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Campylobacter jejuni is recognized as a leading human food-borne pathogen. Traditional diagnostic testing
for C. jejuni is not reliable due to special growth requirements and the possibility that this bacterium can enter
a viable but nonculturable state. Nucleic acid-based tests have emerged as a useful alternative to traditional
enrichment testing. In this article, we present a 5*-nuclease PCR assay for quantitative detection of C. jejuni
and describe its evaluation. A probe including positions 381121 to 381206 of the published C. jejuni strain
NCTC 11168 genome sequence was identified. When this probe was applied, the assay was positive for all of
the isolates of C. jejuni tested (32 isolates, including the type strain) and negative for all other Campylobacter
spp. (11 species tested) and several other bacteria (41 species tested). The total assay could be completed in
3 h with a detection limit of approximately 1 CFU. Quantification was linear over at least 6 log units.
Quantitative detection methods are important for both research purposes and further development of C. jejuni
detection methods. In this study, we used the assay to investigate to what extent the PCR signals generated by
heat-killed bacteria interfere with the detection of viable C. jejuni after exposure at elevated temperatures for
up to 5 days. An approach to the reduction of the PCR signal generated by dead bacteria was also investigated
by employing externally added DNases to selectively inactivate free DNA and exposed DNA in heat-killed
bacteria. The results indicated relatively good discrimination between exposed DNA from dead C. jejuni and
protected DNA in living bacteria.

Campylobacter jejuni has come to be recognized worldwide
as a leading cause of diarrheal disease and food-borne gastro-
enteritis (37). C. jejuni is zoonotic, with many animals serving
as reservoirs for human disease (21). Campylobacter cells may
enter the environment, including drinking water, through the
feces of animals, birds, or infected humans. C. jejuni is suscep-
tible to a variety of environmental conditions that make it
unlikely to be metabolically active for long periods of time
outside the host (21, 27). However, the organism may remain
dormant in water in a state that has been termed “viable but
nonculturable” (VNC) (32). These organisms are not able to
grow but may survive in the environment for several weeks (3,
4). Contaminated water, raw milk, and poultry appear to be the
most common vehicles of transmission of C. jejuni in humans
(37). It has been estimated that as little as approximately 500
cells of C. jejuni can cause human illness (2, 31). However, little
is known about the virulence factors and the mechanisms of
pathogenicity (21).

There are several problems concerning Campylobacter de-
tection, including the low infective dosage numbers and the
slow growth rate of the organisms. The traditional methods
currently used are time-consuming and laborious, requiring
prolonged incubation and selective enrichment to reduce the
growth of the background flora to enable biochemical identi-
fication. Campylobacter cells may also enter the VNC state due
to starvation and physical stress, which may explain the failure
of the culture techniques to isolate the organisms from con-
taminated water samples implicated in outbreaks of infection
(14, 32). DNA-based methods such as the PCR have been
increasingly used for rapid, sensitive, and specific nonquanti-

tative detection of C. jejuni (25, 40, 46). A quantitative assay,
however, is still not available for this organism. Quantitative
assays are desirable for diagnostic, legislative, and research
purposes. Quantitation is especially important for C. jejuni in
relation to the VNC state in elucidating otherwise elusive
routes of infection. Among the various quantitative PCR strat-
egies available, those based on real-time monitoring of the
amplification reaction are the most accurate (10, 12, 26).

There are, however, still some limitations to nucleic acid-
based diagnostics. A major obstacle encountered with the cur-
rent DNA-based tests is the separation of living and dead
microorganisms (11, 18). In order to exploit the full potential
of PCR for microbiological diagnosis, there is a great demand
for sample preparation methods related to whether the organ-
isms are living, VNC, or dead. Most food decontamination and
preservation techniques are aimed on either inactivating or
removing potential pathogens (5). The ability of the nucleic
acids from the dead cells to generate PCR signals is affected by
both the decontamination treatment and the organisms (11,
33). The intrinsic bacterial DNases (11, 36) may also affect the
half-life of DNA. It is important to know the stability of nucleic
acids in order to interpret whether a potential positive PCR
signal is due to living pathogens.

An aspect that has not yet been widely exploited in PCR
diagnostics is the physical difference between living and dead
cells. The nucleic acids in living cells are protected because the
cell walls and membranes are intact. In dead cells, these bar-
riers are compromised and the nucleic acids are thus exposed
to compounds added to the sample (24, 30). The differential
exposure of DNA in dead cells may be utilized to destabilize or
inactivate the exposed nucleic acids, while the nucleic acids
within living cells are protected from the treatment by the cell
membrane and wall.

