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pO157_Sal, a Novel Conjugative Plasmid Detected in Outbreak
Isolates of Escherichia coli O157:H7"+
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In addition to the large virulence plasmid pO157, a novel 38-kb conjugative plasmid, pO157_Sal, was
identified and sequenced from an Escherichia coli O157:H7 outbreak-associated Chinese isolate that shares
high similarity with a plasmid in Salmonella enterica serovar Agona. The plasmid was found in 15 of 326
isolates, 12 of which were of the same pulsed-field gel electrophoresis type.

Escherichia coli O157:H7 is an internationally well known
pathogen first identified as the cause of a multistate outbreak
in the United States in 1982 (22). It belongs to the entero-
hemorrhagic E. coli (EHEC) pathovar which comprises the
etiological agents of bloody diarrhea and hemolytic uremic
syndrome (HUS). Farm animals serve as the main reservoir of
the pathogen, which does not usually cause disease. However,
many O157:H7 human infections and outbreaks have been
reported worldwide (1, 8, 9, 13). In 1999, a large outbreak
causing 177 deaths occurred in Xuzhou City and in neighbor-
ing Anhui Province in China. Pulsed-field gel electrophoresis
(PFGE) found that human isolates from the Xuzhou outbreak
belonged to the same pulse type. Isolates of identical pulse
types were also isolated from several types of animals in the
villages, including pigs, cattle, goats, and chickens, suggesting
that the outbreak isolates have a single origin. Later sampling
from a variety of sources identified a diverse range of pulse
types of O157:H7 isolates (27).

The O157:H7 genome contains the locus of enterocyte ef-
facement island, an essential virulence factor for enteropatho-
genicity (11). It also contains the Stx2 and/or Stx1 phages and
the pO157 plasmid, which give O157:H7 its characteristic
properties (16). pO157, a 92-kb F-like plasmid, is found almost
invariably in all E. coli O157:H7 clinical isolates (18) and
shares sequence similarities with plasmids present in other
EHEC serotypes (15, 23). A number of virulence factors en-
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coded by pO157, including an enterohemolysin (esxA4), a type
II secretion system, a serine protease (espP), a catalase-perox-
idase (katP), a potential adhesin (toxB), a Cl esterase inhibitor
(stcE), and attaching and effacing gene-positive conserved
fragments (ecf), were identified (2, 25). ecf encodes a func-
tional LpxM homologue that catalyzes the addition of myris-
tate to the lipid A moiety of lipopolysaccharide (LPS) (25).
Earlier plasmid-profiling studies showed the variable presence
in O157:H7 isolates of, in addition to pO157, several plasmids
ranging from 2 to 6 kb (19, 21). Two small plasmids have been
sequenced, including a 6-kb pCOLD157 plasmid which en-
codes colicin functions (10) and a cryptic 3.3-kb pOSak1 plas-
mid from the Sakai strain, whose genome has been sequenced
(17). In this study, we report the sequence of a novel 38-kb
conjugative plasmid from an O157:H7 isolate and its nearly
unique presence in the outbreak isolates in China.

Strains, plasmid sequencing, and PCR screening. The
O157:H7 strains used in this study were isolated from feces of
human patients and animals between 1988 and 2005 from
Xuzhou City, Jiangsu Province (194 strains), China, and the
neighboring Anhui (30 strains), Henan (54 strains), and Shan-
dong (12 strains) Provinces. Twenty-six isolates from other
parts of China (Yunnan [21 strains], Tianjin [5 strains]), the
United States (2 strains), and Japan (8 strains) were also in-
cluded, as well as three fully sequenced strains, EDL.933, Sakai,
and TW14359 (Table 1). Sequencing of the novel plasmid from
isolate Xuzhou-21 was done using an ABI BigDye Terminator
V3.1 cycle sequencing kit and an ABI 3730 automated DNA
analyzer (Applied Biosystems). To screen for the presence of
the plasmid in other isolates, four pairs of PCR primers were
designed (see Table S1 in the supplemental material). PCR
was performed in a reaction volume of 20 pl containing 1X
PCR buffer, 200 uM (each) dATP, dCTP, dTTP, and dGTP,
0.5 uM (each) primers, 1 U of Tag DNA polymerase (TaKaRa,
Dalian, China), and 50 ng of genomic DNA templates. Amplifi-
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TABLE 1. Characteristics of E. coli O157:H7 isolates used in this study

