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Preface 

This thesis is the achievement of my three years studies at doctoral degree of the University 

of Sassari. It focuses on three main areas including 1) the detection of Mycobacterium avium 

subsp. paratuberculosis (MAP) in milk and blood samples via commercial molecular (qPCR) 

and immunological techniques (ELISA), carried out at the University of Sassari; 2) 

development of an in-house ELISA assay for detection of antibodies directed against MAP in 

milk and serum samples, performed at the University of Sassari in a collaboration with 

Professor Franck Biet and his colleagues in INRAE and Institute of Pasteur in France; 3) 

optimization of a conventional and novel phage based approaches of, respectively, peptide-

mediated magnetic separation phage assay (PMS-phage) and phage-bead qPCR (PBQ) 

evaluating the viability of MAP in milk and blood samples, performed at the Institute of 

Zooprofilattico in Sassari, Italy. Accordingly, the following dissertation is arranged based on 

two papers that were published in the peer-reviewed Journal, Microorganism and Vaccines, 

and one manuscript that have already been submitted in other peer-reviewed journal of 

Scientific Report in Nature and will be published soon. 
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Abstract 

Paratuberculosis or Johne’s disease (JD) is an incurable gastrointestinal condition in 

ruminants that is promoted by Mycobacterium avium subsp. paratuberculosis (MAP), a 

fastidious acid-fast bacterium. The pathogen could withstand heat and pasteurization, remain 

intact in the dairy products, and be transferred to consumers. This highlight that MAP could 

be a zoonotic pathogen having the ability to involve humans in some autoimmune conditions 

such as Crohn’s disease. However, the pathogenicity of MAP could be controlled through 

implementing competent pasteurization policies along with application of speedy and well-

organized detective methods. 

In this thesis, we evaluated the functionality of a few in-house developed/ optimized and 

commercial diagnostic techniques to detect MAP and antibodies directed against it in 

unpasteurized milk samples. 

To estimate whether or not the studied animals disperse MAP (dead or viable cells) in milk 

samples or the environment, qPCR IS900 along with ELISA analysis were carried out on two 

sources of milk samples (bulk tank milk (BTM) and individual milk) and the specificity and 

sensitivity of both methods were evaluated under different binary gold standard reference 

models (0,1). Accordingly, a higher proportion of MAP DNA and antibodies against it were 

detected in BTMs rather than individual milk samples. This is probably due to the fact that 

BTMs are a mix of several individual milk samples that might be randomly taken from 

positive or negative animals. In addition, we discovered that milk could be an alternative 

sample to serum for antibody screening when we have no access to the animal’s blood, in 

which a considerable correlation between antibody titer in milk and serum was found at 

individual level. Also, bulk tank milk analyses (qPCR and ELISA) demonstrated that MAP 
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positivity follows a seasonal pattern, in which more cases were milk qPCR-positive and milk 

ELISA-positive in spring and summer respectively.  

At the next step, in order to improve the capture antigen efficiency in an in-house milk 

ELISA test (H-MELISA), we innovatively used MAP-derived surface-exposed lipopeptids of 

L3P (specific in sheep) to target the antibodies directed against MAP in sheep milk samples 

comparing with H-MELISA via other MAP lipopeptide of L5P (specific in cow). The result 

of this analysis depicted that H-MELISA L3P/L5P could enhance the discovery of positive 

milk samples from specimens that were potentially negative by commercial ELISA test. 

Interestingly, 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 

reacted more against L5P, whereas a predominant number of milk samples were more 

responsive against L3P at individual level. To clarify whether or not the positivity status of 

milk samples in H-MELISA L3P/L5P could predict the type of MAP strains (S/C) at BTMs 

and individual milk samples, strain typing was carried out on DNAs extracted from some of 

the H-MELISA L3P/L5P positive or negative sheep milk samples using PCR IS1311-

restriction enzyme analysis. The strain typing confirmed the presence of all three MAP 

strains (S/C/Bison) among Sardinian milk samples. However, as it was expected from the 

overall rate of H-MELISA L3P/L5P positivity, C-type and S-type MAP strains happened 

with higher incidence among BTMs and individual milk respectively. 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.  
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Eventually, the viability of MAP in unpasteurized goat and sheep milk samples were verified 

by a conventional (PMS-phage) and novel phage-bead qPCR (PBQ) assays that worked, 

respectively, with and without the intervention of MAP-specific complementary peptides 

(aMptD and aMp3). Although, both methods comparably functioned on unpasteurized milk 

samples that contained no viable MAP, PBQ was privileged PMS-phage assay due to lower 

LOD (PBQ LOD was 10 MAP cells in 10 mL compared to 100 MAP cells/ 10 mL in PMS-

phage assay), rapidity, higher sensitivity, and lack of need for “intervention of other 

mycobacterial species such as M. smegmatis that was commonly used in PMS-phage assay in 

lawn making step” and “consequent FAS treatment”.   
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List of Abbrevations  

MAP                  Mycobacterium avium subsp. paratuberculosis 

JD                      Johne’s Disease 

BTM                  Bulk Tank Milk 

qPCR                 Quantitative Polymerase Chain Reaction  

MqPCR              Milk quantitative Polymerase Reaction 

MELISA            Milk Enzyme-Linked Immunosorbent assay 

SELISA             Serum Enzyme-Linked Immunosorbent assay 

FPCR                 Fecal Polymerase Chain Reaction 

S/P%                  Sample to Positivity Ratio 

OD                     Optical Density 

H-MELISA        Homemade Milk Enzyme-Linked Immunosorbent assay 

CMELISA          Commercial Milk Enzyme-Linked Immunosorbent assay 

L3P                     Lipotripeptide 

L5P                     Lipopentapeptide 

REA                    Restriction Enzyme Analysis  

IS900                  Insertion Sequence 900 

IS1311                Insertion Sequence 1311 

PBQ                   Peptide-Bead qPCR 

PMS                   Peptide-Mediated Magnetic Separation 

OADC                Oleic Albumin Dextrose Catalase 

MB                     Middlebrook 

SP                       Specificity  

SN                      Sensitivity  
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Chapter I: Introduction 

1.1 History of Johne’s Disease 

Johne’s Disease (JD) is a long-standing gastrointestinal problem that entangles cattle and 

herds imposing serious economic concerns to the dairy industry in each society [1,2]. This 

disease is originated by Mycobacterium avium subsp. paratuberculosis (MAP) [2]. H.A. 

Johne and L. Frothingham reported the first case of JD in Germany in 1894 (or 1895) as a 

“peculiar case of tuberculosis” in a cow. The post-mortem analysis revealed that this cow 

suffered from sever chronic enteritis represented by the thickness and corrugation of mucus 

layer throughout the intestine [3–6]. In 1906, Bang claimed that the disease is different from 

tuberculosis, so he renamed it to Johne’s Disease or Pesudotuberculosis [6]. However, MAP 

was not fully recognized as the causative agent of the disease until 1910 when F. W. Trowt 

carried out the Koch’s postulate cultivating MAP in an in-vivo condition inducing the disease 

to a model animal (cattle) through infecting them by the bacterium [5–8]. 

1.2 General Structure of Mycobacteria 

Mycobacteria are a group of prokaryotes that have a distinctive cell envelope. That is 

partially due to the presence of particular lipid and carbohydrate like lipoarabinomannan and 

mycolic acids [9].  This cell envelope is a double cell membrane enriched with lipid that 

consists almost 60% of mycobacterium dry weight compared to only 20% lipid components 

in cell envelope of gram-negative bacteria [10,11]. Cell envelope is stratified into three 

domains including [12] (figure 1): Domain I, Capsule (C): that consists of high proportion of 

proteins and lower amount of carbohydrates and lipids. This layer comprises various 

glycolipids that are fixed in a saccharidic matrix around the mycobacterium. The type of 

glycolipid is varied by the species of mycobacteria including lipooligosaccharides, phenolic 
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glycolipids and glycopeptidolipids (GLPs). The difference in lipid of mycobacterial species 

might highlight the role of phylogenic divergences resulted by mutation in the gens located 

in the GLP locus [9]. For example: some studies suggested that GLP is present in the cell 

envelope of both rapid and slow growing mycobacterial species such as M. chelonae, M. 

scrofulaceum, M. abscessus (rapid) and M. avium subsp. avium (slow) [13,14]. As a result of 

mutation in one of eight genes that comprise GLP locus, M. abscessus has lost its capability 

in production of GLPs and this might be associated with the rugged colony morphology in 

the bacterium [14]. Domain II, Outer Membrane (OM): It is a tripartite membrane that is 

covalently bound to arabinogalactan-peptidoglycan complex. So that, the inner leaflet of 

lipid bilayer in OM consists of long chain mycolic acids that covalently linked to the parietal 

backbone of arabinogalactan (via ester) [15]. Regarding the structure of outer leaflet of OM, 

there are various debates. While, some studies support the presence of mycolates, 

phospholipids and lipoglycans (peptidoglycan) in this layer [16], other works believe that 

diacylglycerols and triacylglycerols are the fundamental components of outer leaflet in OM 

[15]. Domain III, Inner Membrane (IM): there are also diverse opinions on the components 

of IM. Some studies claim on the similarity between the structure of IM and other bacterial 

membranes [15], whereas others believe that IM has a particular lipid, diacyl 

phosphatidylinositol dimannoside, that plays an important role in low fluidity of the IM that 

is associated with the drug resistance due to decelerating the drug stream [16].  

The hydrophobic characteristic of cell wall in mycobacterial species cause the bacteria form 

clumps when growing in liquid media. In fact, lipid components in mycobacterial cell wall 

make the mycobacteria resistant to acid and alkaline in the environment following a 

reduction in permeability of them to basic dyes [17].  
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Figure 1. Cell wall structure of mycobacterial species [10] 

1.2.1 Taxonomic and Phylogenic Analysis of Mycobacteria 

Mycobacteria are classified into three groups (Figure 2) of Mycobacterium tuberculosis 

complex (TB group, causative agent of tuberculosis), Non-tuberculosis Mycobacteria (NTB), 

Mycobacterium leprae (causative agent of Leprosy). The pathogenic species of TB group are 

phenotypically diverse, however they have very similar genetic characteristics and because of 

that they are categorized in the same group [17].  Mycobacterium tuberculosis is one of the 

most important and pathogenic species that belonged to TB group and triggers tuberculosis in 

humans. Mycobacterium bovis is another species that can potentially result in tuberculosis in 

both human and cattle, whereas Mycobacterium africanum rarely leads to the human 

tuberculosis [17]. NTB group is those opportunistic mycobacteria that involves in different 

pathogenicity in immunosuppressive individuals [17]. Some members of this group include 

M. avium, M. intracellulare complex, M. kansasii, M. marinum, M. fortuitum, M. chelonae 

complex, M. abscessus and M. scrofulaceum [18]. Mycobacterium leprae is classified as the 

last group that can lead to leprosy in human. The recent mycobacterium is an obligate 

parasite and uncultivable in the in-vitro condition [19].  

In another classification based on the characteristic of rapidity in growth, mycobacteria are 

stratified into two groups of fast ad slow growing. The fast growing mycobacteria, i.e. M. 

chelonae, M abscessus and M. fortuitum and etc., can develop colonies on solid media almost 
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after seven days [18,20–22], whereas the slow growers, i.g. M. avium and M. intracellulare, 

need more incubation time between 8 to 12 weeks [18,22–25].  

Interestingly, M. avium is subdivided into three subspecies of M. avium subsp. avium, M. 

avium subsp. paratuberculosis (MAP) and M. avium subsp. silvaticum. MAP is distinguished 

from two other subspecies (M. avium subsp. avium and M. avium subsp. silvaticum) 

phenotypically and genotypically by its mycobactin-growth-dependent characteristic [26] and 

15-18 copy numbers of Insertion Sequence 900 (IS900) respectively [5,27,28].  

 
Figure 2. Phylogenic classification of mycobacteria [29] 

1.3 Mycobacterium avium subsp. paratuberculosis (MAP)  

MAP is a rod-shape, acid fast, obligate aerobic, non-spore forming, non-motile pathogen that 

belongs to mycobacteriaceae family. This fastidious mycobacterium has a lengthy generation 

time (more than 24 hours) that elongates the isolation of bacterium to 7-16 weeks and its 

growth in in-vitro condition [30–32] depends on the presence of additives like organic source 
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of iron (Mycobactin J). This iron can be chelated by intracellular exochelin and exchanged 

with membrane-associated mycobactins [6,33]. However, MAP can keep its survival under 

diverse conditions like in -14 ºC at least one year, in bovine feces and black soil up to one 

year, in pond and river water around nine months and 160 days respectively [3]. MAP is 

resistant to chemical and heat treatments and can survive the pasteurization. The viability of 

MAP during pasteurization depends on some factors such as the concentration of MAP cells 

(greater than 101 cfu/ml) and considerable D-value (Decimal Reduction Value) for all MAP 

strains (71-72 Cº/12-14 sec) that is greater than D-value of other bacteria like Listeria 

(71.7°C/5 sec), Coxiella sp (62°C/30 min) and M. bovis (71.5°C/14 sec) [34–36]. MAP has 

tendency to form clumps and it might play a role in decreasing log reduction in pasteurization 

[37–39].  This heat-resistance characteristic raises the global concerns over the possibility of 

transferring this pathogen to humankinds through consumption of dairy products 

contaminated with MAP.  

1.3.1 Strain Types of MAP 

Assessment of genetic diversities plays a key role in development of new diagnostic and 

treatment approaches [37]. MAP genotyping is a demanding process, since MAP is a 

monomorphic pathogen as same as some other human pathogens like M. tuberculosis and M. 

leprae [40,41]. MAP strains have been categorized into different groups based on various 

hypotheses. In one hypothesis; depending on the type of host ruminant, MAP is classified 

into two major strain groups of Sheep (S) and Cattle (C) strains (Figure 3) [1,40–42]. S and C 

types MAP strains have different genetic constructions along with various observable 

characteristics such as color of colony, chemical process of iron, the patterns that they follow 

to inactivate the repressors responsible for the production of cytokines and initiate their 

expression [1]. Sheep animals are vulnerable to both S- and C- type MAP strains, in contrast 
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cattle is resistant to S type [43]. However, wide strain typing analysis revealed that the 

association between the type of MAP strains and host species could not inevitably assign a 

MAP strain to just a specific species of animal, in which a strain that is more likely to be 

detected in sheep, it might happen in bovine as well and vise versa [40].  

All MAP strains grow slowly and have complicated growth requirements, however these 

characteristics are more distinctive in S type MAP strain [1,44].  

In other hypothesis, type I and type II, were assigned as type S and C respectively (Figure 3) 

[40–42,45].  Recently, strain-typing analysis unveiled another strains of MAP that was named 

type III. This strain was presumably an evolutionary intermediate that is placed between type 

S (I) and type C (II). Type B or Bison is another proposed strain group. This strain was firstly 

found in bison in Montana (USA). The results of molecular analysis showed that type B has 

similar characteristic to type C (predominant strain in cattle). However, further analysis 

showed that this strain differs from type C through uncommon growth needs of the isolates 

and different disease manifestation in clinical stage. Moreover, genotyping analysis on bison 

type isolates collected from the USA and India disclosed that even these variants differed 

from each other due to a unique TG deletion at base pair positions 64 and 65 of Insertion 

sequence IS1311 at locus 2 that happened in Indian bison type [40,45,46].  
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Figure 3. Phylogeny tree of MAP strains based on whole genome SNPs [46,47] 

1.3.2 Mechanisms of MAP Infection in JD 

JD usually infects the ruminants through the settlement of the bacterium in macrophages 

located in the lamina propria layer of the small intestine leading to lymph nudes, 

granulomatous inflammation, and death of JD cases [48]. JD cases have a fragile immune 

system that makes them vulnerable to other diseases such as lameness, mastitis and 

pneumonia [2]. MAP follows two stages of infection in susceptible ruminant hosts including 

I) Pervading the gastrointestinal tract and II) persistence in macrophages. MAP receives 

various host defenses in each step of infection that needs to be suppressed or attenuated in 

order to allow MAP promoting the infection [49].   