In this paper, we describe the development and evaluation
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of a primer and probe system directed toward a DNA fragment
from C. jejuni which can be used in the quantification of C.
jejuni using 59-nuclease chemistry and the ABI Prism 7700
Sequence Detection System from PE Biosystems (Foster City,
Calif.). Using this assay and DNA purification by magnetic
beads, we investigated the influence of nucleic acids from heat-
killed bacteria on the detection of viable C. jejuni. Finally, an
approach to the reduction of the background signal generated
by DNA in heat-killed bacteria by using external DNases was
evaluated. The results presented here provide important back-
ground material for the development and interpretation of
diagnostic methods for C. jejuni in naturally contaminated wa-
ter and foods.

MATERIALS AND METHODS

Bacterial strains, media, and cultures. Thirty-two isolates of C. jejuni, includ-
ing the C. jejuni type strain, DSMZ 4688T (Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen GmbH, Braunschweig, Germany), were used to test
the specificity of the primers and the probe. The isolates were collected mostly
from patients in Norway from 1996 to 1999, but the patients were assumed to
have been infected in different parts of the world.

The following bacterial strains were used as negative controls (strains not
assigned to any known culture collection are from private collections): C. coli
(three strains, including the type strain [DSMZ 4689T]), C. concisus CCUG
13144T (type strain; Culture Collection, University of Göteborg, Göteborg, Swe-
den), C. curvus CCUG 13146T (type strain), C. fetus subsp. fetus, C. helveticus
CCUG 30682T (type strain), C. hyointestinalis subsp. hyointestinalis CCUG
14169T (type strain), C. lari, C. rectus CCUG 20446BT (type strain), C. showae
CCUG 30254T (type strain), C. sputorum subsp. bubulis, C. sputorum subsp.
sputorum, Actinobacter calcoaceticus, Arcobacter butzleri, A. cryaerophilus CCUG
17801T (type strain), A. skirrowii CCUG 10374T (type strain), Bacillus cereus, B.
subtilis ATCC 6633 (American Type Culture Collection, Manassas, Va.), Bacte-
roides ureolyticus CCUG 7319T (type strain), Brochothrix thermosphacta ATCC
11509T (type strain), Carnobacterium divergens DSMZ 20623T (type strain), C.
gallinarum NCFB 2766T (type strain; National Collection of Food Bacteria,
Reading, England), Citrobacter freundii NCTC 9750 (type strain; National Col-
lection of Type Cultures, Colindale, London, England), Clostridium perfringens
ATCC 27324, Enterobacter aerogenes, E. agglomerans NCTC 9381 (type strain),
E. cloacae NCTC 10005 (type strain), Enterococcus faecalis NCDO 2602 (type
strain; National Collection of Dairy Organisms, Reading, England), Escherichia
coli ATCC 8739, E. coli O157; H7, Flavobacterium odoratum ATCC 4651 (type
strain), Flexispira rappini CCUG 23435, Helicobacter fennelliae CCUG 18820T

(type strain), H. pylori CCUG 15815 BT (type strain), Lactobacillus acidophilus
(type strain), L. casei ATCC 393, L. curvatus DSMZ 20019T (type strain), L.
plantarum DSMZ 20174T (type strain), L. sake subsp. sake DSMZ 20017T (type
strain), Listeria grayi, L. innocua DSMZ 20649T (type strain), L. ivanovii, L.
monocytogenes DSMZ 20600T (type strain), L. seeligeri, L. welshimeri, Micrococ-
cus luteus ATCC 272, Pseudomonas aeruginosa ATCC 15442, Salmonella enterica,
S. enterica serovar Kentucky, Shigella sonnei ATCC 11060, Staphylococcus aureus
ATCC 25923, Streptococcus pyogenes type 1 ATCC 12344T (type strain), and
Yersinia enterocolitica.

