APPLIED AND ENVIRONMENTAL MICROBIOLOGY, May 2002, p. 2316-2325
0099-2240/02/$04.00+0 DOI: 10.1128/AEM.68.5.2316-2325.2002

Vol. 68, No. 5

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Genomic Subtraction To Identify and Characterize Sequences of Shiga
Toxin-Producing Escherichia coli O91:H21

Nathalie Pradel,' Sabine Leroy-Setrin,” Bernard Joly," and Valérie Livrelli'*

Groupe de Recherche Pathogénie Bactérienne Intestinale, Faculté de Pharmacie, Université d’Auvergne Clermont-1, Unité soutenue
par PINRA, Clermont-Ferrand, and Station de Recherche sur la Viande, Microbiologie, Institut National de la Recherche
Agronomique, St-Geneés-Champanelle,® France

Received 7 September 2001/Accepted 27 February 2002

To identify Shiga toxin-producing Escherichia coli genes associated with severe human disease, a genomic
subtraction technique was used with hemolytic-uremic syndrome-associated O91:H21 strain CH014 and
06:H10 bovine strains. The method was adapted to the Shiga toxin-producing E. coli genome: three rounds of
subtraction were used to isolate DNA fragments specific to strain CH014. The fragments were characterized by
genetic support analysis, sequencing, and hybridization to the genome of a collection of Shiga toxin-producing
E. coli strains. A total of 42 fragments were found, 19 of which correspond to previously identified unique DNA
sequences in the enterohemorrhagic E. coli EDL933 reference strain, including 7 fragments corresponding to
prophage sequences and others encoding candidate virulence factors, such a SepA homolog protein and a
fimbrial usher protein. In addition, the subtraction procedure yielded plasmid-related sequences from Shigella
[flexneri and enteropathogenic and Shiga toxin-producing E. coli virulence plasmids. We found that lateral gene
transfer is extensive in strain CH014, and we discuss the role of genomic mobile elements, especially bacte-
riophages, in the evolution and possible transfer of virulence determinants.

Shiga toxin-producing Escherichia coli (STEC) has the ca-
pacity to cause a variety of diseases ranging from uncompli-
cated diarrhea to hemorrhagic colitis and life-threatening sys-
temic infections, such as the hemolytic-uremic syndrome.
Foodborne STEC infections, either outbreaks or sporadic
cases, appear worldwide. The major characteristic of STEC
that has been linked to virulence is the production of Shiga
toxins (Stx1 and/or Stx2) (25). Several other determinants have
been implicated in virulence, such as intimin, which is involved
in the binding of bacteria to target cells, and factors encoded
by a large virulence plasmid. Among these are an enterohe-
molysin (E-hlyA), an extracellular serine protease (EspP), a
catalase-peroxidase (KatP), and a type II secretory system.
These factors are encoded by elements that have been ac-
quired by horizontal transfer from an outside source, i.e.,
prophages, pathogenicity islands, and plasmids (12, 35, 46, 50).

Cattle appear to be the main reservoir of various STEC
strains. Several studies have shown a high prevalence of STEC
strains belonging to a wide range of serotypes in animals and
food products (3, 6, 34, 48). However, only a limited number of
serotypes have been associated with human disease, among
which O157:H7 is predominant. Moreover, different combina-
tions of potential virulence factors have been observed in
STEC clinical isolates, in addition to the production of Shiga
toxins. Thus, the known virulence factors do not allow differ-
entiation of STEC strains with a high pathogenic potential
from their counterparts of lesser clinical significance.

Between 1996 and 1997, six non-O157:H7 STEC strains
were isolated from stool samples of adults with hemolytic-
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uremic syndrome in the teaching hospital of Clermont-Ferrand
in France (9). Among them was strain CH014,which belongs to
the O91:H21 serotype, which was previously associated with
hemolytic-uremic syndrome cases in Finland and Canada (22,
26). Strain CHO14 has the capacity to produce Stx2 and E-
hlyA. In a prospective study done 1 year later in the same
geographic area, STEC was isolated from bovine feces, food
samples, and asymptomatic children (37). Among the strains
found were eight belonging to the O6:H10 serotype that were
isolated from both bovine and food samples. To our knowl-
edge, strains of serotype O6:H10 have never been associated
with human disease although they have the capacity to produce
Stx2.

In a previous study, we have shown a high level of hetero-
geneity among STEC isolates from the same geographic area,
even within strains of the same serotype. This heterogeneity
seems to be due to mobile elements of the genome (36, 37). No
characteristic has been found to be diagnostic for the patho-
genic strains by comparison to their counterparts of cattle and
food origin. Further studies are needed to identify special
attributes, other than Stx production, necessary for the devel-
opment of STEC pathogenesis in humans. The genomic sub-
traction technique has been previously used with success to
identify specific DNA from several bacterial species (16, 19,
27). In this technique, an excess of sheared and denatured
subtracter DNA is allowed to reassociate with enzyme-re-
stricted and denatured DNA from the target bacterium. Non-
specific target sequences hybridize with complementary se-
quences of the subtracter DNA, leaving the preparation
enriched for sequences unique to the target strain. The en-
riched sequences are amplified by PCR and cloned. They are
then used as probes in Southern blot and colony blot assays to
verify the specificity for the target DNA.

