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  ABSTRACT 

Mycobacterium avium ssp. paratuberculosis (MAP) 
is the etiological agent of paratuberculosis, a chronic 
contagious bacterial disease primarily affecting dairy 
cattle. Paratuberculosis represents a dual problem for 
the milk production chain: in addition to economic 
losses to affected herds, MAP may have zoonotic po-
tential. Infected herds must be identified in order to 
implement programs designed to reduce the incidence 
of disease within and between herds and to prevent 
MAP from entering the food chain. The objective of 
this study was to evaluate the sensitivity and speci-
ficity of a screening sampling plan (SSP) to detect 
MAP-positive dairy herds by repetitive analysis of bulk 
tank milk (BTM) samples by ELISA and in-line milk 
filter (ILMF) samples by PCR. Samples from BTM 
and ILMF were collected twice from 569 dairy herds 
in southern Italy. Additionally, 12,016 individual milk 
samples were collected: 9,509 from 102 SSP-positive 
herds (SSP MAP-positive) and 2,507 from 21 randomly 
selected SSP-negative herds (SSP MAP-negative). 
There was a total of 126 SSP MAP-positive herds (i.e., 
21.3% SSP MAP-positive herds; 95% confidence inter-
val = 18.0–24.9); the within-herd apparent prevalence 
(AP) ranged between 0.00 and 22.73% (mean 6.07%). 
A significant difference in within-herd AP was shown 
between SSP MAP-positive herds and SSP MAP-
negative herds. A highly significant association was 
shown between the median AP herd status (>5%) and 
positivity to at least one ILMF or BTM sample. The 
SSP detected a minimum of 56.25% of low AP herds 
(AP ≤2.0%) up to a maximum of 100% of herds with 
a within-herd AP ≥8.0%. Overall, the SSP detected 
85.57% of herds in which at least one individual milk 
sample was positive by ELISA. The proposed SSP was 
an inexpensive and useful tool to detect MAP-positive 

herds with a higher risk of infection diffusion and milk 
contamination. Although the SSP cannot be used for 
MAP-free certification of herds, it could be useful to 
prioritize appropriate control measures aimed at reduc-
ing the prevalence of infection in dairy herds and milk 
contamination. 
  Key words:    paratuberculosis ,  screening sampling 
plan ,  sensitivity ,  specificity ,  dairy farm 

  INTRODUCTION 

Mycobacterium avium ssp. paratuberculosis (MAP) is 
the etiological agent of paratuberculosis, also known as 
Johne’s disease (JD), a chronic and progressive granu-
lomatous enteritis affecting ruminants, especially dairy 
cattle, and a variety of domestic and wildlife species 
(Chiodini et al., 1984; Beard et al., 2001; Kennedy and 
Benedictus, 2001). Johne’s disease is a dual problem 
for the milk production chain: it causes economic losses 
associated with reduced milk yield, low reproduction 
efficiency, premature culling, and decreased cull cow 
values in affected herds (Good et al., 2009); MAP is also 
thought to carry a zoonotic risk, on the basis of both 
clinical and gross lesion similarities between JD and 
human Crohn’s disease (CD) and the PCR evidence of 
MAP in the gut of CD patients (Chiodini et al., 2012). 
The exposure of humans to MAP most likely occurs via 
contaminated milk and milk products (Gill et al., 2011). 
Mycobacterium avium ssp. paratuberculosis infection is 
widespread worldwide and its herd-level prevalence in 
dairy cattle ranges widely from almost 0 to more than 
50% (APHIS, 2008; Good et al., 2009; Nielsen and 
Toft, 2009; Carter, 2012). Mycobacterium avium ssp. 
paratuberculosis may contaminate milk through direct 
excretion or by fecal contamination during milking 
(Grant, 2005). It has been detected in bulk tank raw 
milk (Sweeney et al., 1992; Stephan et al., 2002; Slana 
et al., 2009; Hanifian et al., 2013; Khol et al., 2013) 
and can survive low-temperature holding (63°C for 30 
min) and HTST (72°C for 15 s) pasteurization (Grant 
et al., 1996; Millar et al., 1996; Sung and Collins, 1998; 
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Grant, 2006; Van Brandt et al., 2011). Viable MAP has 
even been found in commercially pasteurized milk pur-
chased at retail (Grant et al., 2002; Ayele et al., 2005; 
Ellingson et al., 2005; Cerf et al., 2007; Shankar et al., 
2010; Carvalho et al., 2012). Some countries, such as 
China and Russia, currently require certification on the 
sanitary status of dairy herds whose milk is used for 
dairy products they import. For these reasons, several 
countries, including Italy (Italian Ministry of Health, 
2013), have developed voluntary or mandatory plans 
aimed at controlling or eradicating MAP (Carter, 2012; 
Khol and Baumgartner, 2012b).

