1) <1(<1)

L agar 20 <1 <1 <1 <1 <1 <1
D1 (F1845-positive diffusely adherent) L broth 40 <1(<1) <1(<1) 16 (8) <1(<1) <1(<1) <1(<1)
20 <1(<1) <1(<1) 16 (8) <1(<1) <1(<1) <1(<1)

L agar 20 <1 <1 16 <1 <1 <1
TL100 (enteroaggregative) L broth 40 64 (32) 16 (16) 64 (32) 32(32) <1(<1) 32 (16)
20 32(32) 16 (16) 32 (16) 32 (16) <1(<1) 32 (16)

L agar 20 <1 <1 <1 <1 <1 <1

“ Bacteria were grown in L broth with agitation or on L agar for the indicated times at 37°C. Data indicate the highest dilution (fold) yielding positive results by the
24-well plate method. A concentration of undiluted bacterial samples, corresponding to an HA titer of 1, was 600 Klett units in a colorimeter. D-Mannose was added
to 0.5% (wt/vol). Values in parentheses are titers for bacteria grown in L broth without agitation.

mucosa was also fixed with 10% (vol/vol) Formalin and used for adherence as
described previously (39). When adherence to mucus was examined, mucus blobs
that were directly associated with goblet cells were analyzed.

Colon specimens were obtained from a 2-month-old infant with congenital
biliary atresia at Juntendo Hospital. The mucosal side of the intestine was
prepared and fixed with Formalin (37).

Intestine adherence test. Bacterial cells grown in L broth (for 20 h) were
suspended in PBS to a concentration of 600 Klett units. p-Mannose was added
at a concentration of 1% (wt/vol). Pieces of intestine specimens were immersed
in 1.5 ml of the bacterial suspension and then incubated for 30 min at 28°C. The
intestine samples with bound bacteria were washed in PBS and fixed with glu-
taraldehyde and osmium tetroxide. Fixed samples were analyzed by scanning
electron microscopy (39).

Susceptibility testing. Susceptibility testing of bacterial strains was done by the
agar dilution method with Mueller-Hinton agar, using the standard procedure
(14). When susceptibility to sulfamethoxazole or trimethoprim was tested, Muel-
ler-Hinton agar supplemented with 7.5% (vol/vol) defibrinated horse blood (fro-
zen and thawed) was used instead of Mueller-Hinton agar alone. The MIC was
determined as described previously (14).

Plasmid analysis and transformation with plasmid DNA. Plasmids in E. coli
strains were analyzed (or isolated) essentially by a published method (15) as
described previously (38). Plasmids in E. coli strains were also analyzed by
another method (5). Transformation of E. coli HB101 with plasmid DNA was
done as described previously (36).

Tnl labeling and insertion mutagenesis. Labeling of plasmid with Tn/ and
Tn! insertion mutagenesis were done by using plasmid pTH10 (Tn/ donor)
essentially as described previously (12, 37).

DNA cloning and seq ing. Cloning of the MRHA-associated region and
the EAST1 gene into pBR322 (specifying resistance to ampicillin and tetracy-
cline) or pACYC184 (specifying resistance to chloramphenicol and tetracycline)
was done as described previously (40). DNA size was determined by using 8- to
48-kb DNA size standards (Bio-Rad Laboratories, Hercules, Calif.), a 1-kb DNA
ladder (Life Technologies, Gaithersburg, Md.), and HaellI-digested $X174 rep-
licative-form DNA fragments (Life Technologies) as molecular size standards.
DNA sequences were determined by using a Tag Dyedeoxy terminator cycle
sequencing kit (Applied Biosystems, Foster City, Calif.) and 373A DNA se-
quencer (Applied Biosystems) according to the manual.