In the present study, a genomic subtractive hybridization
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TABLE 1. Characteristics of the bacterial strains used in this study

Strain Serotype Characteristic(s)” (reigrl;r;:e)b
CHO13 O91:H10  stx, S8y, Sounp HUS (9)
CHO014 O91:H21  stx, stx,,, Stoyp, ehxA HUS (9)
CHO15 OR:H16  stx, ehxA espP HUS (9)
CHO16 Ox3:H™ Soypa HUS (9)
CHO017 Ont:H™ SDypa HUS (9)
CHO087 O103:H2  stx, eae ehxA espP efa-1 HUS (this

study)
EDL933 O157:H7  stx, stx, eae ehxA espP efa-1 ~ STEC reference
strain
E2348/69  O127:H6  eae ehxA espP efa-1 EPEC reference
strain
DH5« K-12 Laboratory
strain
JM109 K-12 Laboratory
strain
NV32 O91:H21  stx,,, ehxA Beef (37)
NV74 O91:H21 sty ehxA Cheese (37)
NV127 O91:H21  stayp, Sy, €hxA Cattle (37)
NV197 O91:H21  stx,, St,yy, ehxA Cattle (37)
NV200 O91:H21  stx, stx,,, ehxA Cattle (37)
NV106 06:H10 S, nv206 Cattle (37)
NV107 06:H10 S1X, Nva06 Cattle (37)
NV110 06:H10 S, nv206 Cattle (37)
NV139 06:H10 S1X, Nva06 Cattle (37)
NV183 06:H10 S, nv206 Cattle (37)
NV206 06:H10 S1X, Nva06 Cattle (37)
NV268 06:H10 stx, Cattle (37)

@ stx,, stx, variants, eae, ehxA, espP, and efa-1 genes were detected by PCR and
specific hybridizations (unpublished data).
® HUS, hemolytic-uremic syndrome.

procedure was used to identify CHO14-specific DNA se-
quences that might encode factors involved in virulence. Sev-
eral DNA fragments were identified that did not hybridize with
DNA from the O6:H10 strains or with the E. coli K-12 labo-
ratory strain. The data suggest that pathogenic STEC strains
have been more extensively submitted to lateral gene transfer
than have strains of lesser virulence. Some of the isolated
fragments are good candidates for components of virulence
determinants of STEC strains.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains used in the
study are listed in Table 1. Pathogenic O91:H21 STEC strain CH014 was used for
subtractive hybridization against strains NV110 and NV183 of serotype O6:H10.
STEC strain CHO14 was obtained from a patient with hemolytic-uremic syn-
drome in April 1997 (9). Strains NV110 and NV183 were collected in the feces
of healthy cattle at the city slaughterhouse in October 1997 and March 1998,
respectively (37). Eighteen strains were used in colony blot hybridization exper-
iments. Five STEC strains of serotype O91:H21 and five of serotype O6:H10
were collected in the same geographic area (central France) between October
1997 and July 1998 from the feces of healthy cattle or from food products (beef
or cheese); five human STEC isolates were obtained from sporadic cases of
hemolytic-uremic syndrome in central France; and E. coli EDL933 (ATCC
43895) of serotype O157:H7, enteropathogenic E. coli (EPEC) E2348/69, and E.
coli DH5a were used as reference strains. A collection of 220 STEC strains
(designated NV) was used for screening with particular genomic fragments (37).

Bacteria were grown at 37°C in Miiller-Hinton broth (Biokar Diagnostics,
Beauvais, France) or in Luria broth (Difco, Detroit, Mich.). As necessary, media
were supplemented with 100 pg of ampicillin per ml. Bacteria were stored as
frozen cultures at —80°C in either Miiller-Hinton or Luria broth containing 15%
glycerol.

DNA preparation for genomic subtraction experiments. Total genomic DNA
was extracted by the method of Picard-Pasquier et al. (33). DNA purity was
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verified by determining the UV absorption ratio. Target DNA was digested to
completion with the Sau3A enzyme (Roche Molecular Biochemicals, Mannheim,
Germany) in accordance with the supplier’s instructions. After digestion, DNA
was extracted once with phenol-chloroform, precipitated with ethanol, washed,
and suspended at 0.25 pg/pl in 2.5X EE buffer (25 mM N-2-hydroxyethylpipera-
zine-N’-3-propanesulfonic acid, 2.5 mM EDTA, pH 8.0).

Five hundred micrograms of the DNA used to subtract nonspecific sequences
(subtracter DNA) was fragmented by sonication in 0.5 ml of H,O in a Branson
Sonifier 450 in the continuous mode and with an output setting of 2 for 30 s. The
average size of DNA fragments was approximately 1 kb. Biotinylation of sub-
tracter DNA was performed on ice in a dark room. One hundred microliters of
sheared DNA at 1 pg/ul and 100 pl of photobiotin acetate (Sigma-Aldrich
Chimie, St Quentin Fallavier, France) at 2 pg/pl in distilled water were added.
The mixture was photoactivated three times by 10 min of illumination (365 nm)
from a UV lamp (VL-6LC; Vilber-Lourmat, Marne-la-Vallée, France). After
addition of 1 M Tris-HCI (pH 9.0) to a final concentration of 100 mM, biotin-
ylated DNA was extracted four times with water-saturated 1-butanol, ethanol
precipitated, washed, and suspended at 5 pg/pl in 2.5X EE buffer.

Genomic subtractive hybridization. Ten micrograms of biotinylated subtracter
strain DNA and 0.25 pg of target strain DNA were used for the first round of
genomic subtraction by the protocol of Straus and Ausubel (44) with minor
modifications. Briefly, the mixture of target and subtracter DNAs in 4 pl of 2.5X%
EE buffer, overlaid with mineral oil, was denatured at 100°C for 1 min and then
mixed with 1 pl of 5 M NaCl. Hybridization was carried out in a 65°C air
incubator in a 0.5 ml centrifuge tube. After 18 h at 65°C, 95 pl of EEN buffer (1x
EE, 500 mM NaCl) was quickly and thoroughly mixed with the sample, which was
then combined with 100 pl of a 2% suspension of streptavidin-coated polystyrene
beads (Dynabeads M-280; Dynal A.S., Oslo, Norway) that had been washed in
EEN. The sample was incubated at room temperature for 15 min and then
placed on a magnet (Dynal MPC) for 2 min in accordance with the supplier’s
instructions. The beads, which were retained, were washed once with 200 wl of
EEN and once with 100 pl of EEN. The unbound nucleic acid in the supernatant
was precipitated at —20°C following the addition of 2 volumes of ethanol. The
resulting pellet was washed with ethanol, dried, and resuspended in 5 wl of 1X
EE buffer. A 0.5-pl volume was saved for analysis. The remaining sample was
dried, resuspended in 2 pl of 2.5X EE buffer, and combined with 10 pg of
biotinylated subtracter DNA. Two more rounds of denaturation, reassociation,
and avidin selection were performed as described above. Aliquots (1/10 of each
unbound fraction) were saved after each cycle.

