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The identification of sites resulting in cross-contamination of poultry flocks in the abattoir and determina-
tion of the survival and persistence of campylobacters at these sites are essential for the development of
intervention strategies aimed at reducing the microbial burden on poultry at retail. A novel molecule-based
method, using strain- and genus-specific oligonucleotide probes, was developed to detect and enumerate
specific campylobacter strains in mixed populations. Strain-specific oligonucleotide probes were designed for
the short variable regions (SVR) of the flaA gene in individual Campylobacter jejuni strains. A 16S rRNA
Campylobacter genus-specific probe was also used. Both types of probes were used to investigate populations of
campylobacters by colony lift hybridization. The specificity and proof of principle of the method were tested
using strains with closely related SVR sequences and mixtures of these strains. Colony lifts of campylobacters
were hybridized sequentially with up to two labeled strain-specific probes, followed by the generic 16S rRNA
probe. SVR probes were highly specific, differentiating down to 1 nucleotide in the target sequence, and were
sufficiently sensitive to detect colonies of a single strain in a mixed population. The 16S rRNA probe detected
all Campylobacter spp. tested but not closely related species, such as Arcobacter skirrowi and Helicobacter
pullorum. Preliminary field studies demonstrated the application of this technique to target strains isolated
from poultry transport crate wash tank water. This method is quantitative, sensitive, and highly specific and
allows the identification and enumeration of selected strains among all of the campylobacters in environmental
samples.

Campylobacter jejuni is a major reported cause of acute
bacterial diarrheal disease in humans in the industrialized
world. In England and Wales, the prevalence of human campy-
lobacteriosis peaked in 2000, when 57,674 cases were reported
to the Health Protection Agency; since then there has been a
decline, and early provisional data for 2006 indicate that there
were 46,603 notified cases of this disease (http://www.hpa.org
.uk/infections). In the United States, an estimated 2.4 million
people are affected each year (27). Although campylobacterio-
sis is generally self-limiting, the socioeconomic cost of this
disease is high in terms of the burden on health resources and
in terms of the cost to industry associated with time away from
work (39). Thus, control and prevention of campylobacteriosis
are essential to reduce this significant public health problem.

C. jejuni can asymptomatically colonize most wild and do-
mestic birds. As highlighted by epidemiological studies, the
handling and consumption of raw or undercooked poultry
meat are major sources of campylobacteriosis. Once the first
birds in a flock become infected, campylobacters spread rap-
idly. Thus, in some countries, including the United Kingdom,
up to 90% of broiler flocks can be campylobacter positive at
slaughter (5, 17, 22). The level of cecal colonization in broilers

can be up to 109 organisms per g of cecal contents. Carcass
contamination is related to the within-flock prevalence of
campylobacter colonization (1). During processing, defeather-
ing (1) and evisceration (7, 40) may increase the levels of
contamination of poultry carcasses and the abattoir environ-
ment. Subsequently, carcasses from Campylobacter-negative
flocks can also become contaminated either when they are
placed in soiled transport crates (47) or via cross-contamina-
tion when they follow carcasses from a Campylobacter-positive
flock through the abattoir (20). Determining the survival and
persistence of Campylobacter at different sites is essential for
the development of farm-to-fork strategies for the control and
prevention of food-borne campylobacteriosis and, in particu-
lar, to inform quantitative risk assessment models. This deter-
mination needs to be performed at the strain level, preferably
using a rapid and cost-effective method.

Molecular approaches have been used extensively in at-
tempts to understand the epidemiology of campylobacteriosis.
C. jejuni is both phenotypically and genotypically diverse, and
a range of genotypic methods have been developed for this
organism, including fla restriction fragment length polymor-
phism typing (2, 10), pulsed-field gel electrophoresis (PFGE)
(24, 52), flaA short variable region (SVR) sequence typing
(29), and multilocus sequence typing (MLST) (15). These
methods and others have all revealed the presence of diverse
Campylobacter genotypes in many environments, such as abat-
toirs (31) and poultry farms (13, 23, 38). It may be anticipated
that the persistence and survival of C. jejuni in such environ-
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ments vary between strains (31). Thus, for accurate quantita-
tive risk assessment models, it is necessary to determine not
only the total number of campylobacters persisting throughout
an abattoir but also the survival characteristics of individual
strains entering the abattoir.

Evidence from such molecular epidemiological studies indi-
cates that the majority of conventionally reared broiler flocks
in the United Kingdom are colonized with only one or two
Campylobacter strains (4). This finding is supported by data
from Swedish and Dutch flocks (6, 22), although it may not be
true for all conventionally reared flocks (21, 36). The hypoth-
esis developed for the present investigation was that specific
strains from individual conventionally reared broiler flocks
could be tracked and enumerated on chicken carcasses and at
various sites in the abattoir during processing. The approach
used for this study was to design and develop both genus- and
strain-specific oligonucleotide probes detectable by colony hy-
bridization. The specificity and sensitivity of these probes for
enumerating both the total viable campylobacters and specific test
strains were determined under control conditions using reference
strains and mixed populations. Finally, the proof of principle was
demonstrated using strains from washed poultry crates.

