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Abstract: Mycobacterium avium subsp. paratuberculosis (MAP) surface-exposed lipopeptides could
be specific capture-antigen molecules targeting antibodies against MAP, in milk, through ELISA.
Previous studies have revealed that MAP strains, isolated from sheep (S) or cow (C), could produce
specific lipopeptides, L3P or L5P, respectively. In this study, we used L3P and L5P as capture antigens
in an in-house milk ELISA (H-MELISA) to assess how these antigens perform, in comparison with
other ELISA tests, on well-defined milk samples from MAP-infected sheep. The overall positivity
rates of H-MELISA via L3P and L5P varied by the source of milk samples, in which, at bulk-tank-milk
(BTM) level, the majority of positive cases (63.83%) reacted more against L5P, whereas a predominant
number (69.14%) of milk samples were more responsive against L3P at the individual level. To clarify
whether the positivity status of milk samples in H-MELISA L3P/L5P were predictive of MAP strain-
types (S/C), strain-typing was carried out using PCR IS1311-restriction enzyme analysis. Although
the presence of three MAP strains (S/C/bison types) was detected among the milk samples, the
C-type (46.67%) and S-type (75%) MAP strains were detected with higher incidence among BTMs and
individual milk samples, respectively. However, further examination on the H-MELISA L3P/L5P-
positivity pattern of each C/S-type-MAP sample revealed that some samples had a reverse reactivity
against both L3P and L5P. These results could be the consequence of either cross-reactivity between
L3P and L5P (due to the similarity in the structures of the two epitopes) or simply a within-herd mixed
infection with MAP strains of C and S types. These findings suggest that lipopeptide antigens could
contribute a diagnostic test with optimal performance, considering the diversity of MAP strains.

Keywords: Mycobacterium paratuberculosis; antibodies; ELISA; L3P; L5P; sheep; milk; bovine

1. Introduction

Mycobacterium avium subsp. paratuberculosis (MAP) is known as the ethologic agent
of Johne’s disease (JD), an incurable gastrointestinal inflammation in ruminants [1,2] that
imposes much irreparable damage on the dairy industry [3]. Animals infected with MAP
often remain asymptomatic for a long period (2–6 years) [4] and can spread the disease by
profuse excretion of MAP. In fact, the control and diagnosis of JD face huge difficulties due
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to the lack of specificity and sensitivity of diagnostic tests in the early stages of the disease.
Milk production is one of the most important industries in many regions of the world, and
the infection of herds with MAP may result in enormous economic losses. In addition,
several studies suggested that MAP can contribute to the development of inflammatory
reactions in human disorders [5–7] such as Crohn’s disease [8], multiple sclerosis (MS) [9],
Hashimoto’s thyroiditis [10], and rheumatoid arthritis (RA) [11]. Therefore, in order
to avoid any risk associated (food safety) with the presence of this pathogen in milk,
improving the methods of detecting MAP in milk is essential.

To date, two primary strain types (S and C) [12] and one evolutionary intermediate
(bison-type) [13–16] of MAP have been identified. The S and C types were initially defined
as the indigenous strains isolated from sheep and cow, respectively, however further studies
have revealed that this host orientation could not inevitably predict the strain type [16].
In fact, genotypic and phenotypic (e.g., pathogenesis and growth patterns) divergences
are what discern S and C type MAP strains from each other [16–19]. The S-type MAP has
further evolved into two distinct subtypes, I and III. [20]

Detection of the bacterium, regardless of the strain types, in milk and other clinical
samples has been facilitated through IS900 polymerase chain reaction (PCR) analysis.
Insertion sequence IS900 with 16–22 copies [21] in the MAP genome is one of the most
sensitive and specific targets that is commonly used in PCR detection [22,23].

Insertion sequence IS1311 is present at 7–10 copies [24] in the MAP genome. Sequence
analysis revealed that multiple single nucleotide polymorphisms (SNPs) are able to dis-
criminate the subtypes of MAP (S [I and III]/C/bison) [25]. A PCR IS1311 followed by
restriction enzyme analysis (REA) is one of the MAP strain-typing techniques that is more
popular in epidemiological studies and MAP-screening programs [12,24] due to its low
cost and simplicity [26].

MAP-induced antibodies in serum or milk samples could be detected by indirect
enzyme-linked immunosorbent assay (ELISA), routinely used due to its rapidity, simplicity,
and cost-effectiveness [27–29]. Up to now, some paratuberculosis ELISA tests have been
introduced and evaluated [30] based on their competency in the sensitive quantifying of
antibodies directed against MAP in milk samples [29]. A recent study on the efficiency
of a commercial ELISA test revealed that milk ELISA could be an alternative antibody
assessment-test to serum ELISA when there is no access to animal’s blood samples, since a
significant level of concordance was seen between milk- and serum-ELISA at the individual-
sheep level [31]. However, the agreement between serum and milk ELISA was moderate
(kappa value of 0.5) in another study on dairy cows, where a relatively low-level sensitivity
was found in both assays [32].

In fact, commercial milk-ELISA tests, available for detection of paratuberculosis,
are mostly imperfect due to their lack of sensitivity, in particular, if the milk comes from
asymptomatic animals at the early stage of JD [27,33], if there is a lack of sufficient specificity
in targeting the antibodies directed against MAP, or if the rate of cross-reactivity with close
mycobacterial species is not minimized [27,34]. This may underline the importance of
using alternative capture-antigen molecules (as coating antigens) in ELISA that could
enhance the sensitivity and specificity of the immunoassay simultaneously. Currently,
two lipopeptides have been discovered in the MAP envelope that differ in C-type and
subtype III of S-type [35] MAP strains, lipopentapeptide (L5P) and lipotripeptide (L3P),
respectively [35,36]. The differences between L5P and L3P come from the structures of
their non-ribosomal peptide synthetases (NRPSs: encoded by mps1 gene). NRPSs take part
in assembling the non-ribosomal peptide moiety of these lipopeptides, and they differ in
terms of the number of modules from three to five in S and C types, respectively [35,36].
L5P has been tested successfully in the serum ELISA diagnostic test [35–37]. These synthetic
antigens may be useful for the improvement of existing commercial tests, being specific to
MAP, readily synthesized chemically as a pure product without batch-to-batch variation,
and without the need for a pre-absorption step.
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In a recent study, we utilized the milk qPCR and commercial milk ELISA tests to
detect MAP DNA and antibodies against it in a large panel of Sardinian unpasteurized
sheep milk samples, including bulk tank milk (BTM) and individual samples [31]. This
sample panel represents a double opportunity to test, for the first time, the L5P and L3P
lipopeptide antigens. Until now, these antigens have not been evaluated on milk samples
by any study. The second advantage of this panel of samples is that it comes from animals
infected with different types of MAP strains (S/C/bison). MAP strains in sheep and bovine
commonly referred to as types S and C, respectively [18,19]. These S- and C-type strains
of MAP have been described to express different lipopeptides on the surface of their cell
walls [35,36].

In this study we compared the specificity and sensitivity of two in-house milk ELISA
(H-MELISA) tests for the detection of antibodies against MAP in sheep-milk samples, using
two MAP-derived lipopeptides of L3P and L5P as capture antigens. In another step, the
correlation between the antibody reactivity against L3P/L5P and the type of MAP strain
(S and C) was evaluated in 23 sheep-milk samples (15 BTMs and 8 individual milk samples
from a MAP-infected flock [MIF] of sheep) using IS1311 PCR-restriction enzyme analysis
(REA) via hinf -1.

2. Materials and Methods
2.1. Bacterial Strains

Mycobacterium avium subsp. paratuberculosis strain 1515 (ATCC 43015) and Mycobac-
terium smegmatis strain MC2155 (ATCC 700084) were used as positive and negative controls
in the study (RIVM, Bilthoven, The Netherlands). They were grown in Middlebrook
7H9 broth (Sigma-Aldrich, Milan, Italy) supplemented with 10% Oleic Albumin Dextrose
Catalase (OADC; Sigma-Aldrich, Milan, Italy) and 2 mg mycobactin J (Allied Monitor,
Fayette, MO, USA) and incubated at 37 ◦C for 3 days to 4 weeks (depending on the
mycobacterial species).

