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ABSTRACT Johne’s disease (JD) is an economically important infectious disease in
livestock farming caused by Mycobacterium avium subsp. paratuberculosis. As an al-
ternative to serological tests, which are used mainly for the screening of whole
herds, we developed a novel ResoLight-based real-time PCR (RL-PCR) assay with
pooled fecal samples for the detection of fecal shedders in cattle herds. The RL-PCR
assay included an internal amplification control (IC) which was amplified using the
same primer pair as the target molecule M. avium subsp. paratuberculosis IS900 and
differentiated based on melting temperatures. Individual fecal suspensions were
pooled and concentrated by centrifugation to avoid a loss of sensitivity by the dilu-
tion effect. Combined with a DNA extraction kit (Johne-PureSpin; FASMAC), no inhi-
bition of PCR amplification was observed with up to 15 fecal samples in a pool. The
detection limit of RL-PCR at a pool size of 10 was 10 M. avium subsp. paratuberculo-
sis organisms per gram of feces, which was comparable to that of individual testing.
A total of 2,654 animals in 12 infected herds were screened by individual antibody-
enzyme-linked immunosorbent assay (ELISA) and the RL-PCR assay using pooled fe-
ces. Fifty animals were diagnosed with JD through the screening by RL-PCR, com-
pared with only 5 by ELISA (which were also positive in RL-PCR). In 7 JD-free herds,
the results of 4 out of 327 pools (1.2%) were invalid due to the lack of IC amplifica-
tion, and then animals were confirmed negative individually. Our results suggest
that implementation of herd screening by pooled RL-PCR would advance the moni-
toring and control of JD in cattle herds.

KEYWORDS Johne’s disease, screening test, pooled feces, real-time PCR, internal
control

Johne’s disease (JD) is a chronic granulomatous enteritis in ruminants caused by
Mycobacterium avium subsp. paratuberculosis. It is an economically important infec-

tious disease in livestock farming, and control programs at the regional and or national
level have been implemented in many countries (1–3). Animals infected with M. avium
subsp. paratuberculosis become infectious primarily by starting the fecal excretion of
the pathogen, and thereby they are a risk for transmission of infection within the herd
mainly via the fecal-oral route. It has been suggested that the most effective strategy
to control JD is preventing transmission by breaking infection routes based on hygienic
measures supported by test-based culling of infected animals (4). However, in a herd
with JD, it is assumed that the number of infected animals at the subclinical stage is
several times more than that in the clinical stage (5), and the diagnostic test perfor-
mance is known to be different depending on the stage of infection (6).

Isolation of M. avium subsp. paratuberculosis from shedding animals by fecal culture
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has been considered definitive for the diagnosis of JD. The most considerable disad-
vantage of this method is that it requires several months to obtain results due to the
extremely slow growth of M. avium subsp. paratuberculosis. During the long incubation
period of fecal culture, a steady contamination by the fecal shedders may increase the
risk of transmission. Detection of antibodies against M. avium subsp. paratuberculosis by
enzyme-linked immunosorbent assay (ELISA) is another frequently used diagnostic test
that is generally less expensive, faster, and easier to perform than fecal culture (7).
However, the development of humoral responses in M. avium subsp. paratuberculosis-
infected animals is correlated with the stage of the disease and usually does not occur
until the later stage (6, 8); therefore, the overall sensitivity of ELISA has been estimated
to be under 30% compared with fecal culture (9). If ELISA is the only test used, animals
which are ELISA negative but shedding M. avium subsp. paratuberculosis in their feces
create a high risk of undetected transmission.

It has been demonstrated that a direct fecal quantitative real-time PCR (qPCR) assay
enables rapid and sensitive detection of animals shedding M. avium subsp. paratuber-
culosis (10, 11). A longitudinal study conducted previously in sheep suggested that a
qPCR-based test could detect signs of M. avium subsp. paratuberculosis infection earlier
in the course of infection than fecal culture and serum ELISA (12). However, for the
screening of whole herds, PCR-based tests of individual animals are labor-intensive and
more costly than serology, which is commonly used for this purpose despite the lack
of sensitivity. Although testing pooled fecal samples could overcome the limitation of
qPCR-based diagnostic tests, general fecal pooling protocols are designed by dilution
of feces or fecal suspensions, which may have lower sensitivity as M. avium subsp.
paratuberculosis in an infected sample becomes diluted by uninfected samples in the
same pool. In a previous study, an effective fecal pooling and DNA extraction method
combined with a qPCR assay was reported. To avoid a loss of sensitivity by the dilution
effect, individually prepared fecal suspensions were pooled and then concentrated by
centrifugation (13). In this fecal pooling method, samples can be pooled without a loss
of M. avium subsp. paratuberculosis in infected feces.

