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The recently sequenced genome of Campylobacter jejuni RM1221 revealed the presence of three integrated
bacteriophage-like elements. In this study, genes from the first element, a Mu-like bacteriophage, were
amplified by PCR and used to probe pulsed-field gels of clinical C. jejuni strains obtained from a waterborne
outbreak (Ontario, Canada, 2000). These highly similar strains differed only by their pulsed-field gel electro-
phoresis (PFGE) patterns due to an apparent insertion or deletion of a 40-kb fragment. Bacteriophage probes
hybridized to these different bands in Southern blot analysis, indicating that homologues of bacteriophage
genes were present in the outbreak strains. Investigation of the bacteriophage insertion sites in these isolates
suggested that bacteriophage acquisition, loss, or transposition was responsible for the PFGE pattern varia-
tion. The bacteriophage gene sequences were similar, but not identical, in the outbreak strains and RM1221,
indicating that differences may exist between the bacteriophages.

Campylobacter spp. are the most common cause of human
bacterial diarrheal illness worldwide. While the precise num-
ber of cases is difficult to determine, it has been estimated that
as much as 1% of the population in the United States and the
United Kingdom is infected annually with the organism (27).
Infections are commonly caused by the consumption of un-
cooked poultry, contaminated water, or raw milk. They have
also been linked to the consumption of contaminated raw fruits
and vegetables, as well as to the presence of pets (21). Most
infections are sporadic events that tend to occur in the sum-
mer, while outbreaks, although infrequent, generally occur in
early spring or late fall (23).

As infections occur, it is necessary to identify and differen-
tiate the implicated isolates so that the sources of contamina-
tion, the routes of transmission, and clusters of infections can
be identified (19). Methods commonly used to type Campy-
lobacter spp. include serotyping of heat-labile or heat-stable
antigens, ribotyping, amplified fragment length polymorphism
analysis, randomly amplified polymorphic DNA typing, multi-
plex PCR, pulsed-field gel electrophoresis (PFGE), and nu-
cleic acid sequencing (26). These methods can be recom-
mended for different uses. For example, flaA (which encodes
flagellin) restriction fragment length polymorphism (fla-
RFLP) and flaA short variable region sequence (fla-SVR) typ-
ing are regarded as being best suited for routine surveillance of
Campylobacter spp., while PEGE and multilocus sequence typ-
ing may be better suited for outbreak characterization and
trace-back investigations (3).

PFGE has been extensively used to characterize isolates of
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Campylobacter jejuni and C. coli and is considered one of the
most discriminatory methods available (5, 13, 15, 19). Due to
its high degree of discrimination of human and animal isolates,
it is not recommended for use for routine surveillance but,
instead, is best used for differentiating outbreak-associated
cases from unrelated background isolates during a possible
outbreak (8, 9, 25). Hinninen et al. (8) found that changes in
the PFGE patterns occurred after isolates were passed through
chick intestines, while On (15) found that the PFGE patterns
changed upon subculturing of the isolates. Variations in PFGE
patterns are thought to be more frequently caused by recom-
bination events than by point mutations in the restriction en-
donuclease sites (15). This phenomenon of genetic instability
can be caused by natural transformation, recombination, or
mobile elements such as transposons, plasmids, and lysogenic
bacteriophages (26). Gibson et al. suggested that bacterio-
phages may affect the C. jejuni PFGE patterns, but this hy-
pothesis has not been supported with scientific data (7).

The recently completed genomic sequence of chicken isolate
RM1221 revealed the presence of three bacteriophage-like
elements (6). The first element, Campylobacter Mu-like phage
1 (CMLP1), was determined to be a Mu-like bacteriophage,
while the last two elements, CJIE2 and CJIE4, were identified
as integrated elements predicted to contain bacteriophage-
related genes. The Mu-like bacteriophage encodes genes re-
lated to bacteriophage function and transposase homologues
but no known virulence determinants.