PCR amplification of remaining subtracted DNA. Double-stranded adapters
for PCR amplification were prepared by complementary annealing of synthetic
24-mer oligonucleotide Saul (5" GACACTCTCGAGACATCACCGTCC 3')
and 26-mer oligonucleotide Sau2 (5'P GATCGGACGGTGATGTCTCGAGA
GTG 3'; Sau3A site underlined), which overlap at 22 nucleotide positions.
Five-microgram samples of the two oligomers at 1 pg/pl (10 pl in total) were
combined, and the mixture was heated to 100°C for 2 min in a 200-ml water bath
that was then allowed to cool to room temperature. At each subtraction cycle, 0.5
w1 of residual subtracted DNA was ligated for 5 min at room temperature with
150 ng of the resulting adapters by using a Rapid DNA Ligation Kit (Roche
Molecular Biochemicals).

After ligation, the sample was purified by using a QIAquick PCR Purification
Kit (QIAGEN S.A., Courtaboeuf, France) in accordance with the supplier’s
instructions. DNA capped with adapters was eluted with 30 wl of water, and 5 pl
was used as a template for PCR amplification. Primer Saul was used at 1 pM
with 200 pM each deoxynucleoside triphosphate (Roche Molecular Biochemi-
cals), 1X reaction buffer, and 1 U of Tag DNA polymerase (Appligene-Oncor,
Illkirch, France) in a 50-pl reaction volume. The PCR cycle included denatur-
ation for 90 s at 94°C, primer annealing for 90 s at 65°C, and an extension step
of 90 s at 72°C (30 cycles) on a Perkin-Elmer Cetus DNA thermal cycler 2400.
Reaction products were then separated by electrophoresis on 3% agarose gel
with 1 pg of ethidium bromide (ProLabo, Strasbourg, France) per ml at 100 V
for 6 h in 1X Tris-acetate-EDTA buffer. DNA fragments separated by electro-
phoresis were cut on the gel, purified separately on 0.22-wm-pore-size filters
(SPIN-X; Costar, Cambridge, Mass.), ethanol precipitated, and resuspended in
25 ul of water.

Cloning of fragments from the subtracted library. Five microliters of each
purified DNA fragment was used for a second round of amplification under the
conditions described above. The reaction products were again purified on QIA-
GEN columns and eluted with 50 .l of water. One microliter of this solution was
used for the ligation reaction with plasmid pCR2.1 (Original TA Cloning Kit;
Invitrogen, Groningen, The Netherlands). The ligation protocol used was that
described by the suppliers. E. coli strain JM109 (Promega, Charbonnieres,
France) was transformed by electroporation (18) with selection for ampicillin
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(100 p.g/ml) on Luria-Bertani agar (Difco) plates. Clones obtained were cultured
individually in 10 ml of Luria broth (Difco) containing ampicillin (100 wg/ml).
Lysates were prepared from 1.5 ml of an overnight Luria broth (Difco) culture
by boiling at 100°C for 15 min. Following centrifugation of the lysate, 5 ul of the
supernatant was tested by PCR with primer Saul as described above.

Probe preparation and hybridization experiments. PCR products used as
probes were purified on 0.22-um-pore-size SPIN-X filters and radiolabeled with
[«-*?P]dATP (ICN Pharmaceuticals France S.A., Orsay, France) by using a
random-primed DNA labeling kit (Roche Molecular Biochemicals) in accor-
dance with the manufacturer’s specifications. Southern blot assays were per-
formed either with DNA transferred after gel electrophoresis of genomic DNA
digested with the EcoRI or HindIII enzyme (Roche Molecular Biochemicals),
with pulsed field gel electrophoresis (PFGE) patterns, with PCR products, or
with plasmids obtained by the alkaline lysis method described by Kado and Liu
(24). Smart Ladder (Eurogentec, Angers, France) was used as a digested
genomic DNA size marker. After gel electrophoresis, DNA was transferred to
Hybond N+ nylon membranes (Amersham) by standard methods. Colony blots
were performed by following standard procedures (29). Hybridization was per-
formed with a rapid hybridization buffer (Amersham Pharmacia Biotech, Orsay,
France) as described by the manufacturer. Hybridized membranes were then
washed successively at 65°C for 20 min, once with 0.1% sodium dodecyl sulfate—
0.3 M NaCl-0.03 M sodium citrate and twice with 0.1% sodium dodecyl sul-
fate-75 mM NaCl-7.5 mM sodium citrate, and then exposed to Hyperfilm MP
(Amersham) and processed in an automated film developer (Hyperprocessor;
Amersham). The stx,-specific probe was prepared from the PCR product of
strain EDL933 with primers LP43 and LP44, which were described by Cebula et
al. (15).

Sequencing . Plasmid DNA for sequencing was prepared with QTAGEN mini-
columns (QIAGEN Plasmid Mini Kit) in accordance with the supplier’s instruc-
tions. PCR products for sequencing were prepared by using the QIAquick PCR
Purification Kit (QIAGEN S.A.). DNA sequencing was carried out on an auto-
mated sequencer by the fluorescent dye termination method, and the sequence
was edited by using the manufacturer’s software (GENOME Express, Grenoble,
France). BLASTN and BLASTX sequence homology analyses were performed
by using the National Center for Biotechnology Information BLAST network
service.

PFGE analysis. Genomic DNA was prepared by following the protocol de-
scribed by Bohm and Karch (8). DNA digestion was performed with 50 U of
Xbal (Life Technologies, Cergy Pontoise, France) for 18 h at 37°C. PFGE was
performed in 1.2% agarose with a contour-clamped homogeneous electric field
(CHEF)-PFGE Gene Navigator apparatus (Pharmacia, Uppsala, Sweden) in
0.5X Tris-borate-EDTA buffer at 200 V and 14°C. Pulse times were increased
from 10 to 40 s over 24 h. A Lambda Ladder (Bio-Rad, Ivry, France) was used
as molecular weight markers.