Due to the effect of residual PCR inhibitors, nucleic acid amplification and detection
of microbial pathogens in fecal samples may lead to false-negative results (14, 15), and
the chance of PCR inhibition increases in a pool containing more than 10 fecal samples
(16). In the fecal pooling protocol described by Mita et al., PCR inhibitors may also
increase as a result of the concentrated fecal materials processed for DNA extraction
(13). Inhibition of qPCR for the detection of M. avium subsp. paratuberculosis in feces
resulted in higher quantification cycle (Cq) values, lower DNA quantity, or no amplifi-
cation (17). To confirm if the reaction was completed without inhibition, the inclusion
of an internal amplification control (IC) in the assay is recommended (18, 19). In a
real-time PCR assay with a DNA-binding dye, it is possible to include an IC which melts
at a different temperature from the target amplicons (19). ResoLight dye is a saturating
DNA-binding dye designed for high-resolution melting analysis of PCR amplicons (20).
Due to the higher fluorescence signal generated by ResoLight dye, the difference
between the melting temperature (Tm) peaks of the target and the IC could be detected
more clearly than other commonly used dyes such as SYBR green I (20).

The objective of this study was to develop a novel real-time PCR-based screening
test for JD with pooled fecal samples, while maintaining test sensitivity and managing
PCR inhibition. A field evaluation of the test for the detection of fecal shedders in a
cattle herd was also conducted in JD-infected and uninfected herds.

MATERIALS AND METHODS
Mycobacterial strains and purification of genomic DNA. A total of 59 mycobacterial strains,

including cattle (C) and sheep (S) strains of M. avium subsp. paratuberculosis, were used to evaluate the
analytical specificity of the ResoLight-based real-time PCR (RL-PCR) assay (Table 1). Bacterial DNA was
prepared using a commercial DNA extraction kit, (Johne-Spin; FASMAC, Kanagawa, Japan), which
employed mechanical disruption of cells with bead beating followed by DNA purification using a spin
column. The purity and the concentration of each DNA sample was determined by spectrophotometry
at 260 nm, and 10 pg of DNA from each sample was applied in the RL-PCR assay.
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Fecal pooling and DNA extraction. Fecal suspensions were prepared individually as described
previously (21). According to the fecal pooling protocol reported previously (13), 1 ml of each suspension
was collected and pooled in a fresh 15-ml tube; a 50-ml tube was used instead if the pool size was more
than 10. After centrifugation at 900 � g for 30 min, all but approximately 1 ml of the supernatant was
removed. The fecal pellet was resuspended in the remaining supernatant and transferred to a tube
containing zirconia beads provided with a Johne-PureSpin kit (FASMAC). For individual testing, 1 ml of
fecal suspension prepared individually was transferred directly to the bead tube.

DNA extraction using a Johne-PureSpin kit was conducted according to the manufacturer’s instruc-
tions. Briefly, the bead tube containing individual or pooled fecal suspension was centrifuged at
20,000 � g for 5 min. After the supernatant was carefully removed, 400 �l of lysis buffer 1-A was added
and agitated at 4,600 rpm for 3 min using a homogenizer (Micro Smash MS-100; Tomy Seiko Co., Ltd.,
Tokyo, Japan). Following centrifugation at 20,000 � g for 5 min, the supernatant was transferred to a
1.5-ml tube containing 200 �l of lysis buffer 1-B and 75 �l of extraction buffer 2. After centrifugation at
20,000 � g for 10 min, 500 �l of the supernatant was mixed with 400 �l of binding buffer 3. The mixture
was transferred to a spin column and centrifuged at 13,000 � g for 1 min. The column was washed once
with 600 �l of washing buffer 4 by centrifugation at 13,000 � g for 1 min and then placed onto a new
1.5-ml tube. DNA samples were eluted with 50 �l of elution buffer 5 by centrifugation at 13,000 � g for
1 min and then stored at –20°C until PCR analyses were performed.

Determination of the acceptable number of fecal samples in a pool. Known M. avium subsp.
paratuberculosis-free bovine feces were collected from 2 Japanese black adult animals, which were
sourced from a farm with no JD history and confirmed uninfected by fecal culture, fecal qPCR, and ELISA.
Fecal suspensions required for the following experiments were prepared as described above, and the
mixture of fecal suspensions was used as a pool of negative fecal suspensions. One millilter, 5 ml, 10 ml,
12 ml, 15 ml, and 20 ml of the negative fecal suspension were processed for DNA extraction in triplicates,
which simulated pool sizes of individual, 5, 10, 12, 15, and 20, respectively. Using the same sets of fecal
suspensions, DNA samples were also prepared by the Johne-Spin (FASMAC) method as described
previously (13, 21).