Herds infected with MAP must be identified in order 
to implement programs designed to reduce the trans-
mission of MAP within and between herds and to pre-
vent MAP from shedding in the environment and enter-
ing the food chain (Khol and Baumgartner, 2012a). In 
this context, knowledge of the MAP infection status of 
each herd is a key factor in disease control, in addition 
to permitting informed decisions by risk managers and 
creating positive conditions for responsible marketing 
of animals and their products.

The objective of this study was to evaluate the sen-
sitivity and specificity of a screening sampling plan 
(SSP) to detect MAP-infected dairy herds by repeti-
tive analysis of bulk tank milk (BTM) samples by 
ELISA and in-line milk filter (ILMF) samples by PCR 
compared with individual milk sampling of the whole 
herd. Results are reported according to consensus-
based reporting standards for diagnostic test accuracy 
studies for paratuberculosis in ruminants (Gardner et 
al., 2011).

MATERIALS AND METHODS

Collection of Samples for the SSP

The investigation was conducted from January 2010 
to May 2013. A total of 569 dairy herds located in 
southern Italy were enrolled in the study. Herds were 
chosen because of their participation in a program 
for milk quality improvement supported by the Ital-
ian Ministry of Agriculture; herds had no history of 
testing for paratuberculosis and no other activity was 
performed during the study. According to Italian law, 
all dairy herds must be free of tuberculosis, and skin 
testing for Mycobacterium bovis was performed each 
year. Herds had from 8 to 608 dairy cows (mean: 123); 
the main breed farmed was Holstein Friesian, although 
some herds included a small proportion (about 10%) of 
Brown Swiss and Jersey. The type of farming was the 
typical Italian system, in which cows are housed in the 
barn year-round. Farmers who agreed to participate in 
the survey formed the study sample of the first phase 

of the study: to perform an SSP based on 2 samplings 
(1 BTM and 1 ILMF for each sampling) for each farm 
performed 6 mo apart; farmers were requested to pro-
vide 2 BTM samples and 2 ILMF samples. Veterinary 
practitioners collected samples in sterile tubes for BTM 
samples and in sterile stomacher bags for ILMF sam-
ples. Samples were transported to 3 different collection 
points, frozen at −20°C on the day of sampling, and 
shipped within 15 d from sampling for analysis by ELI-
SA (BTM samples) and PCR (ILMF samples) to the 
accredited laboratory of the National Reference Centre 
for Paratuberculosis [Gariga di Podenzano (PC), Italy]. 
All samples were analyzed by the same trained person 
by a blinded procedure.

Herds that completed the SSP (2 ILMF and 2 BTM 
analyzed) and that had a positive result for at least one 
of the screening samples were recorded as SSP MAP-
positive; herds that performed the complete SSP and 
had negative results in all screening samples were re-
corded as SSP MAP-negative. The SSP MAP-positive 
and negative herds were included in the second phase 
of the study.

Individual Cow Milk Samples

In the second phase of the study, farmers of all SSP 
MAP-positive herds were requested to perform individ-
ual milk sampling from all lactating cows in the herd 
to estimate the within-herd MAP apparent prevalence 
(AP). In addition, individual milk samples were re-
quested from a random selection of farmers whose herds 
were SSP MAP-negative. Individual milk samples were 
collected within 3 mo after the previous positive results 
in SSP-positive herds, and within 3 mo after the end of 
the SSP in SSP MAP-negative herds. Individual milk 
samples were collected, stored, and shipped as previ-
ously described for BTM samples. Herds in which at 
least one positive individual milk sample was detected 
were recorded as MAP-infected herds.