2.2. Selection of Milk Samples

In a cohort study, a total of 128 unpasteurized sheep-milk samples, including 47 BTM
samples from 41 flocks and 81 individual milk samples from a MAP-infected flock (MIF)
were collected from different farms in Sardinia, Italy. These samples came from animals
that were recently tested by other MAP-diagnostic assays, and corresponding data was
published in detail in another work (Tables S1 and S2) [31]. Accordingly, the milk samples
were distributed into two groups of negative- and MAP-positive controls, based on the
positivity/negativity status of the studied animals tested by milk qPCR, commercial milk
ELISA, serum ELISA, and fecal PCR. Specifically, the specimens belonging to animals
that were found positive by at least one test were considered MAP-positive, whereas the
healthy milk samples came from animals that showed no positivity by any of the mentioned
techniques (Table 1).

Table 1. Distribution of samples of bulk tank milk (BTM) and individual (MIF) milk into two
categories, healthy or MAP-positive.

Number/Type of Milk Sample Number of Negative
Control Samples

Number of MAP-Positive
Control Samples

47/BTM 17 30

81/Individual (MIF) 45 36

2.3. In-House Milk ELISA (H-MELISA) on BTMs and Individual Milk Samples (MIF) Using L3P
and L5P Lipopeptides

The capture antigens L3P and L5P were synthesized manually on a solid phase using
Fmoc chemistry, as described before [35,36]. In brief, MAP-specific lipopeptides, L3P and
L5P (Table 2), were reconstituted in ethanol 99.8% (Sigma-Aldrich, Milan, Italy), diluted
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in 0.05 M carbonate-bicarbonate buffer (Sigma-Aldrich; pH: 9.5) at a final concentration
of 10 µg/mL, and 50 µL of which was used for coating each well of 96-well plates. Then,
plates were stored at room temperature (RT) overnight, to be completely air-dried. To
remove inhibitors such as lipids (cream) and somatic cells (pellet), milk samples were
centrifuged at 10,000× g and 4 ◦C for 2 min, and then the whey phase (the liquid between
the cream and pellet) was aspirated into a new Eppendorf tube (1.5 mL) and stored at
−28 ◦C to be analyzed later [31].

Table 2. MAP epitopes used as coating antigens in H-MELISA analyses, and their sequences.

Peptide Sequence

Lipotripeptide (L3P) CH3-(CH2)18-CONH-D-Phe-L-Nme-Val-L-Ala-OCH3 [36]

Lipopentapeptide (L5P) CH3-(CH2)18-CONH-D-Phe-L-Nme-Val-L-Ile-L-Phe-L-Ala-OCH3 [36]

Next, plates were coated with 100 µL phosphate-buffered saline (PBS)/0.5% (w/v)
gelatin (produced from cold water fish skin; Sigma-Aldrich, Milan, Italy) and stored at
37 ◦C for 1 h. Later, plates were washed five times with 200 µL PBS-Tween 20 (PBST;
0.05%) and charged with 100 µL of diluted milk samples in PBS (1:2). Then, samples were
homogenized using an orbital shaker (50 rpm/5 min) and incubated at 37 ◦C for 90 min. In
addition, positive and negative controls were included in the assessment (controls came
with a commercial ELISA kit of Mycobacterium paratuberculosis antibody test kit (IDEXX
Laboratories, Westbrook, ME, USA)). Arachidic acid, as the second negative control, was
also applied in order to resemble and monitor the reactivity of the lipid moieties of the
lipopeptides (L3P/L5P) in response to lipid structures in milk samples. The controls
were diluted in PBS-Tween (0.05%) at a final concentration of 1:20. Then, plates were
washed five times with 200 µL PBS-Tween (0.05%), charged with 100 µL anti-sheep IgG
H&L (HRP) (1:150000, abcam6900), and incubated at 37 ◦C for 1 h. This was followed
by washing the plates (five times; PBS-Tween 0.05%), adding 100 µL substrate containing
TMB (3,3′, 5,5′-tetramethylbenzidine; abcam 171522), and incubating the plates at RT for
13 min. Finally, the reaction was stopped by adding 100 µL of stop solution containing
5% methanesulphonic acid (abcam 171529), and optical densities (OD) were subsequently
read at the wavelength of 450 nm (SpectraMAX Plus384, Molecular Devices, Sunnyvale,
CA, USA).

2.4. Milk Culture

The viability of MAP in milk samples was assessed by a culture-based method. Briefly,
25 to 30 mL of the samples (depending on the provided volumes) was centrifuged at
5300× g and 4 ◦C for 30 min and the whey phase was discarded. Then, both the cream
and pellet portions were resuspended in 25 to 30 mL of 0.75% w/v hexadecylpyridinium
chloride (HPC; Sigma-Aldrich, Milan, Italy), mixed by vortex thoroughly, and incubated
at RT for 4 h. This was followed by treatment with HPC, a chemical decontaminant,
which can enhance the recovery of MAP from the cream fraction [38] and reduce the
chance of growing microorganisms—other than mycobacteria—on the media [39]. The
samples were again centrifuged at 5300× g and 4 ◦C for 30 min. After that, the supernatant
was removed and pellets were resuspended in 1 mL 1× phosphate-buffered saline (PBS;
pH = 7.5). Subsequently, aliquots of suspensions (200 µL) were spread on Middlebrook
(MB; Sigma-Aldrich, Milan, Italy) 7H10 agar supplemented with 10% Oleic Albumin
Dextrose Catalase (OADC; Sigma-Aldrich, Milan, Italy) and Mycobactin J (2 mg/L; Allied
Monitor, Fayette, MO, USA) and incubated at 37 ◦C for 6 to 12 weeks. The plates were
observed frequently and Ziehl-Neelsen (ZN) stain was used to detect acid-fast bacilli [39].
Later, DNA was extracted from ZN-positive colonies, and the sequences thereof were used
as templates for qPCR IS900 and PCR IS1311 analyses.
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2.5. Extraction of DNA from Milk Samples and Colonies

DNA was extracted from HPC-treated and homogenized milk samples, as described
earlier, using an RTP Mycobacteria kit (Stratec kit, Stratec Molecular GmbH, Berlin, Ger-
many) [31]. Regarding the milk samples cultured on MB 7H10 agar, the plates were
observed frequently, and Ziehl-Neelsen (ZN)-positive single colonies underwent further
molecular inspection, in which colonies were harvested, suspended in 1 mL 1× PBS
(pH = 7.4), and centrifuged at 5300× g at 4 ◦C for 30 min. Then, the supernatant was
decanted and DNA was extracted from pellets using an RTP Mycobacteria kit (Stratec kit,
Stratec Molecular GmbH, Berlin, Germany), according to the manufacture’s instructions,
for the extraction of DNA from sputum samples (Protocol 1).

2.6. Restriction Enzyme (RE) Analysis on IS1311-Targeted PCR Products and Strain Typing
(S- or C-Class)

Insertion sequence IS1311 was targeted in seven colonies and fifty-three milk samples
(comprising 34 BTMs and 19 individual milk DNAs) that were IS900-positive and amplified
by conventional PCR using primers IS1311-F and IS1311-R. The reaction mixture consisted
of 0.2 µM of each primer (Table 3), 200 µM of each dATP, dCTP, dGTP, and dTTP, 1× PCR
buffer, 1.5 mM MgCl2, 3 µL of DNA template, and PCR-grade water to a final volume
of 20 µL [40]. The PCR condition was as follows: initial denaturation at 94 ◦C for 3 min,
followed by 35 cycles of denaturation at 94 ◦C for 30 s, annealing at 60 ◦C for 30 s, and
extension at 72 ◦C for 1 min, with a final extension at 72 ◦C for 10 min [41]. Eventually,
the IS1311-positive products (608-bp bands on gel-electrophoresis [2%]) were subjected to
restriction enzyme analysis using hinf -1. Briefly, 10–13 µL of amplicon (depending on the
strength of the bands in the visualization step) was added into a master mix, including 2 µL
restriction buffer 10× (RB), 0.2 µL bovine serum albumin (BSA), 0.5 µL restriction enzyme
(RE), and water, to a final concentration of 20 µL. This was followed by the incubation of
samples at 37 ◦C for 2 h and visualization by gel-electrophoresis (3%).

Table 3. Sequences of primer sets used for PCR IS1311 and qPCR IS900 analyses of this study.