Preparation of M. avium subsp. paratuberculosis-spiked feces. M. avium subsp. paratuberculosis
strain K-10 (ATCC BAA-968) grown on a Middlebrook 7H10 agar-based slant (21) was harvested into
saline plus 0.1% (vol/vol) Tween 80 and 0.1% (vol/vol) bovine serum albumin (BSA-Tween saline)
followed by filtration through a 5-�m filter. The total number of filtered cells was counted by light
microscopy, and a stock bacterial suspension was prepared with BSA-Tween saline. The stock suspension
was diluted 10-fold in the negative fecal suspension to yield a final concentration ranging from 105 to
100 M. avium subsp. paratuberculosis cells/g of feces, which is equivalent to 5 � 103 to 5 � 10�2 cells/ml
of suspension. One milliliter of each dilution was mixed with 9 ml of negative fecal suspension to provide
a pool size of 10. For individual testing, 1 ml of each spiked suspension was directly processed for DNA
extraction. These sets of spiked individual and pooled fecal suspensions were prepared to enable testing
in triplicate.

RL-PCR assay. Primers targeting M. avium subsp. paratuberculosis IS900 were designed by referring
to the sequence of Mycobacterium sp. strain 2333 which harbors one copy of an IS900-like sequence in
the genome (22) (Table 2).

The DNA used as an internal amplification control (IC) in the RL-PCR assay was synthesized at Nippon
Gene Co., Ltd. (Tokyo, Japan). The synthetic DNA contained IS900-3 and IS900-32 priming sites with

TABLE 1 Mycobacterial strains included in this study

Taxon by groupa No. of strains tested RL-PCR result

MAC
M. avium subsp. paratuberculosis C-type 2 �
M. avium subsp. paratuberculosis S-type 1 �
M. avium subsp. avium 10 �
“M. avium subsp. hominissuis” 9 �
M. avium subsp. silvaticum 1 �
M. intracellulare 18 �

MTC
M. bovis 3 �
M. tuberculosis 4 �

AFB
M. scrofulaceum 5 �
M. smegmatis 1 �
M. kansasii 1 �
M. fortuitum 1 �
M. phlei 1 �
M. genavense 1 �
Mycobacterium sp. 2333 1 �

Total 59
aMAC, Mycobacterium avium complex; MTC, Mycobacterium tuberculosis complex; AFB, acid-fast bacillus.
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foreign DNA designed based on the sequence of the lambda phage (GenBank accession no. U39286.1;
nucleotide range, 29364 to 29541) (23); it is amplified using the same primer pair as that of the target
molecule M. avium subsp. paratuberculosis IS900. The synthetic IC was cloned into pUC19, and the
plasmid DNA was diluted with Tris-EDTA (TE) buffer containing 5 ng/�l ColE1 DNA (Nippon Gene) as
carrier DNA.

The reaction mixture containing 5 �l of template DNA, 25 �l of 2� GeneAce RL qPCR mix (Nippon
Gene), 1 �l of 25 pmol of forward (IS900-3) and reverse (IS900-32) primers, 1 �l of 0.4 fg/�l IC, and 0.5 �l
of 1 U/�l uracil-DNA glycosylase (UDG; Nippon Gene) was made up to 50 �l with nuclease-free water.
Based on the result of a titration study (data not shown), the lowest reproducible amount of IC was
added in the PCR master mix. PCR runs were performed on a LightCycler480 system II (Nippon Genetics,
Tokyo, Japan), and the reaction program was designed as follows: initial incubation for UDG at 50°C for
2 min, followed by an activation step of 10 min at 95°C, and then 45 cycles of PCR amplification at 95°C
for 30 sec and 68°C for 60 sec. After PCR amplification, the dissociation curve data were collected for
analyzing melting temperature (Tm) peaks. The Tm peaks for the target (91.5 � 1.0°C) indicated a presence
of M. avium subsp. paratuberculosis IS900, while the Tm peak for the IC (85.5 � 1.0°C) indicated a reaction
without inhibition (Fig. 1). If neither Tm peak was detected, the result was interpreted as invalid due to
PCR inhibition. Positive/negative criteria for each sample in the RL-PCR assay are shown in Fig. 1.