MATERIALS AND METHODS

Bacteria and culture conditions. C. jejuni strains isolated from ceca or feces
were used in this study along with the reference strains listed in Table 1. The
strains were grown on blood agar (BA) (CM0271; Oxoid Ltd., Basingstoke,
United Kingdom) with 5% defibrinated horse blood (SR0050; Oxoid Ltd.) or on
modified charcoal cefoperazone deoxycholate agar (mCCDA) (CM0739 and
SR0155; Oxoid Ltd.). Plates were incubated at either 37 or 41.5°C for 24 or 48 h,
as indicated below, in a microaerobic atmosphere generated by using a Campy-
Gen (Oxoid Ltd.) gas-generating kit. Arcobacter spp. (Table 1) were also grown
on BA under aerobic conditions at their optimum growth temperature (25°C)

and also in experiments at 37°C microaerobically. Strains were inoculated onto
plates either using a 1-�l loop or by conventional spread plating. In addition, 50
strains from the CampyNet international strain set (http://campynet.vetinst.dk/;
19) were grown on BA with a selective supplement (BA�) (BA as described
above with SR0155; Oxoid Ltd.).

Flagellin (flaA) gene SVR as a strain-specific probe. The Campylobacter flaA
gene was selected because it is known to be highly variable (28) and has been
used in several genotyping schemes (35, 48). Genomic DNA was isolated from all
campylobacters using a NucleoSpin blood kit (Macherey-Nagel, Duren, Ger-
many). The flaA SVR was amplified using primers FLA4F (5�-GGATTTCGTA
TTAACACAAATGGTGC-3�) and FLA625RU (5�-CAAG[AT]CCTGTTCC
[AT]ACTGAAG). The forward primer is a refinement (11) of the primer de-
scribed previously (28). The PCR were carried out using 25-�l reaction mixtures
containing Qiagen HotStar Taq Master Mix (12.5 �l of HotStar Taq Master Mix,
each deoxynucleoside triphosphate at a concentration of 200 �M, 1.5 mM
MgCl2), each primer at a concentration of 0.3 �M, and 150 ng of genomic DNA.
The cycling conditions were an initial activation step of 15 min at 95°C, followed
by 35 cycles of denaturation for 30 s at 94°C, annealing for 1 min at 58°C, and
extension for 1 min at 72°C. The 621-bp amplified fragment was sequenced with
primers FLA4F and FLA625RU by the Sequencing Service at the University of
Dundee. The forward and reverse chromatogram sequence results were con-
firmed by assembling them in ChromasPro 1.34 (Technelysium Pty Ltd., Co-
logne, Germany). Confirmed sequences were aligned using CLC Free Work-
bench 3.2 (CLC bio A/S; http://www.clcbio.com).

flaA sequences deposited at http://hercules.medawar.ox.ac.uk/flaA/ were
aligned using CLC Free Workbench in order to identify a region of mismatches
suitable for designing strain-specific probes. Probes were designed using Primer3
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) for the complemen-
tary strand and synthesized by Sigma Genosys (Gillingham, United Kingdom).

16S rRNA as a genus-specific probe. The genus-specific region of the genome
has already been identified in the 16S rRNA, which is used routinely for PCR-
based identification of campylobacters (34). The 16S rRNA probe (CAMP653;
5�-CTGCCTCTCCCTYACTCT-3�) for detection of the genus Campylobacter
was selected from previously described probes (44), and its specificity was
checked using BLAST at the NCBI website, the European rRNA database (51),
and the ProbeMatch tool in RDP-II (12).

Probe labeling. The oligonucleotide probes (100 pmol) were enzymatically
labeled at the 3� end with terminal transferase incorporating a single digoxigenin
(DIG)-labeled ddUTP using a DIG oligonucleotide 3� end labeling kit (Roche
Applied Science, Burgess Hill, United Kingdom) according to the manufactur-
er’s instructions. The probes were stored on ice until they were required, and for
longer storage they were stored at �20°C with an equal volume of DIG Easy Hyb
(Roche Applied Science). The labeling efficiency was determined by preparing
specific dilutions of the labeled probe.

Colony lifts, hybridization, and chemiluminescent detection. Plates (mCCDA
or BA) of Campylobacter colonies were precooled at 4°C for at least 30 min prior
to transfer of the colonies onto Hybond-N membranes (83 or 132 mm; Amer-
sham Biosciences, Little Chalfont, United Kingdom). The colonies were lysed,
and genomic material was bound to the membranes using the method described
by Sambrook and Russell (42). The membranes were air dried, and the DNA was
fixed by UV cross-linking (10 s at 70,000 �J/cm2) using an HL-200 Hybri Linker
(UVP Lab Products, Cambridge, United Kingdom). Membranes were used im-
mediately or stored at �20°C until they were required.

Membranes were prehybridized in 3.5 ml (for 82-mm membranes) or 5 ml (for
132-mm membranes) of DIG Easy Hyb (Roche Applied Science) preheated to
10°C below the melting temperature (Tm) of each oligonucleotide probe (Table
2) for between 15 min and 1 h. Membranes were hybridized overnight at the
same probe-specific temperature (Table 2) with 10 pmol of DIG-labeled probe
in 3.5 or 5 ml of fresh DIG Easy Hyb. The DIG-labeled 16S rRNA probe was
hybridized at 46°C. After hybridization, membranes were washed twice in 50 ml
of 2� SSC–0.1% sodium dodecyl sulfate (SDS) at room temperature for 5 min
and then twice in 50 ml of 0.5� SSC–0.1% SDS at 55°C for 15 min (1� SSC is
0.15 M NaCl plus 0.015 M sodium citrate).