DNA-DNA hybridization. DNA fragments were purified from agarose gel
and labeled with digoxigenin by using a DNA labeling kit (Boehringer Mann-
heim Biochemicals, Indianapolis, Ind.). Southern hybridization was done as
described previously (10), using a nylon membrane (Life Technologies). DNA
hybrids on the membrane were treated with alkaline phosphatase-conjugated
antidigoxigenin antibody and then with 3-(2'-spirodamantane)-4-methoxy-4-(3"-
phosphoryloxy)-phenyl-1,2-dioxetane (substrate), using a digoxigenin lumines-
cence detection kit (Boehringer Mannheim Biochemicals). The resultant chemi-
luminescence was detected by exposing the membrane to X-ray film. Colony
hybridization (10) was also done as described above.

Outer membrane protein analysis. The outer membrane fraction of E. coli
HB101 with or without plasmids was prepared as described previously (30). Bac-
teria were grown in L broth for 16 to 18 h at various temperatures. The bacterial
cells were then passed through a French pressure cell (1,100 kg/cn?), and the out-
er membrane fraction was separated from the inner membrane fraction by cen-
trifugation through a discontinuous sucrose gradient (0.77, 1.44, and 2.02 M su-
crose in 10 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid [HEPES;
pH 7.4]). The outer membrane fraction of strain 73-1 (and E. coli HB101 with or

without plasmids in some experiments) was prepared by a different method (21).
In this experiment, bacteria were grown in L broth for 4 to 5 h, the inner
membrane was solubilized with N-lauroylsarcosinate (final concentration, 1%),
and the insoluble fraction of the outer membrane was obtained. Proteins asso-
ciated with the outer membrane were analyzed by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) as described by Laemmli (17). Pro-
tein bands in the SDS-polyacrylamide gel (10 and 13%) were stained with
Coomassie blue. When amino acid sequences (at the N termini) of the proteins
were determined, protein bands in the SDS-polyacrylamide gel (10%) were
transferred to a polyvinylidene difluoride membrane (pore size, 0.45 wm; Milli-
pore) by electroblotting, and then sequencing was performed on an Applied
Biosystems 477A pulse-liquid protein sequencer equipped with a 120A pheny-
thiohydantoin-derived amino acid analyzer.

Transmission electron microscopy. Bacterial cells grown in L broth were

TABLE 2. MRHA levels and abilities to adhere to HeLa cells
and plastic coverslips of E. coli 73-1 and HB101 carrying
pEDA1-P12 grown at various temperatures

Adherence to”:

Strain Temp MR HA

O titer® HelLa cells Plastic coverslips

73-1 25 <1 87+174 0.6 £09
30 4 94.6 = 44.9 28.5 =273
37 16 96.1 = 56.4 54.8 £ 19.5
42 1 20.0 =171 6.0 +43

HB101(pEDA1-P12) 25 2 10.8 £ 7.8 51x46
30 32 107.7 = 63.8 42.8 =242
37 64° 2589953 1405 =248
42 8 108.6 = 70.0 62.8 = 32.0

HB101 25 <1 03x04 03x04
30 <1 02=03 0.1*+0.3
37 <14 03 %03 02+03
42 <1 03*=0.3 02*=03

“ Bacteria were grown in L broth for 20 h at the indicated temperatures with
agitation. MRHA activities were examined with bovine erythrocytes. A bacterial
concentration corresponding to an HA titer of 1 equals 600 Klett units. D-
Mannose was added to 0.5% (wt/vol).

® The assay of adherence of bacteria (grown as described above and suspended
to 600 Klett units in PBS) to HeLa cells or plastic coverslips was conducted for
10 min at 37°C. p-Mannose was added to 0.5% (wt/vol). Data for HeLa cells
indicate numbers of bacterial cells adherent to a HeLa cell (means * standard
deviations for 30 determinations). Data for plastic coverslips indicate numbers of
bacterial cells observed in a scanning electron microscopic field (37 by 50 m) at
a magnification of x2,500.

¢ MRHA activities against other erythrocytes were 32 (sheep erythrocytes), 4
(human erythrocytes), 4 (guinea pig erythrocytes), 4 (rabbit erythrocytes), and 4
(horse erythrocytes).

4 MRHA activities against sheep, human, guinea pig, rabbit, or horse eryth-
rocytes were <1.
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FIG. 2. Scanning electron micrograph showing adherence to HeLa cells on a
plastic coverslip by E. coli HB101 carrying pBRHS85. Bar = 10 wm.

suspended in water, and one drop of the suspension was applied to each of
several collodion-coated grid screens. The adherent bacteria were negatively
stained as previously described (37).