1.3.2.1 Stage I: Pervading the gastrointestinal tract 

Researches on experimental animal models suggest that MAP initiates the infection through 

the invasion of oral mucosa in the tonsil (Figure 4) [49,50]. Then, MAP keeps on its way to 
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the lymph nodes located in abdominal tissues and ileum via blood circulation [49,51]. As a 

result of MAP transmitting the infection to jejunal region of the newborn animals, strong 

mucosal responses are developed [49,52,53]. In neonatal period, the mucosal immune 

responses are mostly focalized in specific regions [49,54,55]. Studies suggest that newborn 

calves are more vulnerable to MAP infection rather than adults, because innate and adaptive 

immune systems have some imperfections in younger animals [56,57]. Theoretically, MAP 

invasion initiates through both Microfold (M) cells located in the Peyer’s patches and 

transformed epithelial cells [49,54,55]. Fibronectin Attachment Protein (FAP) is one of the 

MAP-cell-wall proteins, that is activated immediately after crossing the ruminant digestive 

system [49,58]. The luminal surface of M cells in intestine contains plenty of β1 fibronectin 

receptor that could be connected to FAP [49,59]. There might be other fibronectin-

independent ways that could conduct MAP to epithelial cells in intestine, however the 

importance of these alternative routs has not discovered yet [49,55]. The shortest time that 

MAP needs to invade the first host cells is around 30 min [49,60]. Later, these host would 

transfer the MAP from the lumen in intestine to submucosa that takes between minutes to 

hours [49,60].  
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Figure 4. Procedures of digesting MAP in gasterointestinal tract including 1) ingesting MAP 
and its movment to the GI tract along with absobtion by tonsillar crypts and translocation of 
MAP to the ileum, 2) activating the FAP in bacterium and opsonization of the bacterium via 
fibronectin in order to get to the lower GI tract, 3) moveing to the ileum, 4) phagocytozing 
MAP by M cells located at Peyer’s patches and activation of the fibronectin receptors placed 
at this area due to the bacterum’s fibronectin, 5) Absorbing the complement coated MAP 
cells by complement receptors located at intra-epithelial macrophages, 6) and 7) formation of 
granulomas by infected macrophages forstering a latent infection, 8) transmitting MAP to 
unborn calf, 9) and 10) infecting newborns via milk or feces that was disperesed into the 
environment by MAP-shedder animals. (a) Mouth, (b) Salivary Glands, (c) Esophagus, (d) 
Rumen, (e) Reticulum, (f) Omasum, (g) Abomasum, (h) Gallbladder, (i) Pancreas, (j) 
Duodenum, (k) Jejunum, (l) Ileum, (m) Cecum, (n) Large Intestine, (o) Anus, and (p) Uterus 
[49].  

1.3.2.2 Stage II: Persistence in macrophages 

MAP in macrophages could survive in host’s body putting some strategies into action that 

could guarantee its existence against the host-immune defenses:  

1.3.2.2.1 MAP invasion of the macrophages 

At this step, potential MAP cells that could cross the intestinal epithelial barriers, start 

invading macrophages located under cuticle layers that are represented by several recipient 

molecules for absorbing mycobacteria such as complement receptors (CR1, CR3 and CR4), 

the immunoglobulin receptors (FcR), mannose, and scavenger receptors. The survival of 
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MAP in intracellular condition is associated to the routes that MAP chooses to enter into 

macrophage via, in which this rout via specific receptor-mediated mechanism can induce 

particular immune responses following a specific pattern of cytokine secretion [49,61]. So 

that, macrophage activities might be limited by some routs such as uptake via complement 

receptors. The studies on bovine belonged to both healthy and JD categories showed that the 

opsonization of MAP with serum facilitates the uptake of MAP via complement receptor into 

bovine macrophages remarkably [49,62,63]. This represents that when MAP selects to access 

macrophages via complement receptors, it follows a specific strategy to evade critical host 

defenses. 

 1.3.2.2.2 Blocking phagolysosome fusion 

MAP applies different strategies to set up a persistent infection and guarantees its survival 

inside phagosomes either by impeding the fusion of lysosome into phagosome disrupting the 

phagolysosome formation and hindering the subsequent hydrolysis and oxidation reactions, 

or by inhibiting phagosome acidification (Figure 5) [64–66]. In addition, the destruction of 

the infected phagosomes depends on the active involvement of the internalized pathogens 

[65,66]. Different studies show that viable MAPs, not dead, are able to block the endosomal 

maturation and that is supported by the modification of the patterns of endosomal markers 

[66]. Accordingly, only viable MAP could inhibit the acidification of phagosomes. One of the 

destructive mechanisms that imped the phagsome-lysosome fusion along with the phagosome 

maturation is through the interaction of MAP with phagosomal membranes [67].The studies 

suggest that mycobacterial lipids can defect the structural and functional profiles of the 

phagosome membranes [67]. For example: sulfolipid damages the phagosome fusion and 

lipid phosphatase SapM influences the functional characteristics of phagosome membrane 

[68,69].  Phosphatidilinositol 3 Phosphatase (PI3P) is a phagosome membrane-trafficking 
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lipid that regulates the acquirement of lysosomal constituents. The studies reveal that PI3P in 

host cells infected with live mycobacteria was continuously removed by hydrolysis activity of 

SapM [49,65].  

Acidification of phagosome in maturation step depends on hydrolytic enzymes existed in 

lysosome vacuoles that these enzymes have the most optimum catabolic activity in the acidic 

pH [70].  The acidification of vacuoles depends on the activity of an integral proton pump 

protein (H+-ATPase or V-ATPase) utilizing ATP in order to pump proton into the vacuoles. 

Those phagosomes that are infected with pathogenic mycobacteria have higher pH than non-

infected ones, specifically the MAP-infected phagosomes even showed higher acidity than 

the other phagosomes infected with other mycobacteria [70]. Interestingly, the V-ATPase in 

MAP infected phagosomes is expressed in higher quantities [71,72] than phagosomes 

infected with non-pathogenic mycobacteria [73]. On the other hand, MAP produces a protein 

effector molecule that is named Protein tyrosine phosphatase  (PtpA) that binds to a specific 

subunit of macrophaghe V-ATPase that is associated with the luminal acidification and 

probably coordinates with phagosome-lysosome fusion through the interaction with the 

macrophage class C vacuolar protein sorting complex [74]. PtpA mediates the 

dephosphorylation of VPS33B, removes V-ATPase and impedes the acidification [74]. Some 

host proteins could induce the development of endosomes for instance ATPase N-

ethylmaleimide- sensitive factor (NSF), soluble NSF attachment proteins (SNAPs), and 

vesicle and target membrane SNAP receptors (SNARES) [75,76]. In which, Rab-GTPase 

regulates the procedures of maturation. For example, Rab5 and Rab7 assists the fusion of, 

respectively, early endosomes and mature pahagosomes with endosome and lysosome 

respectively [49,77]. In contrast, MAP could hamper the maturation of endosomes into 

functional mycobacteriocidal compartments through hindering the activity of Rab5 and early 
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endosomal autoantigen 1 (EEA1) towards phagosomes engulfed pathogenic mycobacteria 

[78]. In addition, MAP can inhibit the secretion of the tryptophan aspartate-containing coat 

protein (TACO) that is responsible for fusion of phagosome with the lysosome [79]. 

Affecting the cell signaling is another strategy that mycobacteria use to defect endosome 

maturation [80]. For example: the interaction between EEA1 and LAMP-3 with late 

endosomes could be hindered via mitogen activated protein kinase (MAPK)-p38 signaling. 

However the inactivation of MAPK-p38 signaling can act reversely and triggers the 

phagosomal acidification and enhances late endocytice markers [49,80].  

 
Figure 5. Impeding phagolysosomal maturation via MAP [49]. 

1.3.2.2.3 Blocking macrophage responsiveness  

Toll-Like Receptors (TLRs) are a sub-class of Pattern Recognition Receptors (PRRs) that 

play an important role in innate immune responses through regulating nonspecific defenses 

against potential harmful pathogens along with cytokine responses and other TLR-mediated 

cellular processes that are essential for mycobacterial pathogenesis such as the maturation of 
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phagosomes [49,54,81]. Active expression of TLR against MAP can protect the host against 

infection. Whereas, mutation in TLR can enhance the sensitivity of the individuals to 

mycobacterial-dependent infections and reduce the TLR-mediated responses in MAP infected 

hosts. Each TLR induces various immune responses, for example: TLR9 induces the critical 

defenses against MAP, whereas TLR1 and TLR2 promote the responses that halt the immune 

defenses against MAP [81–84]. TLR2 has polymorphism with TLR1 and TLR6, in which it 

could bind to various receptor-specific pathogen associated molecular patterns (PAMPs), this 

characteristic can predispose individuals to MAP [82,85]. So, TLR2 recognizes the MAP-cell 

wall lipoprotein receptor and bind to it [86]. Mannosylated liparabinomannan (Man- LAM) 

as a mediator plays an important role in activation of TLR2 and subsequently commence of 

signaling through MAPK-p38 pathway and this influence the expression of IL-10. 

Accordingly, increasing the expression of IL-10 discourages the expression of other genes 

like pro-inflammatory cytokines, chemokines, IL-12, and major histocompatibility factor 

class-II. This is why MAP suppresses the antimicrobial responses against infected 

microphages through increasing the expression of IL-10 and activation of Man-LAM-induced 

TLR2-MAPK-p38 signaling pathway [87]. The studies show that anti-TLR2 antibodies could 

offset the devastating impacts of internalized MAP on the involved macrophages. This is 

followed by increasing the acidification and maturation of phagosomes and ends to the killing 

of MAP [87]. However, the level of IL-10 is not affected by anti-TLR2 treatment showing 

that anti-TLR2 independently modifies the acidification and maturation of phagosomes 

through other mechanisms like hampering EEA1 [49,87,88].  

1.3.2.2.4 Interferon Gamma Signaling  

IFNγ is one of the key cytokines that regulates the host immune defense against various 

intracellular pathogens (mycobacteria) [49,89]. IFNγ is produced as the most primary 



Dr. Sepideh Hosseiniporgham: The Detection of Mycobacterium avium subsp. 
paratuberculosis by a novel Biotechnological approach- PhD thesis in Life Science and 
Biotechnologies- University of Sassari, Italy  
 31	

responses to MAP infection that keeps active throughout a persistent infection. Of 

bactericidal responses that are induced by IFNγ signaling pathway, the following defenses are 

notable: reactive oxygen and nitrogen intermediates, production of cytokines and promotion 

of phagosome maturation. IFNγ binds to specific receptors in order to activate Janus family 

Kinase Signal Transducer and Activator of Transcription (JAK-STAT) pathway [90].  The 

researches show that hosts with inadequate amount of IFNγ or IFNγ receptor chain mutations 

are more vulnerable to intracellular-pathogen related infections, as the importance of IFNγ in 

the pathogenicity of Johne’s Disease (JD) has been recorded in few studies [91,92]. In the 

subclinical stage of JD, the concentration of IFNγ sees a significant rise at ileal and cecal 

lymph nodes [93]. In an in-vitro study on PBMCs (from both infected and healthy cases) that 

were induced by MAP antigens, higher level of IFNγ was produced among infected isolates 

[49,94].  

1.3.2.2.5 Superoxide dismutase  

Active Oxygen Intermediate (ROI) such as superoxide anion, hydrogen peroxide and 

hydroxyl free radicals, can induce the elimination of pathogens such as mycobacteria via 

mature phagolysomes [49,67]. However, some studies recorded that the production of ROI 

such as superoxide anion by monocytes has been impeded in response to MAP infection or 

the stimulation of MAP-infected monocytes by IFN-γ [95]. MAP can neutralize superoxide 

radicals and generally the production of ROI through the secretion of superoxide dismutase 

and inhibition of IFNγ simulated signaling respectively [96,97]. However, MAP-inhibited 

TLR9 cannot suppress the production of ROI [49,98]. 

  1.3.2.2.6 Nitric Oxide 

Reactive Nitric intermediates (RNIs) are another components that found in phagolysosome 
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environment and have antibacterial profiles against pathogens [49,99]. Mycobacteria such as 

M. tuberculosis, MAP and M. leprae are susceptible to IFNγ-induced RNIs [99–101]. 

However, studies on mouse macrophages showed that the production of RNIs might be 

defected by some chemicals leading to an increase in the survival of M. tuberculosis in 

macrophages [99]. In addition, the amount of chemically produced nitric oxides could 

influence their destructiveness significantly [102].  While studies on bovine monocytes show 

that the level of IFN-γ-induced RNIs increases immediately after MAP infection, the yielded 

nitric oxide is inadequate to promote the bacterial demolition [102]. In fact, phagosomes 

infected by mycobacteria cannot get access to enough nitric oxide synthase necessary for 

killing the mycobacteria [49,103].  

1.3.2.2.7 Apoptosis 

Apoptosis is a programmed cell death that is different from necrosis [49,104,105]. The 

intracellular destruction of Mycobacteria-infected macrophages could be induced through 

apoptosis [105]. In which, MAP infected macrophages that experienced apoptosis could be 

phagocytosed by other healthy macrophages [105]. While, this could impede the growth of 

MAP, it facilitates the transmission of MAP into the other healthy macrophages keeping them 

far away from immune inspection suppressing the inflammatory responses [106]. As cell 

lysis of MAP-infected macrophages results in liberation of chemotactic stimulants existed in 

the intracellular spaces. These stimulants could promote the acute phase of inflammation that 

is associated with tissue destruction, whereas apoptosis suppresses the recent inflammatory 

reactions [106]. Apoptosis enables MAP to replicate in new spaces and set up a consistent 

infection getting concealed from the host immune defenses [106]. Studies show that MAP not 

only could encourage apoptosis, but also could suppress it. The settlement of live 

mycobacteria in macrophages can promote apoptosis, whereas the heat-killed MAP cells can 
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mediate apoptosis insignificantly [107].  Interestingly, the death of macrophages is promoted 

by apoptosis in higher levels of MOI (multiplicity of infection), in which caspase-dependent 

apoptosis is activated in MOI higher than 10, whereas caspase and nitric oxide independent 

apoptosis and necrosis are initiated in MOI higher than 50. This proves that mitochondrial 

destructions results in apoptosis of infected macrophages [108]. The other hypothesis 

believes that MAP impedes apoptosis of the infected macrophages to be concealed from 

immune system and buy more time for replication [109]. Of MAP inhibitory strategies, 

minimizing the expression of caspase 3/7 and 8 genes that leads to a reduction in the activity 

of caspase “3/7, 8 and 9” [110] and increasing the release of induced-macrophage IL-10 

through reducing the expression of TNFα, and enhancing the release of TNFR2 that leads to 

TNFα neutralization [49,64] are more noticeable. In addition, Man-LAM (mannosylated 

arabinoomannan: a major lipoglycan belonging to the slow growing mycobacterial cell wall) 

can inhibit apoptosis through lowering the level of released cytosolic calcium. In a normal 

condition, the presence of calcium ions in cytosol can promote the penetrability of 

mitochondrial membrane [64]. BAD is a pro-apoptotic protein that regulates apoptosis 

through binding to its antagonist (anti-apoptotic proteins) such as Bcl-2 [111,112]. However, 

Man-LAM promotes the phosphorylation of BAD protein and keeps it away from binding to 

anti-apoptotic receptors [49,113]. As result of that, the presence of unbound anti-apoptotic 

proteins like free Bcl-2 inhibits the release of cytochrome C (cytochrome C mediate the 

allosteric activation of apoptosis-protease activating factor 1) from mitochondria membrane 

[49,114].  