NOTES 1595

Location of

Presence of

Strain(s) isolation pO157 Sal Source Toxin(s)* PFGE type” ST Yr of isolation
Xuzhou-21 Xuzhou + Human 1 and 2 0001 96 1999
Xuzhou-65 Xuzhou + Human 1 and 2 0001 96 1999
Xuzhou-143 Xuzhou + Human 1 and 2 0001 96 1999
Xuzhou-223 Xuzhou + Human 1 and 2 0001 96 1999
Xuzhou-284 Xuzhou + Human 1 and 2 0001 96 1999
99A024 Xuzhou + Chicken 1 and 2 0001 96 1999
99A032 Xuzhou + Pig 1 and 2 0001 96 1999
99A038 Xuzhou + Chicken 1 and 2 0001 98 1999
2063 Xuzhou + Chicken 1 and 2 0175 ND¢ 1999
X114 Xuzhou + Chicken 1 and 2 0115 23 1999
X119 Xuzhou + Goat 1 and 2 0001 96 1999
X120 Xuzhou + Bovine 1 and 2 0001 96 1999
F828 Xuzhou + Pig 1 and 2 0173 ND 1999
F846 Xuzhou + Fly 1 and 2 0001 ND 1999
F971 Xuzhou + Goat 1 and 2 0001 ND 1999
EDL933 United States - Human 1 and 2 ND 23 1982
Sakai Japan - Human 1 and 2 ND 23 1996
TW14359 United States - Human 2 ND 100 2006
Others (311 strains)? I - II land 2 or 2 I v 1988-2005

“1 and 2 refer to stx; and stx,, respectively.

b Pulsed-field gel electrophoresis (PFGE) Xbal pattern (see Fig. S2 in the supplemental material).
¢ ST, sequence type based on multilocus sequence typing of 15 housekeeping genes.
a7, Jiangsu Province, Anhui Province, Shandong Province, Yunnan Province, Henan Province, and Tianjin City, China; II, human, bovine, goat, pig, chicken, and

vegetable; III, 137 PFGE types in total; IV, 5 sequence types in total.
¢ ND, not determined.

cation utilized an initial denaturing step at 94°C for 5 min, fol-
lowed by 30 cycles of 94°C for 30 s, 65°C for 30 s, and 72°C for 1
min. A final step of 72°C for 7 min was used for final extension.
PCR products (5 pl) were visualized on ethidium bromide-
stained 1.2% agarose gels by illumination with UV light.

Identification and sequencing of a novel conjugative plas-
mid in Xuzhou outbreak O157:H7 isolates. Plasmid analysis of
an outbreak isolate (Xuzhou-21) from Xuzhou, China (unpub-
lished data), revealed that the isolate contains a large plasmid
in addition to the pO157 plasmid. We sequenced the plasmid
from Xuzhou-21 and called it pO157_Sal, as the plasmid is
closely related to an uncharacterized plasmid in Salmonella
enterica serovar Agona strain SL483 (GenBank accession num-
ber CP001137). The circular plasmid is 37,785 bp. Its G+C
content is 40.55%, which is lower than that of the chromosome
of O157:H7. Fifty-two open reading frames (ORFs) encoding
a product of at least 50 amino acids in length were identified
(Fig. 1A and see Table S2 in the supplemental material). There
are no known virulence-associated genes on the plasmid. How-
ever, 30 ORFs, some of which may code for virulence genes,
have been identified as encoding hypothetical proteins. The
average identity of the 48 ORFs shared by pO157_Sal and the
S. enterica serovar Agona plasmid is 94%, ranging from 46% to
100%, with the majority of the ORFs (42) being over 90%
identical. The two plasmids are colinear. Four pO157_Sal
OREFs are unique. These two plasmids clearly share the same
origin but have also diverged considerably.

The plasmid has a full set of genes for the type 4 secretion
system (T4SS). Figure 1B shows the comparison of the tra
(transfer) genes of the T4SS with the E. coli conjugative IncI2
plasmid R721 (12) and Agrobacterium tumefaciens plant tumor-
inducing Ti plasmid pTiA6 (28). The tra genes resemble, in an
approximately colinear fashion, members of the fra gene clus-
ter of R721. In comparison to the prototype T4SS of the

Agrobacterium pTi plasmid, traA, traB-traF, traG-tral, and trakK
encode homologues of virB6, virBI-virB5, virBS-virB11, and
virD4, respectively. However, no virB7 homologue was found
in pO157_Sal. The proteins of the T4SS machinery can be
grouped according to their functions and/or cellular locations
(4, 24). The first group comprises three cytoplasm- or inner
membrane-associated ATPases, namely, TraE, Tral, and TraK;
the second group comprises proteins forming core complexes
in the periplasm and/or membrane, including TraA, TraG,
TraH, and Tral; and the third group comprises TraC and TraF,
components of the pilus. TraD is also a pilus-associated protein.
TraB is a lytic transglycosylase that degrades the peptidoglycan
cell wall at the site of T4SS assembly. Phylogenetic analysis of
TraE showed that the pO157_Sal T4SS belongs to cluster 4, as
defined by Frank et al. (6) (see Fig. S1 in the supplemental
material), together with the Erwinia tasmaniensis plasmid pET35,
Haemophilus influenzae plasmid pF3028 (14), Aeromonas culici-
cola plasmid pAc3249A, Vibrio harveyi plasmid pVIBHAR, and
E. coli plasmid R721 (12). Most of these plasmids were reported
from genome sequencing and are uncharacterized.