Nucleotide sequence accession numbers. The sequences of the O91:H21 strain
CHO14 DNA fragments described here, which are absent in the O6:H10 STEC
strains and in E. coli K-12, have been deposited in the GenBank database under
accession no. AF467504 to AF467532.

RESULTS

Enrichment in sequences specific to pathogenic STEC
strain CHO14. STEC strains of serotype O6:H10, although
largely present in the bovine reservoir, have not been associ-
ated with pathogenicity in humans and thus might lack some of
the attributes present in virulent STEC strains (37). To identify
genomic sequences of O91:H21 strain CHO014 that are absent
from STEC strains of serotype O6:H10, genomic subtractive
hybridization was used.

The DNA of pathogenic strain CHO14 was subjected to
subtraction by using mixed DNAs from two STEC strains
(NV110 and NV183) of serotype O6:H10. The use of two
subtracter strains ensured that sequences were not isolated due
to their absence from one particular strain of serotype O6:H10.
In this experiment, DNA fragments of CH014 that hybridize
with the DNAs of strains NV110 and NV183 are selectively
removed. The number of subtraction cycles was chosen to
optimize enrichment in nonhomologous sequences. At each
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cycle, a fraction of subtracted DNA was amplified by PCR.
Figure 1A shows the electrophoretic analysis of the amplified
DNA derived from cycles 1 to 3. The product was *?P labeled
and used to probe HindIII-digested genomic DNAs from the
target and subtracter strains. For comparison, five isolates of
serotype O91:H21 and five isolates of serotype O6:H10, ob-
tained from cattle or food (Table 1), were included in the
analysis. Figure 1B shows the results obtained. After hybrid-
ization with the probe derived from the third cycle, the prom-
inent signals correspond to bands generated by the target
genomic DNA and its O91:H21 counterparts but missing in
06:H10. The use of four cycles of subtraction resulted in DNA
signal loss (data not shown). Thus, three rounds of genomic
subtraction provided sufficient enrichment for accurate identi-
fication of sequences that are absent in the subtracter strains.

Molecular cloning of subtracted genomic sequences. Follow-
ing three rounds of subtraction, PCR amplification of CHO014
DNA gave distinct products ranging in size from <0.2 to 1 kb,
with 10 main fragments of approximately 0.3 to 0.6 kb (Fig.
1A). Each of the 10 fragments was submitted to a second
round of PCR using the Saul oligonucleotide, corresponding
to one of the adapter sequences adjacent to the CHO14 DNA
fragments. The amplified products were cloned, and inserts
were individually amplified by PCR using primer Saul. To
eliminate clones carrying the same insert, an initial screening
was performed by blotting individual amplified inserts from
each clone onto a membrane and using the labeled PCR prod-
uct corresponding to each insert as a probe. Of 110 inserts
tested (11 each of 10 size classes), 62 corresponded to different
sequences.

Probe specificity assessment and distribution among STEC
strains. To confirm the absence of the 62 fragments on the
genomes of the two O6:H10 subtracter strains, colony blots
and Southern blots of EcoRI- or Hindlll-digested genomic
DNAs from strains CHO014, NV110, and NV183 were probed
with the radioactively labeled PCR product of each insert. Of
62 inserts, 42 (68%) gave no signal with the NV110 and NV183
subtracter DNAs. The extent of hybridization of the 42 specific
subtracted sequences to genomic DNAs from 18 strains was
studied by colony blot experiments. As expected, no hybridiza-
tion with genomic DNAs from five O6:H10 STEC strains was
observed. Ten of the 42 inserts hybridized to DNA from
DH5«, a standard laboratory E. coli K-12 strain. These 10
fragments were then eliminated for subsequent analyses. The
hybridization profiles of the remaining 32 fragments are sum-
marized in Table 2. Hybridization with DNAs from all five
091:H21 STEC strains obtained from cattle or food products
was detected for the majority (25 of 32) of the fragments. Two
fragments (S-16 and S-28) hybridized only with one of the
O91:H21 strains (profiles K and S). In order to determine
whether they were present only in rare STEC strains or
whether they were found in varied STEC serotypes from di-
verse origins, the incidence of the two fragments was studied by
colony blot assays of a large sample of STEC isolates (NV
collection of 220 strains [37]). Their presence was not corre-
lated with the origin of the isolates or with particular serotypes
(data not shown).

The abilities of the probes to hybridize with six hemolytic-
uremic syndrome-associated STEC strains of different sero-
types and to EPEC E2348/69 varied. Four fragments (S-2,
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FIG. 1. Analysis of the PCR products of genomic subtraction. (A) Gel electrophoresis of the PCR products in 3% agarose. Lanes: 1 and 6,
Smart Ladder SF (Eurogentec); 2, amplified DNA of strain CH014 after a first cycle of genomic subtraction; 3, amplified DNA after a second round
of genomic subtraction; 4, amplified DNA after a third cycle of genomic subtraction; 5, PCR-negative control. (B) Southern blots of HindIII-
digested genomic DNAs of 13 STEC strains with the radioactively labeled PCR products of subtractive hybridization: 1, hybridization with the PCR
product of the second round of subtraction; 2, hybridization with the PCR product of the third round of subtraction. Strains: CHO14, target
091:H21 STEC strain; NV32, O91:H21 STEC strain isolated from beef; NV74, O91:H21 STEC strain isolated from cheese; NV127, NV197, and
NV200, O91:H21 STEC strains isolated from cattle; NV110 and NV183, subtracter O6:H10 STEC strains isolated from cattle; NV106, NV107,

NV139, NV206, and NV268, O6:H10 STEC strains isolated from cattle.

