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Abstract The enteroaggregative Escherichia coli heat-stable
enterotoxin 1 (EAST1) gene is widely distributed among
diarrheagenic E. coli. In this study, we examined the sequences
of enterohemorrhagic E. coli (EHEC) strains by PCR and
sequencing. All the EHEC strains possessed the EAST1 gene
homologues but with two types of mutations. One of the mutation
types was strongly associated with the large outbreak episodes in
1996 in Japan. Sequence comparison showed that the EHEC
sequences are a branch of the EAST1 gene sequence family that
showed the cross-species transfer in evolution among E. coli and
Yersinia pestis.
© 2000 Federation of European Biochemical Societies.
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1. Introduction

Enteroaggregative Escherichia coli (EAggEC) is associated
with pediatric and chronic diarrhea [1,2], traveler’s diarrhea
[3,4], and chronic diarrhea of AIDS patients [5-8]. Savarino et
al. have reported a heat-stable enterotoxin (called EAggEC
heat-stable enterotoxin 1, EAST1) as a virulence factor of
some EAggEC strains [9]. They have also determined the
gene sequence encoding a peptide of 38 amino acids in EAgg-
EC strain 17-2 [10].

The EAST1 gene is an enterotoxin gene distributed among
a broad range of diarrhea-associated E. coli. It is distributed
among EAggEC [9,10], enterotoxigenic E. coli (ETEC) [11,12],
enteropathogenic E. coli (EPEC) [13,14], and diffusely adher-
ing E. coli (DAEC) [13-15]. The EAST1 gene family includes
one major type of sequence that is distributed widely among
the diarrhea-associated E. coli strains, i.e. the EAST1 gene
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sequence of EAggEC strain O42 [14]. In addition, there exists
(at least) a variant type of sequence with a non-synonymous
nucleotide substitution, i.e. the EASTI gene sequence of
EAggEC strain 17-2 [14]. Although major virulence factors
have not been characterized in EAggEC, strain 042 but not
strain 17-2 was shown to be pathogenic in volunteer experi-
ments [16].

In Japan, during 1996, large outbreaks and sporadic cases
of enterohemorrhagic E. coli (EHEC) infections occurred with
17877 people infected, 1795 patients hospitalized, and 12
deaths (mostly children) [17]. EHEC includes not only sero-
type O157:H7 (the most prevalent serotype), but other sero-
types; 026, O111, O145 have also been implicated in human
infections [18]. EHEC was positive for the EAST1 gene se-
quence in the hybridization assay [13] but negative in the PCR
assay [14], giving rise to a discrepancy. In this study, we in-
vestigated the EAST1 gene homologues of EHEC strains from
outbreaks as well as sporadic cases in Japan, and demon-
strated the cross-species transfer of the gene sequence in evo-
lution.

2. Materials and methods

2.1. EHEC strains

Outbreak-derived EHEC strains (19 strains) belonging to serotype
O157:H7 included two or three strains each from the following nine
large episodes: Urawa City episodes in 1990 (number of patients, 319;
sources of infections included well water; EHEC toxin type, Shiga
toxin (Stx) 1/Stx2; EHEC pulsed-field gel electrophoresis (PFGE)
pattern type, Ila and SK) [17,19]; Obihiro City episode in 1996 (num-
ber of patients, 157; source of infections, potato salad; EHEC toxin
type, Stx2; EHEC PFGE type, 1IIh; EHEC phage type, PT4) [17,20];
Morioka City episode in 1996 (number of patients, 124; sources of
infections, pumpkin salad and seafood salad; EHEC toxin type, Stx1/
Stx2; EHEC PFGE type, 1Ij; EHEC phage type, PT14) [17,20]; Gifu
City episode in 1996 (number of patients, 379; source of infections,
bonito salad; EHEC toxin type, Stx1/Stx2; EHEC PFGE type, Ib;
EHEC phage type, PT40) [17,20,21]; Aichi City episode in 1996 (num-
ber of patients, 21; source of infections, unknown; EHEC toxin type,
Stx1/Stx2; EHEC PFGE type, Ib; EHEC phage type, PT21)
[17,20,21]; Sakai City episode in 1996 (number of patients, 9523;
source of infections, white radish sprouts; EHEC toxin type, Stx1/
Stx2; EHEC PFGE type, 1la; EHEC phage type, PT32; representa-
tive strain in this study, S1) [17,20,21]; Okayama City episode in 1996
(number of patients, 468; source of infections, unknown; EHEC toxin
type, Stx1/Stx2; EHEC PFGE type, Ic; EHEC phage type, PT40)
[17,20,21]; Hiroshima City episode in 1996 (number of patients,
185; source of infections, unknown; EHEC toxin type, Stx1/Stx2;
EHEC PFGE type, la; EHEC phage type, PT21) [17,20,21]; and
Fukuoka City episode in 1996 (number of patients, 48; source of
infections, unknown; EHEC toxin type, Stx1/Stx2; EHEC PFGE
type, Ia; EHEC phage type, PT21) [17,20,21].