The DIG-labeled probes were detected immunologically with the disodium
3-{4-methoxyspiro[1,2-dioxetane-3,2-(5-chloro)tricyclo(3.3.1.13,7)decan]-4-yl}
phenyl phosphate (CSPD) chemiluminescent substrate using a DIG luminescent
detection kit (Roche Applied Science) and a DIG wash and block buffer set
(Roche Applied Science) according to the manufacturers’ instructions and using
50 and 100 ml of washing and blocking solutions for the 82- and 132-mm
membranes, respectively, and 30 or 50 ml of antibody solution. The membranes
were exposed to Kodak BioMax Light autoradiography film (Sigma-Aldrich,
Poole, United Kingdom) for 30 min for the 16S rRNA probe and for 2.5 h for the
SVR probes.

TABLE 1. Strains used in this study

Farm isolate or reference taxon Source or
strain

fla allele
identification

(Oxford
database)

D2/T/3 5a Ceca 117
E/C/1 3b Ceca 191
E/C/1 4b Ceca 16
E2/5/1 28a Feces 92
F/6/2 36a Feces 10
G/3/6 35b Feces 521
J2/C/5 2 Ceca 70
L2/C/6 2a Ceca 52
O/C/5 11b Ceca 21
P/C/6 6b Ceca 18
Arcobacter skirrowii BT25/06 VLAa

Arcobacter cryaerophilus
subsp. skirrowii BT59/06

VLA

Arcobacter skirrowii BT170/06 VLA
Campylobacter sputorum

subsp. bubulus
NCTC11367

Campylobacter hyointestinalis NCTC11608
Campylobacter coli NCTC12143
Campylobacter fetus subsp.

fetus
NCTC10842

Campylobacter jejuni NCTC11351
Campylobacter jejuni RM1221
Campylobacter jejuni NCTC11168
Helicobacter pullorum NCTC12824

a VLA, Veterinary Laboratories Agency, United Kingdom.
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Stripping and reprobing. The probed membranes were stripped by completely
covering them with 0.1% (wt/vol) boiling SDS. The membranes were left in this
solution with gentle agitation for 15 min. The solution was then replaced with
fresh boiling 0.1% (wt/vol) SDS, and the preparations were incubated for a
further 15 min. Then the membranes were rinsed briefly in 2� SSC, and removal
of the probe was checked using the chemiluminescent detection procedure de-
scribed above. Membranes were then hybridized with a second SVR probe
overnight using the appropriate conditions, starting with prehybridization as
described above. The 16S rRNA probe was used for the final hybridization.

Effect of SVR probe position on specificity. The effect of the probe position in
the identified 40-nucleotide variable region was investigated for one strain (G/3/6
35b) by designing five probes (probes G1 to G5) (20 nucleotides) that vary in
position by 5 nucleotides and span the region (Fig. 1b). Fivefold dilutions of
heat-denatured target genomic DNA (1 �g to 320 pg) were prepared and pipet-
ted onto Hybond-N membranes, which was followed by UV cross-linking. The
membranes were prehybridized and hybridized (10 pmol of labeled probe) in 3.5
ml of DIG Easy Hyb overnight at the calculated Tm for each probe and detected
as described above. The results were interpreted by analyzing the secondary
structure of the 40-nucleotide region using mfold (http://www.bioinfo.rpi.edu
/applications/mfold; 53) with 50 mM Na� and 1.5 mM Mg2� at each Tm.

Probe sensitivity and the limit of detection. The limit of detection of the assay
was determined by also preparing fivefold dilutions of target genomic DNA (1 �g
to 320 pg) that were pipetted onto membranes, which was followed by UV
cross-linking. The membranes were prehybridized and hybridized in 3.5 ml of
DIG Easy Hyb at the Tm of the probe (Table 2). Membranes were hybridized

with 10 pmol of labeled probe overnight, and the probe was detected as described
above. To investigate whether there was variation in sensitivity between probes,
each probe was hybridized to its complementary sequence at the following
concentrations: 1, 0.2, and 0.1 pmol and 50, 25, and 10 fmol.

Specificity of the strain-specific probe. Each SVR probe was analyzed using
BLAST with the Campylobacter flaA variable region database maintained by
Oxford (http://hercules.medawar.ox.ac.uk/flaA/). The number of alleles that con-
tained the exact probe sequence was expressed as a percentage of the total
number of alleles in the database at the time that the analysis was performed
(January 2007). This percentage was used to calculate the expected number of
CampyNet strains that might also contain each SVR probe sequence. In this way
the specificity of each SVR probe could be ranked. To test these in silico results,
50 CampyNet strains that are genetically well defined and known not to be
epidemiologically related were selected. Each strain was inoculated onto a BA�
plate (50 strains per plate) using a 1-�l inoculation loop in a grid and grown
overnight microaerobically at 41.5°C. Five plates were inoculated, one for each
probe. Colony lifts were removed and hybridized with probe SVR4, SVR6,
SVR10, SVR12, or SVR13. Each probe was tested with three independent
replicates.