All strains were plated on blood agar. The Arcobacter spp. were grown aero-
bically on Preston broth medium without Preston Campylobacter selective sup-
plement at 30°C. The Bacteroides, Campylobacter, Citrobacter, Flexispira, and
Helicobacter spp. were grown microaerobically on Preston broth medium without
Preston Campylobacter selective supplement at 37°C. The Clostridium, Enter-
obacter, Shigella, and Streptococcus spp. were grown anaerobically on brain heart
infusion (BHI) broth at 37°C. B. thermosphacta was grown aerobically on BHI
broth at 25°C. Enterobacter aerogenes and the Actinobacter, Bacillus, Enterococ-
cus, Escherichia, Listeria, Micrococcus, Pseudomonas, Salmonella, Staphylococcus,
and Yersinia spp. were grown aerobically on BHI broth at 30°C. F. odoratum was
grown aerobically on BHI broth at 37°C. Lactobacilli were grown aerobically on
MRS broth at 25°C, and C. gallinarum was grown aerobically on Trypticase soy
yeast medium at 30°C. All agar and media were from Oxoid Ltd., Basingstoke,
Hampshire, England. Cultures were serially diluted in Preston broth medium
without Preston Campylobacter selective supplement. CFU were enumerated by
plating of 0.1 ml of each dilution onto blood agar no. 2, code CM271, with 5%
laked horse blood, code SR48, Oxoid Ltd., and microaerobic incubation at 37°C
for 2 days.

DNA isolation. Samples (0.5 ml) of overnight cultures were centrifuged at
6,000 3 g for 7 min at 4°C, and the supernatants were discarded. The pellets were
stored at 280°C. For DNA isolation, pellets from the C. jejuni type strain were
resuspended in 13 TE buffer (10 mM Tris, 1 mM EDTA), pH 8.0. Dynabeads
DNA Direct I (Dynal AS, Oslo, Norway), 200 ml, were then added to the
suspension of bacteria, and the bacterium-bead suspension was incubated at
65°C for 20 min, followed by incubation at room temperature for another 2 min.
DNA bound to magnetic beads was then drawn to the wall of the microcentrifuge
tube by a magnet (MPC-E; Dynal AS) for 2 min. The supernatant containing

salts, detergent, and cell debris was carefully removed without disrupting the
Dynabead-DNA complex. The beads were washed twice with a washing buffer
(buffer 2 from the kit). Finally, the DNA was removed from the beads by
resuspension in 40 ml of 10 mM Tris HCl, pH 8.0 (buffer 3 from the kit), and
incubation at 65°C for 5 min. The beads, now released from the DNA, were
collected with the magnet, and the DNA-containing supernatant was transferred
to a fresh tube and used directly in the PCR.

TaqMan probe and primer design. The probe regions used were localized in
the completed C. jejuni strain NCTC 11168 genome sequence (http://www
.sanger.ac.uk/Projects/C_jejuni/). The Primer Express (version 1.0) ABI Prism
(PE Biosystems) was used for the primer-probe design, together with guidelines
from PE Biosystems (17). The GCG version of FastA (28) was used to search for
similarities to other known sequences.

5*-nuclease-based PCR assay. Amplification reaction mixtures (50 ml) con-
tained a DNA sample (1 ml); 13 TaqMan buffer A; 5 mM MgCl2; 200 mM each
dATP, dCTP, and dGTP; 400 mM dUTP; 0.02 mM C. jejuni-specific probe; 0.3
mM each C. jejuni-specific primer; 1 U of AmpErase uracil N-glycosylase; and 2.5
U of AmpliTaq Gold DNA polymerase. PCR samples and controls were pre-
pared in triplicate. Reaction tubes were MicroAmp Optical tubes, and tube caps
were MicroAmp Optical caps. All consumables were supplied by PE Biosystems.

Before amplification, the PCR mixture was heated to 50°C in 5 min to let the
uracil N-glycosylase destroy possibly contaminating PCR products and at 95°C
for 10 min to denature the template DNA. The amplification profile was 40
cycles of 95°C for 20 s and 60°C for 1 min. Reactions were performed in the ABI
Prism 7700 Sequence Detection System (PE Biosystems). Reaction conditions
were programmed and data were analyzed on a power Macintosh 4400/20 (Apple
Computer, Santa Clara, Calif.) linked directly to the ABI Prism 7700 Sequence
Detection System using the SDS 1.6.3 application software (PE Biosystems) as
described by the manufacturer. PCR products were detected directly by moni-
toring the increase in fluorescence from the dye-labeled C. jejuni-specific DNA
probe. The TaqMan probe consisted of an oligonucleotide with a 59 reporter dye
and a 39 quencher dye. The reporter dye carboxyfluorescein was covalently linked
to the 59 end of the oligonucleotide. The fluorescence of the reporter was
quenched by 6-carboxy-N,N,N9,N9-tetramethylrhodamine, located at the 39 end.
When the probe was intact, the proximity of the reporter dye to the quencher dye
resulted in suppression of the reporter fluorescence. If the probe was cleaved, the
reporter and quencher dyes were separated, causing the reporter dye fluores-
cence to increase. The amplification was plotted as DRn, which was the normal-
ized reporter signal (reporter signal minus background), against the number of
cycles. A threshold signal was chosen, which intersected the amplification curves
in the linear region of the semilog plot. This gave the threshold cycle (CT), which
is defined as the PCR cycle where an increase in fluorescence first occurred, for
each amplification plot. Different amplifications could then be compared by their
respective CTs. The CTs were plotted against log input DNA or cells, which gave
standard curves for quantification of unknown samples and the ability to estimate
the amplification efficiency of the reaction (10, 29). The PCR product was
verified with ethidium bromide-stained 3% agarose gels (SeaPlaque GTG Aga-
rose; FMC BioProducts, Rockland, Maine). Agarose gel electrophoresis was
performed essentially as described by Sambrook et al. (35).

