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A longitudinal study of bacteriophages and their hosts was carried out at a broiler house that had been iden-
tified as having a population of Campylobacter-specific bacteriophages. Cloacal and excreta samples were col-
lected from three successive broiler flocks reared in the same barn. Campylobacter jejuni was isolated from each
flock, whereas bacteriophages could be isolated from flocks 1 and 2 but were not isolated from flock 3. The
bacteriophages isolated from flocks 1 and 2 were closely related to each other in terms of host range, mor-
phology, genome size, and genetic content. All Campylobacter isolates from flock 1 were genotypically indistin-
guishable by pulsed-field gel electrophoresis (PFGE). PFGE and multilocus sequence typing indicated that this
C. jejuni type was maintained from flock 1 to flock 2 but was largely superseded by three genetically distinct C. je-
Juni types insensitive to the resident bacteriophages. All isolates from the third batch of birds were insensitive
to bacteriophages and genotypically distinct. These results are significant because this is the first study of an
environmental population of C. jejuni bacteriophages and their influence on the Campylobacter populations of
broiler house chickens. The role of developing bacteriophage resistance was investigated as this is a possible ob-
stacle to the use of bacteriophage therapy to reduce the numbers of campylobacters in chickens. In this broiler
house succession was largely due to incursion of new genotypes rather than to de novo development of resistance.

The food-borne pathogen Campylobacter jejuni causes acute
enteritis in humans and is a major concern to the poultry
industry in the United Kingdom, where more than 80% of
birds harbor the organism (5). The reason for this high inci-
dence is that campylobacters are commensal organisms in
many mammals and birds, including poultry (19). They are
excreted into the environment in large numbers and are effi-
cient colonizers of poultry (20). Campylobacters cannot usually
be detected in broiler house chickens until the birds are around
3 weeks old despite the efficient colonization of mature birds
(19). Whether the campylobacters are simply undetectable up
to this age or whether other factors, such as maternal antibod-
ies or inhibitory cecal microflora, play a part has still to be
established (10, 24). The origin of infection also remains elu-
sive. Infection probably results from a combination of horizon-
tal factors; for example, inadequate hygiene barriers, contam-
inated drinking water, and transfer by farm personnel on boots
and equipment have all been suggested (10, 14, 17, 21). An-
other possibility that has been considered is that it occurs by
vertical transfer from breeder hen stock (6, 7). The reasons for
the difficulties in tracing the origins of infection include the
high degree of diversity of campylobacters and the wide variety
of typing methods used. It is now acknowledged (32) that
a combination of genotypic methods, including fla typing,
pulsed-field gel electrophoresis (PFGE), multilocus sequence
typing (MLST), and amplified fragment length polymorphism,
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used in conjunction with phenotypic methods, such as phage
typing and serotyping, gives far more information than any
single technique used in isolation. The inherent genetic insta-
bility of campylobacters complicates the use of genetic meth-
ods (33), which is why combinations of techniques produce the
most useful discrimination. The choice of techniques depends
on the number of strains to be analyzed and the information
sought (12).

Bacteriophages occur naturally in any environment where
their specific hosts proliferate. Campylobacter-specific bacte-
riophages have been isolated from broiler chickens (13), from
retail poultry (3), and from other sources, including pig ma-
nure, abattoir effluents, and sewage (18, 26). Some of these
bacteriophages have been characterized and form the basis of
the United Kingdom phage typing scheme (12). The dynamics
of the Campylobacter bacteriophage population in relation to
their prey has never been established. It is likely that Campy-
lobacter bacteriophages flourish where their hosts are actively
growing, including the gut of a broiler chicken. As a conse-
quence, they are excreted into the broiler house environment,
where we assume they survive until the right host is available to
them under conditions that support growth of the host (for
example, after ingestion by a Campylobacter-colonized chick-
en). Bacteriophages are well adapted to survive for long peri-
ods of time in the absence of suitable host bacteria (2). Clean-
ing procedures in a broiler house that are adequate to remove
bacteria may not be sufficient to remove all bacteriophages
(there is no specific reason why bacteriophages need to be
inactivated). Moreover, the methods of detection for bacterio-
phages are simply not sensitive enough to detect low numbers
in large areas, such as broiler houses.
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The use of naturally occurring bacteriophages to reduce the
numbers of campylobacters entering the food chain is a prom-
ising area of research (4, 29). However, concerns have been
raised that campylobacters will simply become resistant to bac-
teriophages, rendering this strategy ineffective (20). Bacteria
can rapidly mutate to become resistant to bacteriophages in
vitro on laboratory media (2). This is often associated with
antigenic changes that block absorption of the bacteriophage
or, alternatively, block replication of the bacteriophage by var-
ious means. Bacteriophages may also adapt to overcome host
resistance by host-induced modification of the bacteriophage
DNA (2). Clearly, there is a balance that allows both host and
prey to proliferate.