Primers Sequences

IS1311-F (M56) 5′-GCGTGAGGCTCTGTGGTGAA-3′

IS1311-R (M119) 5′-ATGACGACCGCTTGGGAGAC-3′

IS900-F (AV1) 5′-ATGTGGTTGCTGTGTTGGATGG-3′

IS900-R (AV2) 5′-CCGCCGCAATCAACTCCAG-3′

3. Statistical Analysis

Statistical analysis was carried out using R software (version 4.0.5). To estimate the best
cutoff corresponding to positivity, receiver-operating-characteristic (ROC) -curve analysis
and area under the curve (AUC) were carried out using various binary reference models
(0,1) at the levels of the herd and individual, respectively. We recently published the data
related to the reference models, which included the milk qPCR (MqPCR), commercial milk
ELISA (CMELISA), serum ELISA (SELISA), and fecal PCR (FPCR), in detail, in another
publication about the identification of MAP in sheep-milk samples (Tables S1 and S2) [31].
Accordingly, in the following study, the binary reference models were proposed based
on the results of the MqPCR and CMELISA, in isolation and together, at the BTM level.
Unfortunately, access to the animal blood and feces was impossible at the BTM level.
However, at the individual level, collecting blood and feces was as feasible as collecting
milk samples, by which the references were adjusted based on the results of the MqPCR,
CMELISA, serum ELISA (SELISA), and the fecal PCR (FPCR), individually and together.
Later, the sensitivity of selected cutoffs in the prediction of positive/negative cases was
estimated based on the level of concordance that H-MELISA L3P and H-MELISA L5P had
with MqPCR/CMELISA at the BTM level and MqPCR, CMELISA, SELISA, and FPCR at
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the individual level (MIF). In addition, Pearson correlation analysis was performed and
the level of association between the H-MELISA L3P and H-MELISA L5P data sets, at the
BTM and individual (MIF) levels, was computed (the statistical significance was adjusted
for a p-value of <0.5).

4. Results
4.1. Homemade Milk ELISA with the L3P and L5P Epitopes on BTMs

Cutoffs corresponding to H-MELISA L3P- and L5P-positivity were adjusted to optical
densities of 0.8895 and 0.59925, respectively (ROC-curve analysis). Accordingly, 27.66%
and 63.83% of 47 BTMs were identified as being H-MELISA-positive, producing vari-
ous titers of antibodies directed against the L3P and L5P epitopes, respectively. Among
the negative controls determined by the results of the milk qPCR and commercial milk
ELISA [31], 11.76% and 58.82% were H-MELISA-L3P- and H-MELISA-L5P-positive, respec-
tively (Table S1). To estimate how specifically and sensitively H-MELISA L3P/L5P could
act in the determination of MAP-positive and -negative controls, the efficiency of various
reference models was evaluated in ROC-curve analysis. H-MELISA L3P was found to be
more specific (SP: 94.74%, SN: 39.3%, AUC: 64.8%), while H-MELISA L5P was found more
sensitive (SP: 41.18%, SN: 63.33%, AUC: 59.4%) under the conditions that both milk qPCR
and commercial ELISA were gold standards. Subsequently, H-MELISA L3P demonstrated
a significant level of concordance with both MqPCR and CMELISA, by 60%, whereas
H-MELISA L5P agreed better with MqPCR (53.19%) than CMELISA (38.30%).

Interestingly, the Pearson correlation test revealed a moderate positive association
between antibody reactivity against two MAP-derived lipopeptides of L3P and L5P
(r (45) = 0.5, p = 0.00039; Figure 1) in H-MELISA analysis at the BTM level.

Figure 1. Pearson correlation test between the two H-MELISA analyses via the two MAP-derived
lipopeptides of L3P and L5P on 47 bulk-tank-milk (BTM) samples (r [degree of freedom = 45] = 0.5,
p = 0.00039).

4.2. Homemade ELISA with L3P and L5P Epitopes on Individual Milk Samples from a
MAP-Infected Flock (MIF)

As per the ROC-curve analysis, optical densities of 0.406 and 0.513 were assigned for
positivity cutoffs in H-MELISA L3P and H-MELISA L5P respectively. Among 81 individual-
milk samples collected from a MAP-infected flock (MIF), 69.14% and 32.09% of cases were
detected positive by H-MELISA L3P and H-MELISA L5P, respectively. Surprisingly, the
majority of negative controls (71.11%; negative controls were diagnosed by all the follow-
ing testes: MqPCR, CMELISA, SELISA, and FPCR (Table S2) [31]) were H-MELISA-L3P
positive, whereas only 20% of negative controls were H-MELISA-L5P positive. ROC-curve
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analysis revealed that the type of used gold standard could affect the specificity/sensitivity
of H-MELISA L3P/L5P and consequent results by area under the curve (AUC), in which
H-MELISA L3P was more specific (SP: 71.93%, SN: 37.5%%, AUC: 64.2%) when both
CMELISA and FPCR were binary reference models, whereas H-MELISA L5P had higher
specificity (SP: 80.43%, SN: 48.6%, AUC: 59%) when MqPCR and SELISA, together, formed
a gold standard. However, both H-MELISA L3P (SP: 70.9%, SN: 34.61%, AUC: 61.6%) and
H-MELISA L5P (SP: 76.36%, SN: 50%, AUC: 54.5%) introduced a specificity above 70%
under the condition that serum ELISA (SELISA) was a reference model. Additionally, the
functionality of H-MELISA L3P/L5P in detection of MAP-positive/negative controls were
estimated computing the agreement between H-MELISA L3P/L5P and the other MAP
diagnostic assays, in which H-MELISA L3P almost had a moderate-to-weak correlation
with SELISA (40.74%), FPCR (38.27%), MqPCR (37.04%), and CMELISA (37.04%), whereas
this association was more robust between H-MELISA L5P and each of the following tests:
SELISA (67.9%), CMELISA (66.67%), MqPCR (64.2%), and FPCR (60.49%) (Table S2).

Data generated by the two homemade milk ELISA (L3P/L5P) were further analyzed
by Pearson correlation test. This analysis indicated that a low positive association existed
between antibody reactivity against the two MAP-derived lipopeptides of L3P and L5P
(r (79) = 0.37, p = 0.00059; Figure 2) at MIF level.

Figure 2. Pearson correlation test between the two H-MELISA analyses via the two MAP-derived
lipopeptides of L3P and L5P on 81 individual milk samples from a MAP-infected flock (MIF) of sheep
(r (degree of freedom = 79) = 0.37, p = 0.00059).

4.3. Relationship between the Type of MAP Strain (S or C) and Reactivity against L3P/L5P in the
In-House Milk ELISA (H-MELISA)

To understand whether or not the positivity status of samples in H-MELISA L3P/L5P
could predict the type of MAP strains (S/C) in BTMs or individual (MIF) level milk samples,
strain typing was performed on qPCR IS900-positive colonies and milk samples using PCR
IS1311-restriction enzyme (RE) analysis (hinf -1). In fact, the amplification of IS900 target
was important prior strain typing giving us an overview about the presence/lack of MAP
in samples, regardless of the type of MAP strains. However, insertion sequence IS1311 was
selected in strain typing since this region has polymorphism within subspecies and this
characteristic could be exploited in restriction analysis to discriminate various types of
MAP strains (S/C/bison) from each other.

Seven out of 128 milk samples contained ZN-positive colonies that were qPCR IS900-
positive. Among them, only one sample (82B) was detected positive by PCR IS1311 as
well. Restriction enzyme analysis (REA) on the PCR product demonstrated that this colony
(sample 82B) is a C-type MAP, as its band pattern matched the C-type MAP used as
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the reference strain. Furthermore, IS1311 was PCR amplified in 44.12% and 42.11% of
IS900-positive BTMs and individual (MIF) milk samples respectively (23 out of 53 sam-
ples). Interestingly, IS1311 strain typing analysis showed that all three classes of MAP
(S, C, and bison) existed among Sardinian sheep-milk samples (Figure 3). The S and C
types produced two similar bands at 323- and 285-bp, however C type patterns could be
distinguished by two additional IS1311 fragments at 218-bp and 67-bp in size (Table 4). In
total, there were four S type strains identified in BTMs by this method. An additional six
S type strains identified in individual sheep samples as well. Finally, there were eight C
type strains in BTM and individual sheep (Figure 3, Table 4). Bison type was differenti-
ated from the other strains indicating three bands at the lengths of 323-bp, 218-bp, and
67-bp [25,41] (Figure 3, Table 4). Consequently, bison type contributed the lowest quanti-
ties in both groups of BTM (18B, 19B, and 29B) and individual (MIF; 64V) with 20% and
12.5% respectively (Figure 3, Table 4).