S-10, S-24, and S-30) hybridized with the six pathogenic strains
tested (profiles B and Q). One of them (S-24) also hybridized
with the EPEC strain (profile Q). Ten other fragments hybrid-
ized with the E2348/69 EPEC reference strain but not with all
of the pathogenic STEC strains (profiles A, D, G, H, and J). In
contrast to the reactivity with all of the O91:H21 strains tested,
four fragments (profile C) gave no signal with the other strains
tested, suggesting that these fragments could be specific for the
091:H21 serotype.

Location on the CH014 genome. The location of each frag-
ment was analyzed by Southern hybridization on the >90-kb
CHO14 plasmid (named pO91:H21) (36). Nine of the 32 frag-
ments were found to be plasmid located (Table 3). Five of
them (S-1, S-2, S-6, S-7, and S-9) gave different hybridization
profiles with six pathogenic STEC strains by colony blot assay,
and the other four (S-3, S-4, S-27, and S-31) corresponded to
the O91:H21-specific fragments (Table 2).

Southern blot analysis of EcoRI- or HindIII-digested CH014
genomic DNA with the 32 radioactively labeled subtracted
fragments gave patterns of one or two bands varying in size
from <1 to >10 kb (Table 3). Among them, eight probes
(S-12, S-13, S-14, S-15, S-19, S-20, S-21, and S-32) gave the
same pattern of two bands of >10 kb when hybridized with
either EcoRI or HindIII restriction fragments. These eight
chromosome-located fragments were grouped into two colony
blot profiles, J and N (Table 2). In order to determine whether
these fragments corresponded to contiguous sequences,

genomic DNAs of the CH014, NV110, and NV 183 strains were
digested with Xbal, resolved by PFGE (Fig. 2A), and blotted
for Southern hybridization with each probe. The eight probes
hybridized with two bands of the CH014 PFGE profile (Fig.
2B). The patterns obtained with the S-12, S-13, S-15, and S-32
probes were identical to the pattern obtained with the S-14
probe. The patterns obtained with the S-19 and S-20 probes
were identical to the pattern obtained with the S-21 probe. As
indicated by their sequences (see below), the probes did not
contain EcoRI, HindlIIl, or Xbal sites. Therefore, they should
correspond to sequences present in distantly related duplicates
on the genome.