Here we describe a study of a broiler house naturally in-
fected with both Campylobacter and bacteriophages. We exam-
ined the relationships between Campylobacter and bacterio-
phages over three rearing cycles with particular reference to
acquisition of bacteriophage resistance by the campylobacters
and the phenotypic and genotypic characteristics of the host
bacteria.

MATERIALS AND METHODS

Samples. A United Kingdom broiler house used for rearing 25,000 broiler
chickens was selected for this study, as bacteriophages had already been isolated
from this site. Samples were collected from three consecutive flocks. Ten cloacal
swab samples were taken by using charcoal transport swabs (Transweb swabs;
MW171; Medical Wire and Equipment Co. Ltd., Corsham, United Kingdom),
and 10 freshly voided excreta samples were collected from individual birds
located in different sectors of the broiler house to obtain maximum coverage of
the rearing area. Samples were collected on day 32 of a 41-day rearing cycle, in
November 2001, January 2002, and February 2002. Samples were transported to
the laboratory and processed on the day of receipt. The broiler house was
thoroughly cleaned and disinfected after each batch of birds was removed ac-
cording to the United Kingdom Assured Chicken Production Scheme.

Isolation of campylobacters from chicken excreta and cloacal swabs. Campy-
lobacters were isolated from chickens by direct plating of excreta or cloacal swabs
by using modified cefoperazone charcoal deoxycholate agar (CM739; selective
supplement code SR155; Oxoid, Basingstoke, United Kingdom). The plates were
incubated at 42°C for 48 h under microaerobic conditions (5% O,, 5% H,, 10%
CO,, 80% N,). Suspect colonies were confirmed as Campylobacter spp. colonies
by having typical colony morphology and typical cell morphology as determined
by Gram staining and by being oxidase positive. Catalase and hippurate hydro-
lysis tests were also performed. Strains of Campylobacter were stored at —80°C
in Microbank storage beads (Pro Lab Diagnostics, Neston, United Kingdom).

Isolation of phage from excreta and cloacal swabs by filtration. A 10% sus-
pension of excreta was prepared in SM buffer (50 mM Tris-HCI [pH 7.5], 0.1 M
NaCl, 8 mM MgSO,0 - 7TH,0, 0.01% gelatin; Sigma). Cloacal swabs were emul-
sified in 2 ml of SM buffer. After 24 h of incubation at 4°C (to allow bacterio-
phages to dissociate), 1 ml of each suspension was centrifuged at 3,000 X g for
5 min in an Eppendorf tube to remove debris. The supernatant was transferred
to a new tube and centrifuged at 13,000 X g for 10 min to remove bacteria. The
resulting supernatant was filtered through a 0.2-pm-pore-size disposable filter
(Minisart; Sartorius, Goettingen, Germany) to remove any remaining bacteria.
The filtrate was then applied to lawns of C. jejuni NCTC 12662 (phage type 14
[PT 14]), which is known to be sensitive to most C. jejuni and Campylobacter coli
phage isolates. Lawns of Campylobacter isolates from the same source were also
used to propagate phages. The lawns were prepared from overnight blood agar
plate cultures (CM0271 [Oxoid] with 5% defibrinated horse blood [TCS, Buck-
ingham, United Kingdom]). Bacteria were scrapped off with a sterile swab and
suspended in ice-cold 10 mM Mg SO, to obtain a suspension containing approx-
imately 10'© CFU/ml as determined by using McFarland standards. Bacterial
lawns were prepared by using the method described by Sambrook et al. (27).
Briefly, for each lawn, 100 pl of cells was added to 5 ml of molten NZCYM
overlay agar (NZCYM broth [Difco, Oxford, United Kingdom] with 0.6% Select
agar [Sigma Aldrich, Gillingham, United Kingdom]), and the preparation was
poured immediately onto a prewarmed NZCYM agar plate (NZCYM broth with
1.5% Select agar). The plates were allowed to set for 10 min and then dried at
42°C for 30 min. Each sample suspension was applied as a 10-ul spot to a
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prepared lawn and allowed to absorb into the overlay agar. The plates were then
incubated for 24 h at 42°C under microaerobic conditions. Plaques were col-
lected from the overlays by using a pipette tip and were suspended in 100 wl of
SM medium. Single plaques were propagated in this way a total of three times to
ensure that the isolates represented a single clone; this procedure resulted in 25
individual bacteriophage suspensions designated Cd1 to C25.