1.3.2.2.8 IL-10 

IL-10 is an anti-inflammatory cytokine that is manufactured by monocytes, macrophages, B-

cells and T-cells (lymphocytes) [49,110]. IL-10 can minimize the host inflammatory 
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responses through different strategies including impeding Th1-type responses, suppressing 

the production of pro-inflammatory cytokines, and concealing the mycobacteria infected the 

macrophages and dendritic cells from the host immune responses. The mentioned strategies 

can enhance the viability of MAP within macrophages [49,110,113]. In contrast, studies 

reported that negating IL-10 that yielded by MAP-infected macrophages could activate the 

expression of some inflammatory genes including TNFα, IL-12, IL-8, MHC-II and that 

would be followed by the acidification of phagosomes, macrophages apoptosis and 

production of nitric oxide [49,110]. 

1.4 MAP Epidemiology  

The rising incidence of JD has been reported in different areas of the world. JD has a 

remarkable incidence in the presence of sufficient rainfall, ground water, and humidity and 

even in tropical area [7,115,116].  

1.4.1 Paratuberculosis Host Ranges 

The principle carriers of JD are ruminants including bovine and sheep, etc. However, 

evidence show that JD has a wide range of hosts such as horses, pigs, mice, hamster, cat and 

other wild species of animals (Table) might be infected and involved with the disease. Some 

species of claw-hoofed animals are susceptible to both S (Sheep) and C (Cattle) strains of 

MAP [48,115,117–119], The studies show that experimentally infected pigs featured the 

disease with granulomatous enteritis and lymphadenitis, whereas pigs that were kept with the 

infected cattle had the evidence of mesenteric lymph nodes enlargement that might be 

indicated with tuberculosis like lesions [115,120–122]. The disease has also been reported 

among macaque monkeys [115,123]. Among non-ruminant hosts, a strong association was 

found between infected rabbits and a cattle with the history of disease [124,125] and also 
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MAP was cultivated from the tissues of foxes and stoats [115,126].  

Table 1. Non-domestic hosts of Paratuberculosis [115] 

 

1.4.2 Geographical Distribution of Paratuberculosis 

The cases of JD have been reported in different countries throughout the world. This is 

mainly due to a long latency period of the disease manifestation in the infected animals in 

addition to the presence of asymptomatic MAP-shedders that could potentially and silently 

disseminate the disease everywhere. Since, the infected animals might be undetectable at the 

first stages of the disease, livestock marketing and transportation of MAP-carriers from one 

region to another region or from one country to another country could contribute in the global 

outbreak of JD [127–129]. According to the latest studies, the geographical incidences of JD 

are as follows (Figure 6): Africa (53%), India (23.3%), Europe (20%), South America 

(18.3%), North America (16.9%) and Australia (6.8%) (Fig.). The Table 2 and Table 3 

represent the geographical distribution of JD in the level of herd and individual respectively.  
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Figure 6. Global distribution of JD depicting the involved continents including Africa (a) 
Europe (b), North and South America (c), Asia (d) and Australia (e)  

 

 

 

 

Table 2. The geographical herd-level distribution of JD; Section 1 [127] 
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Table 3. The geographical animal-level distribution of JD; Section 2 [127] 

 

1.5 Symptom Manifestation of JD 

The progress of Paratuberculosis in the infected animals follows a four-phase procedure 

including silent, sub-clinical, clinical and advanced. Although, the infection begins in 

neonates [130,131], the signs of the disease appears around 2 to 10 years. Accordingly, silent 

stage (I) begins in animals bellow 1 year old and the infected animals do not show any 
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symptoms at this phase in which the presence of MAP is not detectable[132]. JD is a 

contagious disease that could be transmitted from one case to Paratuberculosis-free animals 

via MAP that was shedded into the environment or existed in the reproductive system of the 

infected female animals [2,133]  In subclinical stage (II), the infected animals still do not 

show the signs of the disease but the organism might be detectable in shedders. The infected 

animals start manifesting the symptoms like diarrhea and weight lose (in spite of having good 

nutrition) in clinical stage (III) and the presence of antibodies against MAP could be tracked 

by serological tests. In advanced stage (IV), the infected animals that progressed the disease 

to this phase get weak and emaciated day by day and shed a large number of MAP into feces 

that leads to the granulomatous in lymph nude and small intestine and death of the infected 

animals [133] 

1.5.1 Clinical Symptoms of JD 

Although, the early age groups (≤ 4 months) of the domestic ruminants are more sensible to 

JD, symptom manifestation initiates after a long incubation period (≥ 2 years) compared to 

the wild ruminants (that commonly affected by milk) that develop the signs of MAP infection 

within 8 to 12 months after the first exposure [115,116]. 

1.5.2 Pathological and Anatomical modifications  

The clinical stage of JD is represented by lymph nudes and lesions that are restricted to the 

dorsal part of gastrointestinal tract (GI) in cattle. By the progression of the disease to the 

advanced stage, the other parts of GI may be involved in the disease. That may associated 

with disseminating the lesions in the area between the rectum to duodenum, increasing the 

thickness of intestine wall up to three to four times of normal condition and appearing the 

grooves in mucosa [134]. Furthermore, the edges of ileocecal valve along with redness at 
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primary stage of JD, and subsequent oedema and increasing the thickness and grooms. No 

ulcer or gap happens in the mucosal surface at this stage. However, a moderate enlargement 

along with oedema, central necrosis and mineralisation can be seen in mesenteric and even 

ileocecal lymph nodes (the two recent events occur in all species but it is prominent in deer) 

[135]. The changes may also occur in the jejunum and ileum, in which serosal lymphatic 

vessels get enlarged and form a beaded appearance [115].  

1.5.2.1 Cattle 

Increasing the thickness and corrugation of the ileum are the consequences of granulomatous 

infiltration in cattle [112]. Granulomatous lesions consist of macrophages that phagocytized 

MAP [59,136] and other mycobacteria [137]. In which, the content of these macrophages is 

infiltrated into intestinal lamina propria [137,138]. Some studies show that lesions in cattle 

with JD are not associated with caseous necrosis, calcification and fibrosis [139].  

1.5.2.2 Sheep 

Sheep with JD does not develop sever lesions and the mucosal thickness and corrugations of 

are almost normal [139]. In some cases, cross species transmission of MAP strains between 

ovine and caprine results in dispersed color modification of areas of the intestine into orange 

or yellow [139,140]. 

1.5.2.3 Goat  

In goats, the colonization of MAP in association with calcification can be seen in different 

areas of the intestine including mucosa, submucosa, serosa, lymphatics and regional lymph 

nudes [139]. However, a study reported that a low concentration of mycobacteria was 
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detected in granulomatous-dependent lesions in the subclinical stage of JD [141].  

1.5.3 Risk Factors in JD  

Some factors can affect the progress of JD in the infected animals including a simultaneous 

infection of the host with parasite-virus-bacteria and stress during transportation of animals 

[115,142]. Additionally, pH alteration of the soil could influence or even exacerbate the 

clinical symptoms in the infected animals. Rearing cattle in an alkaline rich soil, especially 

limestone zones, can increase the incidence of JD among the animals, however it has minor 

impact on the clinical manifestation of the disease. In contrast, an American study depicted 

that the rate of infection was significant among the cattle reared in acidic soils [115,143]. Of 

clinical symptoms, the following signs are more frequent among the animals in cattle: 

incurable chronic and intermittent diarrhea, throat and abdominal abscesses, roughening hair 

coat [144], thinness and all of these may lead to the death of the infected animals [145,146].  

1.6 MAP Infection and Dissemination  

The presence of MAP infected animals along with optimum conditions that encourage the 

survival of MAP in farms could ease the circle of disease transmission to Paratuberculosis-

free animals remarkably. This is due to the capability of the infected animals in shedding 

plenty of MAP into the environment. Shedding MAP via feces is the most common way of 

conveying MAP among cattle and depending on the extent and severity of the disease in 

cattle, the infection may occur in different platforms of pasturage or pens (fenced area in the 

farm) [115,147].  

1.6.1 Prenatal MAP Infection 

The newborn lambs or calves might be primarily be infected by MAP via the oral rout. 

However, some studies reported that MAP potentially could be transmitted to fetus in womb 
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before birth [148], as MAP has been isolated from the reproductive tissue, uterine mucosa 

and fetuses tissue of cows [149–151].  

1.6.2 Postnatal Infection 

Calves are the most vulnerable groups among herd animals that can easily be infected 

through sucking teats contaminated by feces, ingestion of MAP-exposed colostrum, milk, 

feed and water and grazing in contaminated pastures [7]. This is highly due to lack of 

efficient hygiene practices that can control disease and separate the healthy calves from 

MAP-shedders (via feces, milk, colostrum) [115].  

1.6.2.1 Infection via Feces 

In MAP-infected animals, the large portion of MAP is discharged into feces, since most 

lesions and lymph nodes tend to be form in the lower areas of the small intestine. The 

concentration of MAP that is shedded into feces exceeded to 108 colony forming units (CFU) 

at the advance stage of the JD and this plays an important role in spreading the bacterium into 

the environment [115].  

1.6.2.2 Infection via Milk and Colostrum  

Milk and colostrum are classified as the potent sources that can convey MAP into newborn 

calves, as some studies reported a noticeable amount of MAP in milk samples from clinically 

developed symptoms cattle (35%) as well as symptomless cases by 11.6% [152,153]. MAP 

has been isolated from the milk  (22.2%) and colostrum (8.3%) of cows in a heavy MAP 

infected herd. In addition, the evidence showed that animals that discharge MAP in profuse 

quantities through fecal routs, they probably releae MAP in colostrum as well [154].  
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1.6.2.3 Infection via Afterbirth (Placenta Explosion) 

MAP has been isolated from the endometrium (innermost lining layer of the uterus) of MAP 

infected animals. This explains the possible risk of transmitting the pathogen from MAP-

infected cows to newborns during parturition and afterbirth [151,155,156] 

1.6.2.4 Infection Via Semen 

MAP could potentially be conveyed into intrauterine space via semen infecting the new 

zygote and consequently fetus. This has been confirmed by the results of some studies on 

reproductive organs and semen of MAP-infected bulls diagnosed with acid-fact bacilli in 

their isolates [115,157,158]. 

1.6.3 Adult Animal Infection 

Newborn calves could be infected with traces of MAP, however adults could even withstand 

considerable dose of the microorganism [147,148,159]. Accordingly, MAP-infected adults 

could have one of the two following destinies: 1) to develop the symptoms and step further to 

the clinical stages of JD or 2) to stay silent and being as a reservoirs of the microorganism 

while they express a minor sensibility to Johnin (MAP-extracted antigen used in JD skin test) 

[160]. 

1.7 Zoonotic Nature of MAP and Its Association with Crohn’s Disease in Human 

The evidence of MAP has been reported in human cases that suffered from gastrointestinal 

problems such as Crohn’s Disease (CD) developing features similar to JD [161–164].  Dalziel 

firstly reported this association in 1913 [165] and Crohn and his colleagues were explained it 

later in 1932 [166,167]. In 1980, MAP was isolated from patients with CD for the first time 

and this shed the light on this hypothesis that MAP may be the causative agent of CD. In fact, 
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the microorganism was firstly identified as an uncategorized mycobacterial species different 

from MAP, but further molecular analysis (DNA-DNA hybridization) on the isolated strains 

revealed that the bacterium was MAP [168–171]. CD is an idiopathic (cause of the disease is 

unknown) condition that causes a long-standing inflammation in gastrointestinal tracts 

[115,144] The disease is symptomized by frequent fatigue, abdominal pains, chronic weight 

loss, diarrhea, granulomatous ileocolitis [115] followed by remissions and relapses [144]. In 

addition, the ailment usually initiates at the ages between 16 to 25 and lasts up to the end of 

life. Some factors can foster the risk of the disease including genetic predisposition, impaired 

immune system and environmental features such as the interactions to intestinal 

microorganisms [144]. Although, the evidence of MAP may be found in both samples from 

CD patients and healthy controls, MAP has frequently been found in samples from CD cases 

via culture, molecular, and serological assessments [144]. Some studies hypothesized that 

MAP is more likely to be transferred to human hosts who live in farms or have a direct 

contact with infected domesticated animals. However, no convincible association has been 

reported among the aforementioned factors and the incidence of CD in humans. In fact, the 

diverse environment and food sources could only increase the risk of exposure of individuals 

with MAP contaminated sources. However, this possibility that MAP might trigger CD as 

well as JD should not be ignored [144].  

1.7.1 Transmission of MAP to Human via Milk and Dairy Products 

MAP is an obligate intracellular pathogen that can be concealed from host immune responses 

through being engulfed in macrophages (a type of white blood cell) and scatter throughout 

the body after crossing the mucosal barriers in the small intestine [7]. In which, milk and 

mammary glands of the symptomatic and symptomless animals could not be excluded from 

the presence of MAP [153,154,172–174]. Since, milk has white blood cells as other body 
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fluids (such as blood), MAP can find a way to the milk stream in MAP infected animals and 

proliferate inside the white blood cells [114X]. On the other hand, MAP in milk and 

colostrum could tolerate high temperature and survive the pasteurization [175–180] convey to 

the pasteurized dairy products and consequently may encounter the consumers of these 

products with a serious risk [181].  

1.7.2 Transmission of MAP via Water Sources and Insects 

The MAP-infected animals shed MAP via their waste (i.e., feces, semen) into the 

environment and subsequently contaminate waters (ground and flowing waters). This may 

enhance the risk of transmitting this bacterium to humankinds and other host species [182]. 

As in a study, a remarkable association was seen between the prevalence of Crohn’s disease 

in individuals from Cardiff (a city of South Wales) and the level of MAP contamination 

caused by sheep and cattle grazing on pastures located in hilly areas of the city [183]. 

Additionally, MAP has been isolated from different species of diptera (Scatophaga spp., 

Lucilia caesar, Calliphora vicina) that fed on the wastes of MAP-infected animals in grazing 

filed or sucked the fluids extracted from gastrointestinal tracts of slaughtered cases [184]. 

This highlights the possibility of transmitting MAP to humankinds by other routs, because 

the infected insects might seat on, touch, or suck every edible products such as fruits/ 

vegetables/ and contaminate them[115].  

1.8 Control of JD by Implementing Preventive Strategies 

Paratuberculosis is a chronic contagious disease that potentially involves the health status of 

ruminants in each cattle or herd. These characteristics in addition to the long subclinical 

period of the JD that retard the symptom manifestation, face the control of JD with serious 

concerns [185,186]. In order to reduce the risk of possible larger outbreaks, some prevention 
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measures should be taken into the account before any attempts could not do the trick. Of 

these measures the followings are considerable: estimating the rate of prevalence, detection 

of the infected herds, controlling the disease among the infected animals by separating the 

infected cases, defining the potential level of each herd in introducing the disease, rearing the 

young animals in aseptic condition, slaughtering the cases at clinical stage of JD, culling the 

positive tested animals at subclinical stage, minimizing the risk of disseminating MAP via 

fecal MAP- shedders into the pastures and water sources by fencing the grazing areas and 

water ways [187], and  feeding the new born calves by milk or colostrum from 

Paratuberculosis-free sources [188–190]. Although, culling the subclinical and clinical MAP-

infected cases is the best practical approach suppressing the disease, this strategy is not fully 

implementable in developing countries due to economic causes. However, the preventive 

approaches should put a high priority on culling and separating the animals that extremely 

discharge MAP via feces following with monitoring the resistant cases that have not 

developed symptoms or been diagnosed with MAP by necropsy analysis [48,189,191].  