Forty-eight EHEC strains from sporadic cases included 20 strains
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belonging to serotype O157:H7 (two strains of toxin type Stxl, nine
strains of toxin type Stx2 (representative strain in this study, U10),
and nine strains of toxin type Stx1/Stx2), one strain belonging to
serotype O157:H- (toxin type, Stx1/Stx2), 15 strains belonging to
serotype 026:H11 (toxin type, Stx1), 10 strains belonging to serotype
O111 (two strains of toxin type Stxl and eight strains of toxin type
Stx1/Stx2), and two strains belonging to serotype O145 (toxin type,
Stx1/Stx2). They were isolated during 1996 and 1998.

2.2. PCR primers

PCR primers employed for the detection of the EASTI1 gene
sequence were: EASTI1la (5'-CCATCAACACAGTATATCCGA,
corresponding to the 2nd to 8th codons) and EAST11b (5'-GGTC-
GCGAGTGACGGCTTTGT, corresponding to the 38th (C-terminus)
to 32nd codons), generating a 111-base pair (bp) product [10,11];
EAST12a (5'-ACGATATCCTCATCGCCTGTG) and EASTI12b
(5"-CTGCTGGCCTGCCTCTTCCGT), generating a 203-bp product
[11,14]; and EAST13a (5'-AGAACTGCTGGGTATGTGGCT) and
EAST13b (5-GTTGGATAAGCGAAGAACGTG), generating a
393-bp product [11,14]. The primer sequences EASTI2a and
EAST13a were located 24 and 110 nucleotides upstream, respectively,
from the initiation ATG sequence of the EAST1 gene, and the primer
sequences EAST12b and EAST13b were located 20 and 124 nucleo-
tides downstream, respectively, from the stop TGA sequence of the
EAST1 gene [11,14]. A primer set consisting of SHEASTla (5'-
CTATCAACACGGTGTATCCGG) and SHEASTI1b (5'-GGTCG-
CGGGTGACGGCTTTGT), generating a 111-bp product, was de-
signed on the basis of the determined nucleotide sequence of the out-
break-derived EHEC strains in this study.

2.3. Detection of the EASTI gene sequence by PCR

For the detection of the EAST1 gene sequence, EHEC strains
grown on nutrient agar (Eiken Chemical, Tokyo, Japan) overnight
at 37°C were suspended in sterile water at a concentration of ca.
5% 107/ml and boiled for 5 min. A 2.5-ul portion of the DNA solution
was subjected to PCR. E. coli DNA prepared essentially as previously
described [22] was used for PCR, followed by cloning and sequencing.

Cycling conditions were denaturation for 30 s at 95°C, annealing
for 120 s at 55°C, and polymerization for 120 s at 72°C (30 cycles),
except for PCR with the primer set consisting of SHEASTIla and
SHEAST1b, in which annealing was conducted at 60°C. Amplified
products were analyzed by electrophoresis in 2% agarose gel or 5%
polyacrylamide gel. $X174 RF DNA/Haelll fragments (Life Technol-
ogies, Gaithersburg, MD, USA) were used as molecular size stand-
ards.