Figure 3. Restriction enzyme analysis (REA) on IS1311-positive PCR products obtained from sheep-milk samples. The first
and last lanes are 100-bp marker (MW); second lane is MAP standard strain 1515 (MAP-C). The remaining lanes belong to
IS1311-targeted amplicons from sheep-milk samples that underwent REA analysis. Samples “13B, 20B, 31B, and 33B” at the
BTM level and “7V, 62V, 72V, 76V, 83V, and 93V” at the individual level (MIF) are S-type while samples “6B, 10B, 14B, 23B,
28B, and 79B” at the BTM level and “65V” at MIF level are C-type, bison type samples “18B, 19B, and 29B” at the BTM level
and “64V” at MIF level were also observed. Sample 12B yielded an unusual pattern not seen before (B and V letters by the
numbers are indicating BTM and individual milk sample respectively).

Table 4. Distribution of 23 IS1311-positive samples in BTM and MIF categories, based on the type of MAP strain (S/C/bison)
and corresponding RE fragments on gel-electrophoresis.

Strain Type
Sample Type RE 3 Fragments on Gel-Electrophoresis Based on Base Pair

BTM 1 % MIF 2 % 67-bp 218-bp 285-bp 323-bp

S 26.67 75% + +

C 46.67 12.5 + + + +

bison 20 12.5 + + +
1 BTM: bulk tank milk. 2 MIF: individual milk samples from a MAP-infected flock. 3 RE: restriction Enzyme analysis.

The results of strain typing on 23 (IS900/IS1311)-positive DNAs, extracted from
colonies or milk samples, revealed that C (46.67%) and S (75%) classes were the predomi-
nant strain types at the level of BTM and individual sample (MIF) respectively. Although,
the overall rates of H-MELISA-L3P/L5P positivity at both the herd and individual lev-
els were in accordance with this strain-type orientation, there were some C- and S-type
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samples that did not follow the expected patterns in reactivity against L3P and L5P, in
which, among the four BTMs recognized as being S-type, sample 33B showed higher
antibody reactivity against L3P, whereas samples 20B and 31B had similar optical densities
against both L3P and L5P, and sample 13B was more responsive against L5P (Table 5).
The difference between antibody reactivity of each S-type sample against L3P and L5P
ranged between 0.014 ≥ OD ≥ 0.54 in H-MELISA analysis. In addition, in the same group,
a weak agreement was found between antibody reactivity against L5P and identification
as C-type MAP strain. In brief, two out of seven BTMs that were characterized as being
C-type reacted more against L5P (samples 14B and 28B; Table 5), samples 10B and 23B
had similar reaction against L3P and L5P, whereas samples 6B, 79B, and 82B were more
reactive against L3P (Table 5). The difference in antibody reactivity of each C-type BTM
against L3P and L5P ranged between 0.0425 ≥ OD ≥ 0.5125 through H-MELISA analy-
sis. In contrast, a never-before-defined correlation between antibody reactivity against
L3P and identification as bison-type was discovered, in which samples 18B, 19B, and 29B
(Table 5), recognized as bison-type, reacted more against L3P than L5P, and the difference
between antibody reactivity against L3P and L5P of each bison-type sample ranged between
0.049 ≥ OD ≥ 0.3295.

Table 5. The distribution of 15 BTMs and 8 individual milk (MIF) samples, based on the types of
MAP identified therein by strain-typing analysis and H-MELISA-L3P/L5P positivity/negativity.

Sample Number Strain Type
H-MELISA L3P

(Cutoff = 0.8895) 1

(Cutoff = 0.406) 2

H-MELISA L5P
(Cutoff = 0.59925) 3

(Cutoff = 0.513) 4

6B C-type 1.092 0.5795

10B C-type 0.5545 0.597

12B Unknown 0.627 0.7505

13B S-type 0.3865 0.9265

14B C-type 0.433 0.882

18B bison 0.7075 0.6585

19B bison 0.89 0.5605

20B S-type 0.822 0.842

23B C-type 0.978 0.885

28B C-type 0.978 1.311

29B bison 0.865 0.729

31B S-type 0.79 0.776

33B S-type 0.9015 0.6215

79B C-type 0.755 0.503

82B C-type 1.006 0.533

7V S-type 0.4725 0.161

62V S-type 0.509 0.5155

64V bison 0.4445 0.312

65V C-type 0.926 0.6175

72V S-type 0.418 0.2535

76 V S-type 0.175 0.3845

83V S-type 1.062 0.7985

93V S-type 0.2025 0.2145
1,2 Optical densities of 0.8895 and 0.406 were adjusted as the cutoffs corresponding H-MELISA L3P positivity at
the BTM (B) and individual (V) levels respectively. 3,4 Optical densities of 0.59925 and 0.513 were adjusted as the
cutoffs corresponding H-MELISA-L5P positivity at BTM (B) and MIF (V) levels respectively.
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The uncertainty in the stratification of MAP strains (C or S types) based on H-MELISA-
L3P/L5P positivity was also noticed in the MIF category. Three of six S-type isolates
were highly reactive against L3P (samples 7V, 72V, 83V; Table 5). Samples 62V and 93V
had the same titers of antibodies directed against both L3P and L5P, whereas sample 76V
had a slight rise in titers of antibody against L5P rather than L3P. Interestingly, the only
bison-type (64V) and C-type (65V) isolates of this category reacted more against L3P. The
difference between the antibody reactivity of each of S-type, C-type, bison-type samples
against L3P and L5P were estimated to be “0.0065 ≥ OD ≥ 0.3115”, “OD = 0.3085”, and
“OD = 0.1325”, respectively.

5. Discussion

The level of antibodies directed against MAP could comparably be measured in
milk samples as well as sera [42] through ELISA analysis if MAP-specific epitopes are
selected [43] to capture the right antibodies and appropriate gold-standard models are
employed [31] to estimate the best cutoffs for determining positivity. Previous studies de-
clared that MAP L5P specifically induces humoral responses in MAP-infected animals [36]
and this characteristic could be exploited in the immunological detection of MAP and
screening animals with JD. The efficiency of MAP lipopeptides in serological detection
of MAP has previously been evaluated in other studies [27,36,37]. As in a survey on the
accuracy of three different ELISAs in screening paratuberculosis in sera of healthy, MAP-
and non-MAP (other mycobacteria)-infected cows, L5P was employed as a capture antigen
for developing an in-house ELISA assay and it detected antibodies directed against MAP
in the sera of the studied animals with a significant specificity (98.9%), but less sensitiv-
ity (37%) [27]. Further sequence analysis along with biochemical and physicochemical
investigations of MAP lipopeptides clarified that the structures of lipopeptides varies in
MAP strains that are indigenous in sheep (S-type) and cow (C-type), in which the mps1
gene encodes non-ribosomal peptide synthetases (NRPSs) that contribute to the production
of lipopeptides in various strains (S and C types) and are constituted by five and three
modules in C-type and S-type MAP strains, respectively [35]. This suggested that L5P and
L3P might be ideal MAP-specific targets that could differentiate not only MAP from other
mycobacteria, but also MAP strains of C-type and S-type from each other [35].

The present study, for the first time, used the MAP surface-exposed lipopeptide of
L3P as a capture antigen in an in-house milk ELISA in order to screen antibodies directed
against MAP in sheep-milk samples. Furthermore, the functionality of L3P was compared
with the other lipopeptides (L5P) performing H-MELISA L5P on the same samples. To
select the best cutoffs corresponding positivity, ROC-curve analysis was performed. Cutoffs
representing positivity were selected carefully, since any miscalculation in this step could
influence the specificity and sensitivity of the assay significantly [44]. The importance
of using various gold standards in this study was in assessing how a reference model,
both in isolation and in association with other models, could bias the cutoffs for positivity,
conditional on many studies’ consensus regarding the efficiency of culture (SN: 30% and
SP: 100%) [45], whereas no perfect gold standard has been created that could match all
requirements of all assays in various studies [46]. The milk samples that were used in this
study were previously tested by milk qPCR and commercial milk ELISA in comparison
with other MAP diagnostic techniques, such as serum ELISA and fecal PCR, in our recent
work [31]. Accordingly, milk qPCR, commercial milk ELISA, serum ELISA, and fecal PCR
were assigned as references in determining the positivity and negativity status of each milk
sample. Therefore, milk samples were distributed into two categories of MAP-positive and
-negative controls. We noticed that the type of gold standard could influence the sensitivity
and specificity of H-MELISA L3P/L5P at both the levels of BTM and individual samples
(MIF). Specifically, H-MELISA L3P and H-MELISA L5P represented more specificity when,
respectively, milk qPCR and commercial milk ELISA were the gold standard at the BTM
level; whereas, at the MIF level, the most optimum specificities (above 70%) were induced
to both H-MELISA L3P and L5P when serum ELISA was the binary reference model. The



Vaccines 2021, 9, 997 11 of 16

recent result agreed with our previous study on 128 individual milk samples from a MAP-
infected sheep flock that indicated that serum ELISA (SP: 0.94, SN: 0.75; p < 0.0001) induced
a significant specificity and sensitivity to milk-ELISA assessments [31]. Accordingly, optical
densities that conferred a specificity (SP) of equal or between 70–80% and a sensitivity (SN)
of above 30%, for a majority of reference models, were selected as cutoffs for positivity.
These specificities and sensitivities were in the same range as those (SP: 0.83–1.00 and
SN: 0.29–0.61) defined by a review study on ante mortem diagnosis of paratuberculosis in
MAP-infected animals [44]. To the best of our knowledge, several factors could influence
the specificity and sensitivity of H-MELISA L3P/L5P, including the sample size, the type of
gold standard selected in ROC-curve analysis, and the status of Johne’s disease in animals
studied here.