Characterization of Campylobacter strains by serotyping and phage typing. All
strains isolated were phage typed and serotyped by heat-stable antigen aggluti-
nation by using standard protocols (11, 12).

PFGE of digested genomic DNA from Campylobacter isolates. Genomic DNA
for PFGE was prepared from Campylobacter isolates by using a standardized
protocol (23) used by PulseNet (http://www.cdc.gov/pulsenet/) to allow compar-
isons of strain fingerprints between different laboratories. Briefly, restriction
fragments produced by Smal (Roche, Lewes, United Kingdom) digestion of
genomic DNA from each strain isolated from three consecutive flocks were
separated by PFGE by using a CHEF DRII apparatus (Bio-Rad, Hemelhem-
stead, United Kingdom) at 6 V/cm, ramped from 6 to 35 s over 18 h, at 14°C in
0.5x TBE (45 mM Tris HCl, 45 mM borate, 1 mM EDTA, pH 8.3; Sigma
Aldrich). Ethidium bromide-stained images were aligned and compared by using
concatenated lambda DNA markers (Sigma Aldrich). The criteria of Tenover et
al. (30) were used to interpret the PFGE patterns. Macro restriction patterns
(MRPs) were given arbitrary numbers if more than three fragments were differ-
ent from the fragments of other isolates. MRPs with one to three fragment
differences were considered to be probably closely related to each other and were
included within a single MRP. MRPs with no fragment differences were inter-
preted as being genetically indistinguishable.

The pulsed-field gels were also treated with 0.25 M HCI and Southern blotted
by capillary transfer onto Hybond-N* (Amersham Pharmacia Biotech, Little
Chalfont, United Kingdom) nylon membranes before fixation with UV light. The
blots were probed with phage Cd1 and Ch6 DNAs labeled by random priming
by using the DIG system (Boehringer Mannheim, Lewes, United Kingdom).
Colorimetric detection was performed in the presence of the nitroblue tetrazo-
lium and 5-bromo-4-chloro-3-indolylphosphate (BCIP) substrates according to
the manufacturer’s instructions (Boehringer Mannheim).

MLST of Campylobacter isolates. Selected isolates from each flock showing
different MRPs following PFGE separation of Smal-digested DNA (when the
defined criteria were used) were analyzed by MLST (9) with reference to the
database at http://mlst.zoo.ox.ac.uk.

Lysis of Campylobacter isolates by bacteriophages (lytic spectra). Bacterial
lawns were prepared by using each Campylobacter isolate as described above.
Each of the 25 plaque-purified test bacteriophage suspensions (adjusted to con-
tain approximately 10° PFU/ml) was applied as a 10-ul spot to a prepared lawn
and allowed to absorb into the top agar layer. The plates were then incubated for
24 h at 42°C under microaerobic conditions. If lysis of the strain (defined as 20
or more plaques visible) was observed with all 25 bacteriophages, the result was
recorded as sensitive; otherwise the ratio of sensitive phages to resistant phages
was recorded.

Characterization of C. jejuni bacteriophages by their lytic spectra. Four rep-
resentative bacteriophages (C¢l, CdS5, Cdb6, and Cd7), two from each bacte-
riophage-positive flock, were propagated on C. jejuni 12662 (PT 14). These
bacteriophages were screened for lytic activity at a routine test dilution (defined
as the concentration at which a bacteriophage causes just less than complete lysis
of the propagating strain) by using 80 Campylobacter strains whose phage type
had been previously defined on the basis of the 16 bacteriophages currently in
use in the United Kingdom phage typing scheme (12). The bacteriophages were
applied to lawns prepared from these strains and incubated as previously de-
scribed (12).

Examination of C. jejuni bacteriophage morphology by electron microscopy.
Bacteriophage isolates Cdl, CdS, C6, and Cd7 were examined by electron
microscopy as previously described (3). Briefly, glutaraldehyde-fixed phage sus-
pensions on Pioloform grids were negatively stained with 0.5% uranyl acetate.
The specimens were observed with a JEOL 100CX transmission electron micro-
scope at an acceleration voltage of 80 kV.

