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An automated PCR with fluorescent probes (molecular beacons) detected Mycobacterium avium subsp.
paratuberculosis in bovine feces. When the PCR was compared with culture in testing 41 fecal samples, kappa
scores of 0.94 to 0.96, a sensitivity of 93 to 96%, and a specificity of 92% were obtained. Results were quantitated
by using a standard curve derived from a plasmid containing IS900. A minimum quantity of 1.7 � 10�4 pg of
DNA, correlating to 1 to 8 CFU, was detected.

Johne’s disease is a chronic, progressive enteritis of rumi-
nants caused by Mycobacterium avium subsp. paratuberculosis
(4, 16, 17, 25, 30). A possible association between M. avium
subsp. paratuberculosis infection and Crohn’s disease in hu-
mans has also been described (3, 7, 13, 32). Due to these
factors and economic considerations, many states within the
United States and other countries have instituted Johne’s
disease certification programs to eradicate the disease. This
necessitates the development of high-throughput, sensitive
diagnostic methods for the detection of infected animals and
animal products. Traditional diagnostic methods currently
include culture of feces and tissues and enzyme-linked immu-
nosorbent assays. A disadvantage of using conventional cultur-
ing is the long incubation time (12 to 16 weeks). Enzyme-
linked immunosorbent assays can be performed in a few hours,
but their sensitivity is estimated at 45% since antibodies may
not be detectable until late in infection (8). Several PCR tests
to detect M. avium subsp. paratuberculosis DNA have been
developed (2, 5, 9, 27, 36, 38). However, the real-time PCR
described in the present report is unique, since it is the first
quantitative PCR for the detection of M. avium subsp. paratu-
berculosis and it has a sensitivity equal to that of fecal culture.
This is important since feces are a nonhomogeneous, complex
material and have been known to contain substances inhibitory
to PCR (1, 35, 42). A quantitative PCR may be useful in
evaluating treatments to eliminate M. avium subsp. paratuber-
culosis from animals or animal by-products, to identify animals
shedding large and small quantities of M. avium subsp. para-
tuberculosis, to identify clinical specimens with a consistently
high bacterial load for diagnostics, and for pathogenesis stud-
ies. Additionally, this real-time, automated PCR is considered
high-throughput since it is performed as a single-step PCR, it
can be used for multiple samples at one time in a 96-well plate

format, and it eliminates time-consuming postdetection meth-
ods.

This real-time PCR uses fluorescent probes (molecular bea-
cons) to detect the IS900 sequence. Molecular beacons consist
of a stem-and-loop structure with the loop containing a probe
sequence complementary to the target sequence. A fluoro-
phore and a nonfluorescent “quencher,” one on each arm,
form a nonfluorescent hairpin structure. When a molecular
beacon encounters a target, the loop sequence hybridizes with
the target sequence, the stem hybrid disassociates, and the
fluorophore and quencher separate, allowing for fluorescence
to be detected with an ABI PRISM 7700 sequence detection
system (Perkin-Elmer Applied Biosystems, Foster City, Calif.)
(33, 34). Molecular beacons have been used extensively in
genetic analysis studies and have some advantages over linear
fluorescent probes (11, 12, 14, 15, 18, 21, 22, 23, 24, 26, 31, 37,
39).

Forty-one bovine fecal samples of known M. avium subsp.
paratuberculosis status were obtained (1999 and 2000 Profi-
ciency Tests, National Veterinary Services Laboratory, Ames,
Iowa). Aliquots of each fecal sample were used for fecal cul-
ture, nested PCR (nPCR), and real-time PCR. Culture 1, for
the detection of M. avium subsp. paratuberculosis, was per-
formed using a centrifugation method (41), except for samples
21, 29, and 30, which were cultured using a sedimentation
method (40). Culture 2 was performed using a previously de-
scribed centrifugation method (National Animal Disease Cen-
ter method) (29) with commercial media (Becton Dickinson,
Sparks, Md.). A designation of “too numerous to count”
(TNTC) was used if �75 colonies were observed in the culture
tube. The positive control culture was prepared by isolating M.
avium subsp. paratuberculosis (ATCC 19698) and adjusting a
colony suspension to a turbidity equivalent to the no. 5 Mc-
Farland standard (approximately 108 CFU/ml). Aliquots were
stored at �70°C and used for DNA extractions.

DNA was extracted from 1 g of fecal material and a positive
control culture as described previously (28). To estimate quan-
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titative variation due to the extraction procedures, positive
control DNA was obtained from six separate extractions and
quantitated by real-time PCR.

nPCR was performed as described previously (5). The pres-
ence of a 167-bp band was indicative of the presence of M.
avium subsp. paratuberculosis DNA. Primer sequences were
specific for M. avium subsp. paratuberculosis (6).