Artificial mixtures of strains. Five strains (D2/T/3, G/3/6 35b, L2/C/6 2a, E/C/1
3b, and F/6/2 36a) were each suspended in 200 �l of maximum recovery diluent
(Oxoid Ltd.) and diluted 10-fold. Equal volumes of the strains were mixed
together, and 100 �l of the suspension was plated onto mCCDA. All plates were
incubated microaerobically at 41.5°C for 48 h, after which colonies were trans-
ferred onto Hybond-N membranes, lysed, denatured, and fixed as described

TABLE 2. SVR probes designed and used in this study

Probe Binding
position Strain(s) Length

(nucleotides) Tm (°C)a

No. of strains
with one

nucleotide
mismatch/
total no.

No. of strains
with two

nucleotide
mismatches/

total no.

Sequence (5�–3�)

SVR4 560–542 D2/T/3 5a 19 48 2/9 3/9 TGCACTTCGCCACTAGATG
SVR6 564–542 E/C/1 3b, P/C/6 6b 23 54 1/8 1/8 AAATTGTACTTCACCACCAGATG
SVR10 559–540 F/6/2 36a 20 50 0/9 0/9 GCACTTCACCACCAACTGAA
SVR12 553–532 E2/5/1 28a 22 54 2/9 1/9 CACCTGAACTCACACTTTGTGA
SVR13 561–539 G/3/6 35b 23 54 0/9 0/9 TTGCACTTCACCACTAGATGAAA

a For oligomers up to 25 nucleotides long, the Tm was calculated using the following formula: 2°C � (A�T) � 4°C � (G�C).

FIG. 1. (a) Direct sequence alignment of 10 C. jejuni flaA SVR sequences showing the region from nucleotide 530 to nucleotide 570 which was
used to design the probes. Nucleotides that differ from nucleotides in the consensus sequence are shaded, and the shaded sequences indicate the
positions of the SVR probes. Nucleotide positions are based on the ATG start site of C. jejuni NCTC11168 and the C. jejuni RM1221 flaA gene
sequence. (b) Sequence alignment showing the positions and sequences of probes G1 to G5 in the 40-nucleotide sequence of strain G/3/6 35b. The
Tm of probes G1, G2, G4, and G5 is 44°C, and the Tm of G3 is 48°C.
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above. The membranes were probed sequentially with the SVR10, SVR6, SVR4,
and 16S rRNA probes, stripping with 0.1% boiling SDS between SVR probes but
not before the final 16S rRNA probe.

Validation of the technique in a field situation. Water samples from poultry
transport crate wash tanks were stored at �80°C in 15% (vol/vol) glycerol.
Using the original unstored sample, appropriate dilutions of the wash water
were prepared, and aliquots (100 �l) were directly plated onto mCCDA and
incubated at 41.5°C microaerobically for 48 h. Ten single colonies were
picked at random and streaked onto BA�. These isolates were stored on
beads at �80°C (Microbank; Prolab Diagnostics, South Wirral, United King-
dom). In addition, DNA was extracted from each of the 10 isolates using a
NucleoSpin blood kit. Colony lifts (132-mm Hybond-N membranes) were
removed from the mCCDA plates, and the colonies were lysed as described
previously. The membranes were stored at �20°C until the probe(s) had been
synthesized. For each of the isolates, PCR and sequencing of the flaA SVR
were carried out using primers FLA4F and FLA625RU as described above.
The sequences were aligned, and probes for the SVR were designed as
described above. The membranes were removed from storage and prehybrid-
ized in 5 ml of DIG Hyb at the Tm of the probe. Membranes were hybridized
sequentially with the SVR probes, stripping with 0.1% boiling SDS between
probes, and finally with the 16S rRNA probe.

RESULTS

Flagellin gene (flaA) as the strain-specific probe. An align-
ment of the region of the SVR sequences of the 10 test strains
used in this study is shown in Fig. 1a. In conjunction with the
alignment of flaA sequences from the Oxford database, this
alignment identified a short segment with high variability. This
region with a variable sequence (nucleotides 530 to 570) was
then identified in the alignment of the sequences from the 10
C. jejuni strains with closely related SVR sequences shown in
Table 1. Five probes were designed for the complementary
strand of this region, where there was 34.1% identity between
strains (Table 2). Preliminary investigations had shown that
antisense probes were much more sensitive than sense probes,
presumably because they could hybridize to both DNA and
RNA (data not shown). Each probe was designed so that it was
specific for one strain (except strains E/C/1 3b and P/C/6b,
which had identical sequences in the 40-nucleotide region [Fig.
1a]) and had one or more mismatches with the other strains
(Table 2). The conditions used for treating the colony lifts gave
good hybridization signals, and probes could be effectively re-
moved by boiling in 0.1% SDS.