1.8.1 Test and Cull methodology 

The implementation of some preventive strategies such as impeding the imports of animals 

with unknown history to other herd or cattle, adding or replacing animals from 

Paratuberculosis-free herds [188]; separating the new calves and lambs born from JD-positive 

parents; biannual and annual monitoring of lambs (sheep) or baby goats [192] and calves 

(cattle and buffaloes) [188,193] born from infected animals; slaughtering the female off-

springs with positive serological (e.g. ELISA) or culture based tests, and eventual yearly 

testing of mature animals and immediate elimination of symptomless/ sub-clinical/ clinical 

MAP shedders [189].  



Dr. Sepideh Hosseiniporgham: The Detection of Mycobacterium avium subsp. 
paratuberculosis by a novel Biotechnological approach- PhD thesis in Life Science and 
Biotechnologies- University of Sassari, Italy  
 46	

1.8.2 Vaccination  

One of the most practical and economical JD-preventive approaches is vaccination. This 

method along with diagnostic tests and cull strategies could reduce the incidence of clinical 

cases in each herd significantly [189,190,194,195]. However, many countries are not 

reluctant to include the vaccination in their JD-controlling programs excluding seven 

territories that have routine vaccination programs against Paratuberculosis. That is due to the 

fact that these vaccines are not DIVA (they can not induce the immunological protection of 

the host and differentiate the infected from the vaccinated animals) and interfere with 

serological analysis against Paratuberculosis and tuberculosis [189,196,197]. They may also 

interfere with skin test such as tuberculin used for the diagnosis of tuberculosis. However, 

DIVA vaccines have recently been developed and validated on animals. Australia has 

lessened the rate of Paratuberculosis through vaccination from >35% to <1% over the last 35 

years, whereas Danish, Swedish and Norwegian governments totally replaced the vaccination 

with stamping out strategies. In the USA, a mutant vaccine is used against Patauberculosis in 

bovine cattle [189]. In India, native vulnerable breeds of domestic livestock are immunized 

through vaccination by native strain enhancing the productivity of these animals remarkably 

[190,198]. In addition, an in-house ELISA based on the application of two capture-antigen 

molecules of entire-MAP protoplasmic antigens and recombinant secretory proteins has 

recently been developed in India facilitating the discrimination of non-enumerated MAP-

infected and vaccinated animals [199]. In fact, the presence of these undifferentiated animals 

may face the JD-screening programs with difficulties [189,199]. Interestingly, several subunit 

(e.g. immunogenic secretory proteins) or vectored dependent vaccines have been introduced 

that they need to undergo more verification in order to get approved and validated, since 

some of them could not induce higher levels of immunity against MAP as live attenuated or 



Dr. Sepideh Hosseiniporgham: The Detection of Mycobacterium avium subsp. 
paratuberculosis by a novel Biotechnological approach- PhD thesis in Life Science and 
Biotechnologies- University of Sassari, Italy  
 47	

killed MAP vaccines [195,200,201]. Moreover, vaccines that are made of live microorganism 

(MAP) reduced Paratuberculosis at the clinical stage, however they could not completely put 

an end to the MAP infection due to trading activates (selling or replacement) on the 

vaccinated animals [189]. As a big drawback, the vaccinated animals with the live 

microorganism (MAP) could indirectly transfer the infection to humans through the 

consumption of products (such as dairy, meat etc.) made by these animals [202]. In fact, the 

vaccines containing the killed MAP are more cost effective drawing the interest of some 

developing countries. However, a few numbers of killed vaccines could get approved against 

Paratuberculosis internationally [198,203,204]. Herein, the characteristics of standard 

vaccines along with a list of under developing target-specific vaccines against JD:   

1) The characteristics of standard JD vaccines  

• Could not hurt the animals dermally  

• Reduce the level of cross reactivity resulted from the near species (e.g. between 
Paratuberculosis and tuberculosis) in serological diagnosis  

• Could discriminate the naturally infected and vaccinated animals from each others 

• Minimize the discharge of MAP via waste matter in the infected animals 

2) The under developing target-specific vaccines against Paratuberculosis of domestic 

livestock  

• Weekend but alive MAP cell  

• Vaccines that undergone genetic modification steps such as deletion, haphazard 
mutation, and insertion 

• Killed cell wall deficient (CWD) of entire MAP cell  

• Vector-based vaccine: use of M. bovis BCG as vector to express MAP proteins 

• MAP protein subunits vaccine: the lowest component of these vaccines are 
proteins that resulted by the rearrangement of MAP DNAs encoding the following 
proteins Hsp70, 74F, Ag85AA, g85BAg, 85C, SOD 

• DNA vaccine: plasmid DNA encoding a crude mix of MAP proteins 



Dr. Sepideh Hosseiniporgham: The Detection of Mycobacterium avium subsp. 
paratuberculosis by a novel Biotechnological approach- PhD thesis in Life Science and 
Biotechnologies- University of Sassari, Italy  
 48	

In addition, the results of JD control program through vaccination based on 146 

vaccines introduced in different countries revealed that these vaccines played a 

significant role in decreasing the incidence of Paratuberculossis in the national level 

[189,190]. 

1.8.2.1 Monitoring Parameters in Vaccination  

According to the Johne’s disease Integrated Program (JDIP), the animals that got vaccine 

shots should frequently be monitored in the following aspects [189,205]:  

1.8.2.1.1 Herd Profile 

  Animals should be classified based on the ages (bellow 12 months, between 12 and 18 

months and months, and matureness) and sex (males and female) in each herd and the 

vaccinated cases above 3 months years old should be monitored frequently, regardless to their 

sex, physical condition, and stage of JD (sub-clinical, clinical, and advanced) [189].  

1.8.2.1.2 Herd’s Paratuberculosis History 

 The state of Paratuberculosis in each herd is defined based on a combination of various 

factors such as JD history, death rate, severity of disease, necropsical analysis, farm 

observation and the rate of slaughter caused by JD [189].  

1.8.2.1.3 Assessment of Animals prior Vaccination 

 Animals that are subjected to vaccination should be assessed by screening analyses 

(molecular (e.g. PCR IS900), immunological (ELISA), microscopic, and culture based) on 

their feces, blood, serum, and milk twice a year (monthly intervals) [189]. 



Dr. Sepideh Hosseiniporgham: The Detection of Mycobacterium avium subsp. 
paratuberculosis by a novel Biotechnological approach- PhD thesis in Life Science and 
Biotechnologies- University of Sassari, Italy  
 49	

1.8.2.1.4 Monitoring Analysis after Vaccination 

 The vaccinated cases should be followed up within 0 to 360 days after vaccination taking 

into the account the parameters including health status (rates of disease and death etc.), 

weight and heath of reproductive system (the weight of body at the time of birth, the after 

birth weight, the functionality of reproductive system, etc.), physical condition (diarrhea, 

weakness, etc.), immunological parameters (the titers of specific antibodies in blood) and 

status of shedding MAP. If the vaccinated animals die during the observation period, they 

should be tested by necropsy analysis. In which, the presence or absence of thickness and 

microscopic tears related to Paratuberculosis would be checked in tissues taken from 

abdominal organs specifically lymph nudes intestinal mucosa [189]. 

1.9 The Common MAP Diagnostic Assays 

MAP-infected animals initiate shedding MAP into the environment, even prior manifestation 

of clinical and advanced-related stages symptoms (2-6 years after infection). To manage 

MAP carriers impeding them not to spread the infection to Paratuberculosis-free cases, 

practical and definitive detective methods are required. Some of the most common diagnostic 

methods are described as follows [115]: 

1.9.1 Detection of the Immune Response  

Immune responses are induced in the MAP infected animals in various stages of JD, however 

by developing the disease to the clinical stage different cellular and humoral responses could 

be tracked in Paratuberculosis cases [115].  

1.9.1.1 Cell Mediated Immunity (CMI)  

There are different methods in order to assess CMI in MAP-suspected cases such as dermal 
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or skin testing (ST) or intradermal test [206] and interferon-gamma (INF-γ) production assay 

[207].  

1.9.1.1.1 Skin Testing (ST) 

ST is a common skin assay that is based on the delayed hypersensitivity (DHR) reactions and 

it has a long history in bovine tuberculosis diagnostic studies. This test is similar to tuberculin 

assay injecting the M. avium subsp. paratuberculosis’s extract into the intradermal layer of 

skin. Soon after 24 to 72 hours, MAP status (positivity/negativity) could be evaluated based 

on the skin irritation or thickness changes, in which the thicknesses more than 4 mm 

corresponded to the MAP positivity.  However, ST is not an efficient technique in MAP 

screening programs, neither it has enough specificity (due to cross-reactivity with close 

mycobacterial species such as M. bovis) nor it can predict the status of JD in the infected 

cases [7,116,208,209]. In fact, ST has a moderate sensitivity and significant specificity of 

54% and 79% respectively [210].  

1.9.1.1.2 Interferon-gama (INF-γ) detection 

Lymphocytes are a type of white blood cells that produce INF-γ in response to antigens 

exposure [115]. INF-γ is a key role cytokine that mediates the antibody reactivity in 

immunocytes and target tissues [211]. The MAP-infected animals would be equipped with 

specific circulating cells that flow through the blood stream in order to discover the MAP 

antigens and discharge remarkable amount of INF-γ at the target zone. The principle of 

Interferon-gama (INF-γ) assay is similar to skin test (ST), however it is carried out as two 

different in-vitro tests including bioassay [207] and sandwich enzyme immunoassay (EIA) 

[212]. While, EIA is preferentially used for INF-γ screening analysis against MAP, than 

bioassay, in some studies on young animals [213,214], the results revealed that EIA lacks 
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specificity due to probable chance of cross reactivity with other mycobacteria and inaccurate 

perception of the results [115]. 

1.9.1.2 Humoral Immune Response (HIR) 

 At the primary stages of Paratuberculosis, MAP stimulates the cell-mediated reactions that 

lead to focalizing the infection in the intestinal walls. However, no humural immunity 

(antibody reactivity) could be evaluated at these stages. By progressing the disease, antibody 

reactivity initiates (10-17 months after infection) and antibodies directed against MAP in the 

blood circle of infected animals could be tracked by serological tests such as Agar Gel 

Immunodiffusion (AGID), Enzyme-Linked Immunosurbent Assay (ELISA) and Complement 

Fixation Test (CFT).  

1.9.1.2.1 Agar Gel Immunodiffusion (AGID) 

AGID is a complementary serological assay that were firstly (1990s) executed as on MAP-

infected animals above 18 months. In which, AGID-positive animals were further analyzed 

by fecal culture prior culling [218]. Studies on MAP infected cattle showed that AGID test 

has higher specificity (90%) at clinical and advanced stages, since the titers of antibodies 

against MAP increase significantly at these phases. However, the sensitivity of the assay 

drops by 30% before the symptom manifestation [210]. This depicts that AGID lacks enough 

sensitivity rather than ELISA and CFT [215]. 

1.9.1.2.2 Complement Fixation Test (CFT) 

CFT is a serological assay that measure the antibodies targeted against MAP in the serum of 

infected animals. The principle of this method is based on the reactivity between antibody 

(IgM and IgG subclasses 1, 2, and 3) and antigen detecting the complement reactivity. CFT is 
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not a preferred method in detection of true JD-positive cases, since it has lower sensitivity 

and specificity than AGID and ELISA, and produces many false positive and negative 

results. In addition, the antigens that are used in the assay may be differed due to the diversity 

in antigens composition resulted by various antigen preparation steps applied in different 

countries [115,215].  

1.9.1.2.3 Enzyme-Linked Immunosurbent Assay (ELISA) 

The titers of antibodies directed against MAP in sera and milk of MAP-infected animals are 

commonly screened by Enzyme-Linked Immunosurbent Assay (ELISA) [216–218], since the 

assay is rapid, simple and economic  rapidity [219–221]. However, the titers of antibodies 

against MAP in serum and milk of animals at primary stages of JD are that much low that 

induce an insignificant sensitivity to ELISA analysis (SN = 15%) [115,209,222]. In contrast, 

the sensitivity of ELISA significantly increases at the clinical stage of JD by 85% [210].  

Milk ELISA and serum ELISA with similar functionality (Similar ranges of sensitivity 21.2% 

and 23.5% respectively; agreement between serum ELISA and milk ELISA: R2 = 0.5, P < 

0.0001) has been getting more and more popular among farmers, since collecting milk is not 

laborious and could be considered as an ordinary task in each farm [218]. Up to now, some 

Paratuberculosis ELISA tests have been introduced and evaluated [223] based on their 

competency in sensitively quantification of antibodies directed against MAP in milk samples 

[221]. In addition, commercial ELISA tests could comparably estimate antibody reactivity 

against MAP in milk as well as serum samples, as significant level of concordance was seen 

between milk and serum ELISA at sheep individual level [224]. However, commercial milk 

ELISA tests available for detection of Paratuberculosis always have some imperfections due 

to lack of sensitivity, in particular, if the milk comes from asymptomatic animals at early 

stage of JD [219,225] or lack of enough specificity in targeting the antibodies directed against 
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MAP and minimizing the rate of cross reactivity with close mycobacterial species [219,226]. 

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 specific to MAP envelope 

that differ based on the types of MAP strain, with the C-type and S-type subtype III [9] 

producing lipopentapeptide (L5P) and lipotripeptide (L3P), respectively [9,227]. These 

differences are due to the structure of the non-rhibosomal peptide synthetases (NRPS: 

encodes by mps1 gene) that assemble the non ribosome peptide moiety of the lipopeptides 

and differs in the number of adenylation modules from three to five in S and C types 

respectively [9,227]. L5P has been tested successfully in the serum ELISA diagnostic test 

[9,227,228]. These antigens may improve the functionality of current commercial tests being 

specific to MAP, readily synthesized chemically as a pure product without batch-to-batch 

variation and need for the pre-absorption step. 

1.9.2 Detection of MAP 

The detection of MAP comprises various diagnostic assays that can directly detect MAP 

(viable or dead) in samples. Some of these methods are as follows:  

1.9.2.1 Culture 

Culture as a reference test has been applied in MAP-diagnostic studies since 100 years ago 

estimating the incidence of viable microorganism in various type of samples such as milk, 

feces, and tissue [44,215]. MAP is a really slow growing bacterium and this characteristic 

could influence the sensitivity of method culture to minimum (30%-50%), whereas its 

specificity might soar to 100% [44,216,229,230]. However, the incidence of viable MAP in 

milk and colostrum is not comparable with specimens such as feces [9]. MAP is a fastidious 
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mycobacterium that could grow on the media containing the growth factor of mycobactin J 

(iron-chelated substance) such as Herrold’s Egg Yolk Media (HEYM) [231] and modified 

Löwenstein-Jensen medium. The concentration of MAP in milk could be enhanced through a 

sample preparation step with chemical decontaminants and antibiotics, however these 

procedures could narrow the sensitivity of culture [44].  

1.9.2.2 Radiometric Culture (BACTEC) 

BACTEC is an automated blood culture system that has been improved the detection and 

recovery of both aerobic and anaerobic organisms from both adult and pediatric patient’s 

specimens. This method was firstly modified to monitor the growth of Mycobacterium 

tuberculosis radioactively [115]. The system was later adapted to diagnose MAP in JD cases 

[232]. The adapted system characterized by specific culture media (available in the market) 

that were enriched with some additives that facilitate the growth of fastidious MAP cells in 

samples [115]. Interestingly, this system advanced in lower limit of detection (LOD) and 

more rapidity of the detection (7 weeks) than the other available standard culture based 

methods. In addition, the system would be compatible with various specimens from different 

species of animals such as sheep [115]. However, BACTEC based detection has a few 

drawbacks including costly apparatus needed for reading the culture vials and hazardous 

radioisotope manipulation step required for screening target MAP cells [115,233].   