In May 2000, a waterborne outbreak of Escherichia coli
O157:H7 and Campylobacter spp. occurred in Ontario, Canada.
Isolates obtained from patients, farm animals, and the sur-
rounding environment were characterized by a number of phe-
notypic and genotypic typing methods. Four of these isolates
(isolates 00-2425, 00-2426, 00-2544, and 00-2856) were identi-
fied as being highly similar by serotyping, phage typing, fla-
RFLP typing, and PFGE. Their PFGE patterns were indistin-
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TABLE 1. Characteristics of isolates used in this study®

PFGE type
Isolate HL serotype Phage type _
Smal Kpnl
00-2425 125 33 2 2
00-2426 125 33 1 1
00-2544 125 35 4 1
00-2856 128 33 4 1

“ All isolates were biotype II; sequence type 21, based on Oxford multilocus
sequence typing; fla4-SVR sequence type 36, based on the flagellin short vari-
able region DNA sequence; fla-RFLP type 1; and heat-stable serotype O:2.

guishable, apart from a difference of a single band of
approximately 40 kb in each pattern (4). Given that a 37-kb
temperate bacteriophage was recently discovered in C. jejuni
RM1221, we hypothesized that the PFGE heterogeneity may
be due to the insertion or deletion of a bacteriophage element.
In this study, PFGE blots from these isolates were hybridized
with probes derived from CMLP1. The results indicated that
the PFGE patterns differ by the presence or the absence of a
bacteriophage homologous to CMLP1. Furthermore, differ-
ences among the bacteriophage insertion sites within the bac-
terial chromosomes were noted, which suggests that bacterio-
phage translocation might be responsible for generating some
of the variability seen in the PFGE patterns of epidemiologi-
cally linked C. jejuni isolates.

MATERIALS AND METHODS

Bacterial strains and culture conditions. C. jejuni strains were obtained from
a waterborne outbreak (Ontario, Canada, 2000) (3). All isolates used were
characterized as outbreak strain 1 and were epidemiologically related (5). Iso-
lates 00-2425, 00-2426, and 00-2544 were human case strains, while isolate 00-
2856 was a bovine isolate. Further strain characteristics are listed in Table 1.
Note that differences in the heat-labile serotype and phage type were considered
to be of lower or undetermined significance, especially compared to the signif-
icance of the other characteristics assessed (5). Isolates were grown on Oxoid
Mueller-Hinton agar containing 10% sheep blood and were incubated mi-
croaerophilically (10% CO,, 5% O,, and 85% N,) at 37°C for 36 to 48 h.

PFGE and nucleic acid transfer. PFGE was performed with Smal by the
method of Ribot et al. (19) and then analyzed with Bionumerics software (ver-
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sion 4.5; Applied Maths, Kortrijk, Belgium). In preparation for Southern hybrid-
ization, the gels were immersed in depurination buffer (250 mM HCI) for 10 min
at room temperature (RT), followed by immersion in denaturation buffer (1.5 M
NaCl, 0.5 M NaOH) for 25 min at RT. The gels were rinsed in distilled water and
then transferred to a Hybond-N* membrane (Amersham Biosciences, Baie
D’Urfe, PQ, Canada) by using a TurboBlotter apparatus (Schleicher & Schuell,
Keene, NH). Transfer occurred in denaturation buffer over 2 h at RT. The gels
were restained with ethidium bromide to verify that the transfer had occurred.

Southern blot probe production. Probes were generated by PCR amplification
of bacteriophage genes from either C. jejuni strain RM1221 or 00-2544 by using
the primers and conditions listed in Table 2. Primers were designed on the basis
of the bacteriophage genes present in RM1221 (GenBank accession number
CP000025) by using either PrimerSelect software (DNASTAR Inc., Madison,
WI) or Primer3 software (available free on the web at http:/frodo.wi.mit.edu
/cgi-bin/primer3/primer3_www.cgi). Template DNA was prepared by using the
Puregene genomic DNA purification kit (Gentra Systems, Minneapolis, MN),
according to the manufacturer’s recommendations. The 100-ul PCR mixtures
consisted of 1X PCR buffer, 2 mM MgCl,, 0.5 pM each primer, 0.2 mM
deoxynucleoside triphosphate mix, 200 to 1,000 ng of template DNA, and 5 U
FastStart DNA polymerase (Roche, Laval, PQ, Canada). PCR was performed
with a Perkin-Elmer 2400 thermocycler. The products were electrophoresed on
1.5% agarose gels and were then purified by using a QIAquick PCR purification
kit (QIAGEN, Mississauga, ON, Canada), according to the manufacturer’s
instructions. The probe sequences were determined by the DNA Core Facility at
the National Microbiology Laboratory prior to use in the hybridizations.
Sequencing reactions were run by using BigDye Terminator 3.1 cycle sequencing
kits (Applied Biosystems, Streetsville, ON, Canada), according to the manufacturer’s
instructions, and sequencing was performed with an ABI 3100 or 3730 DNA
analyzer (Applied Biosystems).

