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A light cycler-based real-time PCR (LC-PCR) assay that amplifies the F57 sequence of Mycobacterium avium
subsp. paratuberculosis was developed. This assay also includes an internal amplification control template to
monitor the amplification conditions in each reaction. The targeted F57 sequence element is unique for
M. avium subsp. paratuberculosis and is not known to exist in any other bacterial species. The assay specificity
was demonstrated by evaluation of 10 known M. avium subsp. paratuberculosis isolates and 33 other bacterial
strains. The LC-PCR assay has a broad linear range (2 � 101 to 2 �106 copies) for quantitative estimation of
the number of M. avium subsp. paratuberculosis F57 target copies in positive samples. To maximize the assay’s
detection sensitivity, an efficient strategy for isolation of M. avium subsp. paratuberculosis DNA from spiked
milk samples was also developed. The integrated procedure combining optimal M. avium subsp. paratubercu-
losis DNA isolation and real-time PCR detection had a reproducible detection limit of about 10 M. avium subsp.
paratuberculosis cells per ml when a starting sample volume of 10 ml of M. avium subsp. paratuberculosis-spiked
milk was analyzed. The entire process can be completed within a single working day and is suitable for routine
monitoring of milk samples for M. avium subsp. paratuberculosis contamination. The applicability of this
protocol for naturally contaminated milk was also demonstrated using milk samples from symptomatic
M. avium subsp. paratuberculosis-infected cows, as well as pooled samples from a dairy herd with a confirmed
history of paratuberculosis.

Mycobacterium avium subsp. paratuberculosis is the etiolog-
ical agent of ruminant paratuberculosis (Johne’s disease), as
well as a specific pathogen in several other animal species (for
reviews see references 4, 7, and 24). There have also been
numerous reports suggesting that there is a potential associa-
tion between M. avium subsp. paratuberculosis and human
Crohn’s disease (for reviews see references 4 and 25). How-
ever, due to the complex nature of human Crohn’s disease, as
well as conflicting experimental evidence, a definitive link be-
tween M. avium subsp. paratuberculosis and Crohn’s disease
can be neither confirmed nor discarded at present (1, 4, 23, 25).
The possible M. avium subsp. paratuberculosis involvement in
human disease has obviously raised significant public health
concerns, and measures to minimize public exposure are en-
couraged. Indeed, there are several types of opportunities for
human exposure to M. avium subsp. paratuberculosis, and the
main focus has been on dairy products obtained from infected
animals. M. avium subsp. paratuberculosis infections occur in
the world’s dairy herds. Infected cows shed M. avium subsp.
paratuberculosis primarily in feces, as well as directly into milk.
Milk may be contaminated directly within the udder or indi-
rectly as a result of fecal contamination. The level of direct
shedding of M. avium subsp. paratuberculosis into milk is less
than the level of fecal shedding. Levels of less than 100 CFU
per ml have been documented in symptomatic M. avium subsp.
paratuberculosis-infected cows, and levels of 2 to 8 CFU per

50 ml have been documented in M. avium subsp. paratubercu-
losis-infected but asymptomatic cows (17, 39). The level of
fecal shedding, on the other hand, can exceed 108 CFU per g,
and thus fecal shedding may be a significant factor contributing
to M. avium subsp. paratuberculosis contamination in raw milk
(5, 29, 20). The fate of viable M. avium subsp. paratuberculosis
found in raw milk is not fully understood yet. Several experi-
mental studies have shown that viable M. avium subsp. para-
tuberculosis cells can survive the current standard pasteuriza-
tion and cheese production processes when high numbers are
present (10, 20, 21). Moreover, in some surveys it has been
shown that viable M. avium subsp. paratuberculosis cells can
occasionally be isolated from commercial pasteurized retail
milk (2, 19; http://www.johnes.org/newsfiles/109216471862392
.html). However, in other surveys the workers failed to isolate
viable M. avium subsp. paratuberculosis cells in pasteurized
milk samples despite the fact that the samples were positive
for M. avium subsp. paratuberculosis DNA as determined by
PCR, suggesting that the current pasteurization protocols
may be effective in controlling M. avium subsp. paratuber-
culosis found in milk (16, 33). As long as the public impact
of M. avium subsp. paratuberculosis remains uncertain, it is
important that precautionary approaches concerning M. avium
subsp. paratuberculosis in the human food chain be adopted.
This means that all possible measures aimed at reducing or
eradicating M. avium subsp. paratuberculosis in human food
have to be encouraged. Routine screening of milk and other
dairy products would be one way of monitoring for M. avium
subsp. paratuberculosis contamination in the human food
chain. At present, this approach is hampered primarily by
difficulties in the detection of M. avium subsp. paratuberculosis
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when it is present in milk. The classical detection method is
based on isolation of M. avium subsp. paratuberculosis from
samples by culture techniques. However, this approach is la-
bor-intensive and time-consuming, making it impractical for
routine monitoring in milk given the current short shelf life of
milk products. Moreover, this approach may underestimate the
level of M. avium subsp. paratuberculosis or may fail to detect
the organism as a result of the chemical decontamination step
that is used to prevent culture overgrowth by competing mi-
croflora in milk. This step may also be deleterious to the
M. avium subsp. paratuberculosis cells in the sample (11, 22).
Immunology-based detection methods are faster than culture
methods but are hampered by low sensitivity and cross-reac-
tivity problems (30). PCRs provide a rapid alternative for qual-
itative and sensitive detection of M. avium subsp. paratuber-
culosis in milk and other clinical samples. Hence, a number of
conventional PCR assays designed for M. avium subsp. para-
tuberculosis detection in milk have been described (8, 18, 34).
Most of these PCR protocols target the IS900 insertion ele-
ments, which have generally been accepted as a standard
marker for M. avium subsp. paratuberculosis (8, 18, 28, 34, 42).
IS900 elements are multicopy insertion elements that are
found at levels of 14 to 18 copies per M. avium subsp. para-
tuberculosis genome and therefore provide the added advan-
tage of enhanced sensitivity for M. avium subsp. paratuber-
culosis detection (3). However, a drawback of using IS900 as a
marker for M. avium subsp. paratuberculosis has emerged over
the past few years. Sequences that are highly homologous to
M. avium subsp. paratuberculosis IS900 are found in other
environmental Mycobacterium species. So far, such genetic el-
ements have been described for strains isolated from bovine
feces which are positive with most of the current IS900 PCR
systems used for standard M. avium subsp. paratuberculosis
detection (9, 14). Therefore, other M. avium subsp. paratuber-
culosis-specific genetic elements have to be evaluated to im-
prove the reliability of PCR detection of M. avium subsp.
paratuberculosis. The alternative target elements in M. avium
subsp. paratuberculosis include the F57, ISMav2, and Hsp X
sequences (12, 35, 38). The F57 and Hsp X sequences occur as
single copies, while at least three copies of ISMav2 are present
in the M. avium subsp. paratuberculosis genome (12, 35, 38).
Although these markers may not be as sensitive as the multi-
copy IS900 elements, they are highly specific for M. avium
subsp. paratuberculosis and thus are less prone to false-positive
results (6, 12, 13, 35, 37, 40, 41). The utility of such markers for
M. avium subsp. paratuberculosis detection in milk is not
known, and hence further evaluation of the markers is needed.
Moreover, highly specific PCR detection systems mean that
the benefits of rapid qualitative and quantitative detection
offered by real-time PCR systems can be maximally exploited
with slow-growing and difficult-to-culture organisms, such as
M. avium subsp. paratuberculosis. A number of M. avium subsp.
paratuberculosis real-time PCR detection assays are available,
but most of them are IS900 based, making them prone to
potential false-positive signals associated with some non-
M. avium subsp. paratuberculosis Mycobacterium species (15,
26, 27, 31, 32). As an alternative, only one assay based on
real-time nucleic acid sequence-based amplification detection
of the dnaA gene has been described (36). We therefore sought
to develop a real-time PCR assay for detection of M. avium