ELISA Analysis of Milk Samples

Bulk tank and individual milk samples were tested 
for antibodies against MAP using a commercially avail-
able ELISA kit (ID Screen Paratuberculosis indirect, 
confirmation test, IDVET, Montpellier, France). Ac-
cording to the manufacturer’s instructions, each sample 
was tested in a coated well (even columns) and in an 
adjacent noncoated well (odd columns). Results were 
calculated with respect to the corrected sample optical 
density (OD) (even well OD – odd well OD). The sample-
to-positive (S/P) ratio value was calculated according 
to the manufacturer’s instructions and was considered 
positive when it was ≥0.15 for BTM samples and ≥0.30 
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for individual milk samples. The test procedures were 
accredited according to ISO 17025:2005 (ISO, 2005) at 
the Italian accreditation body Accredia (Rome, Italy). 
The test sensitivity and specificity for individual milk 
samples and BTM samples were reported by Nielsen 
et al. (2013) and Nielsen and Toft (2014), respectively.

PCR Analysis of ILMF

The ILMF were aseptically cut into small pieces 
(about 15 cm2), put in filtered stomacher bags with 
100 mL of PBS supplemented with 0.05% Tween 20 
(PBS-Tween 20) and homogenized at 300 rpm for 2 
min in a Stomacher 400 Circulator (International PBI, 
Milan, Italy). Fifty milliliters of homogenate was col-
lected into a Falcon tube and centrifuged at 2,500 × 
g for 15 min. The pellet obtained was suspended in 1 
mL of PBS-Tween 20, vortexed, and transferred into 
a 1.5-mL tube. According to Foddai et al. (2010), 10 
μL of MyOne Tosylactivated Dynabeads (Life Tech-
nologies, Milan, Italy) coated with biotinylated aMp3 
peptide (NYVIHDVPRHPA; Research Biochemicals, 
Cambridge, UK) and with biotinylated aMptD peptide 
(GHNHHHQHHRPQ; Research Biochemicals) were 
added to the suspensions obtained from ILMF and 
mixed on a Stuart SRT6 rotator (Sigma-Aldrich, Milan, 
Italy) for 30 min at 30 rpm at room temperature. The 
samples were then subjected to magnetic separation for 
10 min and washed twice with 1 mL of PBS-Tween 20. 
The magnetic beads were suspended in 300 μL of PBS-
Tween 20 and 200 μL of sterile water supplemented 
with 300 mg of glass beads (Sigma; 150–212 μm in 
diameter). The sample was subjected to bead beating 
in a tissue lyser for 10 min at 30 Hz. The DNA was 
then extracted using 200 μL of supernatant with the 
DNeasy Blood and Tissue Kit (Qiagen, Milan, Italy), 
according to the manufacturer’s instructions.

Real-time PCR was performed by targeting sequence 
IS900 with primers and hydrolysis probe as previously 
described (Ricchi et al., 2009; Donaghy et al., 2011). 
The amplification reactions were performed in dupli-
cate for each sample using a StepOne Plus System (Life 
Technologies) in 20 μL of master mix containing a 300 
nM concentration of each primer and a 6 nM concentra-
tion of the probe; in the case of discrepant results, the 
analysis was repeated. An internal positive control (Life 
Technologies) was also added to avoid false-negative 
results, and an internal extraction control, consisting 
of a MAP-spiked and frozen milk sample, was used to 
evaluate the reproducibility of the reaction. All PCR 
reactions were performed under the following condi-
tions: 40 cycles of denaturation for 15 s at 95°C and 
annealing and elongation for 60 s at 60°C.

The test procedures on milk were accredited accord-
ing to ISO 17025:2005 (ISO, 2005) at Accredia with 
an analytical limit of detection of 25 cfu/mL of milk; 
the limit of detection of the analytical procedure per-
formed on ILMF was evaluated by spiking ILMF from 
a MAP-free dairy herd with 10-fold dilutions of 2 MAP 
strains (ATCC 19698 strain and field strain IZSLER 
917/11, isolated from cow feces in a dairy farm located 
in Parma, Italy) and was estimated to be 10 to 20 cfu/
ILMF (see Table 1).