Southern hybridization and detection. Probe preparation, hybridization, and
detection were performed according to the instructions of the manufacturer of
the AlkPhos direct labeling and CDP-Star detection system (Amersham Bio-
sciences). One microliter of unlabeled denatured DNA was spotted on the
membrane prior to cross-linking to serve as a positive hybridization control.

PCR. PCR was performed to determine whether the same genes that flank
CMLP1 in RM1221 flank the bacteriophage in the outbreak strains. Primers
RMC;j212F, complementary to a region in Cje0212, and Cje0215R amplified a
1,353-bp region upstream of CMLP1. A 3,371-bp amplicon was amplified from
the region downstream of CMLP1 by primers directed to Cje0270 and Cje0275
(argC). Additional primer characteristics are listed in Table 2.

Creation and screening of genomic library. A genomic library was prepared
from partial Sau3A-I digests of C. jejuni 00-2425 by using a ZAP Express pre-
digested kit (Stratagene, La Jolla, CA), according to the manufacturer’s recom-
mendations. The library was screened by Southern hybridizations with an en-
hanced chemiluminescence direct nucleic acid labeling and detection system
(Amersham Biosciences) and probes specific for either Cje0215 or Cje0270.

TABLE 2. Primer sequences and characteristics®

Primer name Sequence (5'—3") T,. (°C) Amplicon size (bp) Position in RM1221 genome
Cje0215F GCG AGT GAA GGC AAA AG 46.0 351 207652-207668
Cje0215R TTC TCC ATA GCA AGT GAT AAAC 46.0 208002-207981
Cje0251F ATG GGG ATA AAT TTA GCA CTT G 49.8 392 230266-230287
Cje0251R TAG GCC TTT AAC TTC ACT TTC AC 49.5 230657-230636
Cje0270F TTC ACC GCA AAG ATA AAA CTA A 49.3 373 241603-241582
Cje0270R ACT ATA ATA TCA GCT GGG GAA CTA 48.4 241231-241254
Cje0544F AAT AGG GGA ATG CCA AAA A 49.0 357 498853-498871
Cje0544R CTA CTA ATC TCA AAT ATC CTA CAT 41.6 499209-499186
RMC;212F CGA ATT TCG AGC TTT ACA GT 54.9 206651-206670
RMC;j275R AAA ATG CGA ACA AGT TCATT 55.0 244602-244583
Cje0213F2 TGA CTT TAA GGT TTG GAG GAT A 55.7 NA
Cje0343F2 ACT TTT TCT CAT TTT TGC ATA CC 553 NA
Cje0344F GCG ATC TAA TTC TTT ACC CAT A 553 NA
Cje0344R TTG ATA CCA ATT CTT CTT GTC A 55.0 309513-309492
344jk1 TGA AAG TGA CTT CAA AGA AAA G 54.1 NA
522jk1 TTA TTG CTT CTG CAT ATT CAT C 54.8 NA
522jk2 ACG GCT TTA GTA TTA GCT TTT G 55.0 NA

“ Primers were used to generate PCR amplicon probes for Southern hybridizations, to sequence the lambda library, or to investigate bacteriophage insertion sites.
Primers were based on the bacteriophage genes present in RM1221 (GenBank accession number CP000025) or on the sequence obtained from isolate 00-2425. T,,,,
melting temperature of the primer; NA, not applicable (the sequence is not present in RM1221).
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FIG. 1. PFGE gel and Southern hybridization of highly related C. jejuni strains isolated from a waterborne outbreak. PFGE was performed with
Smal-digested DNA, and Southern hybridization was performed with a probe directed toward Cje0270, a gene that encodes a putative bacterio-
phage DNA transposition protein A in RM1221. The different bands in the PFGE gel are numbered 1 to 5. (A) Results of PFGE and Southern
blot analysis for isolates 00-2426 and 00-2425; (B) results of PFGE and Southern blot analysis for isolates 00-2426, 00-2544, and 00-2856.