Phage genome size determination by PFGE. Genomic DNAs from bacterio-
phages Cd1, Cd5, Cd6, and Cd7 were prepared and run by using a CHEF DRII
(Bio-Rad) as previously described (3). A 2-mm slice of each agarose plug was
inserted into the wells of a 1% agarose gel. The gel was run by using a Bio-Rad
CHEF DRII system in 0.5X TBE for 18 h at 6 V/cm with a switch time of 30 to
60 s. Lambda concatemers (Sigma Aldrich) were used as markers.

Bacteriophage DNA restriction digests. Genomic DNA was prepared from
each bacteriophage by using a standard protocol described for lambda phage (27) by
using proteinase K digestion, followed by phenol-chloroform extraction and pre-
cipitation. DNAs were digested with restriction enzymes (Dral, EcoRI, EcoRV,
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TABLE 1. Numbers of bacteriophages and campylobacters isolated
from 20 samples taken from each of three successive flocks”

Flock No. of bacteriophage isolates No. of Campylobacter isolates
1 5 8
2 20 18
3 0 20
Total 25 46

“ Isolation of bacteriophages and Campylobacter was attempted from 20 sam-
ples taken from each successive flock.

Hhal, HindIII, PstI, and SspI; Promega Ltd., Southampton, United Kingdom),
and the enzyme digests were run on a standard 0.6% Tris-acetate-EDTA agarose
gel and stained with ethidium bromide following electrophoresis (27).

RESULTS

Isolation of campylobacters and bacteriophages. Campy-
lobacters were isolated from each of the three flocks, each
isolate was identified to the species level, serotyped, and phage
typed, and Smal genomic DNA digests were subjected to
PFGE. The overall Campylobacter isolation rate from the clo-
acal and excreta samples was 77% (46 of 60 samples), and the
percentage of positive samples varied from 40 to 100% (Table
1). Cloacal swabs were just as likely to harbor campylobacters
as excreta samples (Table 2). Bacteriophages were isolated
from flock 1 and flock 2 but not from flock 3 (Table 1). The
overall phage isolation rate for all three flocks was 42% (26 of
60 samples), but the range was 0 to 100% depending on the
batch. There was no discernible difference in the bacterio-
phage isolation rate between the two types of samples (results
not shown). In flock 2, bacteriophages were isolated from two
excreta samples that did not yield campylobacters.

Characterization of the campylobacters. A total of 46 camp-
ylobacter isolates were characterized from the three flocks (Ta-
ble 2). All isolates were identified as C. jejuni based on the fact
that they were hippurate positive. Phage typing was not a use-
ful method for distinguishing between Campylobacter isolates
from this particular broiler house. Twenty-one isolates (46%)
were untypeable, and the remainder were very heterogeneous
in terms of phage type. Serotyping indicated that for flock 1
most strains were untypeable (five of eight strains), and the
remaining strains were serotypes HS2 (n = 1) and HS8 (n = 2).
Most isolates in flock 2 (13 of 18 isolates) were serotype HS13,
while four strains were untypeable. In flock 3 the most com-
mon serotype was HS9 (18 of 20 strains); one isolate was un-
typeable, and one was serotype HS37. PFGE of Smal digests of
genomic DNA provided profiles for each of the strains. Five
different MRPs were identified and designated 01 to 05. All
eight isolates from flock 1 possessed a common MRP (MRP
01) following Smal digestion (Fig. 1), indicating that all the
corresponding birds were colonized by genetically indistin-
guishable strains despite the observed variation in their sero-
types and phage types. All 20 of the isolates from flock 3
produced the same MRP (MRP 05), indicating that it was
likely that this flock was also colonized by genetically indistin-
guishable strains that were different from those observed in
flock 1. Four different MRPs were identified among the 18 iso-
lates from flock 2 by using the criteria defined by Tenover et al.
(30). Three MRPs (MRPs 02, 03, and 04) showed some simi-
larity to each other (although they differed by more than three
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fragments), indicating that the strains could possibly be re-
lated. Several isolates from this flock differed in their assigned
MRPs by between one and three fragments (e.g., F2E1 and
F2E6) (Fig. 1), indicating that these strains were probably