Statistical Analysis

Statistical analysis was performed using SPSS soft-
ware (SPSS Statistics ver. 21; IBM Corp., Chicago, 
IL) and the Mann-Whitney U-test, χ2 test, and Pear-
son test. The significance limit was set at P < 0.05.  
Only data of herds that performed the complete  
SSP (2 ILMF and 2 BTM samples) and the  
individual milk sampling were included in the statisti-
cal analysis.

Table 1. Detection limit of real-time PCR in in-line milk filters (ILMF)1 

ATCC 19698 IZSLER 917/11

Inoculum of MAP  
cells2 (cfu/ILMF) Signal ratio3

Inoculum of MAP  
cells (cfu/ILMF) Signal ratio

≈1.2 × 103 3/3 ≈1.5 × 103 2/2
1.2–1.5 × 102 3/3 1.3–1.7 × 102 2/2
1.0–1.2 × 101 3/3 1.4–2.0 × 101 2/2
0–2 × 10° 0/3 0 0/2
1ATCC 19698 and IZSLER 917/11 were from American Type Culture Collection (Manassas, VA) and cow feces 
in a dairy farm located in Parma (Italy), respectively.
2Evaluated a posteriori by streaking 100 μL of each dilution on Herrold’s egg yolk medium with mycobactin J 
supplemented with amphotericin, nalidixic acid, and vancomycin (HEYM-ANV) plates in duplicate. MAP = 
Mycobacterium avium ssp. paratuberculosis.
3Number of positive replicates/total number of replicates.
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To assess the sensitivity and specificity of the SSP 
to detect MAP-positive herds, the percentile distribu-
tion of the within-herd AP for all herds was calculated. 
Arbitrarily, herds with an AP value lower than the 
25th percentile, between the 25th and the 50th per-
centile, and between the 50th and the 75th percentile 
were classified as low, medium, high, respectively; herds 
with an AP value higher than the 75th percentile were 
classified as very high. To assess a possible correlation 
between the S/P value of BTM ELISA analysis and 
the value of within-herd AP, a simple regression was 
performed and the arithmetic mean of the S/P values 
was used. Equality of variance was tested by plotting 
the standardized residuals against predicted values and 
the normality of residuals was examined by a normality 
probability plot. Confidence intervals were calculated 
by binomial (Clopper-Pearson) “exact” method based 
on the β distribution.

RESULTS

SSP

Bulk tank milk samples were obtained from all 569 
herds included in the survey, whereas ILMF samples 
were collected from a total of 436 herds. The complete 
SSP (2 BTM samples and 2 ILMF samples) was per-
formed in 385 herds; details are given in Table 2. A 
total of 121 (21.3%; 95% CI = 18.0–24.9) herds were 
SSP MAP-positive for at least one BTM or one ILMF 
sample, and repetitive sampling identified more SSP 
MAP-positive herds than single sampling, both for 
BTM and for ILMF (see Table 2). The ILMF analy-
sis detected a higher proportion of SSP MAP-positive 
herds than BTM analysis (18.3 vs. 13.7%), but none 
of the tests identified all 121 SSP MAP-positive herds.

Individual Cow Milk Sampling

In total, 12,016 individual milk samples were col-
lected: 9,509 from 102 SSP MAP-positive and 2,507 
from 21 SSP MAP-negative herds. Considering all 
126 investigated dairy herds, an overall mean AP of 

6.07% (range 0.00–22.73%) was detected, 1.93% (range 
0.00–2.82%) in SSP MAP-negative herds and 6.44% 
(range 0.00–22.73%) in SSP MAP-positive herds; a 
significant difference (P < 0.01) in within-herd AP 
was shown between SPP MAP-positive herds and SSP 
MAP-negative herds.

One hundred seven herds completed the SSP (2 
ILMF and 2 BTM samples) and the individual milk 
sampling, and were therefore considered in the follow-
ing statistical evaluations. Based on the results of the 
percentile distribution, herds with AP values of ≤2, 
2.1–4.9, 5.0–7.9, and ≥8% were classified as low, me-
dium, high, and very high AP, respectively. No positive 
individual milk samples were detected in 3 out of 86 
SSP MAP-positive herds, whereas some individual milk 
samples had positive ELISA in 14 out of 21 SSP MAP-
negative herds. No significant relationships (P > 0.05) 
were shown between positivity to at least one positive 
individual milk sample in the herd and positivity to at 
least one ILMF sample. Likewise, no significant rela-
tionship (P > 0.05) could be shown between positivity 
to at least one positive individual milk sample in the 
herd and positivity to BTM samples. In contrast, a 
highly significant relationship (P < 0.001) was shown 
between having at least one positive individual milk 
sample in the herd and positivity to ILMF or BTM 
samples.