Our analysis depicted that the overall rates of H-MELISA-L3P/L5P positivity varied
by the source of milk samples (BTM or individual). More samples were reactive against
L5P and L3P at the BTM and individual (MIF) levels, respectively. Surprisingly, the
majority of negative controls (their negativity confirmed by all following assays: milk
qPCR, commercial milk ELISA, serum ELISA, fecal PCR) represented titers of antibodies
directed against L5P and L3P epitopes in BTMs and individual milk samples, respectively.
An issue that might be discussed, here, concerns why these negative controls should
contain so much antibody against L3P and L5P epitopes to be characterized as being MAP-
infected, while no evidence of MAP DNA was recognized in these samples. According to
our analysis, MAP DNA could not be detected in a sample unless presenting at detectable
concentrations. Although target IS900 has 16–22 copies [21] in whole MAP genome that
seem sufficient for molecular diagnosis, these copies could not entirely be transferred
into the qPCR reaction vessels. Specifically, we reduced the volume of milk per sample
required for DNA extraction to only 5 mL, in order to overcome problems raised by resource
limitation and this could further reduce the presence of MAP DNA in milk samples. On
the other hand, the absence of MAP DNA in milk samples could not preclude the presence
of antibodies directed against MAP lipopeptides (L3P or L5P) circulating in milk and other
body fluids of the corresponding animals, as MAP-infected animals are characterized by the
immune responses they show at different stages of JD, such that any might be just a MAP
shedder, just have humoral reactivity against MAP, or have both responses simultaneously.

In addition, the comparison between the results of H-MELISA L3P/L5P and other
antibody-assessment methods depicted that H-MELISA L5P, at the BTM level, and H-
MELISA L3P, at the individual level (MIF), had the lowest level of agreement with com-
mercial milk ELISA and serum ELISA/commercial milk ELISA, respectively. This may
demonstrate that H-MELISA L3P/L5P could function even better than commercial ELISA
tests (milk or serum) and even detect minor titers of antibodies against MAP in milk
samples. In fact, the types of capture-antigen molecules used in the structure of H-MELISA
L3P/L5P and commercial ELISA tests could influence the functionality of the techniques
significantly. Most commercial ELISA tests are designed to detect antibodies against crude
extracts or specific epitopes of C-type MAP (as capture antigens) in milk or serum samples.
Based on our interpretations in MAP-relevant infections, a noticeable proportion of antibod-
ies against MAP are induced against its lipopeptides, since lipopeptides, as well as lipids,
exist with higher frequency in the whole MAP cell structure compared with other epitopes.
Therefore, we selected L3P and L5P as capture-antigen molecules in H-MELISA tests to
target as many existing antibodies as possible against these epitopes in our milk samples.

Based on the positivity patterns in H-MELISA L3P/L5P, it could be interpreted that
C-type and S-type MAP are dominant strains at the BTM and individual (MIF) levels,
respectively, since previous studies confirmed that L3P and L5P are specific lipopeptides
native in S- and C-type MAP strains [35].

Recent assumptions have been proven by PCR IS1311-REA hinf -1 analysis, in which
all three MAP strains (C, S, and bison types) occurred among Sardinian sheep commu-
nities. In herd (BTM) group, C-type MAP was the dominant strain (46.67%) rather than
S-type (26.67%), bison-type (20%), or an unknown strain (6.6%; this strain had not been
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reported before). In contrast, S-type was more prevalent (75%) at the individual (MIF)
level, as compared with C-type and bison-type, which had the lowest incidences, at 12.5%
each. A question that might be raised, here, concerns why C-type MAP, a native strain
in cow, should be a common strain among sheep animals at the BTM level. While the S
and C types were initially defined as the indigenous strains isolated from, respectively,
sheep and bovine, further studies revealed that this host orientation couldn’t inevitably
predict the types of MAP strain (S or C) found in milk samples thereof [15]. In fact,
genotypic and phenotypic (e.g., pathogenesis and growth pattern) divergences are what
could prognosticate S and C types from each other [15–17]. Previous group-typing stud-
ies depicted that sheep and goat could be infected with both S-type and C-type MAP
strains [18,47]. This is due to either an interspecies transmission or the presence of the
multiple sources of infection on a given farm [47]. These hypotheses seem logical enough,
because BTM is a combination of several individual milk samples that might be infected
with either each of or both MAP strains, simultaneously. Furthermore farmers usually keep
various species of animals (specifically ruminants) together at the same farm and this could
enhance the risk of interspecies transmission among animals in herds.

Although, the distribution of MAP-type strains (S/C) at both the herd and individual
levels was accordant with the overall rates of H-MELISA-L3P/L5P positivity, some S-
or C-type MAP strains did not follow the predicted patterns in H-MELISA analysis; the
majority (44.44%) of S- and C-type MAP strains were detected positive by both H-MELISA
L3P and L5P, 22.22% were S type or C type as expected from their positivity patterns in
H-MELISA L3P/L5P, and only 11.11% were positive but classified in unexpected categories.
Surprisingly, the result of H-MELISA L3P/L5P on BTMs and individual milk samples
(MIF) depicted that the majority of bison-type isolates were more reactive against L3P than
L5P, at both the herd and individual levels. Previous molecular analysis unveiled that
bison-type MAP is derived from a C-type MAP strain that underwent a single nucleotide
polymorphism in the IS1311 sequence [15,19], but complex growth requirements and
disease-manifestation patterns distinguished bison-type from C-type MAP [19]. Further
investigation on bison strains, isolated from the US and India [15,25], demonstrated that
Indian strains have a TG deletion at base pairs 64 and 65 of locus 2 in IS1311 [15,26]. To the
best of our knowledge, the tendency of bison-type MAP to reactivity against L3P has never
been reported, on which more research is needed to explain this orientation based on the
characteristics of lipopeptide in this MAP strain.

At first glance at this recent result, an ambiguity might be found in the stratification of
MAP strain types (S or C), based on the result of H-MELISA L3P/L5P. We hypothesized that
the antibody reactivity against L3P or L5P might be influenced by either a cross reactivity
between the two lipopeptides or a possible co-infection of the studied animals with the two
MAP strains. Previous studies straightforwardly showed that MAP strains (S and C types)
have various lipopeptides (L3P and L5P) [35]. While the possibility of any cross-reactivity
from L5P in mycobacteria close to Mycobacterium avium complex (MAC) or other species,
such as M. bovis, has been rejected [37], the theory of cross-reactivity between L3P and
L5P might not be imaginary, since both lipopeptides have common paratopes (e.g., amino
acids of D-Phe, N-Methyl-L-Val and L-Ala) between them [35]. However, L3P has been
subjected to evolutionary modifications that have specified its structures as distinct from
L5P, in which, as a result of mutations (deletions) in S-type MAP, it no longer has two
amino acids of L-Ile and L-Phe in its structure [35]. This is under the condition that a
study on engineered soluble-in-water L5P revealed that L5P could not differentiate sheep
animals that were experimentally infected with subtype I of S-strain MAP from healthy
animals. This may represent S-I MAP’s possession of a lipopeptide that is different from
L3P (specific lipopeptide in S-III MAP) and L5P (specific lipopeptide in C type MAP) [37].