Using experimentally determined stringent hybridization
and washing conditions, the specificity of each strain-specific
oligonucleotide probe was tested by hybridizing it to identical
membranes from plate lifts of the 10 Campylobacter strains
grown on BA and incubated at 37°C for 24 h. Figure 2 shows
the hybridization of probe SVR4. At a lower-stringency wash
temperature (46°C) some cross-reactivity was observed (Fig.
2A), but this was eliminated by increasing the temperature to
55°C (Fig. 2B). The posthybridization wash temperature was
determined experimentally by using three membranes loaded
with 1 �g of genomic DNA of each of the 10 Campylobacter
strains, probing with SVR6, and washing one membrane at
40°C, one membrane at 50°C, and one membrane at 60°C. At
40°C, there was cross-reactivity with three strains, at 50°C there
was cross-reactivity with one strain, and at 60°C no reactivity
was detected (data not shown). The temperature selected
based on this experiment was 55°C, and this temperature was
subsequently tested with colony lifts of the strains probed with
SVR4 (Fig. 2B). The other SVR probes tested (SVR10,
SVR12, and SVR13) gave similar results and specifically de-

FIG. 2. Autoradiograms demonstrating the specificity of oligonucleo-
tide probe SVR4 with 10 C. jejuni strains using plate lifts. (A) Probe SVR4
was hybridized at 48°C and washed at 46°C. This probe was homologous
to the strain D2/T/3 5a sequence (position 1), with some cross-reactivity
with one nucleotide mismatch to G/3/6 35b (position 6) and J2/C/5 2
(position 7) and with four mismatches to F/6/2/36a (position 5). (B) Probe
SVR4 was hybridized at 48°C and washed at 55°C. At this posthybridiza-
tion wash temperature there was no cross-reactivity with other strains, and
the probe bound only to strain D2/T/3 5a (position 1). The following
strains were used: 1, D2/T/3 5a; 2, E/C/1/3b with two mismatches to strain
D2/T/s 5a; 3, E/C/1 4b with 11 mismatches; 4, E2/5/1 28a with 12 mis-
matches; 5, F/6/2/36a with four mismatches; 6, G/3/6 35b with one mis-
match; 7, J2/C/5 2 with one mismatch; 8, L2/C/6 2a with two mismatches;
9, O/C/5/11b with two mismatches; and 10, P/C/6 6b with three mis-
matches.
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tected the homologous strain with no cross-reactivity with
other strains at a wash temperature of 55°C (data not shown).

Effect of probe position on specificity. The binding positions
and sequences of probes G1 to G5 are shown in Fig. 1b.
Hybridization of these probes to genomic DNA showed that
there were differences in the sensitivities of the probes depend-
ing on the hybridization position. Probes G1, G2, and G3 gave
strong hybridization with 40 ng of target and could detect
amounts as small as 8 ng, whereas probes G4 and G5 showed
strong hybridization with 200 ng and could detect 40 ng of
target (i.e., there was a fivefold difference in sensitivity). Dif-
ferences in the secondary structure of the single-stranded
DNA or RNA is the most likely explanation for these specific
patterns of annealing. Analysis of the secondary structures was
predicted using Mfold, and the binding sites of the probes to
these folded structures revealed no clear structural features
that distinguished accessible sites from inaccessible sites. The
best-performing probes did not, for example, correspond to
linear areas in the predicted structures.

16S rRNA probe does not detect Arcobacter spp. or Helico-
bacter pullorum. In contrast to a strain-specific probe which
detects and tracks only one strain, the genus-specific probe was
designed in order to quantify the total numbers of Campy-
lobacter spp. in the environment. In silico BLAST analyses,
using the NCBI website, the European rRNA database, and
the ProbeMatch tool in RDP-II of the 16S rRNA probes de-
scribed previously, showed that these probes are unique and
specific for the genus Campylobacter. Mfold was used to con-
firm the accessibility of the selected target region.

The 16S rRNA probe (44) correctly detected all strains
belonging to the genus Campylobacter investigated that were
grown on BA plates at 37°C for 24 h (Fig. 3 and Table 1). Both
Arcobacter spp. and H. pullorum, which are genetically related
to C. jejuni, may be recovered from chicken carcasses under
routine culture conditions. The 16S rRNA probe did not hy-
bridize to Arcobacter spp. or to H. pullorum (Fig. 3).

Probe sensitivities and the limit of detection. The nonradio-
active DIG-based labeling method was found to be sensitive
enough for detection of nucleic acid in a single colony. The la-
beling reaction was always efficient, and labeled probe could be
stored for long periods of time at �20°C. The 16S rRNA probe
was more sensitive than the SVR probes, requiring only 20 min of
exposure to X-ray film. This was mainly due to the fact that there
was 100- to 1,000-fold more 16S rRNA than SVR mRNA in the
genome. The optimum template DNA concentration required by
the SVR probes to obtain a satisfactory signal was 8 ng, but the
limit of detection of the 16S rRNA probe for genomic DNA was
1.6 ng of target (data not shown). The probes exhibited similar
sensitivities when they were hybridized to the complementary
sequence; e.g., SVR4, SVR6, SVR10, SVR12, and SVR13 gave
good signals when they were hybridized to 50 fmol of target (data
not shown).

Application of SVR probes to a mixture of strains. Individ-
ual SVR probes could detect specific strains in a mixture of five
strains grown on mCCDA (Fig. 4). The colonies were trans-
ferred to a Hybond-N membrane, which was sequentially hy-
bridized with two different SVR probes and finally with the 16S
rRNA probe. The membrane was stripped with boiling 0.1%
SDS between SVR probe hybridizations. Each probe specifi-
cally detected and enumerated strain-specific target colonies in

the mixture of strains, and the 16S rRNA probe revealed the
total numbers of campylobacters.