Clones containing DNA flanking the bacteriophage were sent to the DNA Core
Facility for sequencing with vector-specific primers (primers T3 and T7), bacte-
riophage-specific primers (primers Cje0215R and Cje0270R), and additional
primers designed for primer walking (Table 2). A BLAST search of the NCBI
database was performed with the resultant sequences to identify the C. jejuni
sequence. Specific primers based on the putative flanking sequence were de-
signed (Table 2), and then PCR and sequencing were performed to confirm the
flanking sequence identity.

Nucleotide sequence accession numbers. The upstream and downstream in-
sertion site sequences of the bacteriophage in C. jejuni isolate 00-2425 have been
deposited in the GenBank database with accession numbers EF092315 and
EF092316, respectively.

RESULTS

Southern hybridizations were performed to determine whether
bacteriophages were responsible for the PFGE pattern varia-
tion seen with the outbreak isolates. Probes were amplified by
PCR from genes present at the beginning, middle, and end of
CMLP1 in RM1221. The targets for PCR included Cje0215,
Cje0251, and Cje0270, which encode a putative bacteriophage
repressor protein, a putative prophage MuSol F protein, and
a putative bacteriophage DNA transposition protein A, respec-
tively. One gene from the second bacteriophage-like element
in RM1221, Cje0544 (which encodes a site-specific recombi-
nase), was also amplified by PCR and used as a probe. These
amplicons were used to probe a PFGE gel of four outbreak
isolates (isolates 00-2425, 00-2426, 00-2544, and 00-2856). The
results from the hybridizations indicated that bacteriophage
genes were present in three isolates but absent from isolate
00-2426. Figure 1 shows the hybridization pattern obtained
with the Cje0270-specific probe; identical patterns were gen-
erated with the probes for Cje0215 and Cje0251 (data not
shown). The hybridization signals corresponded to the same

bands that differed in each of the PFGE patterns rather than to
the conserved bands (Fig. 1, bands 2, 4, and 5). The probe from
the second bacteriophage-like element in RM1221 did not
hybridize to DNA from any of the isolates. All probes hybrid-
ized to RM1221 in Southern blots (data not shown).

Additional Southern hybridizations performed with the out-
break strains indicated that homologues of Cje0221, Cje0226,
Cje0232, and Cje(0244 were also present in isolates 00-2425,
00-2544, and 00-2856 but were absent from isolate 00-2426
(data not shown). These genes encode a putative bacterio-
phage virion morphogenesis protein, a putative bacteriophage
major tail tube protein, a putative bacteriophage tail protein,
and a putative Mu-like prophage 1 protein, respectively. Thus,
altogether, homologues of seven bacteriophage genes were
shown to be present in three outbreak isolates and absent from
a fourth. Given that these bacteriophage genes are present
throughout CMLP1, these data suggested that homologues of
the entire CMLP1 were present within the genomes of these
isolates.

Since every section of chromosomal DNA is not necessarily
visible on a PFGE gel, we sought to confirm that the bacterio-
phages were in fact present in the visible different PEGE bands
(18). PFGE band sizes were therefore determined by using the
“Metrics” function of the Bionumerics software. Bands 1 and 2
(Fig. 1) were calculated to be 156.99 kb and 196.09 kb, respec-
tively, giving a difference in band size of 39.1 kb. Band 3 was
determined to be 182.52 kb, while bands 4 and 5 were approx-
imately 221.47 kb, thus giving a difference in band size of 38.95
kb. These differences in band sizes were consistent with the
size of CMLP1 (which is approximately 37 kb). In addition, the
sums of all the PFGE band sizes per strain were determined to
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FIG. 2. PCR analyses of bacteriophage insertion sites in C. jejuni
outbreak isolates. The isolates tested, the primers used, and the am-
plicon sizes are listed above, to the left, and to the right of the agarose
gel images, respectively. Additional primer characteristics are de-
scribed in Table 2. All amplicons were electrophoresed on 1.5% aga-
rose gels at 100 V. NTC, no-template control.