subsp. paratuberculosis that targets a more specific genetic
marker for this organism and is based on the light cycler sys-
tem. We selected the M. avium subsp. paratuberculosis F57
sequence because it has been found only in M. avium subsp.
paratuberculosis, which makes it a potentially highly specific
marker for M. avium subsp. paratuberculosis (35). The function
of the F57 sequence in M. avium subsp. paratuberculosis is not
known yet, but the specificity of F57 for the organism has been
supported by studies of other groups, as well as in our lab, with
conventional PCR protocols (6, 14, 40, 41). Our objective was
to develop a diagnostic PCR system for routine evaluation of
milk samples. Therefore, taking into consideration the known
potential PCR inhibition associated with milk samples, we in-
corporated an internal amplification control (IC) in the M.
avium subsp. paratuberculosis real-time PCR assay which we
developed to enable monitoring of the conditions of each re-
action. Moreover, in order to maximize the sensitivity of de-
tection of M. avium subsp. paratuberculosis with the new real-
time M. avium subsp. paratuberculosis PCR assay, an efficient
strategy for isolation of M. avium subsp. paratuberculosis DNA
from milk was developed in parallel.

MATERIALS AND METHODS

Bacterial strains used. To evaluate the specificity of the M. avium subsp.
paratuberculosis light cycler-based real-time PCR (LC-PCR) assay which we
developed, purified DNA templates from 10 M. avium subsp. paratuberculosis
isolates, 21 non-M. avium subsp. paratuberculosis Mycobacterium spp., and nine
non-Mycobacterium spp. were used (Table 1).

Purification of DNA templates from bacterial cultures. A total genomic DNA
template was purified directly from each bacterium by starting with either a
colony or a cell suspension of the isolate that had been grown under appropriate
culture and medium conditions. The DNA was purified using a High Pure
PCR template preparation kit used in accordance with the manufacturer’s
guidelines, as outlined in the kit protocol (Roche Molecular Diagnostics,
Penzberg, Germany). The concentration of each purified DNA template was
determined by spectrophotometry.

Generation of the quantification standards and internal control template. To
generate M. avium subsp. paratuberculosis genome quantification standards, the
254-bp target region in the M. avium subsp. paratuberculosis F57 sequence was
amplified with primers MAPf57p1 and MAPf57p2 (Table 2), using a conven-
tional PCR (3 min at 95°C, followed by 30 cycles of 15 s at 95°C, 15 s at 56°C, and
30 s at 72°C and then 5 min at 72°C). The amplicon was excised from the agarose
gel, purified with spin columns (QIAGEN), and quantified. The purified ampli-
con was then used to prepare the standard dilutions used throughout this study.
For storage, dilutions of the standards were frozen in aliquots, and when needed,
the aliquots were thawed before use and then stored at 4°C during use. An IC
template was developed for monitoring PCR amplification conditions and
detecting PCR inhibition in each reaction. The IC template system was based
on a 400-bp fragment of plasmid pUC19 DNA. This fragment was generated by
PCR amplification of the target region using the PuC19fw-PuC19rv primer pair
(Table 2) under the following conditions: 3 min at 95°C, followed by 30 cycles of
15 s at 95°C, 15 s at 56°C, 30 s at 72°C and then 5 min at 72°C. The resulting PCR
amplicon was purified on spin columns and quantified. Appropriate dilutions of
the IC template were also prepared and frozen in aliquots for storage. Aliquots
were thawed and added to the LC-PCR assays.

LC-PCR conditions. Real-time PCRs were performed with a Light Cycler 2.0
instrument (Roche Molecular Diagnostics) by using a total reaction volume of
20 �l in glass capillary tubes. Optimization reactions were first performed until
the best primer, probe concentrations, and cycling conditions that allowed co-
amplification of the M. avium subsp. paratuberculosis F57 sequence and IC
template in one reaction were established. The optimized reaction mixture con-
tained 1� LightCycler-Faststart DNA master mixture plus hybridization probe
mixture (Roche Molecular Diagnostics), each primer (MAPf57p1, MAPf57p2,
PuC19fw, and PuC19rv) at a concentration of 800 nM, each LC probe (Table 2)
at a concentration of 200 nM, and 2,000 copies of PCR-generated IC template.
The amplification started with an initial preincubation step at 95°C for 10 min
to activate the DNA polymerase, and this was followed by 45 cycles of 95°C
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for 10 s, 56°C for 20 s, and 72°C for 18 s. Fluorescence signal generation
corresponding to each amplicon was monitored during the 56°C annealing
step in channel 4 (640 nm) for the IC and in channel 6 (705 nm) for M. avium
subsp. paratuberculosis F57 sequence amplification.

Evaluation of LC-PCR assay analytical detection limit and specificity. To
determine the lower limits of detection of the M. avium subsp. paratuberculosis
F57 sequence target, several replicates of purified M. avium subsp. paratuber-
culosis genomic DNA dilutions were analyzed by the LC-PCR assay. For inclu-
sivity studies, the M. avium subsp. paratuberculosis LC-PCR assay was performed
with 1-ng portions of total genomic DNA templates extracted from different M.
avium subsp. paratuberculosis isolates. For the exclusivity studies, 1-ng total
genomic DNA templates extracted from 21 non-M. avium subsp. paratuber-
culosis Mycobacterium spp. and nine non-Mycobacterium spp. were analyzed
in duplicate in the LC-PCR assay. The influence of a nonspecific DNA
background on the performance of the LC-PCR assay was investigated by
monitoring amplification of different amounts of the M. avium subsp. para-
tuberculosis F57 target in the presence of 200 ng nonspecific background
nucleic acids. These background nucleic acids were based on mixtures of total

genomic DNA from the different non-M. avium subsp. paratuberculosis My-
cobacterium spp. or non-Mycobacterium spp. listed in Table 1.