Heat treatments. All experiments were performed in triplicate. Approximately
2.1 3 107 6 0.4 3 107 cells of the C. jejuni type strain were used in each
experiment. The C. jejuni cultures were pelleted at 6,000 3 g for 7 min at 4°C,
washed, resuspended in water, and transferred to microcentrifuge tubes. The
tubes were then incubated at 25, 55, 72, and 100°C, and samples for PCR analysis
and plating were investigated at intervals of 5 min, 1 h, 6 h, 24 h, and 5 days. The
effect of heat treatment of the cultures and addition of DNase on DNA stability
at room temperature was investigated. We used 1.7 3 107 6 0.8 3 107 cells of the
C. jejuni type strain with DNase and 5.0 3 107 6 0.6 3 107 cells without DNase
in these experiments. The cultures were incubated at 20, 55, 72, and 100°C for 5
min and 121°C for 15 min. One set of tubes was then incubated further at room
temperature, and samples for PCR analysis were removed at intervals of 5 min,
15 min, and 30 min, 1 h, 6 h, 24 h, and 5 days. Ten units of RQ1 DNase (Promega,
Madison, Wis.) and 13 DNase buffer were added to another set of tubes before
the incubation at room temperature. Aliquots were analyzed after 5, 15, and 30
min and after 1, 6, and 24 h. For the PCR analysis, DNAs were purified from
10-ml aliquots taken at the respective time points and the subsequent 59-nuclease
PCR assay was performed as described above.

Stability of free DNA versus DNA in intact cells. Purified DNA from approx-
imately 9.6 3 107 cells was added to a suspension containing 1.1 3 107 6 0.8 3
107 living cells. The ability of DNase to selectively degrade the free DNA was
investigated by addition of 10 U of RQ1 DNase (Promega) and 13 DNase
buffer. After 1 h of incubation at room temperature, the cells were pelleted by
centrifugation (for separate analysis of the free DNA only) and a 100-ml aliquot
of the supernatant was immediately heated to 95°C for 5 min to inactivate the
DNase. One microliter of the supernatant was then used in the 59-nuclease PCR
assay.

RESULTS

PCR fragment specificity. Specific PCR primers and a probe
were designed for C. jejuni. The probe region was chosen to
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optimize specificity and amplification efficiency. The putative
primers and probe were constructed using the primer express
program, and then these DNA sequences were subjected to a
FastA search (28) in the EMBL database (release 60). An
86-bp fragment including positions 381121 to 381206 of the
published C. jejuni strain NCTC 11168 genome sequence
(http://www.sanger.ac.uk/Projects/C_jejuni/) was identified in
these screenings. There were no known sequences in the
EMBL database with significant homology to this probe re-
gion. The most closely related sequence had 57.7% identity
and was located in the putative gene yonO in the complete
sequence of B. subtilis strain 168 (16). PCR primers were
constructed from the regions including positions 381121 to
381145 (forward) and 381206 to 381185 (reverse), while the
probe includes positions 381147 to 381181 (Table 1).

After the probe region was identified on a theoretical basis,
the specificity of the selected primers and probes was subjected
to an empirical screening. A total of 32 C. jejuni isolates,
including the type strain, were tested and found specific to the
chosen primers and probe. The specificity of the primers and
probe was tested against 13 strains of 11 other Campylobacter
species and a set of 41 species belonging to other genera of
phylogenetically related or common food-borne organisms and
pathogens (see Materials and Methods), all of which were
found negative. In these experiments, the quality of the puri-
fied DNA was verified through amplification with universal 16S
rRNA gene PCR primers (Fig. 1B). In addition, a qualitative
PCR with the amplification primers alone was done for se-
lected strains (Fig. 1A). These experiments confirmed that the
amplification primers are specific for C. jejuni. Unspecific PCR
products other than common artifacts like primer dimers were
not detected.