Specificity of the strain-specific probes. It is anticipated that
in an abattoir environment there are other Campylobacter
strains in addition to the target flock strain. The ability of
probes to identify the target strains depends on whether the
other strains present have similar SVR sequences. By perform-
ing a BLAST analysis with the probes and available flaA se-
quences, some indication of the population distribution of
these specific sequences in Campylobacter strains could be ob-
tained. At present, the true diversity of flaA sequences in
Campylobacter populations that could be encountered in an
abattoir environment is not known; therefore, the specificity of
the probes could be assessed only relative to presently deter-
mined flaA sequences. The Oxford database (http://hercules
.medawar.ox.ac.uk/flaA/) represents the largest available data
set and contained 907 sequences in January 2007. These se-
quences included all the sequences identified in the GenBank
database at the time of analysis. The sequences stored in the
Oxford database were used to predict the levels of positive
reactions of the SVR probes (Table 3) in a population that
resembled the population represented in the database. For
example, SVR6 had 22 matches to strains in the database
apparently sharing the SVR6 sequence. However, according to
FlaA allele identification these 22 sequences are sequences
from different strains based on nucleotide differences. Assum-
ing from this finding that the 22 matches are independent
strains that happen to have the same SVR6 sequence, the
probe would identify them as identical strains when in fact they
are genetically distinct. From this it can be calculated that

FIG. 3. 16S rRNA specifically detects Campylobacter spp. and not
closely related organisms. The plate lift contained the following organ-
isms: A, C. jejuni NCTC11168; B, Arcobacter skirrowii BT25/06; C, C. coli
NCTC12143; D, H. pullorum NCTC12824; E, C. jejuni NCTC11351; F, A.
skirrowii BT170/06; G, C. jejuni RM1221; H, Arcobacter cryaerophilus
subsp. skirrowii BT59/06; I, Campylobacter sputorum subsp. bubulus; J, C.
hyointestinalis NCTC11608; and K, C. fetus subsp fetus.
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FIG. 4. Sequential hybridization of Campylobacter with the SVR probes. A mixture of five Campylobacter strains on mCCDA (A) was probed first
with SVR4 (B), which was followed by stripping with boiling 0.1% SDS, a second hybridization with SVR6 (C), and finally enumeration of all
campylobacters with 16S rRNA (D). (E) Merged image of probe results for SVR4 (black dots) and SVR6 (white dots).
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SVR6 would have only a 2.4% chance (22/907 strains) of
grouping unrelated strains as “identical,” giving an acceptable
specificity of 97.6%. Using the Oxford database as a reference
for diversity, ranking the specificity for the probes investigated
resulted in the following order: SVR6 � SVR10 � SVR12 �
SVR13 � SVR4. The poorest performers, SVR13 and SVR4,
had specificities of 87.5 and 81.1%, respectively. A specificity
below a confidence interval of 95% would be considered in-
sufficient. However, the specificity depends on the diversity of
the strains present in the sample set, and to date it is not known

if the strains in the Oxford database display the same, more, or
less genetic diversity than the diversity that can be expected in
a poultry farm or slaughterhouse setting.

To validate this in silico approach, the number of matches in
the Oxford database (January 2007) was used as a measure to
calculate the expected number of positive results for a set of 50
strains in the CampyNet international strain set (19). These
strains (8 Campylobacter coli strains and 42 C. jejuni strains) were
selected because they were randomly collected from various host
sources (human, sheep, and chickens), in nine European coun-

FIG. 5. Alignment of the SVR of selected CampyNet strains with the region of the probe match strain and probe identified. The data show that the
regions for which the probes were designed are the same for these strains even though they are “unrelated” strains when they are classified by flaA
sequence type. The sequences are from the strains indicated, detected with probes (from top to bottom) SVR4, SVR6, SVR10, SVR12, and SVR13.

TABLE 3. Experimental and predicted positive reactions of the SVR probes with 50 CampyNet strains

Probe
No. of positive hits using

BLAST analysis with
Oxford database (%)a

No. of positive hits with 50
CampyNet strains No. of CampyNet strains found

to be positive (flaA allele
identification)

Strain (origin)

Expected Experimentally
confirmedb

SVR4 171 (18.9) 9 7 19 (526) C. coli (chicken, The Netherlands)
31 (ND)c C. jejuni (human, The Netherlands)
45 (ND) C. jejuni (human, Denmark)
56 (22) C. jejuni (cattle, Denmark)
60 (ND) C. jejuni (sheep, United Kingdom)
64 (ND) C. coli (chicken, Denmark)

105 (37) C. jejuni (sheep, United Kingdom)
SVR6 22 (2.4) 1 1 16 (222) C. jejuni (chicken, The Netherlands)
SVR10 24 (2.6) 1 2 22 (14) C. jejuni (chicken, Denmark)

32 (ND) C. jejuni (human, The Netherlands)
SVR12 25 (2.8) 1 1 41 (372) C. jejuni (human, Sweden)
SVR13 113 (12.5) 6 2 14 (ND) C. jejuni (chicken, The Netherlands)