DNA sequencing and sequence analysis. The 32 fragments
(named S-1 to S-32) that gave no signal with the O6:H10 STEC
DNA or with the DH5a DNA were sequenced. The sequences
of three fragments (S-30, S-31, and S-32) could not be deter-
mined. For each of the 29 remaining sequences, the GenBank
(release 123.0), EMBL (release 66.0), and DDBJ (release 37.0)
databases were screened at the National Center for Biotech-
nology Information for similarities. Table 3 summarizes the se-
quence analysis and possible similar proteins derived from six-
frame translations of the DNA databases (see also http://www
.u-clermontl.fr/pharma/recherche/bacterioviro/presentation
.htm). The sequences fell into three major groups: (i) 8 frag-
ments with similarities to sequences from plasmids of E. coli or
from the pWR100 virulence plasmid of Shigella flexneri (13)
(S-1 to S-8), (ii) 13 fragments with similarities to phage se-
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> quences (S-9 to S-21), and (iii) 3 fragments (S-22 to S-24) with
=% rAAE similarities to specific regions of the EDI.933 genome called O
- islands (32). A fourth group included two further sequences
8 (S-25 and S-26) that presented only 54 and 58% similarity, at
i + + + + . . . .
2 the amino acid level, to proteins described in other bacterial
= genera (31, 41). Furthermore, the nucleotide sequences and
o torEr 4+t the deduced amino acid sequences of three fragments (S-27 to
© S-29) did not exhibit similarity to any sequences available in
<3 the current databases.
%% TrrrmomEEmaE T Among the sequences of interest, the S-1 fragment corre-
- sponded to the sequence of the esixB gene, which is part of t.he
g ~ ﬁ +++++ + ++ + + ehxABCD operon located on STEC large virulence plasmlqs
E ° (42). The ehxA gene, which is part of the operon, was previ-
2 Q ously detected on the >90-kb CHO014 plasmid (36) and was
E °% A A E absent from the O6:H10 strains, possessing only a small 3.5-kb
- - #  plasmid (data not shown). Thus, this result Validate's the ex-
'E z Z85 ++++ + + + § periments and confirms that thf: genomic subtraction tech-
% Lo g nique has potential for pinpointing gf regions that are most
- z % E likely to be involved in the differential virulence of bacterial
= | E = A4+ A+ 4+ E  pathogens. B
BE - 5 Two fragments (S-3 and S-22) presented similarities at the
£ € = + o+ 4 & amino acid level to proteins whose functions have been estal?-
§ 5 : & rt + lished in the colonization and survival of pathogenic straﬁns in
E §- = o the host, such as the SepA protein of S. flexneri, which is
E‘ 2 s + ++ ? involved in tissue invasion (2), and the LpfC outer m.emb?ane
2 ; < Ei usher protein of Salmonella enterica serovar Typhimurium,
§ < S %”g which is involved in the formatlop of. long polar fimbriae th.at
Zlzl~2 phmg | T A t*t *t Tl 9E  could play a role in host colonization (1). Such a fimbrial
212 7 g. o operon seems to be located on the EDL933 O#154 island (32).
5 E = Eii Fragment S-3 also presented similarities at the amipo acid
i 3 - 5 fhthE 2 g level, but to a lesser extent, to the p0157-locat§d serine pro-
z E §‘E5’ &  tease EspP. These two fragments are good candldates. as com-
2|z = i e e A + f g: ponents of new virulence determinants of STEC strains.
5 - 52 Overall, many sequences related to DNA rearra'ngen'lents
% 0% A+ o+ + + §;§’ and to plasmid and phage sequences have bee?n 1dept1ﬁed.
QN < T g They include those showing similarities at the amino acid level
% e & i to a probable insertion sequence transposase of pWR100 .(S-
g “e L £z 4); an EDL933-specific protein involved in DNA processing
% . ga (S-23); sequences from the pO157, pWR100, pB171, F, IncF,
S P A ot TE  and R124/3 plasmids; and sequences from the P2 and \ phages
5 - 2 and seven CP-933 prophages. They suggest evolutionary events
% n%E A+t A+t + é% by which virulence genes may have been acquired and adap-
—% Lo =° tation to the host could occur (28).
g o~ o § Comparison of the genomes of strains CH014 and EDL9§3.
g © :;R R ES As many as 19 of the 29 sequenced CH014 fragments,. Wthh
U. T E‘-[E are lacking on the O6:H10 STEC genome, had simi(l;n&es 3t;)
o =5 @2 several regions identified on the EDL933 genome (Table 3).
= B g’ii TrreT oTEamaEw EE Fragmentsg S-1, S-2, S-3, and S-5 presented similarities, at the
g g3 amino acid level, to E-hlyB, the unknown protein L7076, EspP,
i < :A: T+ + + o+ + + +|3Z  and CopB, which are encoded on pO157, respective.Iy .(14.)..
N E£E Furthermore, as many as 15 fragments pg;;,nltfd mm;la;ltles
2 S8888 822,08 T Z|8Z  tosequences of the EDL933 chromosome (32). Figure 3 shows
% % E E E E E E = E E g E E S_ %ﬁ the lgcations of the sequences on the diagrammatic EDL.933
2 33333 33 % 885 © © o genome map. Of the 15 fragments, 12 (S-10 to S-21) corre-
o 2 g sponded to the sequences of seven prophages, namely, CP-933
SIE8 C, CP-933 M, CP-933 N, CP-933 O, CP—9§3 U, CP-933V, apd
& § ;E CP-933 X (Table 3). By hybridization with EcoRI- and Hin-
E cmo smmom~ @ H|%ZE  dlll-digested genomic DNA, we found that fragments S-12,
” PESZ28 222222 2 B|FZ 13,514, 15,519, 520, S21, and $-32 were related and
; ; E ; E L:) F) L:) F) L:) S @ @ were present in two or more copies on the CHO014 genome.
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TABLE 3. Sequence analysis of CHO14-specific subtracted DNA fragments.
% % EcoRI- HindIII-
Group and : o p
fri%raint SSieZ%u(e];lg)e Protein with similarity” Organism Nltxic(}go— A;1C1i1(rjm Location” g;gge;f:gt fdr;ggemst;flit
identity identity size(s) (kb) size(s) (kb)“
I
S-1 327 Transport protein E-HlyB EDL933(p0O157) 96 98 pl ND“ ND
S-2 305 Unknown protein Shigella flexneri(pWR100) 92 86 pl ND >10
Unknown protein L,7076 EDL933(pO157) 88 85
S-3 307 Tissue invasion protein SepA Shigella flexneri(pWR100) 37 pO91:H21 9 8
Serine protease EspP EDL933(pO157) 26
S-4 160 Probable IS transposase Shigella flexneri(pWR100) 81 57 pO91:H21 10 ND
S-5 336 Copy number control protein CopB EPEC(pB171) 99 98 chr >10 >10
Copy number control protein CopB EDL933(pO157) 93 60
S-6 281 Helicase Tral E. coli(plasmid F) 97 97 pl >10 10
S-7 193 Unknown protein ORF2 E. coli(plasmid IncF) 89 75 pl 9 8
S-8 287 Type I restriction enzyme EcoR124I1 R HsdR  E. coli(plasmid R124/3) 95 95 chr >10 8
I
S-9 324 Probable capsid portal protein GpQ Phage P2 94 99 pl 5 ND
S-10 327 H tail component Phage N\ 99 98 chr >10 ND
CP-933X tail component EDL933 97 97
S-11 234 DNA-packaging protein Phage \ 95 89 chr 2.5 ND
CP-933X DNA-packaging protein EDL933 94 89
S-12 288 CP-933X-V head-tail adapter EDL933 98 98 chr >10, >10 >10, >10
S-13 302 CP-933M, -N, -V, -X unknown protein EDL933 99 97 chr >10, >10 >10, >10
S-14 123 CP-933M, -N, -V portal protein EDL933 95 68 chr >10, >10 >10, >10
S-15 277 CP-933M, -N, -V unknown protein EDL933 97 96 chr ND >10, >10
S-16 631 CP-933M DicA similar protein EDL933 50 chr <1 ND
S-17 224 CP-933N, -O, -U unknown protein EDL933 93 90 chr 2.5 ND
S-18 295 CP-933U unknown protein EDL933 99 98 chr 10 >10
S-19 234 CP-933C terminase EDL933 86 94 chr >10, >10 ND
S-20 299 CP-933C terminase EDL933 95 97 chr >10, >10 ND
S-21 300 CP-933C head maturation protease EDL933 95 98 chr >10, >10 ND
111
S-22 1,342 O island no. 154 fimbrial usher protein EDL933 78 76 chr 5 10
Fimbrial usher protein LpfC Salmonella typhimurium 50
S-23 279 O island no. 134 DNA processing protein EDL933 98 97 chr 8 ND
S-24 300 O island no. 133 unknown protein EDL933 91 93 chr 8 ND
v
S-25 220 General secretion pathway protein EpsK Vibrio cholerae 36 chr 8 >10
S-26 340 Peptide synthetase McyG “Microcystis aeruginosa” 40 chr 10, 8 ND
S-27 241 pO91:H21 7 >10
S-28 285 chr 10 ND
S-29 305 chr 10 >10,8
S-30 ND chr 8 8
S-31 ND pO91:H21 10 5
S-32 ND chr >10, >10 >10, >10

“ Determined by comparison of sequences and coding regions with the EMBL and GenBank DNA databases. BLAST and BLASTX network services were used. IS,

insertion sequence.

b chr, chromosome located; pl, plasmid located; pO91:H21, O91:H21-specific plasmid located.

¢ Two values mean two different-size fragments.
4 ND, not determined.