Estimation of M. avium subsp. paratuberculosis counts. Counting of mycobac-
teria in the M. avium subsp. paratuberculosis stock culture (strain ATCC 19698)
was performed by light microscopy as described by Wittenbrink et al. (44).
Briefly, suspensions of mycobacterium cultures were serially diluted in phos-
phate-buffered saline (PBS) in 10-fold steps. A 1-�l drop of each dilution was
placed on a glass slide in a 1-cm2 area and stained by the Ziehl-Neelsen
method. Mycobacterium particles were counted by light microscopy using an
ocular standard screen delimiting a 0.01-mm2 quadratic microscopic field at
a magnification of �1,000. Using this magnification, the ratio of one field of
the screen to the whole area of the smear was 1:10,000. Counting of myco-
bacteria was done in triplicate; in each trial mycobacteria were counted in 25
randomly selected microscopic fields, and the number of mycobacteria per ml
was determined by using the following equation: total counts/ml � mean no. of
mycobacteria in 25 fields � 10,000 � 1/dilution � 1,000.

The accuracy of the M. avium subsp. paratuberculosis counts obtained by this
approach was confirmed by culturing the M. avium subsp. paratuberculosis stocks

TABLE 1. Evalution of LC-PCR specificity with M. avium subsp. paratuberculosis and non-M. avium subsp. paratuberculosis bacterial isolatesa

Taxon Source LC-PCR result

M. avium subsp. paratuberculosis ATCC 1698 �
M. avium subsp. paratuberculosis ATCC 43544 �
M. avium subsp. paratuberculosis ATCC 6783 �
M. avium subsp. paratuberculosis 101/60/02 Bovine (Switzerland) �
M. avium subsp. paratuberculosis strain II MAP vaccine strain �
M. avium subsp. paratuberculosis K 43 Bovine (United Kingdom) �
M. avium subsp. paratuberculosis K 47 Bovine (United Kingdom) �
M. avium subsp. paratuberculosis K 57 Bovine (United Kingdom) �
M. avium subsp. paratuberculosis US7 Bovine (United States) �
M. avium subsp. paratuberculosis SN6 Human (United States) �
M. avium ATCC 19421 �
M. avium DSM 44156 �
M. intracellulareb �
M. intracellulare DSM 43223 �
M. bovisb �
M. smegmatis DSM 43756 �
M. gastri DSM 43505 �
M. fortuitum DSM 43074 �
M. kansasii DSM 44162 �
M. scrofulaceumb �
M. scrofulaceum DSM 43992 �
M. marinum DSM 43518 �
M. phlei DSM 750 �
Mycobacterium strain 2333 Bovine (Sweden) �
M. cookiib �
M. vaccaeb �
M. terraeb �
M. simiaeb �
M. gordonaeb �
M. xenopib �
M. chelonaeb �
M. szulgaib �
M. ulzeransb �
M. haemophilumb �
Lactobacillus acidophilus ATCC 13651 �
Salmonella enterica serovar Enteritidis Wild strain �
Listeria monocytogenes Wild strain �
Staphylococcus aureus ATTC 25923 �
Streptococcus uberis Wild strain �
Streptococcus agalactiae ATCC 33019 �
Bacillus cereus ATCC 10876 �
Enterobacter sakazkaii Wild strain �
E. coli ATCC 25922 �

a Duplicates of 1-ng genomic DNA templates purified from each bacterial isolate were amplified by the LC-PCR assay with the light cycler as outlined in Materials
and Methods. The samples were monitored in channel 4 (640 nm) for the IC template and in channel 6 (705 nm) for M. avium subsp. paratuberculosis F57 sequence
amplification. A positive result indicates detection of M. avium subsp. paratuberculosis F57 amplification, and a negative result indicates that no F57 amplification was
observed. Appropriate amplification conditions were confirmed for all the reactions by monitoring IC template amplification in the LC Red-640 channel.

b Clinical isolates obtained from the Swiss National Centre for Mycobacteria collection.
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on solid media on HEYM slants. After this, the M. avium subsp. paratuberculosis
stocks were used to prepare M. avium subsp. paratuberculosis dilutions to spike
raw milk samples as described below.

Preparation of M. avium subsp. paratuberculosis-spiked raw milk samples.
Bulk tank raw milk samples were collected from dairy herds with no known
history of paratuberculosis. The M. avium subsp. paratuberculosis-negative status
of each milk sample was confirmed by PCR analysis before the sample was
used in these experiments. Tenfold serial dilutions of viable M. avium subsp.
paratuberculosis cells were prepared from a stock suspension containing 108 cells
per ml (see above for the method used to verify M. avium subsp. paratuberculosis
stock concentrations). Dilutions containing from 107 to 101 M. avium subsp.
paratuberculosis cells per ml were prepared in PBS. An aliquot from each dilution
step was diluted 10-fold in raw milk to obtain spiked samples containing from 106

to 100 M. avium subsp. paratuberculosis cells per ml of raw milk. As a negative
control, an unspiked milk aliquot from the same batch was included in each
M. avium subsp. paratuberculosis detection run.

Evaluation of M. avium subsp. paratuberculosis DNA isolation methods for
M. avium subsp. paratuberculosis-spiked raw milk samples. Several commercial
DNA isolation protocols for isolation of M. avium subsp. paratuberculosis DNA
from 10-ml raw milk samples artificially contaminated with M. avium subsp.
paratuberculosis ATCC 19698 were evaluated. Ten-milliliter raw milk samples
spiked with 106, 102, and no M. avium subsp. paratuberculosis cells per ml were
prepared from the same batch of M. avium subsp. paratuberculosis-free raw milk.
One hundred microliters of Triton X-100 (Calbiochem, Germany) was added to
each mixture, and the mixtures were centrifuged for 30 min at 4,500 rpm to
obtain pellets. Most of each supernatant was discarded, leaving about 0.5 ml.
The pellets were resuspended in the remaining supernatant and transferred
to Eppendorf tubes. A second centrifugation step was performed (10 min at
14,000 rpm), the supernatants were discarded, and the pellets were stored at
�20°C until they were used for isolation of M. avium subsp. paratuberculosis
DNA. This was the starting point for evaluating most of the different DNA
isolation strategies. The only exceptions were the samples processed using the
bead-based DNA isolation protocols with the Bugs’n Beads and ChlamCAP kits
(see below). In all cases for each M. avium subsp. paratuberculosis concentration
analyzed, triplicate samples were processed.