The T4SS can function as a conjugation machine in conju-
gative plasmids and as an effector translocator in bacterial
pathogens (3). The T4SS in pO157_Sal is most likely involved
in conjugation, as no other known effectors on the plasmid
were found. pO157_Sal also contains other genes typical of a
conjugative plasmid, including the genes nikB, nikC, and nikA
for relaxosome formation (Fig. 1B). The plasmid is likely to
belong to the Incl family of plasmids based on the sequence
homology of relaxase (7). Sequence analysis showed six direct
repeats (consensus sequence, 5'-GCAAACA-3") upstream of
nikA, a possible site of origin of transfer (oriT). Therefore, this
new O157:H7 plasmid is likely to be a conjugative plasmid.

Conjugal transfer of pO157_Sal. To demonstrate whether
pO157_Sal is a conjugative plasmid, the kanamycin resistance
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FIG. 1. Plasmid map and comparison with other conjugative plasmids. (A) Representational circular map of pO157_Sal. The inside circle is the G+C
skew. The middle circle is the G+C content. The outside circle is the genetic organization of ORFs within the plasmid. The direction of transcription

of each ORF is

indicated. Genes are color coded as indicated. (B) Comparison of the #ra regions of pO157_sal, R721, and pTiA6. Sequences for other

plasmids were obtained from GenBank (accession numbers NC_002525 and NC_002377 for R721 and pTiA6, respectively). Filled arrows and arrowheads
are T4SS-related genes. The percentages of amino acid identity (above) and similarity (below) are shown between the homologous genes.
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(Km") gene was introduced into pO157_Sal using a one-step
gene inactivation method as described by Datsenko and Wan-
ner (5) and was inserted between pO157_Sal_36 and the nikB
gene without disrupting any ORF. Plasmid mobilization was
monitored by using filter paper mating as described by Yoshida
et al. (26). E. coli O157:H7 Xuzhou-21, containing pO157_Sal
(Km"), was used as the donor and E. coli TB1 (streptomycin
resistance) as the recipient. The donor and recipient were
grown on Luria broth (LB) medium to an optical density at 600
nm (ODy,) of 0.5, mixed equally, and then incubated on filter
paper for 4 h. The filter paper mixture was then resuspended in
LB medium, and dilutions were plated on LB agar containing
streptomycin and kanamycin to select for transconjugants. Mobi-
lization efficiency was calculated as the number of transconjugant
colonies divided by the number of donor colonies. We found that
pO157_Sal was mobilized with an average efficiency of 4 X 107,
This result shows that pO157_Sal is a conjugative plasmid.

Distribution of pO157_Sal. We used PCR testing of four
pO157_Sal genes, traA, traE, mpr, and tral, to determine how
many O157:H7 isolates carried the pO157_Sal plasmid. We
screened a total of 326 isolates, including 314 isolates from a
variety of sources from China and 12 isolates from other coun-
tries (Table 1). Fifteen isolates were found to be positive for all
four genes. We also tested four other E. coli isolates, but none
was found to be positive for the plasmid. All 15 pO157_Sal-
positive isolates, including the five human isolates from the
1999 Xuzhou outbreak (27), were isolated in Xuzhou, China.
These isolates were typed by PFGE previously (20). Twelve of
the pO157_Sal-positive isolates were pulse type 0001, and all
pulse type 0001 isolates were positive for the plasmid. Another
three pO157_Sal-positive isolates (X114, F828, 2063) belonged
to pulse types 0115, 0173, and 0175, respectively, all of which
have only one isolate. Pulse types 0115 and 0173 are closely
related to pulse type 0001, differing by two bands. However,
pulse type 0175 is dissimilar to pulse type 0001, with five bands
different (see Fig. S2 in the supplemental material). Therefore,
these three pO157_Sal-positive isolates may not have the same
origin as the other pO157_Sal-positive isolates.

Conclusions. We have identified and sequenced a novel con-
jugative plasmid from O157:H7. The pO157_Sal plasmid be-
longs to the Incl family of conjugative plasmids. pO157_Sal
contains 52 ORFs with 13 fra genes, a complete set for the
T4SS. PCR screening of 326 O157:H7 isolates found that the
majority of the pO157_Sal-positive isolates, which were isolated
from humans and several other sources, belong to pulse type
0001. All human isolates from the 1999 Xuzhou outbreak, which
resulted in high fatality from HUS in China, were shown to carry
the pO157_Sal plasmid. Further studies will be conducted to
determine the role of pO157_Sal in virulence.

Nucleotide sequence accession number. The GenBank ac-
cession number for the sequence reported in this study is
CP001927.
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