1.9.2.3 Quantitative Polymerase Chain Reaction (qPCR) 

The quantification of MAP in milk and various specimens has been put into the practice via 

quantitative polymerase chain reaction (qPCR) analysis. Although, qPCR is impotent to 

differentiate the viable MAP cells from non-viable ones, its advanced in many features  such 

as accessibility, replicability, speed, and economic cost. Of MAP targets (F57, IS-MAP02 
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and hspX) that are frequently used in qPCR analysis, insertion sequence IS900 is more 

popular in MAP screening programs, since this target is not only specific to MAP but also 

sensitive repeated in 12-18 copies in entire MAP DNA [44,234]. As some IS900-based qPCR 

studies reached the Limit of Detection (LOD) of 1 cfu/mL, this might introduce a new 

perspective in early detection of JD [235,236].  

1.9.2.4 Magnetic Separation 

Magnetic separation (MS) is the process of magnetically separating target cells or 

biomolecules from a background consists of inhibitors and non-target molecules in order to 

purify targets reducing the background signals and facilitate the target manipulation at a 

condensed level [237]. The capture efficiency in MS might be influenced by the profiles of 

the beads (composition, size, concentration, and surface adaption) and ligand molecules used 

for coating the beads [238,239].  

However, the nonspecific recovery of mycobacterial species other than MAP may introduce 

some inefficiency to MS. As some studies depicted that uncoated beads can capture 

mycobacteria (<10%) other than MAP in a united sample simultaneously [239]. This is 

possibly due to the tendency of bacteria to form an electrostatic or van der Waals bond with 

the superficial ions of paramagnetic beads. In addition, some nonspecific recoveries (>10%) 

triggered by nonspecific paratopes used for coating paramagnetic beads inducing the cross-

reactivity between coating ligands and close non-target mycobacterial species [239].  

Todays, advent of MS in phage assay, molecular (i.e. PCR), immunological (i.e. antigen 

detection immunoassay) and culture based analyses, has improved the sensitivity and 

specificity of diagnostic assays remarkably [238]. As MS in isolation and together with other 

detective techniques such as PCR and culture, are usually used as diagnostic tools in food and 
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veterinary microbiology-relevant studies [240] for detection and isolation of pathogenic 

microorganisms such as Listeria monocytogenes [241,242], Salmonella spp. [243,244], and 

Escherchia coli O157:H7 [245] in clinical samples.  

Magnetic beads usually contain free carboxyl groups that could be bonded with any 

molecules (such as antibody, peptides, phages, etc.) that have free amine groups. According 

to the type of ligands (antibody or peptide) used for coating magnetic beads, MS is classified 

into two classes of immuomagnetic separation (IMS) and peptide-mediated magnetic 

separation (PMS) [239].  

In immunomagnetic separation, a reciprocal reaction is created between specific antibodies 

(i.e. mono or polyclonal antibodies; as coating ligand) and cell surface epitopes of target 

bacteria [239]. The first MAP-specific-target IMS technique was developed by Grant et.al., 

with the aim of assessing the presence of MAP in milk samples applying sheep anti rabbit 

IgG type M-280 Dynabeads coated by rabbit anti-MAP IgG [246]. IMS enhanced the 

specificity and sensitivity of MAP-diagnostic studies, although the type of antibody used as 

coating ligand may narrow the efficiency of IMS [239]. As a MAP-diagnostic study revealed 

that using monoclonal antibodies of 6G11 and 15D10 as ligands for coating MyOne 

Tosylactivated Dynabeads enhanced the capture sensitivity significantly [247]. Such 

sensitivity and specificty were also reported in other study on detectinon of a low quantity of 

MAP in artificially contaminated milk samples via a monoclonal-based IMS-PCR that 

worked better than culture [248].  

Some other works demonstrated that beads coated with polyclonal antibodies could reduce 

the specificity of culture-based diagnosis due to inefficient capture of non-target bacteria 

along with target ones [238].  
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On the other hand, the application of other confirmative methods such as qPCR IS900 with 

IMS improved the limit of detection (LOD) to 103 CFU/mL compared to the higher ranges of 

LOD by 1 to 2 log10 units generated by direct PCR IS900 on milk [249]  

PMS could be followed by other techniques such as speedy phage amplification (in just 24 

hours) and lengthy culture-based analysis (12-18 weeks) enumerating the number of viable 

targets in each sample. In addition, PMS can relieve the need for sample decontamination 

prior culture-based analysis remarkably [250].  

Peptide-mediated magnetic separation (PMS) has a similar principle as IMS, however in 

PMS, antibodies are substituted with MAP specific peptides. aMptD and aMp3 are two 

MAP-specific complementary peptide that are commonly used as ligands for coating 

paramagnetic beads in MAP-PMS studies. These peptides (12-mer) were firstly discovered 

by phage display biopanning of MAP cells (Ph.D.-12 Phage library) and their highly purified 

versions are produced chemically [251,252]. aMp3- and aMptD-mediated magnetic beads 

could retrieve MAP in specimens containing 104 to 103 cfu/mL of the bacterium by 85% to 

100% reducing the rate of cross-reactivity with close mycobacterial species to less than 1% 

[238]. The functionality of peptide mediated magnetic bead separation (PMS), in isolation 

and integrated with other confirmatory diagnostic methods such as culture, qPCR IS900 

[249], immunoassays (e.g. antigen detection immunoassay), phage assay [238] have been 

evaluated in few studies [253]. 

Recently, novel MAP-specific ligands such as biotin-EEA402 were proposed to PMS-based 

studies that could enhance the MAP-capture efficiency as well as aMptD and aMp3 [247] 

1.9.2.5 Phage Amplification Assay 
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Bacteriophages are viruses that can infect specific bacteria. Fredrick Twort [254]  from 

England was firstly discovered them, however Felix d’Herelle [255], a French Canadian 

scientist, characterized them precisely and named them as bacteriophages [256]. The results 

of genetic researches and modern genomics revealed that due to the ability of phages in 

transmitting and cloning genetic matters inside host bacteria, they play important roles in 

evolution of the microbial cells and their pathogenicity [256]. Prior the advent of antibiotic 

era, the bacterial infections were suppressed by phage therapy and soon after the new 

discovery, phages were replaced with antibiotics in the western areas for a while. However, 

by drastic increasing the number of antibiotic-resistant cases, the western science community 

has reviewed the efficiency of phage therapy in treatment of bacterial infection [256]. In 

addition, bacteriophages were soon harnessed in diagnostic approaches to assess the viability 

of bacteria in various samples, since current laboratory diagnostic methods such as PCR 

could not detect the viable bacteria via DNA [239]. Todays, some phage amplification 

commercial kits such as FASTPlaque TBTM and Actiphage are accessible in the market that 

can evaluate the MAP-viability in any sample types in the shortest time within 24-48 hours. 

These kits all have similar principles to visualize viable MAP existed in samples through 

introducing a lytic mycobacteriophage that could infect the viable cells and bursting the 

infected cells in a lawn created by M. smegmatis (as a fast-growing mycobacteria) [257]. That 

is followed by counting the number of plaques and molecular analyzing (PCR or qPCR) 

[258] the DNA recovered from the lysed zone (amplifying MAP-specific target sequence) 

[257]. Currently, the PMS step prior phage assay enhanced the specificity of detection 

through concentrating the target bacteria and eliminating inhibitors in various samples 

(inhibitors may imped reactions in PCR) [250].  In other study PMS-phage assay together 

with ELISA formed a phage-mediated immunoassay using polyclonal antibodies produced 
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against D29 to detect released progenies of phage D29 [257]. Interestingly, a modern one-day 

phage-magnetic separation qPCR (PhMS-qPCR) has been optimized that could detect the 

viable MAP in milk samples up to the LOD50% of 10 MAP cells in 50 mL [259]. 

1.9.2.5.1 Mycobacteriophage D29 

Mycobacteriophage D29 is a double-stranded, tailed lytic bacteriophage that belongs to viral 

order of Cadovirales. According to the structure and length of the tail, members of this order 

are classified into three families of Myoviridae, Podoviridae and Siphoviridae. The 

Mycobacteriophage D29 belongs to Siphoviridae family [260,261]. The results of whole 

genome sequencing depicts that D29 has a close affinity with L5 (a moderate 

mycobacteriophage) and a 3.6 kb deletion mutation in the repressor gene that induces the 

lysogen formation in L5, is removed in D29 [262] D29 was originally isolated from a soil 

sample in California [263,264] and has various host ranges from fast-growing (i.e. M. 

smegmatis [263] (saprophytic), M. chelonae, and M. fortuitum [265]) to pathogenic slow-

growing mycobacterial strains such as MAP [265], M. tuberculosiss [257], M. ulcerans, 

M.scrofulaceum [265], and M. leprae [266]. 

1.9.2.5.1.1 Life Cycle of Lytic Phages 

Lytic phages are those viruses that could make hosts replicate their gentic matter releasing 

their progonies by bursting the host cell wall. Accordingly, their life cycle has a few steps 

including: 1) diffusion that phage gets in touch with its host cell [256]; 2) adsorption the 

distal ends of phage tails adhere to the superficial components of host species (i.e. pili, 

felagella, capsules, proteins, lipopolysaccharides (LPSs), and teichoic acids [267]) and 

adsorption happens [256] (Figure 7A); 3) injection: the phage that could firmly attach to the 

surface injects its DNA (located inside the capsid) into the host cell [256] (Figure 7A), 4) 
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replication: phage then takes the control of host replication system and makes it replicate the 

phage DNA through the destruction of host genome and reuse of its nucleotides [256](Figiure 

7B and 7C), 5) completion of the phage structure: the phage body-parts are simultaneously 

produced by the host (Figure 7D), 6) assembeling: soon after placing the phage DNA inside 

the capsid, phage assembly occurs (Figure 7E and 7F and 7G), 7) bursting and continuing the 

infection: the host cell is lysed and the progenies are released and the infection continues 

[256] (Figure 7H).  

 
 
Figure 7. The life cycle of lytic bacteriophages. A) Phage adsorps the host molecule and 
inject its DNA; B) Phage breaks down the host DNA to reutilize the nucleotides in its DNA 
replication; C) Phage starts replicating its DNA; D) phage makes various parts of its structure 
and empty heads appears (proheads); E) Phage DNA is embedded into capsid; F) and G) 
Phage assemble different parts of its body; H) Host’s cell wall is broken down and the newly 
propagated phages release from cells. The time for bursting the host cells varies but it might 
take at least 10 min [256] 

 
 

 

 



Dr. Sepideh Hosseiniporgham: The Detection of Mycobacterium avium subsp. 
paratuberculosis by a novel Biotechnological approach- PhD thesis in Life Science and 
Biotechnologies- University of Sassari, Italy  
 61	

Chapter II: Aim of the study 

The footprints of MAP have been discovered in some animal and human relevant diseases. 

Due to the fact that the acid-fast bacterium has complicated growth requirement and could 

rarely be detected alive in all types of samples such as milk by conventional culture-based 

methods, alternative strategies are needed to speed up the identification of the restricting the 

chain of transmission to healthy animals and even human communities. Accordingly, this 

thesis has been assigned based on the three following objectives:  

1) Detection of MAP and antibodies directed against it in BTMs and individual milk 

samples through, respectively, milk qPCR IS900 and milk ELISA analyses estimating 

the specificity and sensitivity of the methods using various gold standard reference 

models. 

2) Development of an in-house milk ELISA (H-MELISA) test in order to estimate the 

presence of antibodies directed against two MAP surface-exposed lipopeptides of L3P 

and L5P and discovering the association between L3P/L5P positivity and the type of 

MAP strain (S/C) by PCR IS1311 restriction enzyme analysis.  

3) Speedy recovery of MAP and assessment of its viability in goat and sheep milk 

samples via a conventional and novel phage based analyses that work with (PMS-

phage assay) and without (phage-bead qPCR) the intervention of MAP specific 

complementary peptides of aMp3 and aMptD. 
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Chapter III: Materials and methods 

3.1. Bacterial Strains  

Mycobacterium avium subsp. paratuberculosis (MAP) strain CR131 (ATCC 19698) and 

Mycobacterium avium subsp. paratuberculosis strain 1515 (ATCC 43015) were used as 

definite controls throughout the study [224]. Mycobacterium smegmatis strain MC2155 

(ATCC 700084) was also used as a negative mycobateial species to make a lawn for 

visualization of lysed plaques in peptide mediated phage assay. Mycobacterial species 

represented an optimum growth at 37 ºC and in a medium containing Middlebrook 7H9 broth 

(Sigma- Aldrich, Milan, Italy), 10% Oleic Albumin Dextrose Catalase (OADC; Sigma- 

Aldrich, Milan, Italy) [224].  To accelerate the growth rate of MAP, Mycobactin J (2 mg; 

Allied Monitor, Fayette, MO, USA) as an iron-chelated growth factor was just added into 

MAP culture. 

3.2. Phage Strains 

The efficiency of two mycobacteriophage D29 strains in detection of viable MAP was 

assessed in peptide-mediated magnetic separation (PMS) phage assay. One of them was 

purchased from the University of Laval in Canada and another came with a commercial 

phage assay kit named Actiphage (Actiphage, UK, England). Laval D29 produced lysed 

plaque that were almost 1 mm, whereas D29 Actiphage plaques were characterized with 

distinctive circles that sized between 3-4 mm. However, since Laval D29 did not fulfill the 

considered prerequisites in PMS-phage assay, D29 from Actiphage kit was selected to be 

used throughout this study. To reach the working concentration of 109 pfu/mL, the phage was 

propagated as described before [259] and stored at 4 ºC until use.   

 



Dr. Sepideh Hosseiniporgham: The Detection of Mycobacterium avium subsp. 
paratuberculosis by a novel Biotechnological approach- PhD thesis in Life Science and 
Biotechnologies- University of Sassari, Italy  
 63	

3.3. Sample Collection 

A total of 301 milk samples were collected and dedicated to the following studies (Table 4). 

Hands and tits were sanitized before collecting milk samples followed by preserving the 

specimens at 4 ºC during transportation. The aliquots that were subjected to phage assay 

stored at 4 ºC overnight to be tested a day after. Blood samples were also drained from 

jugular veins, dispensed into sodium heparin vacutainer tubes (Becton Dickinson (BD), 

Milan, Italy), transferred to the diagnostic laboratory at RT, and underwent the process of 

serum separation.  