2.4. Sequencing

For sequencing, the PCR products were generated from the EHEC
strains with the primer set of EAST13a and EASTI2b and then
cloned into a cloning vector pT7Blue(R) (Novagen Inc., Madison,
WI, USA) in accordance with the manufacturer’s instructions, and
the nucleotide sequence was determined using a Taq dyedeoxy termi-
nator cycle sequencing kit (Applied Biosystems, Foster City, CA,
USA) and a 373 A DNA sequencer (Applied Biosystems) according
to the manual. Sequence analysis of the PCR products was performed
using three to four clones of the recombinant plasmids and sequence
determination was done on both DNA strands in each case.
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Fig. 1. PCR analysis of the EHEC EASTI1 gene sequences. Bacterial
DNA amplified with the primer set consisting of EASTlla and
EASTI11b (see text) is seen in lanes 2-4 and that amplified with the
primer set of EAST13a and EASTI12b (see text) is depicted in lanes
5-7. PCR products were analyzed by 2.0% agarose gel electrophore-
sis, and stained with ethidium bromide. Lane 1, $X174 RF DNA/
Haelll fragments; lanes 2 and 5, EAggEC strain O42 (carrying the
EASTI1 gene) used as a control; lanes 3 and 6, outbreak-derived
EHEC strain S1; lanes 4 and 7, sporadic case-derived EHEC strain
ulo.

3. Results

3.1. PCR and EASTI gene sequences of EHEC

Two EHEC strains, S1 (belonging to serotype O157:H7
and isolated from a large outbreak at Sakai City) and U10
(belonging to serotype O157:H7 and isolated from a sporadic
case), were examined for PCR and sequencing. They were
negative in the PCR when assayed with the primer set of
EAST11a and EAST11b (Fig. 1, lanes 3 and 4) or with the
primer set of EAST13a and EASTI13b (data not shown).
However, they produced positive results when assayed with
the primer set of EAST12a and EAST12b (data not shown) or
with the primer set of EAST13a and EAST12b (Fig. 1, lanes 6
and 7). In this PCR assay, strain S1 gave a band at the
position of the expected DNA size (lane 6), while strain
U10 gave a faint band of a smaller DNA size (lane 7).

The sequences of the PCR products were determined (Fig.

Table 1
Type of the DNA sequences homologous to the EAST1 gene (SHEAST) of the EHEC strains derived from outbreaks and sporadic cases in Ja-
pan
Serotype Isolation and no. of strains examined SHEAST type* Frequency (positive/total)
O157:H7 outbreaks (1 =19) type 1 19/19 (100%)
sporadic cases (n=20) type 1 11720 (55%)
sporadic cases (n=20) type 2 9/20 (45%)
O157:H- sporadic case (n=1) type 1 1/1
026:H11 sporadic cases (n=15) type 2 15/15 (100%)
Ol111 sporadic cases (n=10) type 2 10/10 (100%)
0145 sporadic cases (n=2) type 2 2/2

4Bacterial DNA was amplified with the primer set of EAST13a-EAST12b and the PCR products were sequenced (see text). Type 1 and type 2
indicate the sequence identical to the SHEAST of EHEC strains S1 and U10 (shown in Fig. 2), respectively.
"Three strains (including strain S1) from outbreaks in Sakai City and two strains each from eight major outbreaks in other cities were exam-

ined.
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EAgQEC strain 042 AGAACTGCTGGGTATGTGGCTGGCCGAAAATGAAGGGGCGAAGTTC
EAST13a

EHEC strain S1

EHEC strain U10

TGGCTCAATGTGCTGACTGAACTGAAAAACCGCGGTCTGAACGATATCCTCATCGCCTGTGTGGATGGCCTGAAAGGCTTCCCGG

MetProSerThrGlnTyrIleArgArgProAlaSerSerTyrAlaSerCysIleTrpCysAlaThrAlaCysAlaSerCysH is