For real-time PCR, the molecular beacon (5� TET-CGGA
CCGTAACTACCCGCGGCGTGATGGGTCCG-dabcyl3�)
was designed to detect the IS900 gene of M. avium subsp.
paratuberculosis (underlined bases are arm sequences). Tetra-
chloro-6-carboxyfluorescein-5� (TET) is the reporter fluoro-
chrome, and 4-dimethylaminophenylazobenzoic acid-3� (dab
cyl) is the quencher. The 50-�l master mixture contained 3 �l

of template DNA, 5 �l of 10� PCR buffer (200 mM Tris-HCl
[pH 8.4], 500 mM KCl), 1.5 mM MgCl2, 0.2 mM each de-
oxynucleoside triphosphate, a 1.32 �M concentration of each
of the nested sense and antisense primers, 2.5 U of Platinum
Taq DNA polymerase (Gibco Life Technologies, Gaithers-
burg, Md.), and a 0.3 �M concentration of the molecular
beacon. Thermal cycler conditions were as follows: 95°C for 2
min and 45 cycles of PCR amplification at 95°C for 30 s, 58°C
for 1 min, and 72°C for 30 s. Exposure time was 45 ms, and data
were collected at the annealing phase of each cycle. The
threshold value (CT) was defined as the cycle at which the
fluorescence exceeded 10 times the standard deviation of the
mean baseline emission for cycles 3 to 15.

For quantitation, a standard curve was created by using a
plasmid containing the IS900 gene. This gene was amplified by
PCR, ligated into pGEM-T Easy Vector (Promega, Madison,
Wis.), and quantitated by spectrophotometry. Plasmid DNA
amounts were 100, 10, 1, and 0.1 pg. The amount of sample
DNA was calculated by interpolation of the CT with the stan-
dard curve. Calculations of percent sensitivity, percent speci-
ficity, and kappa scores to determine a measure of the agree-
ment between diagnostic tests used for this study have been
described previously (20).

Kappa scores of 0.96, 0.94, and 0.85 were obtained when the
results of culture 1, culture 2, and nPCR, respectively, were
compared to those of real-time PCR (Table 1). The sensitivi-
ties of the real-time PCR compared to those of culture 1 and
culture 2 were 96 and 93%, respectively. The specificity was
92% between either culture 1 or culture 2 and real-time PCR.

The analytical sensitivities derived from a 10-fold serial di-
lution of M. avium subsp. paratuberculosis DNA from a fecal
sample were similar for nPCR and real-time PCR, with a
threshold level of 7.7 � 10�4 pg of DNA, although the fluo-
rescence intensity of the nPCR product was very faint at this
level (Fig. 1A and B). An absolute threshold was not deter-
mined, since smaller amounts of M. avium subsp. paratubercu-
losis DNA were found in other fecal specimens (samples 13,
18, 22, 27, and 28), with a minimum detectable level of 1.7 �
10�4 pg (Table 1).

The intra-assay variability, determined by the coefficient of
variation (CV), was consistently �2% (Table 2). Mean CT

values and DNA concentrations of clinical samples also dem-
onstrated reproducible linearity (r2 � 1.00) (Fig. 1C). To de-
termine interassay variability, real-time PCR was performed
on the standard concentrations of plasmid DNA, positive con-
trol DNA, and DNA from an M. avium subsp. paratuberculosis-
positive fecal sample over a 3-day period. The CV was �4%
(Table 2). Quantitative variations due to extraction procedures
were estimated. The CV of CT values for six separate DNA
extractions from different aliquots of positive control DNA was
6.4% (data not shown).

The sensitivities of the real-time PCR of 96 and 93% relative
to cultures 1 and 2, respectively, indicate a high probability of
detecting animals that are shedding the bacteria. Only 1 of 41
samples was negative by real-time PCR but positive by nPCR
and culture (sample 20). When a second aliquot of this fecal
sample was reextracted and real-time PCR was performed, this
sample remained negative. At lower bacteriologic colony
counts, neither PCR was 100% sensitive, and the nonhomoge-
neous distribution and/or small quantity of M. avium subsp.

TABLE 1. Results of culture, nPCR, and real-time PCR
(with molecular beacons) assays of bovine fecal samples

Sample
no.