TABLE 2. Characteristics of campylobacters isolated
from the three flocks

Flock Isolate” St;r)(;_ PT a(fg\fllf ¥ MRP*¢ MLST type?
1 F1C4 uTe 14 S 01
F1C5 uT RDNC/ S 01
F1Co uT 35 S 01
F1C8 uT 1 S2/R23 01 661
F1E3 HS2 RDNC S 01 661
F1E4 HS8 UT S2/R23 01
F1E6 HS8 RDNC S 01
F1E9 uUT 35 S 01
2 F2C1 HS13 RDNC R 02 Unique within ST21
complex
F2C2 uT RDNC S 01 661
F2C3 HS13 RDNC R 02
F2C4 HS13 RDNC R 02
F2C5 HS13 RDNC R 02
F2Co uT 68 R 04
F2C7 uT RDNC S 01 661
F2C8 HS13 RDNC R 02
F2C9 HS13 33 R 03 Unique within ST21
complex
F2C10 HS37 35 S 01 661
F2E1 HS13 1 R 03 Unique within ST21
complex
F2E2 uT 68 R 04 Unique within ST21
complex
F2E3 HS13 33 S6/R19 03 Unique within ST21
complex
F2E6 HS13 1 R 03 Unique within ST21
complex
F2E7 HS13 RDNC R 02
F2E8 HS13 14 R 02
F2E9 HS13 14 R 02
F2E10 HS13 RDNC R 02
3 F3C1 HS9 UT R 05
F3C2 HS9 UT R 05 814
F3C3 HS9 UT R 05 814
F3C4 HS9 UT R 05
F3C5 HS9 UT R 05
F3Co HS9 UT R 05
F3C7 HS9 UT R 05
F3C8 HS37 UT R 05 814
F3C9 HS9 UT R 05
F3C10 HS9 UT R 05
F3E1 HS9 UT R 05
F3E2 HS9 UT R 05
F3E3 HS9 UT R 05
F3E4 HS9 UT R 05
F3ES5 HS9 UT R 05
F3E6 HS9 UT R 05
F3E7 HS9 UT R 05
F3E8 uT uT R 05
F3E9 HS9 UT R 05
F3E10 HS9 UT R 05

“1In the strain designations C indicates that the strain was obtained from a
cloacal sample, and E indicates that the strain was obtained from an excreta
sample.

b Lytic activity with all 25 bacteriophage isolates in this study. S, sensitive to all
bacteriophages; R, resistant to all bacteriophages; S2/R23, sensitive to 2 bacte-
riophages and resistant to 23 bacteriophages.

¢ MRP determined by PFGE of Smal-digested genomic DNA phage type.

4 MLST (9) was carried out with selected strains.

¢ UT, untypeable.

SRDNC, reacts with phage but does not conform to a recognized phage type.
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MRP 01 02 03 01 03 04 03 03

MRP 01 02 03 04 05

FIG. 1. PFGE profiles of genomic DNAs, cut with the Smal restriction endonuclease, from representative isolates of C. jejuni from each of the
three flocks. (A) Flock 1. Lanes 1 to 8, isolates C4, C5, C6, C8, E3, E4, E6, and E9, respectively. (B) Flock 2. Lanes 1 to 8, isolates C7, C8, C9,
C10, E1, E2, E3, and E6, respectively. (C) Flock 3. Lanes 1 to 8, isolates C1, C3, C5, C6, C7, C9, E5, and E6, respectively. (D) Graphic
interpretation of the different patterns produced by each flock with their assigned MRPs.

closely related (30). Three isolates from flock 2 had the MRP
01 present in flock 1. In order to further understand the rela-
tionships among these isolates, MLST was carried out with
representative strains for each MRP type (Table 2) and a
group of isolates in the MRP 03 group that possessed variant
fragment patterns. The allelic profiles of these isolates are pre-
sented in Table 3. All MRP 01 isolates possessed the same al-
lelic profile recognized as sequence type 661 (ST 661), irre-
spective of whether they arose from flock 1 or flock 2. The
MRP 02, 03, and 04 isolates from flock 2 all belonged to the ST
21 complex. The representative MRP 02, 03, and 04 isolates
were distinct strains as determined by MLST, sharing some
alleles but not all seven alleles. However, MRPs 02 and 04
differed by only one allele, and this represented a change in the
sequence between the two alleles of one nucleotide. Three of
four of the MRP 03 isolates examined had identical allelic
profiles despite slight variations in their MRP fragment pro-
files, but a fourth isolate (F2E3) differed at one allele (pgm)
from the other isolates. The MRP 05 isolates from flock 3 were
all ST 814.