Table 4. Number of unpasteurized milk and blood samples and their animal sources  

 

3.4. Milk Culture 

MAP viability in milk samples was assessed through a modified culture analysis. Briefly, 25 

to 30 mL of the samples (depending on the provided volumes) was centrifuged at 5300× g 

and 4 °C for 30 min. Then, the whey part was discarded; both cream and pellet [32] fractions 

resuspended in 25 to 30 mL hexadecylepyridinium chloride (HPC; 0.75%), agitated properly 

and incubated at RT for 4 hours [32]. Treatment with HPC, a chemical decontaminant, could 

enhance the recovery of MAP from cream fraction [268] and reduce the chance of growing 

Number of Samples/ Times of 
Sampling 

Type of Sample Date of Sampling 

73 (14 out of these 73 samples 
were checked twice) 

Bulk Tank Milk (BTM) 23.07.2018 to 
25.07.2019 

16/ Once Individual milk samples from asymptomatic bovines (for optimization of PMS-
phage assay via Actiphage D29) 

18.02.2020 

14/ Once Individual milk samples from a MAP-infected flock (MIF) of sheep (for 
optimization of PMS-phage assay via Laval mycobacteriophage D29) 

07.07.2020 

128/ Once Individual milk samples collected from a MAP infected flock (MIF) of sheep 10.04.2019 to 
23.09.2019 

20 / Once Individual milk and blood samples from asymptomatic goats 10.05.2021 

8/ Once 
Individual milk and blood samples from asymptomatic sheep 12.04.2021 to 

26.04.2021 
21/ Twice Individual milk and blood samples from asymptomatic sheep 12.04.2021 to 

31.05.2021 
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microorganisms other than mycobacteria on the media [269]. The samples were again 

centrifuged at 5300 × g and 4° C for 30 min. After that, supernatant was removed and pellet 

was 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 containing 10% Oleic Albumin Dextrose Catalase (OADC; Sigma-Aldrich, 

Milan, Italy) and Mycobactin J (2 mg/L; Allied Monitor, Fayette, MO, USA) following an 

incubation at 37 ºC for 6 to 12 weeks. The plates were observed frequently and Ziehl-Neelsen 

(ZN) stain was used to detect acid-fast bacilli [269]. Later, DNA was extracted from ZN-

positive colonies and used as templates for qPCR IS900 and PCR IS1311 analyses. 

3.5. DNA extraction from colonies, milk, and lysed plaques 

Milk samples that were cultured on MB 7H10 were observed frequently and the positive 

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, supernatant was decanted and DNA was extracted from 

pellets using RTP Mycobacteria kit [224] (Stratec kit, Stratec Molecular GmbH, Berlin, 

Germany) according to the manufacture instruction for the extraction of DNA from sputum 

samples (Protocol 1). 

DNA was extracted from 5 mL aliquots of each milk sample. Samples were allowed to reach 

the room temperature (RT) before the experiment and diluted in 25 mL 1× PBS (pH = 7.4). 

The, they were centrifuged at 5300× g rpm and 4 ºC for 30 min [224]. Then, the whey phase 

was decanted; the cream and pellet portions were recovered, resuspended in 6 mL of 

hexadecylpyridinium chloride (HPC: Sigma-Aldrich, Milan, Italy; 0.75% w/v), mixed 

thoroughly by vortex, and incubated at RT for 1 h. Then, samples were centrifuged at 5300× 
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g at 15 ºC for 20 min and followed by supernatant removal step. Later, pellets were 

resuspended in 1 mL 1× PBS (pH = 7.4), uniformed by ribolyzer using glass beads (Sigma-

Aldrich, Milan, Italy; diameter of 3 mm) for 4 cycles of 45 s at 4 m/s [224]. The 

homogenization step was aimed to liberate MAP cells from somatic cells [174,270]. Then, 

this suspension was centrifuged at 10,000× g rpm and 4 ◦C for 15 min, and DNA was 

extracted from the pellet using Norgen Kit (Norgen Biotek Corp., Thorold, ON, Canada) or 

RTP Mycobacteria kit (Stratec kit, Stratec Molecular GmbH, Berlin, Germany) [224]. DNAs 

extracted from milk samples using RTP Mycobacteria DNA extraction kit subjecting to 

several modifications as follows: 1× PBS (pH = 7.4) was substituted for NAC buffer; 

incubation times at 95 ◦C (15 min) and 65 ◦C (10 min) were increased to 30 and 20 min, 

respectively; and the column centrifugation steps were extended by 2 min based on the 

density of samples [224]. Due to the reason that Stratec Molecular GmbH stopped 

manufacturing the RTP kit, DNAs were extracted from some milk samples using Norgen Kit 

according to the factory instruction for unknown or gram positive bacteria  

Regarding the lysed plaques developed in peptide-mediated magnetic separation (PMS) 

phage assay, DNA was extracted from the plaques using freeze-squeeze method [271]. In 

which, plaques developed on MB 7H10 agar were excised (1-10) and were placed on a 200 

µL-filter tip fitted in a 1.5 mL microcentrifuge tube. Then, tubes were stored at -80 ºC for 5 

min and immediately centrifuged at highest speed (16000 ×g) for 3 min. The filtrate was 

transferred into a new microcentrifuge tube and stored at -28 ºC to be analyzed by qPCR 

analysis [271].  



Dr. Sepideh Hosseiniporgham: The Detection of Mycobacterium avium subsp. 
paratuberculosis by a novel Biotechnological approach- PhD thesis in Life Science and 
Biotechnologies- University of Sassari, Italy  
 66	

3.6. qPCR IS900 analysis on DNAs extracted from milk, colonies, and lysed plaques 

Depending on the aims of studies presented in this thesis, the quantification of target 

sequence IS900 was carried out through qPCR analysis via Syber or TaqMan-probe using 

different sets of primers. 

In non-probe based qPCR analysis via Syber, the primer set of AV1 and AV2 (Sigma-

Aldrich, Milan, Italy) was selected to amplify the insertion sequence 900 in samples. The 

master mix contained 10 µL ×10 SYBR Select Master Mix, 0.2 µM of each of the primers 

AV1 and AV2, and water up to finial level of 20 µL. Subsequently, 20-100 ng of DNA was 

added to each reaction [224]. The amplification was done under the following circumstance: 

initial denaturation at 95 ºC for 3 min, followed by 50 cycles of denaturation at 95 ◦C for 40 

s, annealing at 68 ºC for 40 s, and extension at 72 ºC for 40 s, with a final extension at 72 ºC 

for 5 min [224]. 

TaqMan-probe was used for amplification of DNA extracted from phage assay, to which 

reactions contained 10 µL ×2 master mix (QuantiFast Probe PCR Kits, Milan, Italy), 0.3 µM 

of each primer of IS900-F and IS900-R (Sigma-Aldrich, Milan, Italy; Table 5), 0.15 µM 

IS900 TaqMan prob (labeled with FAM; Table 5), 0.2 µL exogenous DNA as internal 

amplification control 0.5× (IAC), 1 µL mixed primer and probe for IAC 0.5× (labeled with 

VIC), and PCR grade water up to the final quantity of 20 µL. Later, DNA template was added 

to each reaction at the concentration of 20–100 ng [224]. Positive (Mycobacterium avium 

subsp. paratuberculosis strain CR131) and negative controls (water and Master Mix) were 

assigned in all qPCR analyses. Accordingly, the amplification was performed under the 

following condition: initial denaturation at 95 ºC for 15 min, followed by 50 cycles of 

denaturation at 95 ºC for 15 s and annealing at 60 ºC for 1 min. 

Table 5. Primers and their sequences used in qPCR analysis 
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Primers and Probe Sequences 
IS900-F (AV1) 5’-ATGTGGTTGCTGTGTTGGATGG- 3’[224] 
IS900-R (AV2) 5’-CCGCCGCAATCAACTCCAG- 3’[224] 

IS900-F 5’ -CCGGTAAGGCCGACCATTA- 3’[272] 
IS900-R 5’ -ACCCGCTGCGAGAGCA- 3’[272] 

IS900 Probe 6FAM-CATGGTTATTAACGACGACGCGCAGC- TAMRA[272] 
P90 5’ -GAAGGGTGTTCGGGGCCGTCGCTTAGG- 3’[259] 
P91 5’ -GGCGTTGAGGTCGATCGCCCACGTGAC- 3’ [259] 

3.7. Restriction Enzyme Analysis (REA) on IS1311-targeted PCR Products and Strain 

Typing (S- or C-class)  

Insertion sequence IS1311 was targeted in seven colonies and fifty-three milk DNAs 

(including 34 BTMs and 19 MIF milk DNAs) that were IS900-positive and amplified by 

conventional PCR using primer set of IS1311-F and IS1311-R. The reaction mixture 

consisted of 0.2 µM of each primer (Table 6), 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 up to 

the final quantity of 20 µL [273]. 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 [274]. 

Eventually, 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 bands in 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 up to the final concentration of 20 µL. This was followed 

by incubation of samples at 37 ºC for 2 h and visualization by gel-electrophoresis (3%).  

Table 6. The sequences of primer set used for amplification of target sequence IS1311 

Primers Sequences 
IS1311-F (M56) 5’ -GCGTGAGGCTCTGTGGTGAA- 3’ [273] 

IS1311-R (M119) 5’ -ATGACGACCGCTTGGGAGAC- 3’[273] 
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3.8. Separation of serum from blood samples and preparation of milk samples for 

ELISA analysis  

After receiving blood samples in diagnostic laboratory, samples were incubated at RT for 1 

hour to be settled down. Then, they were centrifuged at 2500 rpm and 4 ºC for 15 min; serum 

was separated from blood cells and stored at –28 ºC [275].   

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 

[224]. 

3.9. Commercial Milk and Serum ELISA  

Antibodies induced against MAP in milk and serum samples were evaluated by an indirect 

commercial ELISA kit (IDEXX Laboratories, Westbrook, ME, USA) according to the factory 

instruction [224].  

3.10. In-house milk ELISA (H-MELISA) on BTMs and individual milk samples (MIF) 

using L3P and L5P epitopes  

Capture antigens of L3P and L5P were synthesized manually on a solid phase using Fmoc 

chemistry as described before [9,276]. In brief, MAP-specific lipopeptides, L3P and L5P 

(Table 7) were reconstituted in Ethanol 99.8% (Sigma-Aldrich, Milan, Italy), diluted in 0.05 

M carbonate-bicarbonate buffer (Sigma-Aldrich; pH: 9.5) at a final concentration of 10 

µg/mL, and 50 µL of them was used for coating each well of 96-well plates. Then, plates 

were stored at room temperature (RT) overnight to be air-dried completely. At the next step, 

plates were coated with 100 µL PBS/0.5% (w/v) gelatin (produced from cold water fish skin; 

Sigma-Aldrich, Milan, Italy) and stored at 37 ºC for 1 hour. Later, plates were washed 5 
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times with 200 µL PBS-Tween (PBST; 0.05%) and charged with 100 µL of diluted milk 

samples diluted in PBS (1:2). Then, samples were homogenized using an orbital shaker (50 

rpm/5 min)[224] and incubated at 37 ºC for 90 min. In addition, positive and negative 

controls that came with IDEXX kit were included in the analysis. Arachidic acid as the 

second negative control was also applied in order to resemble and monitor the reactivity of 

lipid moiety of the lipopeptides (L3P/L5P) in response to lipid structures in milk samples. 

The controls were diluted in PBS-Tween (0.05%) at the final concentration of 1:20 diluted. 

Later on, plates were washed 5 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 ºC for 1 h. After 

that plates were washed 5 times with PBS-Tween 0.05%, 100 µl substrate containing TMB 

(3,3’, 5,5’-tetramethylbenzidine; abcam 171522) was added to each well, and in plates were 

incubated at RT for 13 min consequently. At the end, the reaction was stopped by adding 100 

µL of stop solution containing 5% Methanesulphonic acid (abcam 171529) and ODs were 

measured at 450 nm (SpectraMAX Plus384).  

Table 7. MAP epitopes used as coating antigen in H-MELISA analyses and their sequences 

Peptide Sequence  
Lipotripeptide (L3P) CH3-(CH2)18-CONH-D-Phe-L-NMe-Val-L-Ala-OCH3 [276]  

Lipopentapeptide (L5P) CH3-(CH2)18-CONH-D-Phe-L-NMe-Val-L-Ile-L-Phe-L-Ala-OCH3 [276]  
 

3.11. Preparation of peptides-mediated magnetic beads using two MAP-complementary 

peptides of aMp3 and aMptD 

Dynabeads® MyOne ™ Tosylactivated (Thermo Fisher, Life Technologies, Milan, Italy, 

Code 65501) were separately coated with MAP-complementary peptides of aMp3 and aMptD 

according to the manufacture’s instruction as described before [277]. Briefly, 250 µL of the 

beads were washed twice with Sodium Borate 0.1 M (as coating buffer; pH = 9.5), and 

resuspended (100 µL) in the same buffer. The aMp3 or aMptD peptides (Table 8) were added 
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(0.25 µg/mL [278]) to the retrieved beads and the suspension equilibrated with coating buffer 

up to the final volume of 895 µL mixing properly. Later, ammonium sulfate 3M (415 µL) 

was added to the mix and vortexed thoroughly, and the suspension was incubated at 37 ºC 

overnight rotating (10-20 rpm) continually. A day after, the coated beads were washed twice 

with 1 mL 1× PBS following the resuspension of retrieved beads in 500 µL 1× PBS (without 

blocking buffer). The already prepared capture beads were stored at 4 ºC until use.   

Table 8. Capture peptides used for coating Dynabeads® MyOne ™ Tosylactivated and their 
sequences   

Peptide Name Sequence 
aMp3 NYVIHDVPRHPA [251] 

aMptD GHNHHHQHHRPQ [252] 

3.12. Optimization of peptide-mediated magnetic separation (PMS) Phage Assay on 

artificially MAP-contaminated milk samples and validation of the method on natural 

unpasteurized milk samples 

Aliquots of a known-MAP-negative commercial bovine milk sample (9 mL) were spiked 

with different dilutions of MAP stain CR131 (1 mL; the optical density of stock was adjusted 

at 0.2 corresponding the concentration of 107 cfu/mL), agitated by vortex, and incubated at 37 

ºC for 30 min. Then, samples were centrifuged at 2500× g and 4 ºC for 15 min, cream and 

whey phases were carefully decanted, pellet was resuspended in 1 mL Middlebrook 7H9 

broth and sonicated at 37 KHz and 10° C for 4 min. Negative and positive controls were 

included from the initial step as before. Then, samples were transferred into eppendorfs (2 

mL) and 5 µL of each peptide-mediated beads (with aMptD or aMp3) were added to each 

sample. Later, samples were agitated for 30 min by rotator (Stuart) at RT and placed on a 

magnetic rack for 10 min. Subsequently, liquid was aspirated and MAP-captured beads were 

washed three times with PBS-Tween 20 (0.05%) while each recovering step took 2 min. The 

retrieved beads were resuspended in 1 mL MB 7H9 (contained 10% OADC and 2 mM 
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CaCl2), transferred into flip-top vials, and incubated at 37 ºC overnight (18 h). A day after, 

captured MAP cells were infected by mycobacteriophage D29 at final concentration of 108 

cfu/mL (100 µL) and samples were incubated at 37 ºC for another 2 hours. Later, exogenous 

phages that could not take part in the infection step were inactivated adding 100 µL ferrous 

ammonium sulfate (100 mM) to each sample following a continues rotation step at RT for 10 

min. Consequently, FAS was neutralized adding 5 mL MB 7H9 (contained 10% OADC and 2 

mM CaCl2) and samples were incubated at 37 ºC for 90 min. To visualize the infected cells 

characterized by lysed plaques that surrounded by a lawn, 1 mL M. smegmatis at 

concentration of 108 cfu/mL (OD = 0.7-1) was added to each sample. Eventually, the 

suspensions were cultured in petri dishes with 5 mL 55 ºC-MB 7H10 agar, solidified at RT 

for 30 min, and incubated at 37 ºC for the next 18 hours.  

In regard to unpasteurized sheep milk samples, 10 mL milk aliquots incubated, respectively, 

at RT/1 hour and 37 ºC/ 30 min, and assayed as described in optimization step. 