Conventional SYBR green-based qPCR assay. A SYBR green-based qPCR assay to detect and
quantify M. avium subsp. paratuberculosis IS900 in feces was performed as described previously (10) with
some modifications (21). All DNA templates were tested in duplicate, and the sample was defined as
positive if either well was positive. For quantification, a standard curve was created by using genomic
DNA extracted from M. avium subsp. paratuberculosis strain 42-13-1 (field isolate IS900 RFLP C1 type). The
diagnostic cutoff point was set at 0.001 pg/well of M. avium subsp. paratuberculosis DNA with reference
to the results of fecal culture (11). If 0.001 pg or more DNA was detected in at least one replicate, the
animal was diagnosed as JD positive.

Serum antibody ELISA. Serum samples collected during the field study were tested by a commercial
antibody detection ELISA kit (Johne screening-Pourquier; Kyoto Biken Laboratories, Inc., Kyoto, Japan)
according to the manufacturer’s instructions. Any sample with an S/P value equal to or greater than 60%
was defined as positive.

TABLE 2 Primers for the detection of M. avium subsp. paratuberculosis IS900 used in this
study

Primer name Sequence (5=–3=) Assay Reference

MP10-1 ATGCGCCACGACTTGCAGCCT SYBR green-based qPCR 10
MP11-1 GGCACGGCTCTTGTTGTAGTCG
IS900-3 GCCGGGCAGCGGCTGCTTTATA RL-PCR This study
IS900-32 GCGCGCAGAGGCTGCAAGTCGT

FIG 1 Result interpretation for the RL-PCR assay. �ve, positive; �ve, negative.

Kawaji et al. Journal of Clinical Microbiology

December 2020 Volume 58 Issue 12 e01761-20 jcm.asm.org 4

https://www.ncbi.nlm.nih.gov/nuccore/U39286.1
https://jcm.asm.org


Fecal samples and cattle herds. Archived fecal samples used in this study were collected from
naturally and experimentally infected cattle, including both dairy (Holstein) and beef (Japanese black)
cattle. A total of 64 feces samples that were positive by the conventional SYBR green-based qPCR assay
were selected to evaluate the effect of pooling on the sensitivity of the RL-PCR assay. Fecal suspensions
were prepared individually, and 1 ml of each suspension was mixed with 9 ml of known negative fecal
suspension prepared above to provide a pool size of 10.

Twelve JD-infected dairy and beef herds (herd size, 90 to 500) were selected (Table 3). Whole herd
screening for JD was conducted using the RL-PCR assay and individual ELISA as summarized in Fig. 2. For
the RL-PCR assay, up to 10 individual fecal samples were pooled at random and tested. If the result of
pooled RL-PCR was positive or invalid, fecal samples in the pool were tested individually by RL-PCR to
identify the positive animal(s). Serum samples were also collected and tested individually by ELISA.
Animals that had positive results in either screening test were confirmed by the conventional SYBR
green-based qPCR assay individually. Animals were diagnosed with JD if M. avium subsp. paratuberculosis
DNA quantity more than the cutoff value of 0.001 pg/well was detected in the fecal sample.

TABLE 3 JD-infected herds screened by RL-PCR and ELISA in this study

Herd ID
Herd
type

No. of animals
screened

Screened by RL-PCR Screened by ELISA

% of positive
pools

No. of positive
animals

No. of SYBRa-
positive animals
(no. diagnosed)

Prevalence
(%)b

No. of positive
animals

No. of SYBRa-
positive animals
(no. diagnosed)

Prevalence
(%)b

P-1 Dairy 90 11.1 1 1 (1) 1.11 6 0 0
P-2 Dairy 246 4.0 1 1 (1) 0.41 0 0 0
P-3 Dairy 386 100 265 243 (18) 4.66 4 3 (1) 0.26
P-4 Dairy 133 35.7 10 7 (0) 0 2 0 0
P-5 Dairy 88 22.2 2 1 (0) 0 0 0 0
P-6 Dairy 112 75.0 21 17 (5) 4.46 3 2 (1) 0.89
P-7 Dairy 498 10.0 6 6 (4) 0.80 0 0 0
P-8 Dairy 335 60.0 35 22 (9) 2.69 1 1 (1) 0.30
P-9 Dairy 255 53.8 23 17 (10) 3.92 1 1 (1) 0.39
P-10 Dairy 150 26.7 20 17 (0) 0 0 0 0
P-11 Beef 149 26.7 6 6 (2) 1.34 2 1 (1) 0.67
P-12 Beef 212 0 0 0 0 1 0 0

Total 2,654 390 338 (50) 20 8 (5)
aConventional SYBR green-based qPCR assay.
bHerd prevalence of JD based on the number of diagnosed animals detected through the screening test.