ATGCCATCAACACAGTATATCCGAAGGCCCGCATCCAGTTATGCATCGTGCATATGGTGCGCAACAGCCTGCGCTTCGTGTCAT

EAST1la
ThrLeu ArgCys Lys Cys
SHEAST1a
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GGAAGGACTACAAAGCCGTCACTCGCGACCTGAAAGCGATTTATCAGGCTCCCACGGAAGAGGCAGGTCAGCAG
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Fig. 2. Nucleotide sequences of the PCR products generated from EHEC strains SI and U10 with the primer set of EAST13a and EAST12b.
The nucleotide sequence of the EAST1 gene of EAggEC strain 042 is from [14] and shown in the first (top) line of the nucleotide sequences in
the figure; the deduced amino acid sequence of EASTI is shown above the nucleotide sequence. The nucleotide sequences determined for
EHEC strains S1 and U10 are shown in the second and third (bottom) nucleotide lines, respectively; nucleotides that are identical to those for
EAggEC strain O42 are shown as dots and the amino acids predicted from each codon change are shown above the codon change. Asterisks
indicate the positions of nucleotide deletion. Underlines indicate the positions of primers EAST13a-EAST12b, EAST11a-EAST11b, and
SHEAST1a-SHEAST1b. The primer set of EAST11a-EAST11b detects the EAST1 gene [10,11]. The primer set of SHEAST1a-SHEAST1b de-
tects the unique DNA sequence homologous to the EASTI gene (SHEAST) of the O157:H7 strains derived from the outbreaks and some

sporadic cases (see text).

2). The EHEC strains carried a DNA sequence homologous
to the EAST1 gene (SHEAST). The SHEAST of strain S1
showed 89.7% homology to the EAST1 gene sequence. How-
ever, of the 12 single base changes found, 10 (83.3%) including
that in the initiation ATG sequence were non-synonymous
substitutions that cause amino acid change (Fig. 2). Four
base changes in the region corresponding to the primer
EASTl11a resulted in a negative reaction in the PCR assay
with the primer set of EAST11a and EAST11b. The SHEAST
of strain S1 was designated as type 1 SHEAST.

The SHEAST of strain U10 lacked the first eight codons,
including the initiation ATG sequence (Fig. 2); this again
resulted in a negative reaction in the PCR assay with the
primer set of EAST1la and EASTI11b. Of the two single
base changes found in the SHEAST region, one (50%) was
a non-synonymous substitution. The SHEAST of strain U10
was designated as type 2 SHEAST. The nucleotide sequences
upstream of the SHEAST were well conserved in the EHEC
strains, especially in strain U10 (Fig. 2).

3.2. Distribution of two types of SHEAST in EHEC strains

The O157:H7 strains derived from different outbreaks in
Japan have been distinguished from each other in terms of
their PFGE or phage types [20,21]. Two strains each from
nine such major outbreaks that occurred in different places
in Japan were also examined for SHEAST by PCR (with the
primer set of EAST13a and EASTI12b) and sequencing. All
the determined sequences showed complete agreement with
the sequence (type 1 SHEAST) of strain S1 (Table 1).

Next, 47 more EHEC strains isolated from the sporadic

cases were examined for SHEAST as above. Eleven of the
20 O157:H7 strains (55%) and one O157:H- strain possessed
type 1 SHEAST (Table 1). In contrast, nine of the 20
O157:H7 strains (including strain U10) (45%), all the 026
strains (15 strains), all the O111 strains (10 strains), and two
of the O145 strains possessed type 2 SHEAST (Table 1).

3.3. Sequence comparison to the insertion sequence of Yersinia
pestis
The EAST1 gene and SHEAST showed a high sequence
homology to 1S285 of Y. pestis (Fig. 3). The homology in
the EAST1 gene-corresponding region (117 bases) was
78.6% between IS285 and the EAST1 gene, 76.9% between
1S285 and type 1 SHEAST, and 77.4% between IS285 and
type 2 SHEAST (comparison in the sequence except for the
deletion).

4. Discussion

The EAST1 gene has been shown to be distributed among
several categories of diarrhea-associated E. coli; it was found
in 41% [13] to 53.3% [14] of strains of EAggEC, 20% [14] to
22% [13] of strains of EPEC, 6.7% of strains of type 1 DAEC
[14], 100% of strains of type 2 DAEC [14,15], and 0 to 100%
of strains of ETEC, depending upon their adherence factor
type [11,12]. In the case of ETEC strain H10407, multiple
copies of the EASTI gene exist on the chromosome as well
as on the virulence plasmid, in complete agreement with
EAggEC strain O42 in the nucleotide sequence [11,14].

This study demonstrated that all 67 EHEC strains exam-
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ORF1
ORF2 1318bp
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IR 763 923 IR
1S285 gtggatggcctgaaggggttcccggATGCGATAAACAGTGTTTATCCGCAGACTCACATCCAGCTGTGCATCATCCATATGG
EASTI o A..Chiiininnn C..C....CA..A...... A..G.C.G....... T.A...... G.G.......
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Type 2 SHEAST R a.aa....... Kkkkkkkkkkkkkkkkk XKk X FKK G . C.G....... T.A...... G.G.......