be 1,792.58 kb, 1,754.81 kb, 1,793.34 kb, and 1,813.13 kb for
isolates 00-2425, 00-2426, 00-2544, and 00-2856, respectively.
These approximate genome sizes are consistent with the
1,777.83-kb size of the genome of previously sequenced strain
C. jejuni NCTC 11168, suggesting that the visible bands rep-
resent the isolates’ entire genome content and that the absence
of a bacteriophage homologous to CMLP1 is the only detect-
able large-scale difference between isolate 00-2426 and the
remaining three isolates (17).

As the bacteriophages present in the outbreak isolates
showed homology to CMLP1, a PCR screen was performed to
determine if they are also in the same location within the
chromosome. Primers directed toward Cje0212, a chromo-
somal homologue of a pathogenicity protein, and Cje0215,
successfully amplified the region upstream of CMLPI in
RM1221 but failed to produce an amplicon from isolates 00-
2425, 00-2426, 00-2544, and 00-2856 (Fig. 2). Likewise, the
downstream region was successfully amplified only in RM1221
with primers directed to bacteriophage gene Cje0270 and chro-
mosomal gene Cje0275, which encodes N-acetyl-gamma-glu-
tamylphosphate reductase. No amplicons were obtained when
the outbreak isolates were tested with these PCR primers (Fig.
2). These results indicated that either the flanking genes were
divergent or the bacteriophages in the outbreak strains were in
a different genomic location(s).

To establish if the last possibility was true, a genomic library
of isolate 00-2425 was created in a lambda phage vector. The
library was screened by Southern hybridization with probes
directed toward either Cje0215 or Cje0270. Vectors containing
sequences that flanked the bacteriophage were sequenced
by using vector-specific and bacteriophage-specific primers.
The resulting sequences indicated that the bacteriophage in
isolate 00-2425 was inserted between Cje0343 (panB, which
encodes 3-methyl-2-oxobutanoate hydroxymethyltransferase) and
Cje0344 (which encodes a beta-lactamase). The bacteriophage
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was positioned in the opposite orientation within the genome
compared with the orientation of CMLP1 in RM1221, with the
beginning of the bacteriophage located upstream of Cje(0344
and the end of the bacteriophage located downstream of
Cje0343. The sequencing results also revealed that Cje0213
and Cje0215 were present and separated by almost 1,800 bp of
DNA and that there were no regions homologous to Cje0214
of CMLP1. The last complete bacteriophage gene present was
Cje0270. Cje0271, Cje0272, and Cje0273 were absent; and only
32 bp upstream of Cje0274 and 18 bp within this gene were
present.

The location of the insertion site was confirmed by PCR with
a genomic DNA template and primers directed to the bacte-
riophage and the flanking sequence. PCR with primers
Cje0215R and Cje0344R, as well as primers Cje0270R and
Cje0343F2, successfully produced amplicons from isolate 00-
2425 but failed with the template from isolate 00-2426 (Fig. 2).
Cje0343F2 and Cje0344R, however, produced a 592-bp ampli-
con from 00-2426 but not with 00-2425, adding support to the
possibility that Cje0343 and Cje0344 are adjacent in the former
isolate but not in the latter one.

The location of the bacteriophages in isolates 00-2544 and
00-2856 has yet to be determined, although the PCR screen-
ing assay used to confirm the presence of the insertion site
in isolate 00-2425 failed to produce any amplicons in these
strains, thus suggesting the bacteriophages are present in
another location within the chromosomes of these isolates

(Fig. 2).

DISCUSSION

Bacteriophages are thought to be major contributors to
genomic diversification (14). They are widespread and have
been shown to be present in most bacteria, including E. coli,
Salmonella enterica, and Vibrio cholerae (24). Their effect on
PFGE patterns has been established for bacteria such as Staph-
ylococcus epidermidis, Shigella sonnei, and E. coli (1, 10-12, 22).
In these organisms, bacteriophage lysogeny resulted in diverse
changes in PFGE banding patterns, which varied from minor
changes, as in the case of staphylococci, to major alterations in
which up to seven bands differed, as in the case of E. coli K-12.
Consequently, these studies demonstrate that bacteriophage
acquisition, loss, or transposition can affect the bacterial chro-
mosome structure and, in turn, molecular typing results.