(i) DNA precipitation I (First-DNA kit). The procedure used for DNA pre-
cipitation I (First-DNA kit; GEN-IAL Ltd., Troisdorf, Germany) included minor
modifications of the kit provider’s protocol, which was designed for isolation of
DNA from food samples. Briefly, the pellets obtained from centrifugation of
10-ml milk samples were suspended in 500 �l Lyse 1 buffer and 50 �l Lyse 2
buffer. Ten microliters of proteinase K provided in the kit was added to each
preparation, and this was followed by incubation at 65°C for about 30 min or
more with regular mixing until all of the pellet was dissolved. A protein precip-
itation step was performed by adding 375 �l Lyse 3 buffer, mixing the prepara-
tion, incubating it at �20°C for 5 min, and centrifuging it (13,000 rpm, 10 min).
Ethanol precipitation of DNA from the supernatant was performed as outlined
in the kit protocol, and the DNA template was redissolved in 100 �l of water.
The eluted DNA samples were heated for 10 min at 65°C, the DNA yield was
determined, and then 5-�l aliquots of the template were used in reactions for
LC-PCR analysis.

(ii) Genomic DNA purification kit. The second DNA precipitation method
that was evaluated was the Puregene DNA purification system (Gentra Systems,
Minneapolis, Minn.) procedure for DNA isolation from body fluids. The milk
pellets were resuspended in 1 ml of the supernatant after the first centrifugation
step. The rest of the protocol (i.e., protein and DNA precipitation steps) was
performed as recommended by the kit supplier. In the final step the DNA pellet

was redissolved in 100 �l of the DNA hydration solution provided in the kit and
heated for 10 min at 65°C. The nucleic acid concentrations of the samples were
determined, and 5-�l aliquots of the template were used in reactions for the
LC-PCR assays.

(iii) High Pure template preparation kit. As a modification, a mechanical lysis
step was included in the original High Pure template preparation kit (Roche
Diagnostics GmbH, Penzberg, Germany) protocol. Briefly, the milk pellets were
resuspended in 240 �l of an M. avium subsp. paratuberculosis lysis buffer (20 mM
Tris-HCl [pH 8.0], 400 mM NaCl, 0.6% sodium dodecyl sulfate, 2 mM EDTA).
A proteinase K lysis step was performed as outlined in the kit protocol by adding
60 �l of the proteinase K solution supplied in the kit, followed by incubation at
65°C until the milk pellets were dissolved. Then 300 �l of the kit binding buffer
was added. The mixtures were transferred onto the ribolysing matrix in Ribolyser
tubes, and a mechanical lysis step (6.5 ms�1 for 45 s) was performed using a
Ribolyser (Hybaid, Ashford, United Kingdom). The samples were immediately
incubated at 70°C for 10 min. Then the mixtures were briefly centrifuged, added
to the DNA binding columns, and processed as described in the kit protocol.
Finally, the DNA templates were eluted in 100 �l of the elution buffer supplied
in the kit. The nucleic acid concentrations of the samples were determined, and
5-�l aliquots were used as templates in the LC-PCR assays.

(iv) Generation capture column kit. The procedure outlined in the Generation
capture column kit (Gentra Systems, Minneapolis, Minn.) protocol was followed,
with minor modifications. The milk pellets were resuspended in 200 �l of PBS,
and each well-mixed sample was applied to the DNA binding column provided
with the kit. The DNA purification steps were performed as outlined in the kit
protocol, and finally the purified DNA was eluted in 200 �l of the DNA elution
solution (solution 2) provided in the kit. The nucleic acid concentration in the
eluant was determined, and 5-�l aliquots of the template were used in the
LC-PCR assays.

(v) Bacteria and DNA-binding magnetic beads. In principle, the bacterial and
DNA-binding magnetic bead protocols are based on bacterial immobilization on
beads. The bead-bound bacteria are lysed to release nucleic acids, which are also
bound by the same bead matrix. After washing, the captured DNA templates are
released from the beads by heating, and aliquots of the template are directly used
in PCR assays. A Bugs’n Beads kit and a ChlamCAP kit (Genpoint AS, Oslo,
Norway) were both used to isolate M. avium subsp. paratuberculosis DNA from
the spiked milk samples. The milk pellets obtained after the first centrifugation
step were resuspended in 300 �l (Bugs’n Beads kit) and 700 �l (ChlamCAP kit)
of the supernatant. Each preparation was then mixed with the appropriate bead
suspension, and DNA isolation was performed as outlined in the protocol for
each kit. In the final step the DNA was eluted from the beads by resuspend-
ing the bead-DNA complex in 50 �l water and heating the mixture at 85°C for
10 min. After this, 5-�l aliquots of the released nucleic acids were used as
templates in the LC-PCR assays.

Detection limit and reproducibility of LC-PCR assay with M. avium subsp.
paratuberculosis-spiked raw milk. The detection limits of the integrated optimal
template preparation and LC-PCR analysis protocols for direct M. avium subsp.
paratuberculosis detection in artificially contaminated raw milk samples were
evaluated. Ten replicates of raw milk spiked with 1,000, 100, 10, and 1 M. avium
subsp. paratuberculosis cells per ml were prepared as outlined above. DNA
templates were prepared from these samples using the High Pure template
preparation kit protocol, including the mechanical lysis step outlined above. The
numbers of positive and negative results for the 10 replicates of each group of
M. avium subsp. paratuberculosis-spiked samples were recorded, and the per-
centages of positive results were determined.

TABLE 2. Oligonucleotide primers and LC probes used in this studya

Target Oligonucleotide Sequence (5�-3�) Location Product size (bp)

M. avium subsp. paratuberculosis MAPf57p1 TTG GAC GAT CCG AAT ATG T 126–144 254
F57 sequence (accession no. MAPf57p2 AGT GGG AGG CGT ACC A 365–380
X70277) MAPf57-3iFluo CAC GCA GGC ATT CCA AGT 250–267

MAPf57-5iRed705 TGA CCA CCC TTC CCG TCG 270–287
pUC19 plasmid DNA (accession PuC19fw CGG AGA CGG TCA CAG CT 49–65 400

no. L09137) PuC19rv TTG CAT GCC TGC AGG T 433–448
PuC19-3iFluo GCA AGG CGA TTA AGT TGG GTA AC 330–350
PuC19-5iRed640 CAG GGT TTT CCC AGT CAC GAC 355–375

a All oligonucleotides were synthesized by Microsynth (Balgach, Switzerland), and all probes were selected using the LC Probe Design software and were synthesized
by TIB-Molbiol (Berlin, Germany).
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Negative controls. Several steps were used during the analysis in order to avoid
potential sample cross contamination and false-positive results. DNA extraction,
PCR mixture preparation, and post-PCR analysis were carried out in separate
rooms. Filter-protected pipette tips were used in all experiments. DNA extrac-
tion process-negative controls containing buffer or water were included in each
DNA extraction run and analyzed by PCR for cross contamination. In the
M. avium subsp. paratuberculosis spiking experiments a negative control consist-
ing of unspiked milk from the same batch was included during each template
purification run and subsequently analyzed in the LC-PCR run. Finally in each
LC-PCR run, a negative control consisting of water instead of DNA template
was also included.