Quantitative aspects and detection limits. Serial dilutions of
purified DNA or cells were made, and two types of standard
curves were constructed: DNA standard curves and cell stan-
dard curves. For DNA standard curves, DNA isolated from
approximately 4.2 3 107 C. jejuni cells was serially diluted
10-fold in 13 TE buffer and subjected to PCR. The standard
curve based on the dilutions of DNA showed a linear relation-
ship between log input DNA and threshold cycles (Fig. 2A).
The slope of the curve was 23.27, and the square regression
coefficient after the linear regression was 0.988. When a new
serial 10-fold dilution from the same DNA purification was
used in a separate PCR experiment, the slopes in the two runs
were almost identical (23.20 and 23.27). When DNA from a
separate isolation was used, the variation in the slopes of the
standard curves was no larger than that between different serial
dilutions from the same DNA isolation (23.28 and 23.27) and
the square regression coefficient (R2) remained constant. For
cell standard curves, approximately 4.2 3 107 cells were serially
diluted 10-fold. DNA was isolated from each dilution and
subjected to PCR. The standard curve based on six 10-fold
dilutions of cells showed a linear relationship between log

input cells and the CTs (Fig. 2B). The slope of the curve was
23.66, and the square regression coefficient after the linear
regression was 0.997. When the same serial 10-fold dilution of
cells (slope, 23.68 versus 23.66) and a new serial 10-fold
dilution of cells (slope, 23.46 versus 23.66) were used in
separate PCR experiments, the slopes in the different runs
were almost identical. When DNA from a separate isolation
was used, the variation in the slopes of the standard curves was
still small (slope, 23.48 versus 23.66). The square regression
coefficient (R2) remained constant during all experiments.
Both the DNA standard curves and the cell standard curves
showed a higher degree of variability among the triplicates
when the amount of template decreased. However, the stan-
dard deviations were too small to be indicated in Fig. 2A and
B. When the detection limit in the cell standard curves was 1
CFU, the slope of the cell standard curves were similar to that
of the DNA standard curves (e.g., 23.23 versus 23.27) and the
square regression coefficients were identical, i.e., R2 5 0.988.
DNA standard curves showed that the detection limit of the
PCR assay was approximately 1 CFU per PCR (Fig. 2A). Cell
standard curves showed a detection limit of 10 CFU per PCR
(Fig. 2B).

Effect of heat treatment on C. jejuni DNA stability. The
effect on DNA stability of prolonged exposure to room tem-
perature (approximately 25°C at the time of the experiments)
or 55, 72, or 100°C for 5 min or 1, 6, 24, or 120 h was investi-
gated (Fig. 3). Both the colony-forming ability of C. jejuni and
the PCR signal generated were determined.

The numbers of CFU of cultivable cells at 25°C were 84, 30,
and 22% of those at time zero after 1, 6, and 24 h, respectively.
There was a relatively good correlation up to 24 h between the
CFU counts and the signal generated by the 59-nuclease PCR
for the cells exposed to 25°C (Fig. 3A). The kinetics of both the
cell counts and the PCR signal had a relatively short half-life

FIG. 1. Amplification products from the C. jejuni-specific primers (A) and a
universal 16S rRNA gene PCR primer pair (39) (B) for a set of Campylobacter
strains. The samples were subjected to electrophoresis in 3% (A) and 2% (B)
agarose gel at 100 V for 45 min. Ten microliters of the amplification product was
loaded in each lane. Lanes: CSB, C. sputorum subsp. bubulis; CL, C. lari; CFF, C.
fetus subsp. fetus; CC, C. concisus; AB, A. butzleri; AS, A. skirrowii; CJJ, C. jejuni
subsp. jejuni; neg, negative control; mw, molecular weight marker.