The statistical analysis performed to evaluate the as-
sociation between the within-herd AP (<5% vs. ≥5%) 
and the results of ILMF or BTM analysis disclosed an 
association between within-herd AP (≥5%) and a posi-
tive BTM ELISA result (P = 0.002); the mean S/P val-
ue of the BTM ELISA test was significantly (P < 0.01) 
related to within-herd AP (Figure 1). The association 
was not shown for a positive ILMF PCR analysis (P > 
0.05). A highly significant association (P = 0.001) was 
shown between the median AP herd status (≥5%) and 
positivity to at least one ILMF or BTM sample. The 
data show that repetitive sampling of BTM and ILMF 
disclosed a higher number of positive farms (from 28.0 
to 47.7% and from 39.3 to 59.8% for BTM and ILMF 
respectively), as reported in Table 3. An association 
was shown (P < 0.001) between within-herd quartile 

Table 2. Results of analysis of in-line milk filters (ILMF) by real time-PCR and bulk tank milk (BTM) ELISA performed in the screening 
sampling plan 

Sample 
analyzed

No. of herds 
sampled 

(at least once)

First sampling Second sampling

Total positive samples 
(%; 95% CI)

Total positive herds 
(%; 95% CI)

No. of 
samples  
analyzed

No. of positive 
samples 

(%; 95% CI)

No. of 
samples  
analyzed

No. of positive 
samples 

(%; 95% CI)

ILMF 436 413 52 (12.6; 9.5–16.2) 409 37 (9.0; 6.4–12.3) 89 (10.8; 8.8–13.2) 80 (18.3; 14.8–22.3)
BTM 569 554 44 (7.9; 6.0–10.5) 539 46 (8.5; 6.3–11.2) 90 (8.2; 6.7–10.0) 78 (13.7; 11.0–16.8)
Total       121 (21.3; 18.0–24.9)
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AP and BTM positivity to ELISA test, whereas no 
association (P > 0.05) was observed between within-
herd quartile AP and IMLF positivity to PCR. More-
over, a significant association was shown (P < 0.001) 
between within-herd quartile prevalence and BTM or 
ILMF positivity to ELISA test or to PCR, respectively. 
Overall, the complete SSP detected a higher number of 
positive herds than BTM or ILMF examination alone 
(85.6 of herds in which at least one individual milk 
sample resulted positive to ELISA). The sensitivity of 
the complete SSP resulted from a minimum of 56.2% in 
low AP herds (AP <2.0%) up to a maximum of 100% 
in herds with a within-herd AP ≥8.0% (Table 4).

DISCUSSION

This study reports an SSP for paratuberculosis by 
BTM or ILMF analysis in 569 dairy herds in south-
ern Italy and its ability to detect MAP-infected dairy 
herds. Our findings showed that real-time PCR on 
ILMF detected 18.3% positive dairy herds compared 
with 13.7% detected by ELISA BTM analysis; the dis-
agreement between the 2 tests (PCR and ELISA) was 
expected because they detect different targets (Wilson 
et al., 2010).

Regarding the within-herd AP, the fact that some in-
dividual milk samples were positive in some SSP-nega-
tive herds can be explained by the low sensitivity of the 
ELISA test used on BTM (30.1%; 95% CI: 27.5–37.3%, 
as reported by Arrigoni et al., 2007) and the limited 
sensitivity of the PCR reaction, which detected 10 to 
20 cfu/ILMF. The absence of positive individual milk 
samples in 3 SSP-positive herds can be explained by 
the fact that individual milk samples were performed 1 
to 3 mo after the SSP-positive result (and thus positive 
cows could have been culled or dried off). The specific-
ity of ILMF for MAP detection was reported to be 
100% (Slana et al., 2012), and a similarly high specific-
ity was reported for ELISA test in BTM (Van Weering 
et al., 2007) so false-positive results are unlikely.