RESULTS

Optimizing the assay conditions and evaluation of specificity.
Optimal PCR assay conditions that allowed efficient coampli-
fication of the F57 target sequence and the IC template in the
same reaction were established. For the IC template, we used
a purified PCR fragment generated by amplification of a
400-bp region of the pUC19 plasmid, as described in Materials
and Methods. We began by determining the optimal amount of
IC template needed in each reaction, and we found by titration
that 2,000 copies of the IC template was sufficient to give a

clear amplification signal, without severely compromising the
detection of small amounts of the M. avium subsp. paratuber-
culosis target in the assay (data not shown). As an example,
Fig. 1 shows the amplicon detection dynamics during coamplifi-
cation of M. avium subsp. paratuberculosis F57-based standard
dilutions (2 � 101 to 2 � 106 copies) and a fixed amount of the IC
(2,000 copies) per reaction mixture. The reactions were moni-
tored for amplification of the IC template (LC Red-640) and
M. avium subsp. paratuberculosis F57 target (LC Red-705) in
their light cycler detection channels (Fig. 1). As shown by the
light cycler graphic plot in the inset in Fig. 1, under these
conditions clear IC template amplification signals were ob-
served in the presence of 0 to 2 � 103 copies of the M. avium
subsp. paratuberculosis F57 target. IC template amplification
did not occur when more than 2 � 103 copies of the M. avium
subsp. paratuberculosis F57 target were coamplified in the same
assay, and it was assumed that there was indirect competition
with the F57 target for the reaction reagents under these con-
ditions (Fig. 1, inset). These conditions allowed effective mon-
itoring of PCR conditions at low M. avium subsp. paratubercu-

FIG. 1. Dynamics of F57 sequence and IC template coamplification under optimized LC-PCR assay conditions: graphic plot from the light
cycler. The data show the results for coamplification of the F57 sequence standard dilutions and a constant amount of the IC template (2,000
copies) in the LC-PCR assay. The large graph shows M. avium subsp. paratuberculosis F57 amplification as monitored in the LC-Red 705 channel,
and the inset shows IC template amplification as monitored in the LC-Red 640 channel. The inset shows that the amount of IC template used is
large enough to effectively monitor amplification in the presence of small amounts of the M. avium subsp. paratuberculosis F57 target (0 to 2 � 103

copies). No IC amplification was detected in the presence of large numbers of M. avium subsp. paratuberculosis F57 molecules (2 � 104 to 2 �
106 copies) due to competition. MAP, M. avium subsp. paratuberculosis.
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losis target concentrations. At the same time, low levels of PCR
inhibition that might otherwise have been missed with high
levels of the IC template could also be detected. This optimal
amount of IC was used for all the LC-PCR analyses through-
out this study. Next, the analytical specificity of the LC-PCR
assay for M. avium subsp. paratuberculosis was confirmed. This
was done by testing purified DNA templates from M. avium
subsp. paratuberculosis reference strains and M. avium subsp.
paratuberculosis isolates of different origins (Table 1). The as-
say’s specificity was further demonstrated by its ability to ex-
clude all non-M. avium subsp. paratuberculosis bacterial species
listed in Table 1. For all the reactions appropriate amplifica-
tion conditions were confirmed by monitoring IC amplifica-
tion. A typical example is shown in Fig. 2, which shows am-
plification of DNA templates from M. avium subsp.
paratuberculosis ATCC 6783 and M. avium ATCC 19421. Am-
plification of the M. avium subsp. paratuberculosis F57 se-
quence (LC-Red 705) was detected only with the M. avium
subsp. paratuberculosis DNA template (Fig. 2). Meanwhile,

monitoring the same reactions for IC amplification (LC-Red
640) confirmed that there was amplification in all the reactions
(Fig. 2, inset), which showed that appropriate PCR amplifica-
tion conditions were present for all the samples, and the neg-
ative results were due to a lack of the M. avium subsp. para-
tuberculosis F57 sequence. Thus, using such selectivity studies,
we demonstrated that the LC-PCR assay which we developed
is highly specific for M. avium subsp. paratuberculosis, and no
cross-reactivity was observed with the bacterial species listed in
Table 1. The complex nature of milk meant that derived PCR
samples typically had low levels of M. avium subsp. paratuber-
culosis target molecules and high background levels of nonspe-
cific DNA contributed by the other milk components.
Therefore, as a next step, the LC-PCR assay’s detection and
amplification performance was evaluated in the presence of
defined nonspecific DNA backgrounds. The nonspecific DNA
backgrounds tested consisted of mixtures of genomic DNA
templates derived from the non-M. avium subsp. paratubercu-
losis Mycobacterium spp. or non-Mycobacterium spp. shown in

FIG. 2. Evaluation of the specificity of the M. avium subsp. paratuberculosis LC-PCR assay. Genomic DNA templates (1 ng) isolated from
M. avium subsp. paratuberculosis ATCC 6783 and M. avium ATCC 19421 were amplified, and the amplicons were detected as outlined in Materials
and Methods. The large graph shows F57 sequence amplification monitored by LC-Red 705 detection, and the inset shows IC amplification
monitored by LC-Red 640 detection. In each reaction, the IC control template was included, and its amplification was confirmed (inset). MAP,
M. avium subsp. paratuberculosis.
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Table 1. This was done by amplifying 10-fold serial dilutions (2
� 102 to 2 � 106 copies) of an M. avium subsp. paratuberculosis
F57 standard alone or in the presence of 200 ng of nonspecific
DNA as a background in the assay. An example is shown in
Fig. 3, in which the amplification profiles of the M. avium
subsp. paratuberculosis F57 standards alone or in the presence
of a 200-ng DNA background (Fig. 3, inset) are shown. The
amplification profiles of M. avium subsp. paratuberculosis F57
target titrations were not significantly altered by inclusion of
200 ng of background DNA made up of a mixture of DNA
templates from the non-M. avium subsp. paratuberculosis
Mycobacterium spp. This was confirmed when the LC-PCR
assay’s amplification efficiencies for these experiments were
compared, and the efficiencies did not differ significantly under
the two experimental conditions (data not shown). Similar
results were obtained when a non-Mycobacterium spp. DNA
template mixture was evaluated as a background (data not
shown). Therefore, these experiments indicated that the
LC-PCR assay’s performance was not significantly altered by
the high-level nonspecific DNA backgrounds.