TABLE 1. Primers and fluorogenic probe for specific detection of C. jejuni

Probe or primer Sequence (59 - 39) Denaturation temp (°C)a

Primers
Forward CTG AAT TTG ATA CCT TAA GTG CAG C 60.4
Reverse AGG CAC GCC TAA ACC TAT AGC T 60.3

Probe TCT CCT TGC TCA TCT TTA GGA TAA ATT CTT TCA CA 66.6

a Calculated by the nearest-neighbor algorithm with the Primer Express program (primer concentration, 300 nM; probe concentration, 20 nM; salt concentration,
55 nM).
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during the first 6 h. From 6 to 24 h, the half-life had stabilized
at a lower level. After 5 days, no culturable C. jejuni could be
recovered, while the PCR signal was approximately 1% of the
signal for the input material.

No viable cells of bacteria exposed to 55°C or greater heat
could be recovered. The PCR signal at 55°C was approxi-
mately 7% relative to the signal from cells incubated at
room temperature at time zero. There was a rapid decline to
approximately 1% of the input signal after 1 h. From 1 to
24 h, there was a slower decline to approximately 0.3% of
the input signal and after 24 h there was no further reduc-

tion in the PCR signal (Fig. 3B). The PCR inactivation
kinetics at 72°C was approximately similar to that at 55°C
until 24 h. From 24 h on, however, the kinetics resembled
that at 25°C (Fig. 3C). Boiling of the sample (100°C) re-
sulted in a 4.5-log reduction of the PCR signal after 6 h
relative to the input signal. After 24 h, the detection limit of
the assay was reached (Fig. 3D).

Effect of externally added DNases on the stability of DNA in
heat-treated cells. The effect of externally added DNases was
compared to control samples to which no DNase was added in
cultures incubated at 20, 50, 72, and 100°C for 5 min and at

FIG. 2. (A) 59-nuclease PCR analysis of serial 10-fold dilutions of C. jejuni DNA. CTs are plotted against the calculated copies of bacterial DNA, i.e., a 10-fold
dilution of the bacterial DNA (1.04 3 106 copies/ml). The straight line, which was calculated by linear regression [y 5 23.27x (number of cells) 1 40.10], shows a square
regression coefficient (R2) of 0.988. (B) 59-nuclease PCR analysis of serial 10-fold dilutions of C. jejuni cells. CTs are plotted against the number of cells of C. jejuni.
Template DNA was extracted from samples of cells containing serial 10-fold dilutions from approximately 4.2 3 107 CFU of C. jejuni. The straight line, which was
calculated by linear regression [y 5 23.66x (number of cells) 1 41.54], shows a square regression coefficient (R2) of 0.997.

FIG. 3. Effect of heat treatment on DNA stability. Cells were incubated at 25°C (A), 55°C (B), 72°C (C), and 100°C (D) for up to 5 days, and DNA was quantified
by 59-nuclease PCR assay after 5 min, 1 h, 6 h, 24 h, and 5 days. The amounts of DNA (copy numbers) and numbers of culturable cells (CFU counts) are given relative
to the values before heat treatment. The error bars show standard deviations.
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121°C for 15 min. Results of incubation at room temperature
(20°C) after the heat treatments are shown in Fig. 4.

There was little difference between the DNase-treated samples
and the control at 20 and 55°C (Fig. 4A and B). For the samples
incubated at 55°C, the signals with and without DNase stabilized
rapidly at 1 to 3% of the input signal (Fig. 4B). For 72, 100, and
121°C, the addition of DNase resulted in a nearly instant 1-log

reduction in the signal compared to the control without DNase.
No further reductions in the signals were observed for the DNase-
treated samples or the controls during the 24 h of incubation after
the heat treatments (Fig. 4C, D, and E). For the non-DNase-
treated sample incubated at 121°C, the signal increased after 24 h
(Fig. 4E); however, after 5 days, the signal was decreasing almost
to the same level as after 6 h (result not shown).

FIG. 4. Effect of externally added DNase on the stability of DNA in heat-treated cells. Cells were incubated for 5 min at 20°C (A), 55°C (B), 72°C (C), or 100°C
(D), or for 15 min at 121°C (E) before the temperature was adjusted to 20°C and DNase was added. DNA was quantified by 59-nuclease PCR after 5, 15, and 30 min
and 1, 6, and 24 h at 20°C in both DNase-treated samples and negative controls. The stability of purified DNA treated with DNase was also investigated (F). The
amounts of DNA present with (}) and without ( ) DNase treatment, are reported as copy numbers relative to those present before heat treatment. The error bars
show standard deviations.
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The effect of DNase treatment on purified DNA from C.
jejuni was also investigated. This DNA was very rapidly de-
graded, and after 30 min only about 0.01% of the input mate-
rial was left. This fraction, however, seemed stable for at least
24 h after the treatment (Fig. 4F).