Positivity to a double sampling of BTM tested by 
ELISA was significantly related to a within-herd AP 
≥5%; the mean S/P value was significantly correlated 
to the within-herd AP. The correlation between BTM 
ELISA results and within-herd AP detected by individ-
ual milk sample analysis by ELISA must be interpreted 
with caution given that, in our study, the within-herd 
AP was estimated by a single sampling of all lactat-
ing cows and thus does not consider the variability 
due to the lactation stage of individual milk samples 
(Nielsen and Toft, 2012). Moreover, seasonal variation 
of MAP antibodies titers in BTM has been reported 
and related to a higher bacterial load or to seasonal 
calving practices (Cazer et al., 2013). Considering that 
the synchronization of calving is not a common practice 

Figure 1. Correlation of mean sample-to-positive (S/P) value of 
bulk tank milk ELISA test and within-herd apparent prevalence.

Table 3. Association between the apparent prevalence (AP) status of the herds and screening sampling plan (SSP) results in the 107 herds 
in which the complete screening sampling plan [SSP; 2 bulk tank milk (BTM) and 2 in-line milk filter (ILMF) examinations] and individual 
sampling of cows was performed 

Within-herd  
AP quartile

Number of herds (%; 95% CI) positive to

First BTM  
examination*

First or second  
BTM examination*

First ILMF  
examination

First or second  
ILMF examination

Complete  
SSP*

≤2.0% (low AP) 1 (3.8; 0.1–19.6) 2 (7.7; 0.9–25.1) 4 (15.4; 4.4–34.9) 11 (42.3; 23.3–63.1) 12 (46.1; 26.6–66.6)
2.1–4.9% (medium AP) 7 (25.9; 11.1–46.3) 13 (48.1; 28.7–68.0) 12 (44.4; 25.5–64.7) 19 (70.4; 49.8–86.2) 24 (88.9; 70.8–97.6)
5.0–7.9% (high AP) 6 (23.1; 9.0–43.6) 14 (53.8; 33.4–73.4) 13 (50.0; 29.9–70.1) 17 (65.4; 44.3–82.8) 22 (84.6; 65.1–95.6)
≥8.0% (very high AP) 16 (57.1; 37.2–75.5) 22 (78.6; 59.0–91.7) 13 (46.4; 27.5–66.1) 17 (60.7; 40.6–78.5) 28 (100; 87.7–100)
Total 30 (28.0; 19.8–37.5) 51 (47.7; 37.9–57.5) 42 (39.2; 29.9–49.2) 64 (59.8; 49.9–69.2) 86 (80.4; 71.6–87.4)

*Significant association between within-herd AP quartile and positivity to SSP examination.
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in Italy and that the 2 BTM samplings were performed 
6 mo apart, the misidentification of SSP MAP-positive 
herds by BTM examination, due to seasonal variations, 
was less likely to occur.

The positivity to BTM ELISA examination was previ-
ously correlated with a ≥5% within-herd AP (Arrigoni 
et al., 2007; Lavers et al., 2014); recently, a correlation 
between results of repeated tests of bulk tank milk by 
ELISA and within-herd antibody prevalence was shown 
by Nielsen and Toft (2014) and, in our study, the cor-
relation between within-herd AP and S/P value was 
confirmed. This finding is reasonable given that the 
ELISA tests performed on BTM and individual milk 
samples have the same target, and that, in herds with 
a high MAP prevalence of infection, several cows con-
tribute to the antibody titer of BTM (Cazer et al., 
2013). This finding may have significant application 
because it could allow a predictive estimation of the 
within-herd AP and consequently define priorities for 
control programs designed to reduce the prevalence of 
MAP-positive animals.

In-line milk filter positivity by PCR was not signifi-
cantly associated with the presence of ELISA-positive 
animals within the herd or with a within-herd AP ≥5%, 
because PCR detected 58.2% of herds with a within-
herd AP <5% and 61.5% of herds with a within-herd 
AP ≥5% (data not shown).