Each of the C. jejuni strains was tested for lysis with each

TABLE 3. MLST allelic profiles of selected isolates representing
the different PFGE MRPs

Allelic profile®
Flock Isolate lﬁ}gg ST
aspA  glnA gltA glyA pgm tkt uncA

1 FIC8 01 02 75 04 48 103 34 01 661 UN®
F1E3 01 02 75 04 48 103 34 01 661 UN

2 F2C2 01 02 75 04 48 103 34 01 661 UN
F2C7 01 02 75 04 48 103 34 01 661 UN
F2C10 01 02 75 04 48 103 34 01 661 UN
F2C1 02 02 75 12 03 02 62 25 ND° ST21

F2C9 03 02 01 04 03 02 34 01 ND ST21
F2E1 03 02 01 04 03 02 34 01 ND ST21
F2E3 03 02 01 04 03 103 34 01 ND ST21
F2E6 03 02 01 04 03 02 34 01 ND ST21
F2E2 04 02 75 12 03 02 62 05 ND ST21

3 F3C2 05 02 75 04 48 141 34 01 814 UN
F3C3 05 02 75 04 48 141 34 01 814 UN
F3C8 05 02 75 04 48 141 34 01 814 UN

¢ Allelic profiles, STs, and complexes were obtained from the MLST website
(http:/mlst.zoo.ox.ac.uk) (9).

? UN, currently not assigned to a lineage.

¢ ND, not defined (between five and eight close matches).
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bacteriophage isolate (Table 2) to distinguish bacteriophage-
sensitive strains from bacteriophage-resistant strains. The re-
sults correlated well with the MRP typing data. MRP 01 was
associated with sensitivity of the strains to bacteriophages iso-
lated from both flock 1 and flock 2, although two isolates from
flock 1 were resistant to 23 of the 25 bacteriophages. Most of
the alternate strains having different genotypes (MRPs, MLST)
were associated with resistance to all the bacteriophages; the
only exception was one strain (F2E3, which had the MRP 03
profile) for which sensitivity to some but not all bacteriophages
was observed.

Characterization of C. jejuni bacteriophages. Twenty-five
bacteriophages were isolated and characterized. The relation-
ship with regard to host range was tested for each phage with
each of the C. jejuni isolates. The host ranges of the bacterio-
phages proved to be identical except for three C. jejuni isolates,
as noted above. Specifically, bacteriophages Cpl and Cd2
from flock 1 were able to lyse two C. jejuni strains from flock
1 which were resistant to all the remaining bacteriophages
(F1C8 and F1E4) (Table 2). One Campylobacter strain (F2E3)
from flock 2 was sensitive to 6 bacteriophages (including Cé1
and C¢2) but was resistant to the remaining 19 bacteriophages
(Table 2). The MRP of this strain (MRP 03) indicates that it is
typical of the bacteriophage-resistant types present in the ma-
jority of the birds from this flock. Two representative bacte-
riophages from flock 1 (Cé1 and Cé5) and two representative
bacteriophages from flock 2 (C$6 and Cd7) were selected for
extensive lytic characterization with campylobacters represent-
ing the 80 different phage types in the bacteriophage typing
scheme. Each of these strains has by definition a unique lytic
profile with the 16 bacteriophages in the United Kingdom
phage typing scheme (12). Of the 80 strains, 46 were resistant
to all four representative bacteriophages, while 31 were sensi-
tive to them. There were only three minor differences in the
susceptibilities of these strains, indicating their close relation-
ship. The differences were that PT 46 and PT 61 were both
lysed by Cé1 but were resistant to the other representatives.
PT 43 was resistant to Cp6 but was lysed by Cd1, CdS, and
Cd7. The same bacteriophages were examined by electron
microscopy (Fig. 2) and were found to be identical in structure
and size, possessing icosahedral heads (diameter, 87 * 5.6 nm
[mean * standard deviation]; » = 19) and contractile tails
(length, 113 = 1.1 nm [mean =* standard deviation]; n = 19).
These characteristics are typical of the Myoviridae family of
bacteriophages. The genomic DNA sizes of these phages were
indistinguishable by PFGE; the DNAs migrated at 140 kb.
Restriction enzyme Hhal has previously been reported to be
one of the few useful enzymes for cutting Campylobacter bac-
teriophage DNA and distinguishing between the phages (3,
25). DNAs of isolates Cdl, Cd5, Cd6, and Cd7 produced
similar Hhal profiles consisting of four fragments of similar
sizes (range, 7 kb to approximately 60 kb). The phage DNAs
were not cut with the enzymes EcoRI, EcoRV, HindIII, Pstl,
and Sspl, whereas the Dral enzyme cut the DNAs into many
fragments that were less than 2 kb long. Genomic Smal digests
of DNAs representing all five Campylobacter MRPs were sep-
arated by PFGE and Southern blotted before they were probed
with digoxigenin-labeled DNAs from representative bacterio-
phages Cé1 (isolate from flock 1) and C6 (isolated from flock
2). No hybridization signals were observed compared with sin-
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bar= 0.1 ym