FIG 2 Summary of whole-herd screening by RL-PCR and ELISA in JD-infected herds.
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Seven JD-free herds (herd size, 120 to 800) were also selected and screened by pooled RL-PCR (Table
4). Up to 10 individual fecal samples were pooled, and if the result of pooled RL-PCR was invalid, fecal
samples in the pool were tested individually.

Statistical analysis. The relationship between the pool size and the mean Cq value was assessed by
correlation analysis in two commercial DNA extraction kits, namely, Johne-PureSpin and Johne-Spin. The
Cq values for the unamplified samples were defined to be �45 cycles. The Cq values in each pool size
were compared with those individual testing using one-way analysis of variance (ANOVA) followed by
pairwise comparison using the Bonferroni method. As a predictor of within-herd prevalence in JD-
infected herds, whole herd screening by pooled RL-PCR and ELISA were compared using linear regres-
sion. The association between the percentage of positive pools in each herd and the reduction in the
number of testing per herd was also analyzed by linear regression in 12 JD-infected herds. All statistical
analyses were performed by R version 3.6.3 (24).

RESULTS
Analytical specificity of the RL-PCR assay. The specificity of the RL-PCR assay was

examined for 59 mycobacterial strains, including 3 M. avium subsp. paratuberculosis
strains. The Tm peak for the target IS900 was detected in both C and S strains of M.
avium subsp. paratuberculosis, while only the Tm peak for the IC was detected in 56
non-M. avium subsp. paratuberculosis mycobacterial strains, including the IS900-like
sequence-containing strain 2333 (Table 1).

Comparison of DNA extraction kits for PCR inhibition related to the pool size.
Two DNA extraction kits, namely, Johne-PureSpin and Johne-Spin, were compared for
PCR inhibition related to the pool size. The acceptable number of fecal samples in a
pool was determined using fecal suspension prepared from negative bovine feces. The
mean Cq values for DNA samples extracted by Johne-Spin increased in relation to the
pool size (r � 0.8142), and the IC was not amplified in any of the replicates in a pool
size of 20 (Fig. 3). In contrast, by using Johne-PureSpin, significant inhibition of PCR
amplification was not observed with up to 15 fecal samples in a pool (r � 0.6496)

TABLE 4 JD-uninfected herds included in this study

Herd ID
Herd
type

No. of
animals

No. of
pools

No. of
positive
pools

No. of
invalid
pools (%)

No. of
positive
animals

N-1 Beef 206 26 0 0 0
N-2 Beef 811 84 0 0 0
N-3 Beef 408 44 0 3 (6.8) 0
N-4 Beef 391 41 0 0 0
N-5 Beef 124 13 0 0 0
N-6 Beef 444 49 0 0 0
N-7 Dairy 691 70 0 1 (1.4) 0

Total 3,075 327 0 4 (1.2) 0

FIG 3 Comparison of DNA extraction kits for the PCR inhibition related to the pool size. The mean Cq

values in each pool size were compared to individual testing. The Cq values for the unamplified samples
were defined to be �45 cycles. *, difference in comparison to individual testing (P � 0.05) (Bonferroni
method).
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(Fig. 3). With a pool size of 20, slight inhibition was indicated by higher Cq values and
a reduction in the height of the Tm peaks for the IC.

Analytical sensitivity of pooled and individual RL-PCR. The analytical sensitivity
of the RL-PCR assay was evaluated using negative feces spiked with dilutions of M.
avium subsp. paratuberculosis cells. The detection limit of the RL-PCR at pool size of 10
was 10 M. avium subsp. paratuberculosis organisms in 1 gram of feces, which was
comparable to the limit of individual testing (Table 5).

Effect of pooling on the sensitivity of RL-PCR using feces that tested positive
in the conventional SYBR green-based qPCR assay. A total of 64 qPCR-positive
feces was tested by pooled RL-PCR. At a pool size of 10, simulating 1 infected plus 9
uninfected, the RL-PCR assay detected 95.1% of the positive feces containing over the
diagnostic cutoff point of 0.001 pg/well of M. avium subsp. paratuberculosis DNA (Table
6). The positive rate was 65.2% in the feces containing less than 0.001 pg/well (Table 6).
The overall sensitivity was 84.4% (Table 6).