Fragments S-19, S-20, and S-21 showed similarities to se-
quences of the CP-933C prophage, and four others showed
similarities to sequences of prophages CP-933 M, CP-933 N,
CP-933 V, and CP-933 X (Table 3). Differences between the
two groups were correlated with those suggested by colony blot
experiments (Table 2, profiles J and N) and with those ob-
tained by hybridization on Xbal-PFGE profiles (Fig. 2B). In-
deed, probes S-19, S-20, and S-21 hybridized with one band at
500 kb on the EDL933 PFGE profile. The three probes hy-
bridized with two bands on the CHO014 chromosome (at 450
and 350 kb), which suggests the presence of at least two proph-
ages related to the CP-933 C prophage on the CHO14 chro-
mosome. Probes S-12, S-13, S-14, S-15, and S-32 hybridized
with three bands (at 600, 500, and 150 kb) on the EDL933
PFGE profile and two bands on the CHO014 profile (at 450 and
200 kb). One band was found, upon hybridization with each

probe, on both the CH014 (at 450 kb) and EDL933 (at 500 kb)
chromosomes, which suggests a relationship among the eight
fragments. Sequencing confirmed that the fragments corre-
sponded to several EDL933 prophages, some parts of which
were present on the CH014 chromosome in at least two copies.
In order to analyze if such prophage-like regions could corre-
spond to stx,-encoding bacteriophages, Xbal-digested CHO014
DNA was hybridized with an stx,-specific probe. Three bands
at 450, 425, and 200 kb were probed (Fig. 2B). Two bands (at
450 and 200 kb) were common to fragments S-12, S-13, S-14,
S-15, and S-32. Thus, the stx, gene seems to be present in at
least three copies on the CH014 genome. Two copies appear to
be physically related to fragments showing similarities to sev-
eral EDL933 prophages.

Three further fragments corresponded to other EDL933-
specific regions named O islands. They presented similarities
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to genes encoding a DNA-processing protein (S-23), an un-
known protein (S-24), and a fimbrial usher protein (S-22) that
could be an unidentified virulence factor.

DISCUSSION

STEC is an emerging enteric pathogen, yet neither its viru-
lence factors nor its phylogeny has been completely character-
ized. Recently, Reid et al. (40) showed that the highly virulent
pathogen E. coli O157:H7 separated 4.5 million years ago from
an ancestor it has in common with E. coli K-12. Moreover,
phylogenetic analysis of housekeeping genes suggested that
separate old lineages of E. coli have acquired the same viru-
lence factors in parallel (20). On the other hand, significant
strain-to-strain heterogeneity has been shown by the preva-
lence of various virulence factors and by the fact that only a
minority of STEC strains have caused diseases in humans or
animals (4). A STEC strain (CH014) of serotype O91:H21 was
isolated from a stool specimen from a patient with hemolytic-
uremic syndrome at the Clermont-Ferrand hospital (9). STEC
strains of serotype O91:H21 have been previously isolated
from patients with hemolytic-uremic syndrome in Canada and
Finland and from a patient with diarrhea in New Zealand (22,
26, 39). In a previous study, we showed that a large proportion
of bovine feces and food samples was contaminated with STEC
strains in the Clermont-Ferrand area (37). Among the major
STEC isolates were strains of serotype O6:H10, which have
never been associated with human disease. Therefore, we hy-
pothesized that some CHO14 genes that are absent in the
06:H10 genome might have a role in STEC virulence.

To identify genes that are lacking in O6:H10 STEC strains,
a subtractive hybridization procedure was applied to STEC
strains. Indeed, subtractive hybridization remains the method
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2345

|

2345 23435

kb 3 E
1

500

50-f

&

o i

FIG. 2. Genomic Xbal restriction patterns of subtracter strain
NV110 (lane 2), subtracter strain NV183 (lane 3), target strain CH014
(lane 4), and reference strain EDL933 of serotype O157:H7 (lane 5)
obtained by PFGE (A) and Southern hybridization (B) with S-14, S-21,
and stx, as DNA probes. Lambda Ladder (Bio-Rad) was used as a
DNA size marker (lane 1 in panel A).
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FIG. 3. Representative locations of strain CH014 O91:H21-specific
fragments on the E. coli EDL933 O157:H7 strain genome map. Open
squares show the distribution of the 23 major EDL933-specific se-
quences compared to the E. coli K-12 genome that are missing in
CHO14. Filled squares show the distribution of the 10 additional
CHO14-specific sequences in the EDL933-specific regions. The size of
each block is proportional to the size of the corresponding island
described by Perna et al. (32).

of choice for large-scale isolation of virulence genes. By
genomic subtraction against the E. coli K-12 reference strain,
an avian pathogenic strain was found to carry a total of 12
unique regions with an estimated 350 kb of unique DNA (10).
Well-known EHEC clone O157:H7, for which the strain
EDL933 genome has just been sequenced, has a genome 20%
larger than that of E. coli K-12 (5,341 versus 4,639 kb) (32).
This provides a hint of the patterns we can expect to see as we
explore the global species genome.

We have adapted the subtractive hybridization technique to
allow isolation of a large number of probes that are specific for
pathogenic STEC strains but not for their closely related non-
pathogenic counterparts. Modifications were made to the orig-
inal procedure described by Straus and Ausubel (44) that are
appropriate for the different application. Thirty-two specific
fragments were isolated from pathogenic strain CHO14. The
fragments corresponded to sequences that were absent from
the NV110 and NV183 DNAs and from E. coli K-12, as was
shown by Southern and colony blot hybridizations. The ap-
proach was validated by the fact that among the CH014 sub-
tracted fragments recovered, one was found to be part of the
ehxABCD operon previously identified in serotype O91:H21
target strain CHO14 but not in the serotype O6:H10 subtracter
strains (9, 37).