RESULTS

Adherence to tissue culture cells and coverslips. DAEC
strain D1, which was positive for the F1845 DNA probe, ad-
hered to HeLa or HEp-2 cells in a diffuse pattern (Fig. 1A) but
not to plastic or glass coverslips (Fig. 1D). In electron micro-
scopic study, EAggEC strain TL100 occurred in a pattern ag-
gregating in chains or forming random aggregates on tissue
culture cells as well as in areas free of tissue culture cells (data
not shown) (38). In marked contrast, strains 73-1 and 5-2
adhered to HeLa or HEp-2 cells (Fig. 1B and C) as well as
plastic or glass coverslips (Fig. 1E) in a diffuse pattern, al-
though the adherence patterns were slightly more aggregative
in the HEp-2 cell assay than in the HeLa cell assay. The
adherence levels of strains 73-1 and 5-2 for tissue culture cells
were comparable to or slightly greater than those for plastic or
glass coverslips. Adherence levels to plastic coverslips dimin-
ished to 10.4% (for strain 73-1) and 4.1% (for strain 5-2) when
plastic coverslips not treated for hydrophilicity were used.

MRHA production. When strain 73-1 was grown in L broth
for 20 h at 37°C with agitation, marked MRHA activity was
detected (Table 1). The MRHA activity was detected best with
bovine or sheep erythrocytes and was lower against human,
guinea pig, rabbit, and horse erythrocytes (Table 1). MRHA
activity increased by ~2-fold with a longer incubation period
(40 h) and decreased by 2- to 8-fold when cells were incubated
in L broth without agitation or grown on agar plates. More-
over, higher levels of MRHA were detected at 30 or 37°C than
at 25 or 42°C (Table 2).

Strain 5-2 exhibited similar MRHA activities (detected best
with bovine or sheep erythrocytes) but at a lower level than did
strain 73-1 (Table 1).

In contrast, DAEC strain D1 exhibited distinct MRHA ac-
tivity (detected only with human erythrocytes) when grown in
L broth as well as on L agar at 37°C (Table 1). MRHA activity
of EAggEC strain TL100 was further distinct and detected with
bovine, human, guinea pig, horse, and sheep erythrocytes (Ta-
ble 1); this MRHA was detected when TL100 was grown in L
broth at 37°C but not when TL100 was grown on L agar.

NOVEL HEMAGGLUTININ OF DIARRHEA-ASSOCIATED E. COLI 3697

Large plasmids of strain 73-1. Strain 73-1 had two large
plasmids with molecular sizes of 117 and 110 kbp. The 117-kbp
plasmid coded for resistance to streptomycin, sulfamethox-
azole, and trimethoprim; MICs of the drugs for strain 73-1 and
E. coli K-12 strains carrying the 117-kbp plasmid were all =200
pg/ml. Since introduction of pTH10 into strain 73-1 resulted in
loss of the 117-kbp plasmid, the 117-kbp plasmid belonged to
incompatibility group P.

The 110-kbp plasmid (designated pEDAT1) of strain 73-1 was
labeled with ampicillin resistance transposon Tn! (originated
in pTH10), and the labeled plasmids were introduced into E.
coli HB101 by transformation. The transformants adhered to
both HeLa (or HEp-2) cells and plastic (or glass) coverslips in
a diffuse pattern. One such plasmid, pEDA1::Tnl, was desig-
nated pEDA1-P12. The transformants exhibited temperature-
dependent MRHA production and adherence, as shown in
Table 2.

By culturing a 73-1 derivative strain (that possessed pTH10
and lacked the 117-kbp plasmid) in L broth at 42°C, a strain
carrying only pEDAI1 was obtained. This clone was used as a
source of pEDA1 DNA.