Analytical sensitivity and quantitative detection. The small-
est amount of M. avium subsp. paratuberculosis genomic DNA
that could be detected by the LC-PCR assay system was de-
termined next. This was done using purified genomic DNA
isolated from a pure culture of an M. avium subsp. paratuber-
culosis reference strain (ATCC 6783). The LC-PCR assay was

applied to decreasing amounts of the M. avium subsp. para-
tuberculosis DNA template (140 fg to 10 fg). A minimum de-
tection limit of 10 fg M. avium subsp. paratuberculosis DNA
(equivalent to about two to three genome copies) per reaction
was determined. To determine the reproducibility of the as-
say’s performance, several replicates containing the various
amounts of M. avium subsp. paratuberculosis DNA were
tested. The results of these tests are summarized in Table 3.
M. avium subsp. paratuberculosis was detected with high
reproducibility (100%) in the presence 35 fg or more of the

FIG. 3. Influence of nonspecific DNA background on amplification of the F57 sequence by the LC-PCR assay. Tenfold serial dilutions of F57
sequence standard dilutions (2 � 102 to 2 � 106) and the IC template (2,000 copies) were amplified alone (large graph) or after they were spiked
into reaction mixtures containing 200 ng of nonspecific DNA (inset). The inset shows the influence of a DNA background mixture consisting of
DNA templates from the following non-M. avium subsp. paratuberculosis mycobacteria: M. avium, M. bovis, M. intracellulare, M. phlei,
M. scrofulaceum, M. terrae, and Mycobacterium strain 2333. MAP, M. avium subsp. paratuberculosis.

TABLE 3. Evaluation of analytical sensitivity and reproducibility
using purified M. avium subsp. paratuberculosis genomic

DNA templatesa

Amt of
DNA (fg)

No. of
replicates

No.
positive

No.
negative % Positive

140 10 10 0 100
70 10 10 0 100
35 10 10 0 100
10 13 5 8 38

a Replicates containing different amounts (140 fg to 10 fg) of M. avium subsp.
paratuberculosis genomic DNA isolated from a pure culture of the M. avium
subsp. paratuberculosis reference strain (ATCC 6783) were subjected to LC-PCR
amplification as outlined in Materials and Methods. The overall positive and
negative results were recorded, and the number of positive hits was expressed as
a percentage.
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M. avium subsp. paratuberculosis DNA template. The repro-
ducibility of M. avium subsp. paratuberculosis detection was
poor (38%) at lower M. avium subsp. paratuberculosis DNA
concentrations (10 fg), which was expected due to random
target particle distribution at low concentrations. The assay’s
ability to estimate the number of M. avium subsp. paratuber-
culosis genome copies in samples was tested next. Quantifica-
tion standards based on the M. avium subsp. paratuberculosis
F57 sequence and quasi-unknown samples consisting of spec-
trophotometer-quantified M. avium subsp. paratuberculosis
genomic DNA were amplified (see Materials and Methods).
This was followed by quantitative estimation of the original
target copy numbers in the unknown samples using the F57
sequence-based standard curves generated by the light cycler
software program. An example of a quantitative detection run
is shown in Fig. 4, in which target copy numbers in 15 pg and
1.5 pg of M. avium subsp. paratuberculosis DNA were deter-
mined. These quantitative runs were performed on four sepa-
rate occasions, and each sample was analyzed in triplicate.
A summary of the results of these experiments is shown in
Table 4. A comparison of the calculated numbers of M. avium
subsp. paratuberculosis genome copies in the samples tested
and the actual LC-PCR estimates is shown in Table 4. The
means and standard deviations of the quantitative estimates
and sample crossing points obtained in the LC-PCR assay

indicate that there was low experiment-to-experiment variation
(Table 4). Based on these results, this approach is more accu-
rate for quantitatively estimating high M. avium subsp. paratu-
berculosis target copy numbers (i.e., the numbers in 15 pg of M.
avium subsp. paratuberculosis DNA) than for quantitatively
estimating low target copy numbers. In the latter case the assay
seemed to overestimate the number of target copy numbers in
1.5 pg of M. avium subsp. paratuberculosis DNA compared to
the number theoretically expected. This may have been a result
of variation in the overall PCR system performance at low and
high target molecule concentrations or the result of the influ-
ence of other components present in the sample. For example,
the M. avium subsp. paratuberculosis genomic DNA templates
contained the F57 target region in addition to the rest of the
M. avium subsp. paratuberculosis genome DNA and other co-
purifying bacterial components. Our assumption is that the
crowding effects of other sample components in the reaction
mixture may have an overall stimulatory effect on the LC-PCR
assay. This could lead to earlier crossing points in the samples
compared to the crossing points for similar amounts of the
PCR-generated quantification standard used and hence over-
estimation of the actual copy number. Similarly, the opposite
effect would be expected in the presence of an inhibitor. Such
effects may be more pronounced at low copy numbers because
the target is a limiting factor in the reaction under these con-

FIG. 4. Quantitative estimation of M. avium subsp. paratuberculosis target copy numbers in defined amounts of purified M. avium subsp.
paratuberculosis genomic DNA using the LC-PCR assay. F57 sequence-based quantification standards (2 � 101 to 2 � 106 copies) and
quasi-unknown samples A and B containing 15 pg and 1.5 pg of M. avium subsp. paratuberculosis DNA, respectively, were amplified. Based on
theoretical calculations, samples A and B contained about 3,000 and 300 M. avium subsp. paratuberculosis genome copies, respectively. The target
copy numbers in these samples were estimated from the standard curve generated from amplification of the F57 standards. The results obtained
from these quantitative assays are summarized in Table 4. MAP, M. avium subsp. paratuberculosis.
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ditions compared to when large amounts of target are present
in the reaction mixture.

Optimization of extraction of M. avium subsp. paratubercu-
losis DNA from milk samples. To maximize the sensitivity of
detection of M. avium subsp. paratuberculosis by LC-PCR, we
tested different commercial DNA template preparation proto-
cols. Total genomic DNA templates were prepared from trip-
licate samples of milk that had been spiked with 106 and 102

M. avium subsp. paratuberculosis cells per ml (see Materials
and Methods). To begin with, 10-ml samples of M. avium
subsp. paratuberculosis-spiked raw milk were similarly pro-
cessed by centrifugation until the pellet stage. After this,
genomic DNA templates were prepared from the milk pellets
using the different template isolation protocols for the different
kits. The DNA yield and purity (based on the ratio of optical
density at 260 nm to optical density at 280 nm) were determined
for each template preparation protocol. This was followed by
analysis of the templates for the presence of the M. avium subsp.
paratuberculosis F57 sequence by the LC-PCR assay. A summary
of this comparative evaluation of template preparation proto-
cols is shown in Table 5. The most efficient DNA isolation
protocols were determined based on DNA template quality
and detection sensitivity based on sample crossing point means
from an LC-PCR analysis of samples spiked with the same
M. avium subsp. paratuberculosis concentrations. The best per-
formances were obtained with the DNA precipitation proto-
cols (First-tissue DNA kit and Genomic DNA purification kit)
and a combination of extensive lysis treatment (ribolysis and
proteinase K treatment) with nucleic acid binding column pu-
rification of the template using the High Pure PCR template
preparation kit (Roche Molecular Diagnostics). The latter pro-
cedure was selected for use in combination with the LC-PCR
assay for direct detection of M. avium subsp. paratuberculosis
in milk samples.