850 900
1S285 TACGCAACAGCCTGAAATATGTGTCATGGAAGGACTATAAAGCCGTCACCAGCGGTTTGAaaatggtgtatcaggctcee
EASTI1 Gl CGC.TC.. .t iiiiieieenn Covinnnin TC ACC..... gc.a.t...........
Type 1 SHEAST B CGG.TC..T..C..ovvinnnnn Covinnninnnn C...ACC..... gcca.c..C.....C..
Type 2 SHEAST Gl A..CGC.TC..vviiiinnnnnn G TC...ACC..... gc.a.t*¥*** c....

Fig. 3. Y. pestis 1S285 sequence that is homologous to the EAST1 gene. The IS285 sequence including two putative open reading frames
(ORF1 and ORF2) shown in the upper part of the figure was taken from [23]. IR, inverted repeats. In the lower part of the figure, the nucleo-
tide sequence of IS285 is shown in the first (top) line of the nucleotide sequences; the sequence corresponding to the EAST1 gene is shown in
capital letters. The nucleotide sequences of the EAST1 gene of EAggEC strain 042, type 1 SHEAST, and type 2 SHEAST are shown in the
second, third, and fourth (bottom) nucleotide lines, respectively (they are aligned to the IS285 sequence in such a way as to generate maximum
homology); nucleotides that are identical to those for IS285 are shown as dots, and asterisks indicate the positions of nucleotide deletion.

ined (belonging to serotypes O157, 026, O111, and O145)
possessed the sequences of the EAST1 gene and its upstream
region, in confirming previous hybridization data [13]. How-
ever, it was found that the EAST1 gene-corresponding region
has mutations, which resulted in the negative reaction in the
PCR assay with the primer set of EAST1la and EAST11b
[14]. Thus, when the EAST1 gene distribution is examined
in clinical isolates, the complete gene sequence should be de-
termined.

The determined EHEC sequences (SHEAST) have been
classified into two types (type 1 and type 2) and the EHEC
strains possessed either type 1 or type 2 SHEAST. The type 1
SHEAST was found primarily in O157:H7 strains isolated
from outbreaks that occurred in Japan in 1996, while type 2
SHEAST was linked with sporadic cases. Type 1 SHEAST
could serve as a marker for outbreak-associated strains of
O157:H7. The sources of the outbreaks of O157:H7 infec-
tions in Japan were contaminated water, vegetables, vegetable
salad, and seafood salad or sauce. The O157:H7 strains pos-
sessing type 1 SHEAST might have a greater potential to
cause outbreaks in the environment of Japan, although type
1 SHEAST may not be directly involved in such a virulence
potential, and may only be a marker for the presence of other
authentic virulence factors. In order to detect EHEC
O157:H7 strains with type 1 SHEAST by PCR, the primer
set of SHEAST1a and SHEAST1b (generating a 111-bp prod-
uct) was successfully constructed (Fig. 2).

The sequence homologous to the EAST1 gene was also
found in Y. pestis. It was located within an IS sequence
(IS285). Sequence comparison showed that type 1 SHEAST
is closer to the EAST1 gene (89.7% homology in sequence)
than to the EAST1-like sequence of 1S285 (76.9% homology
in sequence). The EASTI gene, type 1 SHEAST, and the
EAST1-like sequence of IS285 are theoretically changeable
to each other by single base substitutions, indicating that
they have originated from a common ancestral sequence.
The findings thus provide evolutionary evidence of species—
species transfer of the EAST1 gene sequences between E. coli
and Y. pestis. The possibility exists that the EAST1 gene se-
quences are (or have derived from) a part of the genes in-
volved in transposition events.

In the case of SHEAST in EHEC, the mutations, in part,
are directed to ‘switch off’ the translation, and the EASTI1
gene-homologous sequence in Y. pestis has two stop codons
within the sequence, indicating the ‘sleeping’ gene sequences.
Further studies are required to examine whether or not any of
the EASTI1-like sequences found in EHEC and Y. pestis
would be predicted to yield a functional polypeptide toxin.
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