Cloning of the MRHA region. DNA of pEDA1-P12 was
digested with HindIII or Sall, the fragments were inserted into
pBR322, and MRHA™ transformants of E. coli HB101 were
obtained. MRHA titers against bovine erythrocytes of those
transformants were 16 to 32, and comparable to that of strain
73-1. These MRHA™ transformants adhered to HeLa or HEp-
2 cells and plastic or glass coverslips in a diffuse pattern, as
shown in Fig. 2.

The MRHA™ recombinant plasmids, which were obtain-
ed by HindIII digestion, consisted of a 19.3- or 13.5-kbp frag-
ment of pEDA1-P12 (corresponding to the H1 or H3 frag-
ment, respectively, of pEDA1) and a pBR322 fragment (Fig. 3,
lanes 3 and 4). The recombinant plasmids possessing the
19.3- and 13.5-kbp fragments were designated pBRHS82 and
pBRHS5, respectively. The MRHA™ recombinant plasmids,
which were obtained by Sall digestion, consisted of a 13.8-kbp
fragment of pEDA1-P12 (which was also present in pEDA1)

([ ~ pEDA1-P12
& pBRH82

I
—-II ITIXT

IxT

FIG. 3. HindIII digestion patterns of pEDA1 and related plasmids. DNA
fragments were analyzed by electrophoresis in a 0.3% agarose gel and stained
with ethidium bromide. Plasmids: pEDAI1, adherence-mediating plasmid of
strain 73-1; pPEDA1-P12, MRHA™ Tn! insert of pPEDA1; pPBRH85 and pBRHS2,
MRHA™ recombinant plasmids of pBR322 possessing a HindIIl fragment of
pEDA1-P12. Fragment sizes (in kilobase pairs) of pEDAL1 were as follows: H1,
19.3; H2, 15.6; H3, 13.5; H4, 6.5; HS, 6.1; H6, 6.0; H7, 5.4; HS, 4.3; H9, 4.0; H10,
3.7; H11, 2.4; H12, 2.2; H13, 1.3; H14, 1.1; H15, 0.97; H16, 0.70; and H17, 0.54.
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INFECT. IMMUN.

H3 fragment
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=) n: = e & g EE =
k=R ) 298 ) g€ 8¢ &
210 R 82 & 2£8 £ 1kbp
[ 1 bl L 3 ' L )
HA Tolimsens $1 ¢ 111 1 thinmter #t ¢
(insertion site) g2 9
57-kDaprotein  + + + o+ + 4+ —— - -
production prrrrrn
57kDa
H1 fragment
= > N> — 8- > q =
5 Mot & = B & = E =
geg S S8 9 g Po S
23 SB38%5 & g8 & £ =
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FIG. 4. Locations of the repeated MRHA-associated regions and EAST1 gene in the H3-H1 region of pEDA1-P12. The HindllI site at the right side of the H3
fragment corresponds to the HindIII site at the left side of the H1 fragment. The H3 fragment was inserted into pACYC184, and the resultant MRHA™ recombinant
plasmid (pACHS) was subjected to Tn/ mutagenesis analysis. The Tn/ insertion sites (within the H3 fragment) of the MRHA™ inserts were determined and are
indicated by arrows. E. coli strains carrying those MRHA ™ Tn! inserts of pACHS displayed no adherence to tissue culture cells. The Tn/ inserts that produced the
57-kDa outer membrane protein are marked +; the Tn/ inserts that failed to produce the 57-kDa outer membrane protein (pACHS-32, pACHS8-28, pACHS-15, and
pACHS-42) are marked —. The thick lines (6.4 kbp long) in the H3 and H1 fragments represent the directly repeated regions with identical restriction maps. The EAST1
gene (astA) was cloned into pBR322 as a 2.0-kbp Sall fragment or a 0.62-kbp EcoRV fragment (indicated by a bar).

and a pBR322 fragment; the recombinant plasmid was desig-
nated pBRS72.

The map of the H3 (13.5 kbp)-H1 (19.3 kbp) fragment re-
gion (32.8 kbp long) of pEDA1-P12 was constructed (Fig. 4).
The H3 and H1 fragments were contiguous, because the
MRHA-associated, 13.8-kbp Sall fragment (of pBRS72) was
present over the H3 fragment (Fig. 4) and the 0.3-kbp
HindIII-Sall fragment at the right side of the 13.8-kbp Sall
fragment was identical to the HindIII-Sall fragment at the left
side of the H1 fragment in terms of size and nucleotide se-
quence (data not shown).