Evaluation of the sensitivity of the LC-PCR assay with raw
milk. Next, we tested the detection limit of an optimized DNA
isolation regimen followed by LC-PCR assay detection using
M. avium subsp. paratuberculosis-spiked raw milk samples.
Table 6 shows the results of an analysis of 10 replicates each of
10-ml raw milk samples spiked with approximately 104, 103,
102, 101, and 100 M. avium subsp. paratuberculosis cells per ml.
The overall numbers of positive and negative results from this

evaluation were recorded, and the percentage of positive re-
sults was determined. The percentage of positive results for
samples spiked with 102 M. avium subsp. paratuberculosis cells
or more was 100%. For samples containing about 10 M. avium
subsp. paratuberculosis cells per ml, 7 of 10 samples (70%)
were positive, and no M. avium subsp. paratuberculosis was
detected in the samples spiked with less than 10 cells per ml.
Therefore, the detection routine which we developed has a
detection limit in the range from 10 to 100 M. avium subsp.
paratuberculosis cells per ml of raw milk, if a 10-ml starting
sample is processed.

TABLE 4. Quantitative estimation of target copy numbers in defined amounts of M. avium subsp. paratuberculosis genomic DNA samples
using the LC-PCR assaya

Run

Calculated target copy
no. expected in 15 pg

of genomic DNA
template

LC-PCR quantitative estimate
of target copy no. in 15 pg of

genomic DNA template

Crossing
point

Calculated target copy
no. expected in 1.5 pg

of genomic DNA
template

LC-PCR quantitative estimate
of target copy no. in 1.5 pg of

genomic DNA template

Crossing
point

1 3,000 4,000 29.19 300 792 31.37
2 3,000 4,330 29.08 300 669 31.60
3 3,000 2,900 29.34 300 552 31.55
4 3,000 3,210 29.18 300 550 31.56

Mean 3,610 29.12 648 31.52
SD 666 0.11 108 0.10

a Triplicate samples containing 15 pg and 1.5 pg purified M. avium subsp. paratuberculosis genomic DNA template and F57 standard dilutions were amplified by the
LC-PCR assay, followed by quantitative determination of target copy numbers as shown in Fig. 4. The quantitative analysis was repeated on four separate occasions,
and each time the means of target copy number estimates and sample crossing points were recorded. Theoretical estimates of the target copy numbers expected in the
samples analyzed are also shown. To show the variation in the assay’s performance and estimates on different occassions, overall means and standard deviations for
the repeated assays are also shown.

TABLE 5. Comparative evaluation of different template
purification kits for performance in isolation of M. avium subsp.

paratuberculosis DNA template from M. avium subsp.
paratuberculosis-spiked milk samplesa

Template preparation
protocol

M. avium subsp.
paratuberculosis
concn (cells/ml)

Crossing point
(mean)

DNA precipitation I 106 17.40
(First-DNA kit) 102 27.35

DNA precipitation II 106 18.84
(Genomic DNA
purification kit)

102 NTb

DNA binding column I 106 16.50
(High Pure template
preparation kit)

102 27.47

DNA binding column II 106 24.77
(Gentra column) 102 NT

DNA binding beads I 106 21.60
(Bugs’n Beads kit) 102 Negc

DNA binding beads II 106 19.35
(ChlamCAP kit) 102 Neg

a Total genomic DNA templates were prepared by starting with 10-ml raw milk
samples spiked with 106, 102, and 0 M. avium subsp. paratuberculosis cells per ml
using different template preparation kits. This was followed by LC-PCR analysis
of triplicate samples of 5-�l aliquots of the template isolated using each kit. The
mean sample crossing points of the two M. avium subsp. paratuberculosis con-
centrations tested for each DNA isolation procedure are shown.

b NT, not tested.
c Neg, negative LC-PCR result.
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Detection of M. avium subsp. paratuberculosis in naturally
contaminated milk samples by LC-PCR assay. Finally, the
optimized M. avium subsp. paratuberculosis detection regimen
was evaluated to determine its ability to detect M. avium subsp.
paratuberculosis in naturally contaminated milk. First, the
method was applied to raw milk samples collected from two
clinical cases involving symptomatic M. avium subsp. paratu-
berculosis-infected cows. These cows were confirmed by fecal
culture and microscopy to be infected with M. avium subsp.
paratuberculosis (data not shown). In both cases, the raw milk
samples were found to be M. avium subsp. paratuberculosis
positive by LC-PCR. Next, 80 milk samples were collected
from a 100-cow dairy herd with a confirmed history of paratu-
berculosis. In this herd there had also recently been two con-
firmed cases of symptomatic M. avium subsp. paratuberculosis
infection, and some of the cows included in the sample were
paratuberculosis seropositive based on a commercial enzyme-
linked immunosorbent assay kit test with serum samples. Six-
teen pooled samples were prepared from the 80 raw milk
samples; each 10-ml sample was made up of 2-ml samples from
five different cows. These samples were subjected to the
M. avium subsp. paratuberculosis detection procedure de-
scribed above, and 2 of the 16 pooled samples were found to be
positive for M. avium subsp. paratuberculosis (data not shown).
One of the PCR-positive pooled samples also contained milk
from cows confirmed to be serologically paratuberculosis pos-
itive by the enzyme-linked immunosorbent assay with serum
samples. Thus, with this analysis we confirmed that the
M. avium subsp. paratuberculosis detection protocol can suc-
cessfully detect M. avium subsp. paratuberculosis in naturally
contaminated milk.