FIG. 2. Electron micrographs of bacteriophages Cd1 (A), Cd5 (B),
Cé6 (C), and Cd7 (D).

gle-copy DNA control probes, suggesting that the Campy-
lobacter genomes did not contain DNA related to phage Cd1
or Cd6.

DISCUSSION

The high isolation rate of Campylobacter from broiler house
chickens (77% overall) was expected as most United Kingdom
poultry is colonized by this bacterium (5). The significance
of the fact that 42% of the samples contained bacteriophage
is not known as there are no published data on the rates of
carriage of bacteriophages in poultry except for the data ob-
tained in this study, which focused on a single barn.

Characterization of the C. jejuni strains and the bacterio-
phages isolated revealed some interesting features of this
ecological niche. In common with epidemiological studies of
campylobacters in broiler houses, the dynamics of phage pre-
dation are complicated by the general lack of understanding
regarding the origin of most Campylobacter strains isolated
from chickens. We aimed to define the host strains on the basis
of phenotypic (phage typing and serotyping) and genotypic
(PFGE and MLST) methods, as a combination of the two is
generally regarded as the best approach. In this study we en-
countered a few strains that were genetically indistinguishable
by PFGE but were untypeable or had variable (between-iso-
late) serotypes. It has previously been reported that C. jejuni
isolates having the same serotype do not always have similar
genotypes (as determined by PFGE or MLST) and that strains
with the same defined genotype may have different serotypes
(9, 15). MLST was employed to confirm that the PFGE MRP
01 isolates from flock 1 and flock 2 were genetically related to
each other and genetically distinct from the other isolates. It
was also used to explore the relationships between isolates
from flock 2 that had similar PFGE MRPs (MRPs 02, 03, and
04) to confirm that they were indeed genetically distinguish-
able but notably shared some alleles and fell within the same
clonal complex, the ST21 complex. This finding was similar to
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that reported by Wassenaar et al. (31), who found that 21
single-colony isolates had 14 different PFGE genotypes. These
authors alluded to the possibility that phages were involved in
the apparent genomic instability, possibly in combination with
environmental pressure (other possible causes were also dis-
cussed). In contrast to flock 2, there was no heterogeneity in
the MRPs of the C. jejuni isolates from flock 1 and flock 3
despite the presence of bacteriophages in flock 1. All of the
flock 3 isolates possessed MRP 05, and representative isolates
shared the MLST ST 814 alleles. ST 814 differs by one allele
from ST 661 of the MRP 01 isolates found in flock 1. It is
possible that these isolates originated from a common envi-
ronmental reservoir.

The C. jejuni isolates recovered from flock 3 did not support
replication of any of the bacteriophages of flocks 1 and 2 and
contained no bacteriophage that could be propagated on C. je-
juni NCTC 12662 or the previously described C. jejuni isolates.
However, it is possible that the bacteriophages remained in
the broiler house environment until new sensitive strains
were introduced.

Phage typing was not found to be a useful tool for studying
the relationships among these groups of strains. This may be
because the presence of native phages may influence the sus-
ceptibility to the bacteriophages used in the phage typing
scheme, altering the underlying type (31). While no firm con-
clusions could be drawn regarding the influence of native bac-
teriophages on the resultant phage types for this limited set of
strains, it would be surprising if they had no effect.