Herd screening by RL-PCR. A total of 2,654 animals in 12 JD-infected herds were
screened by the RL-PCR assay and individual antibody-ELISA (Fig. 2). Through the
screening test using pooled RL-PCR followed by identification of positive animals by
individual RL-PCR, 390 animals from 11 herds were detected, while 20 from 8 herds
were positive by ELISA (Table 3). Of the 390 animals detected by RL-PCR, 338 (86.7%)
were positive by the conventional SYBR green-based qPCR assay and 50 of them were
diagnosed with JD due to the detection of M. avium subsp. paratuberculosis DNA more
than the cutoff value of 0.001 pg/well. On the other hand, 8 of 20 (40%) animals
detected by ELISA were positive in the qPCR assay. Only 5 animals were diagnosed with
JD, which were also detected through the screening by RL-PCR (Table 3).

The prevalence of JD in each herd was calculated based on the number of animals
diagnosed with JD through the respective screening tests, RL-PCR and ELISA (Table 3).
The within-herd prevalence estimated through screening by ELISA was lower than that
by pooled RL-PCR (Table 3). In screening by the pooled RL-PCR assay, the percentage
of positive pools in each herd was correlated with the prevalence of diagnosed animals
(P � 0.01) (Fig. 4A), while the antibody prevalence did not reflect the prevalence of fecal
shedders (P � 0.703) (Fig. 4B).

The positive rate in pooled RL-PCR in each herd was 0% to 100% (Table 3). There was
a significant relationship between the percentage of positive pools in the herd and the
reduction in the number of tests per herd compared with those of individual testing
(Fig. 5).

In the 7 JD-free herds, fecal samples from 3,075 animals were tested by pooled
RL-PCR (327 pools), and no positive results were obtained (Table 4). The results of 4 out
of 327 pools (1.2%) from 2 herds were invalid due to the lack of IC amplification. All the
animals in these 4 pools were confirmed negative individually.

DISCUSSION

Although a direct fecal qPCR assay enables rapid and sensitive detection of animals
shedding M. avium subsp. paratuberculosis (10, 11), PCR-based tests of individual
animals are labor-intensive for the screening of whole herds. This study presents a
novel real-time PCR-based screening test for JD with pooled fecal samples and the
evaluation of the test for the detection of fecal shedders in a cattle herd.

The RL-PCR assay developed in this study included an IC to confirm if the PCR was
completed without inhibition. As the IC used in this assay was amplified with the same
primer set as the for the target M. avium subsp. paratuberculosis IS900, some compe-
tition between the target and the IC was expected (25, 26). When a competitive IC is
used, it is recommended that the length of the IC should be longer than the target
sequence to reduce the amplification efficiency compared with the smaller target
fragment (19). The size of the IC was 222 bp, while that of the target was 146 bp in the
RL-PCR assay. The concentration of the IC is also critical for the detection limit of the
PCR assay (19, 26). The smallest reproducible amount of IC DNA was added in the PCR
master mix. The analytical sensitivity of individual RL-PCR was 10 M. avium subsp.
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paratuberculosis organisms in 1 g of feces (equivalent to 0.5 M. avium subsp. paratu-
berculosis per extraction; note that IS900 is a multicopy element) (Table 5), which was
comparable to the limit of the conventional SYBR green-based qPCR assay described
previously (10).

During the RL-PCR, amplification of the target and the IC was monitored on a
real-time basis using a fluorescent DNA binding dye, ResoLight. The amplicons were
further analyzed by collecting the dissociation curve data and then identified as either
the target M. avium subsp. paratuberculosis IS900 or the IC based on the melting
temperature. ResoLight dye is a DNA intercalating dye, which can be used at saturating
concentrations leading to enhanced sharpness of fluorescent signals compared with
other commonly used DNA-binding dyes, e.g., SYBR green I. In the RL-PCR assay, the
approximate Tm values for the target and IC were 91.5°C and 85.5°C, respectively. By
using ResoLight dye, the melting profiles of amplicons were analyzed at high resolu-
tion, and 2 clearly separated peaks corresponding to the target and the IC were
observed (Fig. 1).

The RL-PCR assay indicated high analytical specificity for the detection of M. avium
subsp. paratuberculosis (Table 1). The Tm peak for the target IS900 was detected in M.
avium subsp. paratuberculosis strains but not in the other mycobacterial strains, includ-
ing Mycobacterium sp. 2333, in which there is one copy of an IS900-like sequence with
94% homology to M. avium subsp. paratuberculosis IS900 (22). During the field study in
JD-free herds, the RL-PCR assay also demonstrated high diagnostic specificity: none of
the pools were positive and all the animals were ultimately confirmed as negative
(Table 4). As well as designing specific primers for M. avium subsp. paratuberculosis
IS900, the inclusion of the competitive IC possibly assisted to avoid the formation of
primer dimers or other nonspecific amplifications and consequently improved the
specificity.