Temperate bacteriophages were identified in C. fetus (orig-
inally characterized as Vibrio fetus) during the late 1960s and
1970s; however, their effect on Campylobacter typing methods
was never addressed (2, 20). In this study, we have identified
the presence of bacteriophage genes in the genomes of three of
four highly related C. jejuni strains isolated from a waterborne
outbreak. Southern hybridization experiments indicated that
a total of seven CMLP1 bacteriophage gene homologues
(Cje0215, Cje0221, Cje0226, Cje0232, Cje0244, Cje0251, and
Cje0270) were present in isolates 00-2425, 00-2544, and 00-
2856 but not in isolate 00-2426. A probe from the second
bacteriophage-like element in RM1221 did not hybridize to
DNA from any of the isolates, suggesting that a homologue of
CJIE2 was absent from these outbreak isolates. These findings
indicated that a bacteriophage with extensive sequence homol-



390 BARTON ET AL.

ogy to CMLP1 was present in the outbreak isolates. Interest-
ingly, hybridizations of a PFGE gel of the isolates revealed that
the bacteriophage-specific probes bound to the same bands
that differed by the approximate size of CMLP1. This supports
the hypothesis that the PFGE pattern variation seen between
isolates 00-2425 and 00-2426 was due to the insertion/deletion
of a temperate bacteriophage, while the variation seen be-
tween isolates 00-2425, 00-2544, and 00-2856 was due to bac-
teriophage translocation.

The lack of hybridization of bacteriophage probes to isolate
00-2426 was further supported by comparative genomic hybrid-
izations of isolates 00-2425 and 00-2426, which indicated the
presence of a bacteriophage with homology to CMLP1 in the
former isolate but not in the latter isolate (data not shown).
The absence of bacteriophage genes in highly related isolate
00-2426 suggests either the acquisition of bacteriophages in the
first three strains or the loss of bacteriophage in the last strain.

To investigate the possibility of bacteriophage translocation,
the locations of the bacteriophage insertion sites in isolates
00-2425, 00-2544, and 00-2856 were investigated. PCR with
RM1221-specific primers demonstrated that the bacterio-
phages in these isolates were inserted in a different genomic
location(s) than CMLP1 in RM1221. The bacteriophage in
00-2425 was determined to be between genes Cje0343 and
Cje0344, with its orientation opposite that of CMLP1 in
RM1221. The bacteriophages of the two remaining isolates
were not present in the same chromosomal location as either
of the bacteriophages in 00-2425 or RM1221. These results
were not unexpected, given that isolates 00-2544 and 00-2856
have different PFGE patterns and that Southern blots of
PFGE gels indicate that the bacteriophage was present in a
different band. The results are also consistent with those of
Parker et al., who determined that CMLP1 is differentially
located in a number of C. jejuni isolates (16). Altogether, these
data suggest that CMLP1 inserts randomly into the chromo-
some and may have the potential to translocate.

Sequencing of the isolate 00-2425 bacteriophage insertion
site indicated that there were some differences in gene content
near the ends of the bacteriophages, as one gene at the begin-
ning and four genes at the end were absent compared to the
sequence of CMLP1. As well, partial nucleotide sequence de-
terminations of these bacteriophages indicated that although
they were nearly identical, there was significant sequence di-
vergence in selected regions when the sequences of these bac-
teriophages were compared with the sequence of CMLP1 (un-
published data). Therefore, these observations suggest that
there may be differences not only in bacteriophage insertion
sites but also in gene content. Whether the CMLP1 homo-
logues in these four isolates also show sequence divergence
among themselves will be the subject of future investiga-
tions.

This study has demonstrated that the different PFGE pat-
terns of four epidemiologically linked C. jejuni strains was due
to the presence, absence, or translocation of a temperate bac-
teriophage(s). This indicates that the mechanisms contributing
to PFGE diversity in C. jejuni isolates are not limited to natural
transformation and suggests that temperate bacteriophages
may play an important role in Campylobacter biology.
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