3.13. Preparation of phage D29-beads 

Mycobacteriophage D29 was used as ligand for coating magnetic beads as descried by 

Foddai and Grant [259] in their recent publication. Briefly, 10 mg Dynabeads® MyOne ™ 

Tosylactivated (Thermo Fisher, code 65501, Milan, Italy) were transferred into eppendorf (2 

mL), washed two times with 1mL sodium carbonate decahydrate buffer at concentration of 

0.1 M and pH = 9.5 (VWR, Milan, Italy) as binding buffer, and magnetically recovered. 

Then, beads were resuspended at the same binding buffer, exposed to mycobacteriophage 

D29 (Actiphage, UK, England) at the concentration of 108 pfu/mL, and incubated at 37 ºC 

overnight rotating (10-20 rpm) continually. A day after, beads were recovered magnetically, 

washed two times with the binding buffer, and resuspended in Middle Brook 7H9 medium 

supplemented with 10% OADC and 2mM CaCl2. At the end, the phage-bead suspension was 
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stored at 4 ºC and only fifteen minutes prior inoculation transferred into the room temperature 

in order to be equilibrated with this temperature. 

3.14. Optimization of phage beads on artificially MAP-contaminated milk samples and 

evaluating their functionality on unpasteurized milk samples 

MAP suspension (strain CR131) at stationary phase was de-clumped using sonicator at 37 

KHz and 10° C for 4 min and its concentration was adjusted at optical density of 0.8 (108 

cfu/mL) at 600 nm. Then, this stuck was serially diluted in 8 folds, and 1 mL of dilutions 

containing 104 to 101 cfu/mL were used for spiking a known negative commercial bovine 

milk sample (9 mL). Artificially contaminated milk samples were mixed thoroughly, 

incubated at 37 ºC for 30 min, and centrifuged at 2500 ×g and 4º C for 15 min consequently. 

To monitor the functionality of the assay and any carryover contaminations respectively, 

positive (MAP) and negative controls (PBS) were included from the beginning of each 

analysis. Later, supernatant containing cream and whey were decanted, and pellet was 

resuspended in 1 mL MB 7H9 (supplemented with 10% OADC and 2mM CaCl2). At the next 

step, phage beads (15 µL) were added to each sample and incubated at 37 ºC while rotating 

(10-20 rpm) for 30 min. After two washing steps with 1 mL PBST (0.05%), beads were 

magnetically recovered, resuspended in 50 µL MB 7H9 (supplemented with 10% OADC and 

2mM CaCl2), and incubated at 37 ºC without agitation. Then, samples were heated to 55 

ºC/2min and centrifuged at 10000 ×g and RT for 1 min. At the end, supernatant containing 

DNA was aspirated and transferred into new PCR micro tubes and stored at 4 ºC for short 

time or -20 ºC for longer period. Regarding the unpasteurized milk samples, 10 mL of each 

sample were incubated at RT and 37º C, respectively, for 1 hour and 30 min and underwent 

the same procedure as described before in optimization step.   
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Chapter IV: Results 

4.1. Detection of Mycobacterium avium subsp. paratuberculosis (MAP) in Sheep Milk 

4.1.1. Statistical Analysis 

To evaluate the sensitivity and specificity of each milk assay (milk qPCR and milk ELISA) 

receiver operating characteristic (ROC) curve and area under the curve (AUC) were carried 

out (R software). In the MIF group, serum ELISA and fecal PCR independently and together 

formed (individuals with at least one positive test were considered positive) were considered 

as binary reference models [279,280]. Whereas milk ELISA in isolation for milk qPCR data 

set, milk qPCR in isolation for milk ELISA dataset, and both milk qPCR-milk ELISA as a 

united model for each of milk qPCR and milk ELISA were considered as gold standard 

models (herds with only one milk assay (MqPCR or MELISA) considered positive) at BTM 

level [279]. To understand how much different the diagnostic assays are dependent Chi-

square was performed (Graphpad Prism 8) [224]. 

4.1.2. BTM qPCR 

71.62% out of 73 bulk tank milk (BTM) samples contained detectable concentration of MAP 

DNA via milk qPCR (MqPCR). The positivity ratio ranged between 13 to 38 cycles, 

corresponding to the DNA concentration of 1.05 × 102 ng/µL > C < 5.25 × 10−6 ng/µL 

[224]. The sensitivity and specificity of MqPCR was considerable when both milk qPCR and 

milk ELISA together was the reference model (Approach one: AUC = 0.97, Control vs MAP-

infected, cutoff = 6.58, sensitivity: 0.95, specificity: 1, p < 0.0001; Figure 8A) compared to 

the time milk ELISA (MELISA) in isolation was the gold standard (Approach three: AUC = 

0.622, control vs MAP-infected, cutoff = 35.42, sensitivity: 0.5, specificity: 0.79, p = 0.098; 

Figure 8B) [224]. The pattern of milk qPCR positivity was changed based by season, so that 
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positivity rate soared in spring (45.21%) and minimized in winter (5.48%) (Figure 9) [224]. 

In addition, our longitudinal survey on 14 herds with over two instances of sampling (BTM) 

showed that 21.43% of samples were firstly MqPCR-negative, but then became positive; 

28.57% and 7.14% were MqPCR-positive and -negative, respectively, over two times 

sampling. In contrast, some samples primarily were MqPCR-positive (42.86%) but became 

negative at the second time (Figure 10, Table 9) [224]. The mentioned result confirmed that 

some infected animals discharge MAP intermittently [224]. 

 

Figure 8. Receiver operating characteristic (ROC) curve and area under the curve (AUC) 
analyses on the MqPCR dataset under the condition that the reference models were adjusted 
based on MqPCR and MELISA (A) and MELISA (B), respectively [224]. 

 

Figure 9. The placement of MqPCR-positive BTMs in three different seasons: 
spring (45.21%), summer (21.92%), and winter (5.48%) [224]. 
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Figure 10. Threshold cycle (TC) changes of BTMs over MqPCR analysis on 14 
sheep herds in a longitudinal study (two instances of sampling). [224]. 

Table 9. The placement of BTMs from 14 sheep herds (28 BTMs) in four classes based on 
MqPCR status (positive/negative) in a longitudinal study [224]. 

Samples TC% 
MqPCR was first negative, then positive 21.43% 

MqPCR was positive in both rounds of sampling 28.57% 
MqPCR was negative in both rounds of sampling 7.14% 

MqPCR was first positive, then negative 42.86% 

4.1.3. BTM ELISA 

ELISA on 15 whole and fractionated BTMs depicted that by eliminating the portions of milk 

samples that contain inhibitors (cream and pellet), sample-to-positive ratios (S/P%) enhance 

by 0.3 to 15 degrees (Mean~7) (Figure 11, Table 10) [224].  

Among 73 BTMs were tested by MELISA, only 29.7% had significant concentrations of 

antibodies against MAP. MELISA had a moderate sensitivity and remarkable specifity when 

both MqPCR and MELISA was binary reference model (AUC = 0.73, control vs MAP-

infected, cutoff = 13.94, sensitivity: 0.59, specificity: 0.89, p = 0.00035; Figure 12A). In 

addition, MqPCR induced higher specificity rather than sensitivity to MELISA (AUC = 

0.656, control vs MAP-infected, cutoff = 33.03, sensitivity: 0.34, specificity: 0.95, p = 0.037; 

Figure 12B). The comparison among MELISA results of these 73 BTMs in different season 
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depicted that the highest MELISA-positive cases happened in summer (17.81%), whereas the 

winter had the least positive cases (2.74%) (Figure 13) [224]. Over two time sampling of 14 

herds 14.28% and 57.14% were MELISA-positive and -negative, respectively, in both 

assessments. Some samples detected negative by MELISA (28.57%) at first, but became 

positive later (Figure 14, Table 11). The result of this analysis confirmed that the antibody 

levels changed by season from 1.3% to 60.4% in S/P% soaring in summer. 

 
Figure 11. MELISA sample-to-positive ratio (S/P%) of 16 BTMs before and after 
fractionating milk samples [224]. 

Table 10. Comparison between MELISA sample-to-positive ratio (S/P%) of 16 BTMs before 
and after fractionating milk samples [224]. 

Sample No. Whole BTM S/P% Whey BTM S/P% 
6 19.33609959 35.64315353 

9 * −0.497925311 −0.082987552 
11 20.08298755 22.44813278 
12 11.90871369 27.63485477 
13 29.70954357 43.15352697 
14 14.97925311 22.98755187 
28 11.24481328 15.97510373 
30 2.033195021 2.780082988 
33 21.82572614 30.45643154 
37 9.211618257 9.543568465 
38 3.278008299 4.647302905 
41 10.66390041 14.10788382 
53 11.0373444 15.72614108 
73 47.71784232 60.24896266 
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80 25.6846473 39.04564315 
82 21.45228216 27.38589212 
* Sample 9 was a known negative commercial BTM. 

 
Figure 12. Receiver operating characteristic (ROC) curve and area under the curve (AUC) 
analyses on MELISA dataset when MqPCR and MELISA (A) and MqPCR (B) were 
considered as the reference models [224]. 

 
Figure 13. Distribution of MELISA-positive BTMs in three different seasons: spring 
(9.59%), summer (17.81%), and winter (2.74%) [224]. 
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Figure 14. Changes in the MELISA sample-to-positive ratio (S/P%) in a longitudinal study 
(28 BTMs from 14 sheep herds) [224]. 

Table 11. MELISA status (positive/negative) of BTMs from 14 sheep herds in a longitudinal 
study [224]. 

Samples Results (%) 
MELISA was first negative, then positive 28.57% 

MELISA was positive in both rounds of sampling 14.28% 
MELISA was negative in both rounds of sampling 57.14% 

 

The Chi-square test showed a significant correlation between MqPCR and MELISA: X2 (1, n 

= 73) = 2.99, p < 0.1 (26.03% positive (Pos) (MqPCR and MELISA), 46.6% Pos (MqPCR) 

and negative (Neg) (MELISA), 23.3% Neg (MqPCR and MELISA) and 4.11% Neg 

(MqPCR) and Pos (MELISA) (Figure 15, Table 12). 

 
Figure 15. The distribution of 73 BTM samples classified into four binary groups based on 
the positive/negative status in the MqPCR and MELISA tests. Pos (MqPCR) and Neg 
(MELISA) constituted the main proportion of samples (46.58%), followed by 26.03% Pos 
(MqPCR and MELISA), 23.3% Neg (MqPCR and MELISA), and 4.11% Neg (MqPCR) and 
Pos (MELISA). Pos: positive; Neg: negative [224]. 
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Table 12. Distribution of 73 BTMs based on the positivity/negativity status in MqPCR and 
MELISA tests and corresponding p-values [224]. 

 MELISA+ MELISA− 
MqPCR+ 19 34 
MqPCR− 3 17 

p-value (p < 0.1) * 0.083 
p-value (p < 0.05) Insignificant (IS) 

* Since the dependency was insignificant at p < 0.05, the statistical significance was adjusted for p < 0.1. 

4.1.4. MIF MqPCR and MELISA 

Of the 128 MAP-infected flock milk samples, 19.53% and 80.47% were detected as being 

MqPCR-positive and -negative, respectively. The positivity ratio ranged between 16 and 46 

cycles (TC), corresponding to a DNA concentration of 1.05 × 102 ng/µL > C < 5.25 × 10−6 

ng/µL (Figure 16A). MELISA also produced positivity (21.09%) and negativity (78.91%) 

rates close to those of MqPCR, whereas the MELISA S/P% ranged from 31.93% to 157.11% 

(Figure 16B). ROC curve analysis was carried out by comparing the sensitivity (SN) and 

specificity (SP) of MqPCR and MELISA in various cutoffs based on three different binary 

reference models. When both SELISA and FPCR were used as the reference model, MELISA 

was more sensitive and specific (MELISA; AUC = 0.77, control vs MAP-infected, cutoff = 

26.72, sensitivity: 0.61, specificity: 0.95, p < 0.0001; Figure 17A) than MqPCR (MqPCR; 

AUC = 0.61, control vs MAP-infected, cutoff = 8.03, sensitivity: 0.4, specificity: 0.87, p = 

0.047; Figure 17B). MELISA also showed the highest sensitivity and specificity when the 

binary reference model was based on SELISA only (MELISA; AUC = 0.87, control vs MAP-

infected, cutoff = 26.72, sensitivity: 0.75, specificity: 0.94, p < 0.0001; Figure 17C) 

compared to MqPCR (MqPCR; AUC = 0.6, control vs MAP-infected, cutoff = 24.325, 

sensitivity: 0.36, specificity: 0.86, p = 0.1; Figure 17D). However, when the reference model 

was based on FPCR, the specificity of MELISA slightly dropped by 0.12 (MELISA; AUC = 

0.62, control vs MAP-infected, cutoff = 8.20, sensitivity: 0.67, specificity: 0.72, p = 0.129; 
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Figure 17E) compared to MqPCR (MqPCR; AUC = 0.66, control vs MAP-infected, cutoff = 

8.03, sensitivity: 0.47, specificity: 0.84, p = 0.044; Figure 17F). 

According to the positive/negative status of samples from the four tests of MELISA, MqPCR, 

SELISA, and FPCR, the animals were stratified into 15 quaternary groups. A dominant 

number of samples (58%) were detected as being negative by all tests (MqPCR, MELISA, 

SELISA, and FPCR), compared to only 2% that were positive by all tests (Figure 18, Table 

13). In another classification, the studied animals were classified into 24 binary groups based 

on the MAP status (positivity/negativity) of samples analyzed by each binary test of MqPCR 

and MELISA, MELISA and SELISA, MqPCR and FPCR, MELISA and FPCR, and SELISA 

and FPCR. Accordingly, Chi-square analysis was performed on each binary group. The 

proportion of samples in each category was as follows: 74.22% Neg (MqPCR and FPCR), 

73.44% Neg (MELISA and SELISA), 72.66% Neg (MELISA and FPCR), 71.88% Neg 

(SELISA and FPCR), 67.19% Neg (MqPCR and MELISA), 66.41% Neg (MqPCR and 

SELISA), 7.8% Pos (MqPCR and MELISA), 13.3% Neg (MqPCR) and Pos (MELISA), 

11.72% Pos (MqPCR) and Neg (MELISA), 16.4% Pos (MELISA and SELISA), 5.5% Neg 

(MELISA) and Pos (SELISA), 4.7% Pos (MELISA) and Neg (SELISA), 5.5% Pos (MqPCR 

and FPCR), 6.3% Neg (MqPCR) and Pos (FPCR), 14.06% Pos (MqPCR) and Neg (FPCR), 

5.5% Pos (MELISA and FPCR), 6.3% Neg (MELISA) and Pos (FPCR), 15.6% Pos 

(MELISA) and Neg (FPCR), 5.5% Pos (SELISA and FPCR), 6.3% Neg (SELISA) and Pos 

(FPCR), and 16.41% Pos (SELISA) and Neg (FPCR). MELISA and SELISA were 

recognized as the most dependent tests (Chi-square: X2 (1, n = 128) = 62.57, p < 0.0001). 

However, the dependency gradually decreased between the following test groups: MqPCR 

and FPCR (p = 0.0048), MqPCR and MELISA (p = 0.0098), MELISA and FPCR (p = 
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0.0098), SELISA and FPCR (p = 0.0134), and MqPCR and SELISA (p = 0.0145) (Figure 19, 

Table 14). 

 

Figure 16. Scatterplots of the distribution of 128 milk samples (MIF) in two categories of 
healthy controls (HCs) and MAP-infected cases tested by MqPCR (A) and MELISA (B). 
HCs were adjusted based on the results of both SELISA and FPCR tests. The threshold cycle 
corresponding to MqPCR positivity was determined as being between 16 and 46 cycles (A), 
whereas the S/P% corresponding to MELISA positivity was between 31.93% and 157.11% 
(B) [224]. 
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Figure 17. Receiver operating characteristic (ROC) curve analysis and corresponding area 
under the curve (AUC) analysis of MELISA (A,C,E) and MqPCR (B,D,F) datasets. The 
sensitivity and specificity of the MELISA and MqPCR tests in the detection of MAP in 128 
MIF milk samples were evaluated based on three different gold standards of SELISA and 
FPCR (A,B), SELISA (C,D), and FPCR (E,F) [224]. 
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Figure 18. Distribution of 128 MIF milk samples categorized into fifteen quaternary groups 
based on their positive/negative status in MqPCR, MELISA, SELISA, and FPCR tests [224]. 