No. of coloniesa
nPCR
resultb

Amt of DNA (pg)
detected by real-

time PCRcCulture 1 Culture 2

1 0 0 � 0
2 0 0 � 0
3 0 0 � 0
4 0 0 � 0
5 0 0 � 0
6 0 0 � 0
7 0 0 � 0
8 0 0 � 0
9 0 0 � 0
10 0 0 � 0
11 0 1 � 0
12 0 0 � 0
13 0 0 � 6.1 � 10�4

14 0–4 TNTC � 1.4 � 10�2

15 0–4 TNTC � 2.9 � 10�3

16 0–6 7–18 � 3.2 � 10�3

17 0–6 3–12 � 1.4 � 10�3

18 1–8 1–3 � 1.7 � 10�4

19 1–8 1–4 � 8.1 � 10�4

20 1–8 9–15 � 0
21 4–14 TNTC � 1.6 � 10�3

22 9–12 3–12 � 5.1 � 10�4

23 2–21 3–5 � 1.4 � 10�2

24 2–21 20–75 � 1.3 � 10�2

25 3–27 20–25 � 3.2 � 10�3

26 3–27 15–40 � 3.0 � 10�3

27 3–29 5–12 � 5.4 � 10�4

28 6–27 23–30 � 2.2 � 10�4

29 12–22 50–75 � 2.6 � 10�1

30 16–38 40–50 � 8.3 � 10�2

31 3–TNTC TNTC � 1.3 � 100

32 3–TNTC TNTC � 9.5 � 10�1

33 3–TNTC TNTC � 1.6 � 10�1

34 27–TNTC TNTC � 4.7 � 10�2

35 27–TNTC TNTC � 3.8 � 10�2

36 27–TNTC TNTC � 2.0 � 10�2

37 TNTC 20–40 � 5.1 � 10�2

38 TNTC 20–40 � 2.3 � 10�1

39 TNTC TNTC � 1.3 � 10�2

40 TNTC TNTC � 3.7 � 10�1

41 TNTC TNTC � 1.2 � 100

a Results for cultures 1 and 2 represent the number or a range of the number
of bacterial colonies for three replicate culture tubes per sample.

b �, presence of a 167-bp band on an ethidium bromide-stained agarose gel
representative of the IS900 gene for M. avium subsp. paratuberculosis; �, absence
of the 167-bp product.

c Values indicate mean amounts of M. avium subsp. paratuberculosis DNA
from three replicate samples.
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paratuberculosis bacteria may be responsible for this effect.
There is also the possibility of a polymorphism within the
target sequence of the molecular beacon that prevented hy-
bridization.

The specificity between real-time PCR and culture was af-
fected in 1 of 41 samples (sample 13). By using another aliquot
of this fecal sample, M. avium subsp. paratuberculosis DNA was
again detected, which suggested that a low level of DNA, but
not viable bacteria, was present in this sample. Since the nPCR
result was also negative, this suggested that the real-time PCR
was more sensitive than the nPCR. A higher sensitivity of the
real-time PCR was also observed in results with samples 15, 17,
and 21. DNA contamination may have occurred when the

real-time PCR was performed. However, with a closed-tube
format and with fewer manipulations required to perform real-
time PCR, and since extraction and PCR were repeated with
the same results, contamination seems unlikely.

The results with real-time PCR agreed well with those of
culture. Kappa scores were lower for the comparison of nPCR
and real-time PCR results than for the comparison of culture
and real-time PCR results due to the higher sensitivity of the
real-time PCR. Since the extraction techniques are the same
for both PCR methods, it appears very possible that loss of
DNA is limited by the fewer manipulations that are associated
with real-time PCR.

Intra- and interassay variabilities representing the repeat-

FIG. 1. Comparison of assay sensitivities for detection of M. avium subsp. paratuberculosis DNA by real-time PCR and nPCR. (A) Fluorescence
intensities of serial 10-fold dilutions of fecal sample 37 determined in triplicate (Table 1) by real-time PCR. Quantities on the right of the y axis
are DNA amounts in picograms. ND, nondetectable amount of DNA. (B) Quantities of DNA corresponding to those shown in panel A but
detected by nPCR on an ethidium bromide-stained 4% agarose gel. (C) The plot of the CT values and DNA concentrations fits a linear function
(r2 � 1.00).
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ability and reproducibility of the real-time PCR, respectively,
appeared similar to those for other real-time PCR assays and
were fairly low (10, 18, 19). This allows comparisons of bacte-
rial loads to be obtained over time for pathogenesis studies and
for accurate diagnostic testing.

An examination of scatterplots revealed no consistent cor-
relation between the quantity of DNA obtained by real-time
PCR and colony counts. DNA concentrations would not nec-
essarily correlate with viable bacteria since DNA may be ob-
tained from nonviable bacteria. Even within replicate tubes of
a given culture method, colony counts varied significantly.
These differences may be due to a lack of homogenization of
the sample, factors affecting the growth of different colonies, or
possibly the presence of bacterial, fungal, or unknown contam-
inants within fecal material that might affect growth.

In conclusion, real-time PCR with molecular beacons com-
pares very favorably with culture and nPCR for the direct
detection of M. avium subsp. paratuberculosis, in bovine feces.
The real-time PCR with molecular beacons has the advantages
over the other methods of a rapid testing time, a single-tube
format, and the ability to obtain reproducible, quantitative
results.
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