A possible outcome of this work was to isolate sequences
related to the pathogenicity of STEC strains. However, it is
likely that certain sequences are related to other physiological
characteristics specific to CHO14 or to the strains of serotype
091:H21. The data showed no correlation between the pres-
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ence of a particular sequence and the strains obtained from
patients with hemolytic-uremic syndrome. The recovered se-
quences showed different colony blot hybridization profiles
with the pathogenic strains tested, indicating a heterogeneity
among STEC strains and supporting the previous hypothesis of
the existence of multiple pathogenic lineages (3, 38, 43, 49, 50).
On the other hand, colony blot experiments showed that the
091:H21 strains were fairly homogeneous although some het-
erogeneity was seen with probes S-16 and S-28. Interestingly,
strains NV32 and NV74, isolated from food products, differed
from their counterparts isolated from cattle in not being rec-
ognized by probes S-19, S-20, and S-21 (corresponding to se-
quences of the CP-933 C prophage) and probe S-26, respec-
tively (Table 2).

One application of genomic subtraction is to isolate DNA
probes for diagnosis, as previously shown for Rhizobium me-
liloti or Xanthomonas (5, 27). One such application could be
envisaged with the S-3, S-4, S-27, or S-31 probe (Table 2,
profile C). As the large virulence plasmids are highly stable,
these sequences, even if plasmid located, could be further
investigated for use in detecting the presence of STEC strains
of serotype O91:H21 in patients or in food products.

Of particular interest is recovered fragment S-3, which
shows 61% amino acid similarity to the SepA protein of S.
flexneri and 42% similarity to the EspP serine protease of large
virulence plasmid pO157 of strain EDL933 (Table 3). The S-3
fragment localized on the >90-kb plasmid of strain CHO14
seems to be O91:H21 specific. This suggests that a gene similar
to the espP gene of pO157, previously not detected by colony
blot hybridization with the specific probe described by Brunder
et al. (11), could be present on the CHO014 virulence plasmid.
Thus, pO157 and the CHO14 plasmid could be less different in
composition than at first expected. The espP gene was only
recently reported for STEC strains (11, 14, 30). The proteolytic
activity of EspP suggests that it could be an autotransporter
protein such as the SepA protein of S. flexneri (2), which has
C-terminal homology to EspP. In O26:NM and O157:H7
strains, the espP gene is located within remnants of different
insertion sequences on the large virulence-associated plasmid.
Analysis of the DNA region in the neighborhood of the gene
similar to espP in strain CHO14 could yield clues about the
evolution of this particular gene. Moreover, the results of this
report question the hypothesis that large plasmids of STEC are
variable elements with considerable heterogeneity in gene
composition and arrangement (7, 12).

Only a limited number of genes have previously been shown
to be involved in the adherence of STEC to host cells, and
especially the initial attachment step of adherence is poorly
understood (45). In this study, one fragment of interest, S-22,
presented 87% amino acid similarity to the O#154 putative
fimbrial usher protein of O157:H7 strain EDL933 and 66%
similarity to that of S. enterica serovar Typhimurium. Whether
this fragment is part of a new functional fimbrial operon and
could have a role in the initial adherence step of colonization
must be investigated. By colony blot hybridization, the frag-
ment seems to be present in four of the six hemolytic-uremic
syndrome-associated pathogenic strains.

Comparison of our results with the analysis of the O157:H7
EDL933 genome supports the idea that genomes of the patho-
genic STEC strains are particularly subject to recombinational
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evolution. Of 29 sequences obtained, 19 presented similarities
to the O157:H7 EDL933 genome but were absent from the
06:H10 genomes. Among them, 12 fragments were recovered,
some of which were present in several copies on the CH014
chromosome, that had similarities to the sequences of 7 of the
18 multigenic bacteriophage-related regions recently described
in O157:H7 (32).

It is possible that such prophages contain new, unidenti-
fied virulence factors. The fact that stx, genes appear to be
located in the same regions of the CH014 chromosome sug-
gests that some of them could correspond to stx-encoding
phages. Unkmeir and Schmidt (46) have recently shown that
crucial differences exist in the stx-flanking regions of different
Stx-converting bacteriophages. Although the phages are simi-
lar in morphology, have similar modes of replication, and are
similar in genomic structure, they may be unrelated at the
nucleotide level (17, 21, 47). They might excise and reintegrate
at different sites on the bacterial chromosome and could be a
source of genetic heterogeneity in STEC isolates (23). This is
also supported by our finding that strain CHO14 contains se-
quences that originally stem from different phages. The role of
stx,-encoding bacteriophages as a source of genetic diversity in
closely related STEC strains needs to be further investigated.
Furthermore, hybridization of Xbal-digested CH014 genomic
DNA with an stx,-specific probe showed a pattern of three bands,
indicating the presence of at least three copies of the stx, gene
in strain CHO14 versus one, shown by a pattern of one band, in
strains NV183 and NV110. Such a difference in the number of
stx, copies could explain the pathogenicity of CHO14.

In summary, this study shows that the subtractive hybridiza-
tion technique is an efficient way to generate DNA fragments
highly enriched in unique sequences. Most of the recovered
fragments represented previously uncharacterized phage- or
plasmid-borne sequences. Thus, the utility of the procedure is
demonstrated by the generation of new and potentially impor-
tant information on the genetic organization of STEC. The
genomic subtraction method is not labor intensive and is ap-
plicable to the genomes of STEC strains. Our findings may
facilitate the understanding of the evolution and the virulence
properties of STEC and reveal a surprising level of differences
between pathogenic O91:H21 strain CHO014 and O6:H10
strains commonly found in cattle and food products in the
same geographic area. Many similarities have been shown be-
tween the genome of CHO14 and several mobile elements
distributed on the genome of O157:H7 strain EDL933. The
data suggest that pathogenic STEC strains have been submit-
ted to extensive lateral gene transfer. Most differences in over-
all gene content are attributable to horizontal transfer and
offer a wealth of candidate genes that may be part of new
virulence determinants. We suggest that STEC strains com-
prise a heterogeneous set of pathogens that share specific
phage- and plasmid-borne genes. However, the role of these
various sequences in STEC pathogenicity warrants further in-
vestigation. Furthermore, additional comparisons of the ge-
nomes of other STEC strains are necessary before the complex
relationships between STEC strains can be understood.
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