Tnl mutagenesis analysis of the MRHA™* H3 fragment. The
H3 fragment of pBRHS85 was inserted into pACYC184, and
the resultant MRHA™ recombinant plasmid, pACHS, was
transferred to E. coli HB101 carrying pTH10 (Tn! donor) to
obtain MRHA™ TnI inserts. Determination of Tn/ insertion
sites revealed that the MRHA-associated region occupied the
bulk of the H3 fragment (Fig. 4). All of the HA™ Tn/ inserts
showed no adherence to HeLa cells. The 6.4-kbp KpnI-HindIII
region was directly repeated in the H3 and H1 fragments.

The 1.9-kbp EcoT221-HindIII fragment present at the right
side of the H3 fragment (Fig. 4) was purified, labeled with
digoxigenin, and used as a probe. This hybridization experi-
ment showed that a sequence homologous to that of the 1.9-
kbp EcoT221-HindlIll fragment was present in the H1 fragment
and also in the 113-kbp plasmid (designated pEDA?2) of strain
5-2.

Outer membrane protein analysis. Strain 73-1 and related
strains were grown at 37°C, and proteins associated with the
outer membrane were analyzed by SDS-PAGE (Fig. 5). Com-
parison of three samples, from strain 73-1 (Fig. 5A, lane 1), E.
coli HB101 carrying MRHA™ plasmid pEDA1-P12 (Fig. 5A,
lane 2), and E. coli HB101 (Fig. 5A, lane 3), revealed that
pEDAL1 encoded two outer membrane proteins of 57 kDa and
30 kDa.

E. coli HB101 carrying an MRHA™ recombinant plasmid
(pBRHS82, pBRHS5 [or pACHS], or pBRS72) had only a 57-
kDa outer membrane protein (Fig. 5B, lane 2). E. coli HB101
carrying an HA™ Tn/ insert of pACHS8 (pACHS-32, pACHS-
28, pACHS-15, or pACHS8-42) failed to produce this 57-
kDa protein (Fig. 5B, lane 3), indicating that the 57-kDa pro-
tein region is located at the right side of the H3 fragment (Fig.
4).
The 57-kDa protein bands of E. coli HB101 carrying pEDAI-
P12, pBRHS2, pBRHS5, or pBRS72 (Fig. 5B, lanes 1 and 2)
were extracted, and the amino-terminal amino acid sequence
was determined. The sequences obtained with those 57-kDa
proteins were identical to each other and hydrophobic (Fig.
5D).

Next, strain 73-1 and E. coli HB101 carrying pEDA1-P12
were grown at various temperatures, and then outer membrane
proteins were analyzed. At 25°C (a temperature at which levels
of MRHA and adherence were extremely low [Table 2]), a
57-kDa protein band disappeared and a 46-kDa protein band
appeared (Fig. 5C, lane 1); the appearance of the 46-kDa pro-
tein band was due to the overproduction of LamB protein (7)
in those strains, as evidenced by SDS-PAGE analysis with
LamB protein and the amino-terminal amino acid sequence
analysis of the 46-kDa protein (Fig. 5D). At 42°C, the bacteria
still had some MRHA, displayed adherence, and had the 57-
kDa protein to some extent.

Bacterial cells possessing MRHA activity (strain 73-1, E. coli
HB101 carrying pEDA1-P12, pBRHS2, pBRHS5, or pBRS72,
and strain 5-2) had no detectable pili when tested by transmis-
sion electron microscopy.