It is well known that a variety of components in feces act as so-called PCR inhibitors,
adversely affecting the amplification and detection of nucleic acid in PCR assays (14,
15). Through the fecal pooling process applied in this study, it was expected that PCR
inhibitors were also concentrated (13). To remove PCR inhibitors from pooled fecal
samples, the use of Johne-Spin as a DNA extraction kit has been suggested (13).
However, among the DNA samples prepared with Johne-Spin and tested in the RL-PCR
assay, amplification of the IC was inhibited by increases in the pool size (Fig. 3). In
contrast, by using Johne-PureSpin, no significant inhibition of PCR amplification was
observed with up to 15 fecal samples in a pool (Fig. 3). Owing to the high concentration

TABLE 5 Analytical sensitivity of pooled and individual RL-PCR in M. avium subsp.
paratuberculosis-spiked feces

No. of cells/g
of feces

No. of cells per
extraction

No. positive/no. tested

Individual Pool of 10

104 500 3/3 3/3
103 50 3/3 3/3
102 5 3/3 3/3
101 0.5 1/3 1/3
100 0.05 0/3 0/3
0 0 0/3 0/3

TABLE 6 Effect of pooling on the sensitivity of RL-PCR in qPCR-positive feces

Pooled
RL-PCRa

Values by DNA quantity
(pg/well)b of:

Total<0.001 >0.001

No. tested 23 41 64
No. positive (%) 15 (65.2) 39 (95.1) 54 (84.4)
aTested at a pool size of 10 (1 positive plus 9 negative fecal samples).
bDNA quantity detected by the conventional SYBR green-based qPCR assay.
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of PCR inhibitors in pooled fecal samples, the selection of a DNA extraction kit is critical
to achieve sufficient diagnostic sensitivity. PCR inhibitors were efficiently removed from
DNA templates obtained using Johne-PureSpin.

In view of PCR inhibitors in feces, PCR-based diagnostic tests with pooled samples
are generally designed for diluted feces or fecal suspensions. It was also suggested that
the dilution of extracted DNA could be effective for improving test sensitivity (17). In a
previous study, a higher sensitivity at a pool size of 10 was obtained by 5-fold dilution
of the DNA extracts (16). However, the dilution of feces/fecal suspensions or DNA
templates may lead to false-negative results if the sample contains only a small amount
of M. avium subsp. paratuberculosis/M. avium subsp. paratuberculosis DNA. The fecal
pooling protocol followed by the DNA extraction and PCR assay used in this study has
theoretically equal sensitivity compared with that of individual testing (13). The ana-
lytical sensitivity of the RL-PCR assay examined in M. avium subsp. paratuberculosis-
spiked feces suggested that the detection limit at a pool size of 10 was comparable to
that of individual testing (Table 5). It was demonstrated that the RL-PCR assay com-
bined with DNA extraction by Johne-PureSpin sufficiently detected M. avium subsp.
paratuberculosis DNA in pooled fecal samples without a loss of diagnostic sensitivity at
least up to a pool size of 10.

The effect of pooling on the sensitivity of the test was further evaluated in bovine
feces containing different levels of M. avium subsp. paratuberculosis DNA. Although the

FIG 4 The relationship between the within-herd prevalence of diagnosed animals and the screening test
used in the herd. The herd prevalence calculated based on the number of diagnosed animals detected
through each screening test is shown on the y axes. (A) Screened by pooled RL-PCR at a pool size of 10;
(B) screened by ELISA.
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overall sensitivity was 84.4% at a pool size of 10, the test sensitivity in pooled feces
depended on the quantity of M. avium subsp. paratuberculosis DNA in the positive feces
(Table 6). The diagnostic cutoff point in the conventional SYBR green-based qPCR assay
was set at 0.001 pg/well based on the results of fecal culture. In this study, 95.1% of the
pools, including diagnostically positive feces were positive at a pool size of 10 (Table 6),
suggesting that most of the animals diagnosed with JD by the individual qPCR test can
be detected through screening by the pooled RL-PCR assay.