DISCUSSION

M. avium subsp. paratuberculosis remains a significant prob-
lem for the dairy industry around the world. Infection with
M. avium subsp. paratuberculosis leads to chronic disease in
the affected cattle, as well as significant losses in productivity.
The affected animals shed M. avium subsp. paratuberculosis
primarily in their feces, as well as directly in milk. The sugges-
tion that M. avium subsp. paratuberculosis may be linked to
human Crohn’s disease has focused a spotlight on milk prod-
ucts as potential vehicles for transmission of this animal patho-

gen to humans. Sensitive and specific PCR assays for detec-
tion of M. avium subsp. paratuberculosis could contribute
immensely to research efforts aimed at understanding the
pathogenicity of this organism in ruminant paratuberculosis, its
potential role in human Crohn’s disease, and its transmission
via foods of animal origin. Several M. avium subsp. paratuber-
culosis detection PCR systems are now widely available; how-
ever, several practical limitations remain. In the current study,
we sought to address current detection specificity as well as
sensitivity problems associated with PCR detection of M.
avium subsp. paratuberculosis pertaining to milk. In our lab, as
well as in other labs, confirmation of the presence of M. avium
subsp. paratuberculosis isolates or surveillance work with milk
has been based mainly on IS900 PCR systems (8, 19, 28, 34).
However, evidence showing that IS900-positive genetic ele-
ments that are highly homologous to M. avium subsp. paratu-
berculosis IS900 exist in other non-M. avium subsp. paratuber-
culosis environmental Mycobacterium species has resulted in
doubts concerning the current M. avium subsp. paratuberculosis
detection systems (9, 14). We therefore sought to develop
a new light cycler-based real-time PCR assay for detecting
M. avium subsp. paratuberculosis. The assay developed targets
the F57 sequence of M. avium subsp. paratuberculosis, a genetic
element that is currently known to exist only in M. avium subsp.
paratuberculosis and that so far has been found to be highly
specific for this organism (14, 6, 35, 40, 41). In order to use this
M. avium subsp. paratuberculosis PCR detection system as a
routine diagnostic tool for milk, an IC template system was
incorporated into the assay. This enables amplification condi-
tions and PCR inhibition to be monitored in each sample
tested. Our evaluation of this assay confirmed that F57 target-
ing is highly specific for M. avium subsp. paratuberculosis. No
false-positive signals were observed with several non-M. avium
subsp. paratuberculosis bacterial species tested. DNA tem-
plates derived from milk or other food matrices usually contain
very low levels of the contaminating pathogen DNA along with
high background levels of nonspecific DNA. Therefore, the
influence of the sample matrix on the performance of the
new LC-PCR system was evaluated, and the assay’s perform-
ance was not significantly influenced by the presence of
large amounts of nonspecific background DNA in the reaction
mixture.

To benefit from the rapid specific detection of M. avium
subsp. paratuberculosis by the LC-PCR assay, it was essential
that the assay’s detection sensitivity be maximized through
optimal preparation of M. avium subsp. paratuberculosis DNA
templates from milk samples. Generally, milk is a difficult
matrix from which to isolate M. avium subsp. paratuberculosis
DNA, due to its complex matrix that contains a lot of other
substances that may inhibit subsequent PCR detection (43).
These components need to be efficiently removed during the
template isolation step to minimize their influence on the
LC-PCR assay. Moreover, the M. avium subsp. paratuberculosis
cells themselves are also structurally complex and must be
efficiently lysed to release as much of the target DNA mole-
cules as possible. We determined the most efficient regimen for
isolation of the M. avium subsp. paratuberculosis DNA tem-
plate from milk samples. To begin with, we found that in
templates prepared by traditional procedures (i.e., mechanical
lysis followed by phenol-chloroform extraction, and ethanol

TABLE 6. Evaluation of LC-PCR sensitivity with M. avium subsp.
paratuberculosis-spiked raw milk samplesa

M. avium subsp.
paratuberculosis
concn (cells/ml)

No. of
replicates

No.
positive

No.
negative

%
Positive

1,000 10 10 0 100
100 10 10 0 100
10 10 7 3 70
1 10 0 10 0

a Genomic DNA templates were prepared by starting with 10-ml raw milk
samples spiked with 1,000, 100, 10, 1, and 0 M. avium subsp. paratuberculosis cells
per ml, using the optimized M. avium subsp. paratuberculosis DNA template
isolation procedure. This was followed by analysis of 5-�l template aliquots in
20-�l LC-PCR assays as described in Materials and Methods. Template isolation
and LC-PCR analysis were repeated on 10 seperate occasions, and the M. avium
subsp. paratuberculosis detection results were recorded. The overall total number
of positive hits from these experiments was expressed as a percentage.
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precipitation) there were high levels of residual PCR inhibition
(data not shown). As a result of a comparative evaluation of
several commercial DNA isolation techniques with M. avium
subsp. paratuberculosis-spiked raw milk samples, we chose a
procedure that was rapid, yielded high-quality M. avium subsp.
paratuberculosis DNA templates, and was less prone to cross
contamination. This protocol was a modified protocol that
combined mechanical sample lysis in a Ribolyser and subse-
quent template purification with nucleic acid binding spin col-
umns using the High Pure PCR template preparation kit pro-
tocol of Roche Diagnostics.

By integrating the optimized M. avium subsp. paratubercu-
losis template preparation procedure and the LC-PCR detec-
tion system, we evaluated the applicability of this approach to
actual milk samples. We applied these protocols to 10-ml raw
milk samples that had been spiked with defined concentrations
of M. avium subsp. paratuberculosis. The highly reproducible
M. avium subsp. paratuberculosis detection limits achieved with
these studies were between 10 and 100 M. avium subsp. para-
tuberculosis cells per ml of milk. The analytical sensitivity ob-
tained here also falls within the range that was reported in
studies in which M. avium subsp. paratuberculosis IS900 ele-
ments were targeted (18, 26, 32, 34). In addition, the targeting
of ISMav2 as an alternative marker for M. avium subsp. para-
tuberculosis in one study also gave a detection limit of 10 cells
per ml of milk (37). We found that targeting of the F57 se-
quence, a single-copy element, can also enable highly sensitive
detection of M. avium subsp. paratuberculosis in milk. How-
ever, it is important to emphasize that the M. avium subsp.
paratuberculosis concentrations reported to date are only ap-
proximations. It is not possible with currently used techniques
to determine definite concentrations of M. avium subsp. para-
tuberculosis in milk samples. The detection limits obtained in
this study should be sufficient for detection of M. avium subsp.
paratuberculosis in heavily to mildly contaminated milk sam-
ples. Indeed, this was demonstrated here using naturally con-
taminated raw milk samples. First, milk samples were obtained
from two clinical cases involving M. avium subsp. paratubercu-
losis-infected symptomatic cows, and these samples were found
to be positive for M. avium subsp. paratuberculosis by LC-PCR
analysis. In pooled raw milk samples from a herd with a con-
firmed history of paratuberculosis, we found that 2 of 16 sam-
ples were positive for M. avium subsp. paratuberculosis as de-
termined by the M. avium subsp. paratuberculosis detection
procedure developed.

In summary, a new real-time PCR assay for detection of
M. avium subsp. paratuberculosis that targets the F57 sequence
and includes an IC template was developed and evaluated. The
new assay is an ideal diagnostic PCR tool for routine large-
scale analysis of milk samples. We hope that the procedures
which we developed will contribute to the routine detection of
M. avium subsp. paratuberculosis-contaminated milk products
as one way of minimizing public exposure while the debate
on the public health significance of this organism is being
resolved.
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