Using genetic typing data, we showed that similar phage-
sensitive C. jejuni strains were present in consecutive flocks,
likely due to transfer from one to flock to the next either by
persistence in the broiler house or by reintroduction from a
common environmental source. These data confirm the reports
of others (22, 28) who have demonstrated carryover of Campy-
lobacter strains from flock to flock within a broiler house. In
our study it was particularly interesting that the same bacte-
riophages (as far as could be determined) were present in
conjunction with these strains. Although the concepts of spe-
cies and strain cannot readily be applied to bacteriophages in
the same way that they are applied to higher organisms (1, 16),
it appeared that the bacteriophages in the broiler house rep-
resented a population of very highly related organisms. The
lytic profiles of the representative bacteriophages were re-
markably similar when they were tested with 80 distinct strains
of Campylobacter. Bacteriophages of campylobacters are ex-
tremely difficult to characterize by other methods often applied
to bacteria or phages from other species, such as restriction
fragment length polymorphism. This is due the refractory na-
ture of their DNAs to digestion by restriction endonucleases
(25). However, the similarity of the Hhal digests of genomic
bacteriophage DNAs indicated that the chromosomes of the
four selected bacteriophages were similar in size and structure.
The characteristics of these bacteriophages indicated that they
were members of the Myoviridae, whose members have lytic
lifestyles and are not known to form lysogens. The absence of
hybridization between Campylobacter genomic DNAs and bac-
teriophage Cdl and Cd6 DNAs verifies this presumption.
Therefore, although a bacteriophage and its host had been
transferred from one flock to the next, it is unlikely that the
intermediate vector included bacteria carrying an integrated
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bacteriophage genome which could be later excised and prop-
agated. It was also interesting that in flock 2 the bacteriophages
appeared to flourish despite the fact that at least one new
bacteriophage-resistant strain had been introduced. Bacterio-
phages were present in every sample examined from flock 2,
even in the absence of Campylobacter. The most likely expla-
nation is that although campylobacters were in fact originally
present in the samples, they had not remained viable long
enough to be cultured, possibly due to bacteriophage activity.

Partial resistance to bacteriophages occurred in two Campy-
lobacter variants from flock 1, but the resistant types were not
apparent in flock 2. While this may indicate that Campylobacter
acquired resistance to the bacteriophages, the bacteriophages
may also have adapted in response, maintaining the ability to
infect the host. However, bacteriophages C$1 and Cé5 of flock
1 were indistinguishable in terms of host profile from the
bacteriophages isolated from flock 2. Flock 2 contained mul-
tiple genotypes (MRPs 01, 02, 03, and 04), and notably micro-
heterogeneity was observed among the MRP 03 isolates. The
multiplicity of related strains has been argued to be a result of
genetic exchange between campylobacters in the avian intesti-
nal tract (8). It is of interest to consider whether the frequency
of these events may be provoked if two or more strains are in
the presence of bacteriophage. Examination of the allelic pro-
files determined for MLST of variable MRP 03 isolates indi-
cated in general that they retained common alleles. However,
a single isolate from flock 2, F2E3, was found to possess a
typical MRP 03 profile but had an allelic difference at the pgm
locus, one of the seven loci that constitute the MLST scheme.
This isolate was also notable in that it was the only member of
the MRP 03 group that was found to be partially sensitive to
some but not all of the bacteriophage isolates. The pgm 103
allele was found in all the MRP 01 phage-sensitive isolates
from flock 1 and flock 2. It is tempting to speculate that F2E3
may have arisen through genetic recombination between MRP
01- and MRP 03-derived genomes that yielded phage-sensitive
MRP 03. How this isolate was maintained in the chicken gut in
the presence of phage while it was in competition with related
phage-insensitive MRP 03 types is an intriguing question. In-
deed, bacteriophages could be isolated from the majority of
samples that yielded bacteriophage-resistant campylobacters.
Either bacteriophages were present in these samples because
large numbers had been ingested by the birds, or mixed pop-
ulations of resistant and sensitive campylobacters were present
in the same birds. In a situation where mixed populations
occur, the resistant strains may be the predominant isolates
either because they represent a greater proportion of the pop-
ulation than their sensitive bacteriophage-predated competi-
tors or because the isolation procedures somehow facilitate
phage infection.

With regard to bacteriophage therapy, long-term develop-
ment of phage resistance is not indicated by this study. Al-
though some resistant C. jejuni strains were isolated, these
strains did not dominate and outgrow the sensitive types as one
might expect. Instead, they coexisted, implying that sensitive
and resistant states were maintained in the chicken gut in the
presence of phage.

Before bacteriophage therapy is adopted as a means of con-
trolling campylobacters in broiler chickens, it is important to
understand the ecology of bacteriophages in a naturally in-
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fected flock. In conclusion, this study indicates that the ecology
of campylobacters and their bacteriophages in the broiler
house is complex and may play a significant role in influencing
which strains of Campylobacter enter the human food chain.
This may occur by positive selection pressure for phage-resis-
tant strains through succession but probably not through de
novo acquisition of resistance.
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