On the other hand, the possibility of a mixed infection with both MAP (S and C)
strains should be examined carefully for the possibility that some samples (specifically
BTMs) might contain enough antibodies directed against both L3P and L5P to be recognized
positive by both H-MELISA L3P and H-MELISA L5P simultaneously. As the result of RE on
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amplified IS1311 fragments confirmed that the three different MAP strains (S, C, and bison
types) circulated among animals at the herd and individual levels. Our assumption about
the presence of a mixed infection, specifically, in the herd group (BTM), was fortified when
a Pearson analysis explained a moderate and low positive correlation between antibody
reactivity against L3P and L5P at the herd (BTM; (r (45) = 0.5, p = 0.00039) and individual
levels (MIF; (r (79) = 0.37, p = 0.00059), respectively. This result indicated that the patterns
of antibody reactivity against L3P and L5P are more similar at the BTM level rather than
the MIF level.

6. Conclusions

MAP-derived lipopeptides, L3P and L5P, could be considered potent capture antigens
in serum/milk antibody-detection analyses. Our result suggest that these lipopeptides, in
the format of an in-house milk ELISA and as a complementary MAP-screening test, could
sensitively predict the infected animals (sheep) at the BTM and individual levels.; it was
found that H-MELISA L3P/L5P could enhance the discovery of positive milk samples
among the specimens that were potentially negative by other MAP-diagnostic assays.
Accordingly, the majority of sheep-milk samples were detected positive by H-MELISA
L5P and H-MELISA L3P at the levels of the herd (BTM) and individual sample (MIF)
respectively. On the one hand, the overall rates of H-MELISA L3P/L5P confirmed the
higher incidence of C-type and S-type classes of MAP in the herd (BTM) and individual
(MIF) categories, respectively. Contrary to this overall estimation, some S- or C-type MAP
strains did not show the expected reactivity against L3P and L5P, in which either they were
positive by both H-MELISA L3P and L5P, or they had reverse reactivity against L3P/L5P.
This might express the possibility of either cross-reactivity between L3P and L5P, due to the
similarity in the overall structures of their two epitopes, or a within-herd mixed infection
of both MAP strains. However, the presence of various MAP strain-types (S/C/Bovine),
along with a moderate correlation between antibody reactivity against L3P and L5P that
was estimated by Pearson correlation test, urged us to conclude that co-infection with both
MAP strains (S and C) happens among the studied animals, at the herd level (BTM). These
findings suggest that the L3P and L5P antigens could be useful for improving existing
diagnostic tests, especially considering the MAP-strain diversity affecting these animals.
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milk qPCR IS900 (MqPCR); Table S2: Distribution of 81 individual milk samples from a MAP-infected
flock (MIF) of sheep based on their positivity/negativity status in H-MELISA L3P, H-MELISA
L5P, commercial ELISA (CMELISA), milk qPCR IS900 (MqPCR), serum ELISA (SELISA), and fecal
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Abbreviations

MAP Mycobacterium avium subsp. paratuberculosis
JD Johne’s disease
ELISA Enzyme-Linked Immunosorbent Assay
S-type Sheep type
C-type Cow type
L3P Lipotripeptide
L5P Lipopentapeptide
BTM Bulk Tank Milk
H-MELISA Homemade Milk ELISA
MIF MAP-infected Flock
RE Restriction Enzyme
ROC Receiver Operating Characteristic
AUC Area Under the Curve
MqPCR Milk qPCR
CMELISA Commercial Milk ELISA
SELISA Serum ELISA
FPCR Fecal PCR
OD Optical Density
SP Specificity
SN Sensitivity

References
1. Doré, E.; Paré, J.; Côté, G.; Buczinski, S.; Labrecque, O.; Roy, J.P.; Fecteau, G. Risk factors associated with transmission of

Mycobacterium avium subsp. paratuberculosis to calves within dairy herd: A systematic review. J. Vet. Intern. Med. 2012, 26,
32–45. [CrossRef]

2. Collins, M.T. Johne’s Disease (Paratuberculosis). In Food Animal Practice, 5th ed.; Anderson, D.E., Rings, D.M., Eds.; W.B. Saunders:
Saint Louis, MI, USA, 2009; pp. 65–69. ISBN 9781416035916.

3. Mckenna, S.L.B.; Keefe, G.P.; Tiwari, A.; Vanleeuwen, J.; Barkema, H.W. Johne’s Disease in Canada Part II: Disease Impacts, Risk
Factors, and Control Programs for Dairy Producers. Can. Vet. J. 2006, 47, 1089. [PubMed]

4. Caldow, G.; Greig, A.; Gunn, G.J.; Humphry, R.; Low, C.J.; Ash-worth, S.W.; Jones, G.M.; Stott, A.W.; Cranwell, M.V.; Sharp, J.M.;
et al. Assessment of Surveillance and Control of Johne’s Disease in Farm Animals in GB; Sruc Aberdeen Campus: Aberdeen, UK, 2002;
pp. 1–245.

5. Ayele, W.Y.; Svastova, P.; Roubal, P.; Bartos, M.; Pavlik, I. Mycobacterium avium Subspecies paratuberculosis Cultured from
Locally and Commercially Pasteurized Cow’s Milk in the Czech Republic. Appl. Environ. Microbiol. 2005, 71, 1210–1214.
[CrossRef]

6. Ellingson, J.L.E.; Anderson, J.L.; Koziczkowski, J.J.; Radcliff, R.P.; Sloan, S.J.; Allen, S.E.; Sullivan, N.M. Detection of Viable
Mycobacterium avium subsp. paratuberculosis in Retail Pasteurized Whole Milk by Two Culture Methods and PCR. J. Food Prot.
2005, 68, 966–972. [CrossRef] [PubMed]

7. Garcia, A.B.; Shalloo, L. Invited review: The economic impact and control of paratuberculosis in cattle. J. Dairy Sci. 2015, 98,
5019–5039. [CrossRef] [PubMed]

8. Sechi, L.A.; Scanu, A.M.; Molicotti, P.; Cannas, S.; Mura, M.; Dettori, G.; Fadda, G.; Zanetti, S. Detection and isolation of
Mycobacterium avium subspecies paratuberculosis from intestinal mucosal biopsies of patients with and without Crohn’s disease
in Sardinia. Am. J. Gastroenterol. 2005, 100, 1529–1536. [CrossRef] [PubMed]

9. Mameli, G.; Cocco, E.; Frau, J.; Arru, G.; Caggiu, E.; Marrosu, M.G.; Sechi, L.A. Serum BAFF levels, Methypredsinolone therapy,
Epstein-Barr Virus and Mycobacterium avium subsp. paratuberculosis infection in Multiple Sclerosis patients. Sci. Rep. 2016,
6, 29268. [CrossRef] [PubMed]

10. Masala, S.; Cossu, D.; Palermo, M.; Sechi, L.A. Recognition of Zinc Transporter 8 and MAP3865c Homologous Epitopes by
Hashimoto’s Thyroiditis Subjects from Sardinia: A Common Target with Type 1 Diabetes? PLoS ONE 2014, 9, e97621. [CrossRef]
[PubMed]

11. Sechi, L.A.; Dow, C.T. Mycobacterium avium ss. paratuberculosis Zoonosis–The Hundred Year War–Beyond Crohn’s Disease.
Front. Immunol. 2015, 6, 96. [CrossRef]

12. Collins, D.M.; Gabric, D.M.; De Lisle, G.W. Identification of Two Groups of Mycobacterium paratuberculosis Strains by Restriction
Endonuclease Analysis and DNA Hybridization. J. Clin. Microbial. 1990, 28, 1591–1596. [CrossRef] [PubMed]

13. De Juan, L.; Mateos, A.; Domínguez, L.; Sharp, J.M.; Stevenson, K. Genetic diversity of Mycobacterium avium subspecies
paratuberculosis isolates from goats detected by pulsed-field gel electrophoresis. Vet. Microbiol. 2005, 106, 249–257. [CrossRef]
[PubMed]

http://doi.org/10.1111/j.1939-1676.2011.00854.x
http://www.ncbi.nlm.nih.gov/pubmed/17147140
http://doi.org/10.1128/AEM.71.3.1210-1214.2005
http://doi.org/10.4315/0362-028X-68.5.966
http://www.ncbi.nlm.nih.gov/pubmed/15895728
http://doi.org/10.3168/jds.2014-9241
http://www.ncbi.nlm.nih.gov/pubmed/26074241
http://doi.org/10.1111/j.1572-0241.2005.41415.x
http://www.ncbi.nlm.nih.gov/pubmed/15984976
http://doi.org/10.1038/srep29268
http://www.ncbi.nlm.nih.gov/pubmed/27383531
http://doi.org/10.1371/journal.pone.0097621
http://www.ncbi.nlm.nih.gov/pubmed/24830306
http://doi.org/10.3389/fimmu.2015.00096
http://doi.org/10.1128/jcm.28.7.1591-1596.1990
http://www.ncbi.nlm.nih.gov/pubmed/2166089
http://doi.org/10.1016/j.vetmic.2004.12.013
http://www.ncbi.nlm.nih.gov/pubmed/15778031