84 (67) C. jejuni (chicken, Northern Ireland)

a At the time of analysis, the Oxford database contained 907 entries.
b The experiment was performed in triplicate.
c ND, flaA allele identification not determined.
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tries, and at different times. The number of strains that the SVR
probes detected in this strain set was then determined experimen-
tally. For four of five probes, the expected and confirmed num-
bers of positive results were comparable, whereas probe SVR13
detected less than the expected number of strains (Table 3). The
deviation from expected scores could have been caused by differ-
ences in strain set bias between the Oxford database and the
CampyNet strain collection. Seven of the CampyNet strains de-
tected with the SVR probes were selected for flaA sequence
typing. The resulting sequence data were subjected to a BLAST
analysis with the Oxford database to obtain a flaA allele identifi-
cation. All of the sequenced strains had different allele identifi-
cations (Table 3), and in all but one strain the probe sequence was
conserved. The exception was CampyNet strain 19, which had a
mismatch in one nucleotide of the probe (Fig. 5). Alignment of
the sequence data showed that for all strains, the complete 40-
nucleotide SVRs were identical (Fig. 5). The difference in the
flaA allele was due to sequence variation outside this region.

Application of the probe technique to poultry transport
crate wash tank water. The transport crate wash tank water was
culture positive for Campylobacter. Ten C. jejuni isolates were

randomly selected from mCCDA plates containing directly plated
wash water samples. The flaA genes of each strain were amplified
by PCR and sequenced, and the sequences were aligned. Analysis
of the sequences showed that in the 10 isolates there were two
different strains (data not shown). Probe SVR6 matched one of
these strains. For the other strain, a new probe was designed,
SVR15 (5�-CGCCACTAGTTGAAATTCTTCC-3�; Tm, 54°C).
When the probes were sequentially hybridized to colony lifts from
the wash water samples, probes SVR6 and SVR15 detected dif-
ferent sets of colonies (Fig. 6). These results showed that each
probe could detect specific strains in the naturally occurring mix-
ture of strains present in a wash water sample. The number of
colonies detected with the SVR probes was less than the total
number detected by the 16S rRNA, suggesting that other strains
were also present in the sample.

DISCUSSION

Tracking any microorganism through the food chain is a
difficult enough task. Determining the persistence and survival
of a specific campylobacter strain from one flock on chicken

FIG. 6. Sequential hybridization of membrane-bound colonies from poultry crate wash tank water samples. (A) Campylobacter colonies from
the water sample on mCCDA. (B) Hybridization of colony lift with the first probe, SVR6. (C) Hybridization of colony lift with the second probe,
SVR15, after the first probe was stripped with 0.1% boiling SDS. (D) Final hybridization with the 16S rRNA probe. Probes SVR6 and SVR15
detected different sets of colonies. The large spot and smear that are circled in panel B are background contamination.
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carcasses during processing would be confounded by the mul-
titude of other campylobacters present from previous flocks. In
addition, populations are likely to shift during the production
process as strains are variably resistant to various selection
pressures. Methods for campylobacter strain differentiation,
coupled with appropriate enumeration techniques suitable for
multiple samples, are therefore essential. A number of geno-
typing techniques exploiting differences in the DNA sequences
between strains, such as real-time PCR (14), restriction frag-
ment length polymorphism typing (35), MLST (26), amplified
fragment length polymorphism analysis (46), and PFGE (18,
24), have been developed for epidemiological investigations.
The choice of the technique used depends predominately on
the epidemiological questions posed, the sample investigated,
and the sensitivity and specificity criteria used (49). None of
these techniques allow enumeration of specific strains in a
mixed population. Changes in the carriage of campylobacters
during broiler and turkey processing investigated using PFGE
and Fla typing have shown that some strains have a greater
ability to survive in the slaughterhouse environment than other
strains (3, 31, 37). To address the issue of strain persistence
and survival during abattoir processing, a novel approach was
developed, which combined the use of strain-specific and ge-
nus-specific hybridization probes to identify and thereby enu-
merate, using hybridization, colonies of one strain type recov-
ered from environments containing mixed-strain populations.

This colony hybridization method has the advantage of being
appropriate for application in real time and suitable for investi-
gating a large number of isolates from each sample. In contrast,
the previously described genotyping methods (e.g., PFGE and
MLST) require individual strains to be isolated before analysis,
which consumes resources and limits the number of isolates that
can be investigated. The colony hybridization approach is eco-
nomic, and the number of isolates investigated is limited only by
the number of colonies distinguishable on a plate and the number
of plates which can be handled. Moreover, this approach avoids
the potential for preferential strain selection following enrich-
ment.

The major objectives of this approach were (i) to detect and
enumerate all campylobacters present in a potentially heavily
microbiologically contaminated environmental sample and (ii)
to identify the strain-specific campylobacters present in the
sample. Achievement of these goals was dependent on the
specificity of the genus-specific and strain-specific probes.