During the field validation conducted in JD-infected herds, the RL-PCR assay with up
to 10 fecal samples in a pool demonstrated higher diagnostic sensitivity than that of
ELISA: 50 animals were diagnosed with JD through the screening by RL-PCR, while
only 5 were detected by ELISA (all 5 were also positive in the RL-PCR) (Table 3). The
sensitivity of ELISAs is dependent on the stage of the disease and the age of the animals
(6, 8). Fecal shedding is generally observed earlier in the course of infection than the
antibody response. Moreover, although young animals have not been considered a
major source of within-herd transmission of M. avium subsp. paratuberculosis, tentative
shedding in calves at an early stage of infection and therefore calf-to-calf/calf-to-
environment transmission have been reported (27–30). Our results suggest that whole-
herd screening based on ELISAs is likely to fail to detect antibody-negative infectious
animals which have a risk of transmission without being detected.

Although PCR inhibition was not observed in the pools from JD-infected herds, the
results of 4 pools (1.2%) from 2 JD-free herds were invalid due to the lack of IC
amplification (Table 4). All the animals in the undetermined pools were confirmed
negative by detection of the IC in the DNA template extracted individually. Particularly
for diagnostic PCR using clinical samples, monitoring PCR inhibition by a suitable IC has
been recommended (18). Inclusion of IC in the RL-PCR assay ensured that the negative
results were truly negative. For identification of shedding animals in positive pools,
individual RL-PCR was conducted prior to the diagnostic confirmation using the
conventional SYBR green-based qPCR assay. Although the SYBR green-based qPCR
assay has been accepted as a rapid and sensitive diagnostic test for JD and
circumvents time-consuming fecal culture (10, 11), it possibly overlooks false-
negative results. The follow-up individual test combined with pooled RL-PCR could
be improved in further study, namely, a qPCR assay for detection and quantification
of M. avium subsp. paratuberculosis DNA and monitoring of PCR inhibition simul-
taneously.

Testing pooled samples was expected to save time, labor, and cost compared with

FIG 5 The association between the percentage of positive pools and the total number of tests in each
of the 12 JD-infected herds.
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those of individual testing (13). However, the number of tests per herd depended on
the number of positive pools which needed to be followed up by individual testing for
identification of the positive animal(s). In our field study in JD-infected herds, the
reduction in the number of tests per herd with pooled RL-PCR was significantly
correlated with the rate of positive pools (Fig. 5). As a whole-herd screening test for
detection of shedding animals, the RL-PCR assay with pooled fecal samples performed
more effectively in herds with low prevalence than in highly contaminated herds. The
follow-up individual test for animals in positive pools should be considered carefully
particularly in highly contaminated herds because not only infected animals but also
animals passively shedding M. avium subsp. paratuberculosis or M. avium subsp.
paratuberculosis DNA in the feces are detected. Passive fecal shedding by ingestion of
M. avium subsp. paratuberculosis in the contaminated environment is a known phe-
nomenon in JD, and PCR-based diagnostic tests cannot distinguish passive shedders
from infected active shedders (31).

Besides the detection of fecal shedders, it was shown that the results of pooled
RL-PCR reflected the prevalence of shedding animals in the herd. The percentage of
positive pools in the herd was correlated with the prevalence of diagnosed animals
(Fig. 4A), suggesting that whole-herd screening by pooled RL-PCR could be useful to
estimate the within-herd prevalence. In contrast, the within-herd prevalence calculated
based on the seroprevalence was likely to be imprecise and to underestimate true
prevalence. Although fecal culture has been used in order to obtain more accurate
estimation of within-herd prevalence, bacterial culture of pooled feces or environmen-
tal samples have been reported for this purpose as being more cost-effective testing
strategies (32–34). Compared with culture methods which usually require several
months to obtain results, whole-herd screening by pooled RL-PCR enables rapid
estimation of the within-herd prevalence. Longitudinal herd monitoring using pooled
RL-PCR may provide useful information to assess the progress of disease control in the
herd.

In conclusion, the RL-PCR assay combined with effective DNA extraction from
pooled fecal samples demonstrated comparable sensitivity to individual testing up
to a pool size of 10. PCR inhibition was clearly monitored based on the IC
amplification detected using ResoLight dye. For the detection of shedding animals,
whole-herd screening by pooled RL-PCR was significantly more sensitive than ELISA
screening. The RL-PCR assay with pooled fecal samples performed more effectively
in herds with lower prevalence when the follow-up individual test was conducted
for all the animals in positive pools. The rate of positive pools in the herd reflected
the within-herd prevalence of fecal shedders, suggesting that implementation of
herd screening by pooled RL-PCR would be an advance for monitoring and control
of JD in cattle herds.
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