Vaccines 2021, 9, 997 15 of 16

14. Castellanos, E.; Alvarez, J.; Aranaz, A.; Romero, B.; De Juan, L.; Bezos, J.; Rodriguez, S.; Stevenson, K.; Mateos, A.; Dominguez, L.
Use of Single Nucleotide Polymorphisms in inh-A Gene to Characterize Mycobacterium avium subsp. paratuberculosis into
Types I, II and III. In Proceedings of the 9 International Colloquium on Paratuberculosis, Tsukuba, Japan, 28 October–2 November
2007; Nielsen, S.S., Ed.; International Association for Paratuberculosis, Inc., Publication Department: Bizkaia, Spain, 2007; pp. 6–8.

15. Castellanos, E.; Aranaz, A.; Romero, B.; de Juan, L.; Alvarez, J.; Bezos, J.; Rodríguez, S.; Stevenson, K.; Mateos, A.; Domínguez, L.
Polymorphisms in gyrA and gyrB Genes among Mycobacterium avium subsp. paratuberculosis Type I, II, and III Isolates. J. Clin.
Microbiol. 2007, 45, 3439–3442. [CrossRef] [PubMed]

16. Bryant, J.M.; Thibault, V.C.; Smith, D.G.E.; McLuckie, J.; Heron, I.; Sevilla, I.A.; Biet, F.; Harris, S.R.; Maskell, D.J.; Bentley, S.D.;
et al. Phylogenomic exploration of the relationships between strains of Mycobacterium avium subspecies paratuberculosis. BMC
Genom. 2016, 17, 79. [CrossRef]

17. Stevenson, K. Comparative differences between strains of Mycobacterium avium subsp. paratuberculosis. In Paratuberculosis:
Organism, Disease, Control; Behr, M.A., Collins, D.M., Eds.; CABI Publishing: Wallingford, UK, 2010; p. 126. ISBN 9781845936136.

18. Stevenson, K. Genetic diversity of Mycobacterium avium subspecies paratuberculosis and the influence of strain type on infection
and pathogenesis: A review Modeling Johne’s disease: From the inside out Dr Ad Koets and Prof Yrjo Grohn. Vet. Res. 2015, 46,
1–13. [CrossRef]

19. Biet, F.; Sevilla, I.A.; Cochard, T.; Lefrançois, L.H.; Garrido, J.M.; Heron, I.; Juste, R.A.; McLuckie, J.; Thibault, V.C.; Supply, P.; et al.
Inter- and Intra-subtype genotypic differences that differentiate Mycobacterium avium subspecies paratuberculosisstrains. BMC
Microbiol. 2012, 12, 264. [CrossRef]

20. Alexander, D.C.; Turenne, C.Y.; Behr, M.A. Insertion and deletion events that define the pathogen Mycobacterium avium subsp.
paratuberculosis. J. Bacteriol. 2009, 191, 1018–1025. [CrossRef] [PubMed]

21. Conde, C.; Price-Carter, M.; Cochard, T.; Branger, M.; Stevenson, K.; Whittington, R.; Bannantine, J.P.; Biet, F. Whole-Genome
Analysis of Mycobacterium avium subsp. paratuberculosis IS900Insertions Reveals Strain Type-Specific Modalities. Front.
Microbiol. 2021, 12, 1012. [CrossRef] [PubMed]

22. Vansnick, E.; De Rijk, P.; Vercammen, F.; Geysen, D.; Rigouts, L.; Portaels, F. Newly developed primers for the detection of
Mycobacterium avium subspecies paratuberculosis. Vet. Microbiol. 2004, 100, 197–204. [CrossRef]

23. De Albuquerque, P.P.F.; de Souza Santos, A.; de Souza Neto, O.L.; de C.P. Kim, P.; Cavalcanti, E.F.T.S.F.; de Oliveira, J.M.B.;
Mota, R.A.; Júnior, J.W.P. Detection of Mycobacterium avium subsp. paratuberculosis in bovine milk from the state of Pernambuco,
Brazil. Braz. J. Microbiol. 2017, 48, 113–117. [CrossRef]

24. Whittington, R.; Marsh, I.; Choy, E.; Cousins, D. Polymorphisms in IS1311, an insertion sequence common to Mycobacterium
avium and M. avium subsp. paratuberculosis, can be used to distinguish between and within these species. Mol. Cell. Probes
1998, 12, 349–358. [CrossRef]

25. Whittington, R.J.; Marsh, I.B.; Whitlock, R.H. Typing of IS1311 polymorphisms confirms that bison (Bison bison) with paratuber-
culosis in Montana are infected with a strain of Mycobacterium avium subsp. paratuberculosis distinct from that occurring in
cattle and other domesticated livestock. Mol. Cell. Probes 2001, 15, 139–145. [CrossRef] [PubMed]

26. Sevilla, I.; Singh, S.; Garrido, J.; Aduriz, G.; Rodríguez, S.; Geijo, M.; Whittington, R.; Saunders, V.; Whitlock, R.; Juste, R.
Molecular typing of Mycobacterium avium subspecies paratuberculosis strains from different hosts and regions. Rev. Sci. Technol.
2006, 24, 1061–1066. [CrossRef]

27. Costanzo, G.; Pinedo, F.A.; Mon, M.L.; Viale, M.; Gil, A.; Illia, M.C.; Gioffré, A.; Arese, A.; Travería, G.; Romano, M.I. Accuracy
assessment and screening of a dairy herd with paratuberculosis by three different ELISAs. Vet. Microbiol. 2012, 156, 183–188.
[CrossRef] [PubMed]

28. Collins, M.T.; Wells, S.J.; Petrini, K.R.; Collins, J.E.; Schultz, R.D.; Whitlock, R.H. Evaluation of Five Antibody Detection Tests for
Diagnosis of Bovine Paratuberculosis. Clin. Diagn. Lab. Immunol. 2005, 12, 685–692. [CrossRef] [PubMed]

29. Lavers, C.J.; Barkema, H.W.; Dohoo, I.R.; McKenna, S.L.B.; Keefe, G.P. Evaluation of milk ELISA fordetection of Mycobacterium
avium subspecies paratuberculosis indairy herds and association with within-herd prevalence. J. Dairy Sci. 2014, 97, 299–309.
[CrossRef]

30. Fry, M.P.; Kruze, J.; Collins, M.T. Evaluation of four commercial enzyme-linked immunosorbent assays for the diagnosis of bovine
paratuberculosis in Chilean dairy herds. J. Vet. Diagn. Investig. 2008, 20, 329–332. [CrossRef]

31. Hosseiniporgham, S.; Cubeddu, T.; Rocca, S.; Sechi, L.A. Identification of mycobacterium avium subsp. Paratuberculosis (map) in
sheep milk, a zoonotic problem. Microorganisms 2020, 8, 1264. [CrossRef]

32. Lombard, J.E.; Byrem, T.M.; Wagner, B.A.; McCluskey, B.J. Comparison of milk and serum enzyme-linked immunosorbent assays
for diagnosis of Mycobacterium avium subspecies paratuberculosis infection in dairy cattle. J. Vet. Diagn. Investig. 2006, 18,
448–458. [CrossRef]

33. Sugden, E.A.; Stilwell, K.; Michaelides, A. A Comparison of Lipoarabinomannan with other Antigens used in Absorbed Enzyme
Immunoassays for the Serological Detection of Cattle Infected with Mycobacterium Paratuberculosis. J. Vet. Diagn. Investig. 1997,
9, 413–417. [CrossRef]