Adherence to human intestinal mucosa. The washed, con-
trol mucosa of child jejunum had blobs of mucus which were
directly associated with goblet cells (Fig. 6A). Strain 73-1
adhered to the mucus (associated with goblet cells) at an
extremely high level (Fig. 6B). In contrast, the adherence lev-
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FIG. 5. Outer membrane protein analysis of E. coli 73-1 and related strains. Outer membrane proteins were analyzed by electrophoresis in SDS-10% polyacryl-
amide gels. Triangles, filled asterisks, and open asterisks, respectively, indicate 57-, 46-, and 30-kDa proteins. (A) Lane 1, strain 73-1; lane 2, E. coli HB101 carrying
an MRHA™ Tnl insert of pEDA1 (pEDA1-P12); lane 3, E. coli HB101. (B) Lane 1, E. coli HB101 carrying pEDA1-P12; lane 2, E. coli HB101 carrying pACH8
(MRHA™" pACYC184 derivative possessing the 13.5-kbp HindIII fragment of pEDA1-P12); lane 3, E. coli HB101 carrying pACH8-28 (MRHA ™ Tn! insert of pACHS).
In panels A and B, bacteria were grown at 37°C. (C) Lane 1, E. coli HB101 carrying pEDA1-P12 grown at 25°C; lane 2, E. coli HB101 carrying pEDA1-P12 grown at
37°C. (D) Amino-terminal amino acid sequences of the 57- and 46-kDa outer membrane proteins.

el of strain 73-1 to the epithelium (absorptive cells) was very
low.

Adherence to the mucus was also demonstrated with For-
malin-fixed intestine specimens. Strain 73-1 and E. coli HB101
carrying an MRHA™ plasmid (pEDA1-P12, pBRHS5, pBRHS2,
or pACHS) adhered well (Fig. 7C). In contrast, E. coli HB101
carrying an MRHA ™ plasmid (pACHS8-32, pACHS-28, pACHS-
15, or pACHS8-42) displayed no adherence. Strain 5-2 also
markedly adhered to the mucus (data not shown).

When Formalin-fixed colonic mucosa (Fig. 7A) was incu-
bated with bacteria, strain 73-1 and E. coli HB101 carrying an
MRHA™ plasmid (pEDA1-P12, pBRH85, pPBRHS82, or pACHS)
displayed marked adherence even to the epithelium (Fig. 7B
and C). In contrast, E. coli HB101 carrying an MRHA ™ plas-
mid (pACHS-32, pACHS-28, pACHS8-15, or pACHS8-42) showed
no adherence. Strain 5-2 also adhered well to Formalin-fixed
colonic mucosa (data not shown).

Location and nucleotide sequence of the EAST1 gene on
pEDAL. The EAST1 gene (astA) was located at the left side of
the H1 fragment (adjacent to the MRHA region in the H3
fragment) (Fig. 4). The determined nucleotide sequence of the
EAST1 gene differed from that of EAggEC strain 17-2 (28)
by only one base at codon position 21 (ACA—GCA), result-
ing in a deduced amino acid change (Thr—Ala). The EAST1
gene was also present in the 113-kbp plasmid (pEDA2) of
strain 5-2.

DISCUSSION

This study clearly demonstrated that adherence in a diffuse
pattern of strain 73-1 is mediated by a 110-kbp plasmid
(pEDAL). In addition, the data obtained in this study strongly

indicated that the adherence factor of strain 73-1 is a plasmid-
encoded, 57-kDa outer membrane protein with an MRHA
activity. The production of the 57-kDa outer membrane pro-
tein was strictly regulated by growth temperature, and the
production was best observed at 37°C. This finding, together
with the fact that the 57-kDa outer membrane protein region
was duplicated on the plasmid, suggests that the production of
the 57-kDa outer membrane protein is important for virulence
of strain 73-1.

The amino-terminal amino acid sequence of the 57-kDa
protein contained a proline-rich Thr,-Pro-Pro-Pro-Gly, re-
gion. This sequence was present in E. coli penicillin-binding
protein 1A (an inner membrane protein) (6). Plastic coverslips
used in this study were coated with hydrophilic residues such as
COOH or OH. Since adherence of strain 73-1 to plastic cov-
erslips drastically decreased when uncoated plastic coverslips
were used, the 57-kDa protein may interact with hydrophilic
residues on the surface.