Finally, the influence of Campylobacter cells on the degra-
dation kinetics of purified DNA was investigated. The PCR
signals generated from the cells alone, the DNA alone, and the
DNA mixed with the cells with and without DNases were
determined. The Campylobacter cells did not influence the
degradation of the free DNA by the added DNases, and the
stability of the free DNA was not affected by the Campy-
lobacter cells when DNase was not added (results not shown).

DISCUSSION

Specific detection and quantification of C. jejuni. There is a
requirement for rapid, quantitative, and accurate measure-
ments of target organisms responsible for food poisoning. In
the present study, a 59-nuclease PCR system was constructed
and applied to specifically detect and quantify C. jejuni. The
preferred targets for pathogen detection are pathogen deter-
minants. However, the mechanisms by which C. jejuni causes
human disease is not completely understood (37). Coloniza-
tion and/or infection appear to be dependent on intact motility
and full-length flagella, and the flagellum gene flaA appears to
be essential (22). However, the variation between the different
strains was too extensive, so the flaA gene was unsuitable for
design of the primers and probe necessary for a 59-nuclease
PCR assay. Empirical data suggest that a gene region in C.
jejuni whose function is unknown is specific for this organism
(41, 42, 45, 46). This region was compared with the most
recently published sequences in the EMBL database (release
60) and the recently completed genome sequence of C. jejuni.
The specificity of the constructed primers and probe was tested
both by homology searches of nucleotide databases and by
screening of a number of C. jejuni strains isolated from patients
infected in several parts of the world. No false negatives were
recorded among the 32 isolates tested, and no false positives
were recorded among the other Campylobacter species or
strains belonging to other genera. This demonstrates the high
specificity of the designed primer-probe set. Furthermore, the
amplification primers alone were also specific for C. jejuni,
avoiding potential artifacts in a mixed population due to com-
petition for the amplification primers through amplification of
targets from other bacteria.

The square regression coefficients after the linear regres-
sions indicated a good correlation between the amount of
template (log input DNA or cells) and the amount of product
(represented by the CTs) in the standard curves (R2 5 0.99).
The linearity of the standard curves and the fact that the PCR
operates with constant efficiency confirm that the assay is well
suited for quantitative measurements. The detection limit of
the PCR assay was estimated to be approximately 1 CFU/PCR.
Our reported limit of detection is similar to those in other
reports using a fluorogenic 59-nuclease PCR assay for endpoint
detection. Bassler et al. (1), obtained a detection level of ap-
proximately 50 CFU of L. monocytogenes/PCR, while Chen et
al. (6) showed a detection limit as low as 2 CFU/PCR from a
pure culture of S. enterica serovar Typhimurium.

Quantitative DNA purification was carried out using the
DNA Direct system because of both the reproducibility and
the simplicity of the protocol (34). The detection limit of the
DNA purification method was DNA from 10 cells per PCR.
This is good recovery compared to, e.g., standard methods
such as extractions with organic solvents (35). Furthermore,

the 59-nuclease assay is especially dependent on pure DNA
because the amplification efficiency, and thus the quantifica-
tion, can be affected by contaminants. No influence on PCR
amplification efficiency or inhibition of the PCR was experi-
enced when 12.5% of the purified material was used in the
quantitative PCR.

DNA as an indicator of viable C. jejuni. No real-time quan-
titative PCR studies have, until now, been performed on the
degradation kinetics of DNA from dead bacteria. The few
studies that have been done have been qualitative or semi-
quantitative, and endpoint analyses of PCR amplifications
have been employed (11, 18). Generally, the assumption has
been that the DNA molecule also persists after the bacteria are
dead and thus is not a good marker for the separation of viable
and dead bacteria. On the other hand, attempts have been
made to use RNA as a living or dead cell marker in several
studies (18, 19, 23, 36). However, the conclusions drawn from
these experiments are that several assumptions have to be
made in order to use RNA as a living or dead cell marker. The
targeted gene has to be continuously expressed, the transcript
has to be relatively unstable, and finally a specific region has to
be identified in the targeted gene. Thus, if possible, it is pref-
erable to use DNA as the target nucleic acid in relation to
living versus dead cell studies.