A few studies have addressed the MAP contamination 
of ILMF (McKee et al., 2002; Slana et al., 2012; Toth 
et al., 2013), reporting a wide range of positivity (8.1 
to 79.7%). The percentage of positive ILMF detected 
in our study (10.8%) was similar to that reported by 
McKee et al. (2002), who found 8.1% positive results 

sampling 2 ILMF from 96 herds. Moreover, our results 
confirm those of Slana et al. (2012), who reported no 
association between within-herd prevalence and fre-
quencies of MAP-positive ILMF in herds. No studies 
are available on the factors affecting ILMF positivity, 
but studies on BTM showed that milk contamination 
is more related to the presence of clinical or subclini-
cal high shedders (Sweeney et al., 1992; Boulais et al., 
2011; Khol et al., 2013) and milking hygiene (Jayarao 
et al., 2004) than to within-herd AP itself. On the other 
hand, ILMF positivity by PCR is a clear index of po-
tential milk contamination, and ILMF analysis can be 
a useful tool to set priorities in control programs aimed 
at reducing milk contamination.

The 2 tests combined, PCR on ILMF and ELISA 
on BTM, detected 85.5% of positive herds, 92.6% of 
herds showing a within-herd AP ≥5%, and 100% of 
herds showing a within-herd AP ≥8.0%. Sergeant et 
al. (2008) reported that the identification of positive 
herds based on cultural examination of fecal samples of 
individual cows was considered too expensive by farm-
ers, and alternative sampling plans based on individual 
milk sampling or BTM examination were evaluated. 
For example, Jayarao et al. (2004) reported that single 
PCR testing of BTM samples had poor sensitivity 
and low predictive value for MAP detection, whereas 
Sergeant et al. (2008) evaluated 5 sampling strategies, 
based on individual fecal culture or milk ELISA of 
all animals and of selected groups of animals within 
herds, concluding that individual milk sampling of the 
whole herd and testing by ELISA was the most cost-
effective strategy. However, sampling individual milk of 
the whole herd can be time consuming, expensive, and 

Table 4. Sensitivity and specificity of the screening sampling plan (SSP) compared with ELISA individual milk testing of all lactating cows in 
the herd 

Within-herd apparent  
prevalence (AP) quartile SSP result

Individual milk sampling 
result1

Total
Sensitivity, % 

(95% CI)
Specificity, % 

(95% CI)Positive Negative

≤2.0% (low AP) Positive 9 3 12 56.25 (29.88–80.25) 70.00 (34.75–93.33)
Negative 7 7 14
Total 16 10 26

2.1–4.9% (medium AP) Positive 24 0 24 88.89 (70.84–97.65) NA2

Negative 3 0 3
Total 27 0 27

5.0–7.9% (high AP) Positive 22 0 22 84.62 (65.13–95.64) NA
Negative 4 0 4
Total 26 0 26

≥8% (very high AP) Positive 28 0 28 100 (87.66–100) NA
Negative 0 0 0
Total 28 0 28

Total Positive 83 3 86 85.57 (76.97–91.88) 70.00 (34.75–93.33)
Negative 14 7 21
Total 97 10 107

1Positive if at least one positive sample was detected by individual milk sampling of all the lactating cows in the herd.
2Not applicable.
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labor intensive for farmers, especially in large herds. 
In Italy, an ELISA milk test performed using the ID 
Screen Paratuberculosis indirect confirmation test in 
the public laboratory of the National Reference Centre 
for Paratuberculosis costs €2.54, whereas PCR costs 
€26.40, meaning that the complete SSP tested in this 
study cost €57.88 for each farm. Testing all lactating 
animals within a herd by ELISA would exceed the 
cost of the complete SSP proposed in this study for 
herds with more than 23 cows. Moreover, the extended 
milking time and animal stress should be considered 
additional costs in large herds when the strategy of in-
dividual milk sampling of the whole herd is applied. On 
the other hand, compared with individual milk sam-
pling, the identification of infected herds by the studied 
SSP yielded little or no information on the proportion 
of infected animals in herds or on their identification.

CONCLUSIONS

The proposed SSP was an affordable and useful tool 
to detect MAP-positive herds with a higher risk of in-
fection diffusion and milk contamination. Although the 
SSP cannot be used for MAP-free certification of herds, 
it could be useful to detect heavily infected herds and 
so prioritize appropriate control measures designed to 
reduce the prevalence of MAP infection in dairy herds 
and contamination of milk.
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