The genus-specific probe, based on the 16S rRNA, was
highly specific, as demonstrated by in silico investigations and
as shown in the laboratory using a number of species of the
genus Campylobacter. Genetically related Arcobacter spp. and
H. pullorum possibly present in the targeted environment were
not detected. Our data substantiate the specificity of this probe
previously reported by Schmid and colleagues (44), who devel-
oped it for florescence in situ hybridization and showed that it
can be used with DIG labeling. The 16S rRNA probe also
specifically enumerated Campylobacter spp. on selective plates,
on which Campylobacter colonies can be indistinguishable from
colonies of other microorganisms (particularly Arcobacter
spp.). 16S rRNA has been shown to be a good target for
identifying specific species and strains in a number of different
labeling and colony hybridization systems. For example,
Braun-Howland and colleagues (8) used radiolabeled 16S

rRNA probes for identifying a range of common environmen-
tal organisms in water samples. A 16S rRNA probe that spe-
cifically detected Bifidobacterium adolescentis was used as an
indicator of human fecal pollution (25), and radioactive iso-
tope-labeled 16S rRNA probes have also been used for distin-
guishing Campylobacter fetus and Campylobacter hyointestinalis
(50).

The strain-specific probes were designed for the SVR of the
flaA gene. The genetic variability of flaA is well recognized and
has been used previously for strain subtyping (28, 29); there-
fore, it is a good target for identifying and tracking a specific
flock strain. The work reported here showed that after opti-
mization of the hybridization and stringent wash conditions,
individual SVR probes were highly specific, differentiating
down to a single nucleotide difference in the target sequence,
and sufficiently sensitive to detect colonies of a single strain in
a mixture of strains. The results indicate that the selected
40-nucleotide region of the SVR is suitable for the develop-
ment and selection of strain-specific probes. The theoretical
sensitivity of the hybridization method, assuming that the tech-
nique detects 1 to 10 CFU per membrane in a 1-in-10 dilution
of sample (i.e., 25 g of neck and breast skin in 250 ml of
maximum recovery diluent), corresponds to about 1 in 1,000
CFU per g of skin. The sensitivity of the method determined
experimentally by hybridizing probes to known concentrations
of target DNA and the similar sensitivities of different probes
when they are hybridized to the complementary sequences
suggest that this level of sensitivity is appropriate for detecting
specific strains in the heterogeneous environment of the abat-
toir. One possible issue with this method is the cross-reactivity
of a probe with other strains in the abattoir that could have the
same sequence in the same region of the SVR. However, the
probability of this can be reduced by tracking only flock strains
whose probes have high confidence intervals. Since the true
diversity of Campylobacter populations likely to be encoun-
tered in the abattoir is unknown, confidence intervals can at
best be assessed with reference to the extensive flaA allele
sequence databases, such as that maintained at Oxford. Alter-
natively, a second probe could be developed for another vari-
able region of the Campylobacter genome, such as porA; thus,
the combined discriminatory power of two probes would in-
crease the certainty that the same flock strain is being identi-
fied. As this method is flexible, in that the same membranes
can be probed sequentially with different probes, detection of
the flaA SVR could be followed by detection of porA.

The DIG labeling technique chosen was also shown to be
suitable for short oligonucleotide probes, providing sufficient
sensitivity to detect 8 ng of genomic material, which is equiv-
alent to 106 molecules or the average number of cells in a
single colony. The DIG system also has advantages over radio-
active labeling, such as shorter exposure times and improved
safety since nonhazardous materials are used. In addition, the
probes are reusable, easily stored, and stripped from the mem-
branes. Previous researchers have used DIG-labeled probes
for the detection of Staphylococcus aureus (33) and Yersinia
enterocolitica in foods (16). Similarly, randomly primed DIG
labeling of a probe specific for C. jejuni subsp. jejuni and C.
jejuni subsp. doylei, but not other Campylobacter or Arcobacter
spp., was also used to directly enumerate organisms in food
and chicken samples (32). DIG labeling of four different
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probes used in colony hybridization analyses for enumeration
of Legionella was found to be equivalent to conventional plat-
ing and could detect Legionella colonies obscured by growth of
contaminating organisms (43).

The hypothesis examined in this study was that a novel
technique could be developed to track and enumerate at var-
ious sites in the abattoir during processing specific Campy-
lobacter strains from individual conventionally reared broiler
flocks. The proof of this principle was obtained using samples
of the wastewater from washing poultry transport crates, which
are generally contaminated by several strains (47). In this
study, two different strains were identified and enumerated
using two strain-specific SVR probes. Therefore, this approach
appears to be feasible for studies of the abattoir environment,
but it might also be appropriate in other relevant situations.
For example, molecular epidemiological investigations at the
farm have highlighted the genetic diversity of campylobacters
in broilers, broiler houses, and the outdoor environment. Such
studies generally aim to identify the sources of infection and
the extent and persistence of cross-contamination (30, 41).
However, to date, a specific source has not been identified, and
evidence indicates that pets, insects, water, and neighboring
poultry houses are involved (9, 22, 23), but previous flocks in
the same house are not involved (22, 45). Using strain-specific
detection approaches may provide information to improve and
target intervention strategies on the farm.

In conclusion, the novel method developed, using genus-
and strain-specific oligonucleotide probes in combination with
colony hybridization, has been shown to be appropriate for the
tracking and enumeration of a specific flock strain during ab-
attoir processing. This method is now being used to determine
the extent and persistence of individual Campylobacter strains
in the abattoir. Such information is necessary to improve the
accuracy of quantitative risk assessment models and to develop
strategies to minimize cross-contamination during the posthar-
vest period. Finally, the specificity and sensitivity of this ap-
proach, as demonstrated in this study, suggest that similar
strategies could be effectively used in other environments and
with other organisms, where the identification of single strains
in mixed populations would be advantageous.
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