34. Bannantine, J.P.; Paustian, M.L.; Waters, W.R.; Stabel, J.R.; Palmer, M.V.; Li, L.; Kapur, V. Profiling Bovine Antibody Responses to
Mycobacterium avium subsp. paratuberculosis Infection by Using Protein Arrays†. Infect. Immun. 2008, 76, 739–749. [CrossRef]

http://doi.org/10.1128/JCM.01411-07
http://www.ncbi.nlm.nih.gov/pubmed/17670925
http://doi.org/10.1186/s12864-015-2234-5
http://doi.org/10.1186/s13567-015-0203-2
http://doi.org/10.1186/1471-2180-12-264
http://doi.org/10.1128/JB.01340-08
http://www.ncbi.nlm.nih.gov/pubmed/19028885
http://doi.org/10.3389/fmicb.2021.660002
http://www.ncbi.nlm.nih.gov/pubmed/34040595
http://doi.org/10.1016/j.vetmic.2004.02.006
http://doi.org/10.1016/j.bjm.2016.10.010
http://doi.org/10.1006/mcpr.1998.0194
http://doi.org/10.1006/mcpr.2001.0346
http://www.ncbi.nlm.nih.gov/pubmed/11352594
http://doi.org/10.20506/rst.24.3.1634
http://doi.org/10.1016/j.vetmic.2011.10.029
http://www.ncbi.nlm.nih.gov/pubmed/22138619
http://doi.org/10.1128/CDLI.12.6.685-692.2005
http://www.ncbi.nlm.nih.gov/pubmed/15939741
http://doi.org/10.3168/jds.2013-7101
http://doi.org/10.1177/104063870802000311
http://doi.org/10.3390/microorganisms8091264
http://doi.org/10.1177/104063870601800504
http://doi.org/10.1177/104063879700900413
http://doi.org/10.1128/IAI.00915-07


Vaccines 2021, 9, 997 16 of 16

35. Bannantine, J.P.; Etienne, G.; Laval, F.; Stabel, J.R.; Lemassu, A.; Daffé, M.; Bayles, D.O.; Ganneau, C.; Bonhomme, F.; Branger, M.;
et al. Cell wall peptidolipids of Mycobacterium avium: From genetic prediction to exact structure of a nonribosomal peptide.
Mol. Microbiol. 2017, 105, 525–539. [CrossRef]

36. Biet, F.; Bay, S.; Thibault, V.C.; Euphrasie, D.; Grayon, M.; Ganneau, C.; Lanotte, P.; Daffé, M.; Gokhale, R.; Etienne, G.; et al.
Lipopentapeptide induces a strong host humoral response and distinguishes Mycobacterium avium subsp. paratuberculosis
from M. avium subsp. avium. Vaccine 2008, 26, 257–268. [CrossRef]

37. Bay, S.; Begg, D.; Ganneau, C.; Branger, M.; Cochard, T.; Bannantine, J.P.; Köhler, H.; Moyen, J.L.; Whittington, R.J.; Biet, F.
Engineering Synthetic Lipopeptide Antigen for Specific Detection of Mycobacterium avium subsp. paratuberculosis Infec-
tion|Enhanced Reader. Front. Vet. Sci. 2021, 8, 637841. [CrossRef]

38. Gao, A.; Mutharia, L.; Raymond, M.; Odumeru, J. Improved template DNA preparation procedure for detection of Mycobacterium
avium subsp. paratuberculosis in milk by PCR. J. Microbiol. Methods 2007, 69, 417–420. [CrossRef]

39. Bradner, L.; Robbe-Austerman, S.; Beitz, D.C.; Stabel, J.R. Optimization of hexadecylpyridinium chloride decontamination for
culture of Mycobacterium avium subsp. paratuberculosis from milk. J. Clin. Microbiol. 2013, 51, 1575–1577. [CrossRef]

40. Okuni, J.B.; Dovas, C.I.; Loukopoulos, P.; Bouzalas, I.G.; Kateete, D.P.; Joloba, M.L.; Ojok, L. Isolation of Mycobacterium avium
subspecies paratuberculosis from Ugandan cattle and strain differentiation using optimised DNA typing techniques. BMC Vet.
Res. 2012, 8, 99. [CrossRef] [PubMed]

41. Chaitanya, R.K.; Reddy, Y.K.M.; Thangavelu, A. Strain Typing of Mycobacterium avium subsp. paratuberculosis from Tamil
Nadu, India based on Polymorphisms in MAP 1506 Locus and IS 1311 PCR-REA. Adv. Anim. Vet. Sci. 2015, 3, 289–294. [CrossRef]

42. Angelidou, E.; Kostoulas, P.; Leontides, L. Bayesian validation of a serum and milk ELISA for antibodies against Mycobacterium
avium subspecies paratuberculosis in Greek dairy goats across lactation. J. Dairy Sci. 2014, 97, 819–828. [CrossRef] [PubMed]

43. Cox, K.L.; Devanarayan, V.; Kriauciunas, A.; Manetta, J.; Montrose, C.; Sittampalam, S. Immunoassay Methods. In Assay Guidance
Manual [Internet]; Markossian, S., Sittampalam, G.S., Grossman, A., Brimacombe, K., Arkin, M., Auld, D., Austin, C.P., Baell, J.,
Chung, T.D.Y., Coussens, N.P., et al., Eds.; Eli Lilly & Company and the National Center for Advancing Translational Sciences:
Bethesda, MA, USA, 2004.

44. Nielsen, S.S.; Toft, N. Ante mortem diagnosis of paratuberculosis: A review of accuracies of ELISA, interferon-γ assay and faecal
culture techniques. Vet. Microbiol. 2008, 129, 217–235. [CrossRef]

45. Gamberale, F.; Pietrella, G.; Sala, M.; Scaramella, P.; Puccica, S.; Antognetti, V.; Arrigoni, N.; Ricchi, M.; Cersini, A. Management
of Mycobacterium avium subsp. paratuberculosis in dairy farms: Selection and evaluation of different DNA extraction methods
from bovine and buffaloes milk and colostrum for the establishment of a safe colostrum farm bank. Microbiologyopen 2019, 8, 1–11.
[CrossRef] [PubMed]

46. Gardner, I.A.; Nielsen, S.S.; Whittington, R.J.; Collins, M.T.; Bakker, D.; Harris, B.; Sreevatsan, S.; Lombard, J.E.; Sweeney, R.;
Smith, D.R.; et al. Consensus-based reporting standards for diagnostic test accuracy studies for paratuberculosis in ruminants.
Prev. Vet. Med. 2011, 101, 18–34. [CrossRef] [PubMed]

47. Sohal, J.S.; Arsenault, J.; Leboeuf, A.; Hélie, P.; Buczinski, S.; Robinson, Y.; Labrecque, O.; Lachapelle, V.; Fecteau, G.; L’Homme, Y.
Molecular characterization of Mycobacterium avium subspecies paratuberculosis C-type and S-type isolated from sheep and
goats by using a combination of MIRU-VNTR loci. Can. J. Vet. Res. 2019, 83, 160–167. [PubMed]

http://doi.org/10.1111/mmi.13717
http://doi.org/10.1016/j.vaccine.2007.10.059
http://doi.org/10.3389/fvets.2021.637841
http://doi.org/10.1016/j.mimet.2006.10.019
http://doi.org/10.1128/JCM.00333-13
http://doi.org/10.1186/1746-6148-8-99
http://www.ncbi.nlm.nih.gov/pubmed/22747670
http://doi.org/10.14737/journal.aavs/2015/3.5.289.294
http://doi.org/10.3168/jds.2013-7218
http://www.ncbi.nlm.nih.gov/pubmed/24359824
http://doi.org/10.1016/j.vetmic.2007.12.011
http://doi.org/10.1002/mbo3.875
http://www.ncbi.nlm.nih.gov/pubmed/31420952
http://doi.org/10.1016/j.prevetmed.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21601933
http://www.ncbi.nlm.nih.gov/pubmed/31308587

	Introduction 
	Materials and Methods 
	Bacterial Strains 
	Selection of Milk Samples 
	In-House Milk ELISA (H-MELISA) on BTMs and Individual Milk Samples (MIF) Using L3P and L5P Lipopeptides 
	Milk Culture 
	Extraction of DNA from Milk Samples and Colonies 
	Restriction Enzyme (RE) Analysis on IS1311-Targeted PCR Products and Strain Typing(S- or C-Class) 

	Statistical Analysis 
	Results 
	Homemade Milk ELISA with the L3P and L5P Epitopes on BTMs 
	Homemade ELISA with L3P and L5P Epitopes on Individual Milk Samples from a MAP-Infected Flock (MIF) 
	Relationship between the Type of MAP Strain (S or C) and Reactivity against L3P/L5P in the In-House Milk ELISA (H-MELISA) 

	Discussion 
	Conclusions 
	References