Our data indicate a good correlation between CFU counts
and the DNA-targeted 59-nuclease assay for C. jejuni incubated
in pure water at 25°C for up to 24 h (Fig. 3A). This may be due
to degradation of DNA by internal DNases in the bacteria
which die under these conditions. Furthermore, after 5 days,
the 59-nuclease assay indicated the presence of approximately
1% of the input DNA, while no culturable cells could be
recovered. These results are in agreement with an earlier ex-
periment in which C. jejuni strain CB258 was incubated in
sterile water at 25°C and both direct viable counts and plate
counts were determined. After 6 days, there was a 1- to 2-log
reduction in the direct viable counts and a more-than-8-log
reduction in the plate counts (20). There was an initial rapid
loss of signal in all of the heat-treated samples (55°C, or
above). The reason for this is still unknown, but it might be that
some of the bacterial DNase activity was left. One can assume
that this activity is lost over time, leading to more stable DNA.
The generally rapid loss of the DNA signal has important
implications for the use of DNA as a viability marker. If the
heat treatment history of the sample is known, then it is pos-
sible to estimate the likelihood that DNA from bacteria
present in the sample prior to the treatment will generate a
positive signal.

The ability of DNase to selectively degrade free DNA and
DNA in heat-killed Campylobacter to further reduce the signal
generated from dead cells was investigated. There were no
significant differences between the DNase-treated and un-
treated samples at 20 or 55°C. The 20°C experiments show that
DNA within intact cells is not degraded by externally added
DNases and did not result in signal reduction. Although no
viable cells could be recovered after the 55°C treatment, this
temperature did not seem sufficient to expose the DNA to
externally added DNases. For the samples heated to 72, 100,
and 121°C, the addition of DNases nearly instantly reduced the
amount of template by 1 log compared to the untreated sam-
ples. For these temperatures, the major fraction of DNA in the
killed cells was not amplified in the assay. After 24 h, the signal
from the autoclaved non-DNase-treated sample had increased.
This increase may be due to reassociation of the single-
stranded DNA. A reassociated double-stranded form may
cover the whole amplification region, although each individual
single-stranded fragment does not. Then, in the initial phase of
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the PCR amplification, the individual single-stranded DNA
may be extended to cover the whole region.

In conclusion, applying DNase treatment to reduce the noise
signal generated by dead bacteria seems promising for samples
that have been treated at temperatures above 72°C for 5 min or
more. Work is also in progress to further increase the signal-
to-noise ratio between living and dead Campylobacter cells
through chemical inactivation of DNA in the dead cells (un-
published data).

Comparison of culturing and 5*-nuclease PCR for detection
of C. jejuni. It is evident that traditional culturing results in
significant underreporting of potentially infectious C. jejuni.
Pearson et al. (27) found the presence of VNC campylobacters
in water as the only possibility of transmission to broiler chick-
ens colonized by C. jejuni. Campylobacter in the VNC state may
also be more resistant to food processing treatments than cells
that can be cultured, especially at low temperatures (20, 32).

In contrast to traditional culturing, VNC C. jejuni may be
detected through PCR amplification. However, samples may
also test positive although C. jejuni has been inactivated. The
direct detection of low cell numbers can also be a problem in
food samples. Sensitivity, however, is apparently not a problem
with water because bacteria in water samples can be concen-
trated in several ways (9).

Quantitative detection systems are a requirement when es-
timating the risk of having infectious Campylobacter in food or
water samples. Such risk assessments are also important for
future legislative work. As demonstrated in this work, detailed
studies of the degradation kinetics of DNA under different
processing conditions reveal important information about what
effect this DNA has on the detection of viable C. jejuni.

Future developments. Adaptation of 59-nuclease technology
for quantification of C. jejuni in foods should presumably be
feasible. When it comes to naturally contaminated foods, hav-
ing access to proper protocols for the isolation of bacterial
DNA or cells probably will be an important factor. A possible
approach may be the use of magnetic beads for specific isola-
tion of the bacteria, followed by isolation of DNA while the
bacteria are still attached to the beads. Since paramagnetic
beads are easy to manipulate in automated systems (A. Holm-
berg, A. Deggerdal, and F. Larsen, AMS ’95, Third Int. Conf.
Automation Mapping DNA Sequencing, abstr. A10, 1995),
integrated cell concentration and DNA purification methods
should be suited for high-throughput assays. Recently, there
also have been efforts to miniaturize 59-nuclease systems (13,
38) and integrate different processing steps (7, 44). Because of
the microscopic size of the beads and the possibilities of per-
forming 59-nuclease PCR on a nanoliter scale (15), paramag-
netic beads and real-time PCR may also be valuable tools in
future miniaturized systems.
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