Strain 73-1 (and strain 5-2) had originally been reported to
be EAggEC on the basis of its adherence patterns on HEp-2
cells (34). Indeed, the two strains had properties similar to
those of EAggEC: (i) strains 73-1 and 5-2 adhered to plastic
(or glass) coverslips similarly to EAggEC, and the adherence
patterns in HEp-2 cell assays tended to be slightly aggregative;
(ii) strains 73-1 and 5-2 adhered well to mucus in human small
intestines and human colonic mucosa, similarly to EAggEC
(16, 37); (iii) MRHA was detected in L broth better than on L
agar, similarly to EAggEC; and (iv) strains 73-1 and 5-2 had
sequences of the EAST1 gene (astA4 [28]) originally found in an
EAggEC strain, 17-2.

However, there exist marked differences between strains
73-1 and 5-2 and EAggEC. (i) Strains 73-1 and 5-2 adhered
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FIG. 6. Scanning electron micrographs showing adherence to human jejunal mucosa by E. coli 73-1, HB101 carrying the MRHA™ plasmid pBRHS85, and HB101
carrying the MRHA™ plasmid pACHS-28. (A) Washed, control mucosa. Arrowhead and arrow, respectively, indicate a goblet cell (observed as a hole when viewed
from the lumen side) and a blob of mucus associated with a goblet cell. (B) Adherence of strain 73-1 to native mucus associated with a goblet cell (arrows indicate
adherent bacteria). (C) Adherence of E. coli HB101 carrying the MRHA™ plasmid pBRH85 to mucus of the Formalin-fixed specimen (arrow indicates adherent
bacteria) (HB101 carrying the MRHA™ plasmid pACHS also adhered to mucus). (D) Lack of adherence of E. coli HB101 carrying the MRHA ™ plasmid pACH8-28
to mucus of the Formalin-fixed specimen (arrow indicates mucus not bound with bacteria). Bars = 10 pm (B to D) and 50 pm (A).

to HeLa cells and plastic (or glass) coverslips in a typical
pattern of diffuse adherence, in contrast to EAggEC (this study
and references 23, 34, and 38). (ii) An adherence factor of
strain 73-1 is the 57-kDa outer membrane protein, while an
adherence factor of EAggEC is pili (aggregative adherence
fimbriae I [22, 25]). No DNA sequences homologous to
the MRHA-associated region of pEDA1 were present in
EAgg- EC (data not shown). (iii) MRHA titers of strains 73-1
and 5-2 were high against bovine erythrocytes and low against
human erythrocytes, while MRHA titers of EAggEC were
high against both bovine and human erythrocytes (Table 1)
(37).

We have recently shown that the EAST1 gene is not unique

to EAggEC and is distributed among ETEC in association with
the adherence factor type (35). The EAST1 gene sequence of
strain 73-1 was identical to those of ETEC. Therefore, the
presence of the EAST1 gene sequence is now not a strict
marker of EAggEC.

Strain 73-1 (possessing the 57-kDa outer membrane protein)
is distinct from F1845" DAEC (possessing pili and exhibiting
MRHA detected best with human erythrocytes [4]) or from
AIDA-I" DAEC (possessing the 100-kDa outer membrane
protein [2, 3, 24]).

Studies of pathogenicity are required with a new subtype of
DAEQC (strains 73-1 and 5-2) that has a novel adhesin and the
EAST1 gene.
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FIG. 7. Scanning electron micrographs showing adherence to Formalin-fixed child colonic mucosa by E. coli 73-1, HB101 carrying the MRHA™ plasmid pBRHS5,
and HB101 carrying the MRHA ™ plasmid pACHS8-28. (A) Washed, control mucosa (arrow indicates mucus); (B) adherence of strain 73-1 (arrow and arrowhead,
respectively, indicate bacteria bound to mucus and the epithelium); (C) adherence of E. coli HB101 carrying the MRHA™ plasmid pBRHS85 (arrow indicates adherent
bacteria); (D) lack of adherence of E. coli HB101 carrying the MRHA™ plasmid pACHS8-28 (arrow indicates mucus not bound with bacteria). Bars = 10 um (B to D)

and 50 pm (A).
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