Table 13. Distribution of 128 MIF milk samples in fifteen quaternary groups based on 
positive/negative status in MqPCR, MELISA, SELISA, and FPCR tests [224]. 

Type of Tests Number of Samples 
MqPCR+ and MELISA+ and SELISA+ and FPCR+ 3 
MqPCR– and MELISA– and SELISA– and FPCR− 74 
MqPCR+ and MELISA+ and SELISA+ and FPCR− 6 

MqPCR+ and MELISA+ and SELISA− and FPCR+ 1 
MqPCR+ and MELISA− and SELISA+ and FPCR+ 1 
MqPCR− and MELISA+ and SELISA+ and FPCR+ 3 

MqPCR+ and MELISA+ and SELISA− and FPCR− 0 
MqPCR− and MELISA− and SELISA+ and FPCR+ 0 

MqPCR+ and MELISA− and SELISA− and FPCR− 12 
MqPCR− and MELISA+ and SELISA− and FPCR− 5 
MqPCR− and MELISA− and SELISA+ and FPCR− 6 

MqPCR− and MELISA− and SELISA− and FPCR+ 5 
MqPCR+ and MELISA− and SELISA+ and FPCR− 0 

MqPCR+ and MELISA− and SELISA− and FPCR+ 2 
MqPCR− and MELISA+ and SELISA+ and FPCR− 10 

Total number of samples 128 
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Figure 19. Distribution of 128 MIF milk samples classified into 24 binary groups based on 
the positive/negative status in MqPCR, MELISA, SELISA, and FPCR. The following 
categories had the greatest proportions: 74.22% Neg (MqPCR and FPCR), 73.44% Neg 
(MELISA and SELISA), 72.66% Neg (MELISA and FPCR), 71.88% Neg (SELISA and 
FPCR), 67.19% Neg (MqPCR and MELISA), and 66.41% Neg (MqPCR and SELISA) [224]. 

Table 14. Chi-square analysis and the distribution of 128 MIF milk samples classified into 24 
binary groups based on the positive/negative status in MqPCR, MELISA, SELISA, and 
FPCR and corresponding p-values [224]. 

 MELISA+ MELISA- SELISA+ SELISA− FPCR+ FPCR− 
MqPCR+ 10 15 10 15 7 18 
MqPCR− 17 86 18 85 8 95 

p-value (p < 0.05) * 0.0098 0.0145 0.0048 
MELISA+ 

  
21 6 7 20 

MELISA− 7 94 8 93 
p-value (p < 0.05) *  p < 0.00001 0.0098 

SELISA+ 
    

7 21 
SELISA− 8 92 

p-value (p < 0.05) *   0.0134 
* Statistical significance was adjusted for a p-value of < 0.05. 

4.1.5. Discussion  

Our findings suggest that milk is a potent sample for screening Paratuberculosis in sheep 

flocks. However, the sensitivity and specificity of milk tests, i.e., MqPCR and MELISA, 

might be affected by some factors, such as the type of milk samples (BTM or individual 

samples), the disease status of animals participating in the survey, and the selected gold 

standard for statistical analysis [280,281]. Our BTM analyses (MqPCR and MELISA) 

demonstrated that MAP positivity follows a seasonal pattern, which was proven through a 

longitudinal study on 14 sheep herds.  

Our MIF-relevant studies showed that MELISA and SELISA had the highest levels of 

concordance among the tests (89.8%). Such agreements were previously recorded by two 

other studies about the evaluation of the kinetics of antibodies directed against MAP during 

the lactation period (R2 = 0.5358) [282] and the assessment of the efficiency of a multiplex 

bead-based immunoassay in the detection of MAP-immunogenic antigens in animals with JD 
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(R2 = 0.572 to 0.756) [283].  

We compared the efficiency of different gold-standard models to reach the highest sensitivity 

and specificity in detection of the true incidence rate of MAP in milk samples. We diagnosed 

that SELISA together with FPCR is one of the best practical reference models in individual-

level milk assessments. However, each of them as an independent gold standard favors a 

specific milk assay (MqPCR or MELISA). The results suggest remarkable sensitivity and 

specificity of MELISA when the binary reference models were based on SELISA in isolation 

(SP: 0.94, SN: 0.75; p < 0.0001) and in combination with FPCR (SP: 0.95, SN: 0.61; p < 

0.0001). In comparison, MqPCR had its highest specificity (SP: 0.87; SN: 0.4; p = 0.047) and 

sensitivity (SP: 0.84, SN: 0.47; p = 0.044) when the gold standards were based on SELISA + 

FPCR and FPCR, respectively. However, when FPCR was the standard model, the specificity 

of MELISA dropped slightly (SP: 0.72, SN: 0.67; p = 0.129). Our result is in accordance with 

another study that was conducted on BTMs from 21 dairy sheep flocks, evaluating the SP and 

SN of a modified milk ELISA in the detection of antibodies directed against MAP. A recent 

study that applied each of fecal PCR and serum ELISA as an independent reference test 

depicted that MELISA introduced a notable SP and SN when the reference test was based on 

SELISA (SP: 100%, SN: 72.7%) compared to when FPCR was the gold standard (SP: 46.7%, 

SN: 83.3%) [281]. Interestingly, in another comparative work on the evaluation of the 

efficiency of a high-yield fecal qPCR (YHDEqPCR) assay in the detection of MAP, the 

poorest level of agreement was seen between YHDEqPCR and milk ELISA (1%; p = 0.739), 

although the correlation between YHDEqPCR and milk qPCR was also insignificant (36%; p 

= 0.591) [222].  

At the herd level (BTM), we developed a binary gold standard from both MqPCR and 
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MELISA results that remarkably enhanced the sensitivity and specificity of each milk assay, 

i.e., MqPCR or MELISA. In order to assess whether or not this gold standard favors a 

specific milk assay, each of MqPCR and MELISA was used as an independent gold standard 

to evaluate the efficiency of the other diagnostic assay (MELISA or MqPCR). MqPCR 

offered a significantly greater sensitivity and specificity (SP: 1, SN: 0.95; p < 0.0001) than 

MELISA (SP: 0.89, SN: 0.59; p = 0.00035) when both MqPCR and MELISA were the 

reference models. We reached a similar SP but higher SN in MqPCR analysis than another 

BTM-MAP-detection study conducted on 21 sheep flocks under the condition that any of 

serum ELISA, milk ELISA, fecal PCR, and fecal culture was assigned as the gold standard 

(SP: 100%; SN: 25%) [281]. 

We found that MqPCR as a reference test induced a remarkable specificity (SP: 0.95, SN: 

0.34; p = 0.037) to MELISA compared to when MELISA was the reference test and MqPCR 

was the diagnostic assay (SP: 0.79, SN: 0.5; p = 0.098).  

Our results revealed that the incidence of MAP and antibodies against it were lower in the 

MIF level than the herd groups (BTM) [281,284–286]. MqPCR and MELISA results were 

concordant with each other by 75% and 50% in MIF and BTM levels, respectively. 

Accordingly, the positivity rates of MqPCR and MELISA were estimated to be 19.53–

21.09% in the MIF group and 72.6–30.14% in the BTM group. Thus, 47% of BTM and 

11.7% of MIFM cases were detected as being positive by MqPCR without showing a 

sufficient antibody titer for positivity by MELISA. The significant disagreement ratio (47%) 

between MqPCR and MELISA in the BTM group was probably due to the high proportion of 

intermittent MAP shedders in each herd, lack of environmental hygiene practices that inhibit 

the dissemination of MAP through the environment, the inequity of the animals that 
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participated in the survey in terms of immune status, stages of disease, age, and genetic 

predisposition [280,287–289]. Furthermore, MqPCR IS900 is one of the most sensitive 

MAP-detection assays and can detect the lowest concentration of MAP in the MAP-shedder 

animals in the initial stages of JD. As an American survey on the assessment of the sensitivity 

of various MAP-detection approaches (fecal–milk culture and qPCR) demonstrated that 

qPCR IS900 can distinguish MAP-shedder cows via milk, colostrum, and feces more 

sensitively than the culture-based assays [32].  

The results of BTM analyses (MqPCR and MELISA) on 73 samples from 59 herds showed 

an association between MAP-positivity rhythm and seasonal changes. We found that MqPCR 

and MELISA positivity have different seasonal patterns, in which the dominant number of 

positive MqPCR cases (45.21%) occurred in the spring. However, the highest number of 

MELISA-positive subjects (17.81%) was seen in the summer. This suggests that the number 

of MAP shedders increases in the spring due to seasonal breeding, possible sexual 

transmission of MAP, and the presence of animals shedding MAP via feces, which all 

corresponded to higher percentages of MqPCR-positive cases in the spring. However, 

humoral immunity due to MAP positivity was notable in the summer (MELISA). As a study 

on the detection of MAP in reproductive tissue showed that horizontal sex transmission 

increases the risk of MAP dissemination in infected rams, even though the lesions related to 

Johne’s disease are not developed in the reproductive tissues, MAP can be disseminated to 

the reproductive tissues [157,158,290–293]. Also, an Italian study on MAP seroprevalence in 

dairy sheep flocks evidenced that the rate of MAP seropositivity was enhanced in the spring 

and autumn (p < 0.071) [294].  

However, our longitudinal study on 14 herds (BTMs) showed that the intensity of MAP-
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positivity, corresponding to lower TC values in MqPCR (ranged from 15 to 34 cycles), was 

more noticeable in the summer. A similar Canadian study on detecting MAP in milk and 

colostrum detected a higher proportion of MAP shedders in the summer by milk and 

colostrum qPCR than fecal and milk cultures [32]. Our longitudinal study also determined an 

increase in the number of positive MELISA cases in the summer. Even though some cases 

were MELISA-negative both in the spring and summer, the antibody titers against MAP had 

an upward trend in the summer and changes were remarkable in some cases (S/P% increased 

by between 1.3% and 60.4%). This finding is in accordance with the results of another study 

about the association of season of sampling with change of MAP antibody titers in BTM. 

This study also confirmed that the MAP antibody titer follows a seasonal pattern in milk 

samples: peaking in the summer and drastically dropping in the winter [217].  

Our findings are limited by some factors, such as sample size, lack of communication with 

the herd’s owners regarding the health status of animals that participated in this survey and 

hygiene practices, and limitations in following up all herds in each season.  

Our experiments on the efficiency of different reference standard models suggest that the 

type of gold-standard test remarkably affects the sensitivity and specificity of both MqPCR 

and MELISA tests. In MIF study, SELISA in isolation and together with FPCR introduced 

the best sensitivity and specificity to MqPCR and MELISA tests. Furthermore, MELISA and 

SELISA results were concordant in 75% of cases (p < 0.0001), and this proved that MELISA 

could be used as a predicting test in the MAP screening programs at the MIF level. Of course, 

this conclusion directly depends on some factors, such as the age, immune status, stage of 

disease and so forth of the animals that participated in the survey. Our herd-level studies 

demonstrated that the results of MqPCR and MELISA together could form a practical binary 
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reference model (gold standard) under the condition that there is no information on the health 

status of the herd’s animals. The results of both milk assays (MqPCR and MELISA) could 

represent how much potential each herd has to disseminate MAP through the environment 

and transmit the disease to other herds. The BTM-level studies depicted that MqPCR is more 

sensitive and specific (p < 0.0001) than MELISA (p = 0.00035). However, the agreement 

between the results of both milk assays was statistically significant when the p-value was 

adjusted to 0.1 (p = 0.083); this was equal to 50% concordance. This suggests that a high 

proportion of animals in each herd were MAP shedders. Our studies on 73 sheep herds 

indicated that MAP positivity follows a seasonal pattern. The number of positive MqPCR 

cases (45.21%) peaked in the spring, while the trend of MELISA positivity was notable 

(17.81%) in the summer. However, the result of the longitudinal study on 14 herds showed 

that the lower TC values, corresponding to stronger positivity, are most obvious in the 

summer. This may suggest that a large number of MqPCR-positive cases in the spring could 

be MAP shedders. The results obtained in this study highlight the risk of the transmission of 

this pathogenic mycobacterium to the community. A higher exposition to MAP, which causes 

a persistent infection in its host [295], may lead to trigger not only inflammatory bowel 

diseases including Crohn’s disease [295,296], but also different autoimmune diseases, as it 

has been previously associated with in several studies [297–306]. This should motivate 

reflection by legislators and encourage the adoption of the best policies to lower the leakage 

of this bacterium into communities.  
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4.2. A Comparative Study on the Efficiency of Two Mycobacterium avuim subsp. 

paratuberculosis (MAP)-Derived Lipopeptides of L3P and L5P as Capture Antigen 

Molecules in an In-House Milk ELISA Test 

4.2.1. Statistical Analysis 

Statistical analysis was carried out using R software (version 4.0.5). To estimate the best 

cutoff corresponding 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 herd and individual respectively. The samples that were used in this study came 

from animals that were recently tested by other MAP-diagnostic assays such as milk qPCR 

(MqPCR), commercial milk ELISA (CMELISA), serum ELISA (SELISA), and fecal PCR 

(FPCR) (Table 15 and 16) [224]. 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. In which, the specimens belonged to animals with at least one positive result considered 

MAP-positive, whereas the healthy milk samples came from animals that had no positivity 

with none of the mentioned techniques (Table 17). In this study, the binary reference models 

were proposed based on the result of the MqPCR and CMELISA, in isolation and together, at 

BTM level. Unfortunately, the access to the animal blood and feces was impossible at BTM 

level. However, at individual level, collecting blood and feces was as feasible as milk 

samples, in which the references were adjusted based on the results MqPCR, CMELISA, 

serum ELISA (SELISA), fecal PCR (FPCR) individually and together. Later, the sensitivity 

of selected cutoffs in prediction of positive/negative cases was estimated based on the level of 

concordance that H-MELISA L3P/H-MELISA L5P had with MqPCR/CMELISA at BTM 

level and MqPCR/CMELISA/SELISA/FPCR at individual level (MIF). In addition,  
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Pearson correlation analysis was performed and the association level between H-MELISA 

L3P and H-MELISA L5P data sets at BTM and individual (MIF) levels was computed (the 

statistical significance was adjusted for a p-value of  < 0.5). 

Table 15. Distribution of 47 bulk tank milk (BTM) samples based on their 
positivity/negativity status in H-MELISA L3P, H-MELISA L5P, commercial ELISA 
(CMELISA), and milk qPCR IS900 (MqPCR). 

Number of samples 
(BTMs) 

H-MELISA L3P 
 

H-MELISA L5P 
 

Commercial MELISA 
(CMELISA) 

Milk qPCR IS900 
(MqPCR) 

Sample 2 - + + - 
Sample 3 - - + + 
Sample 4 - + - - 
Sample 5 - + + - 
Sample 6 + - + + 
Sample 7 - + + + 
Sample 8 - - + + 
Sample 9 - - - - 

Sample 10 - + + + 
Sample 12 - + - + 
Sample 13 - + + + 
Sample 14 - + - + 
Sample 16 - + + + 
Sample 17 + + - - 
Sample 18 - + + + 
Sample 19 + - + + 
Sample 20 - + - + 
Sample 21 - - - - 
Sample 22 - + - + 
Sample 23 + + - + 
Sample 25 + + + + 
Sample 28 + + - + 
Sample 29 - + - + 
Sample 30 + + - + 
Sample 31 - + - + 
Sample 32 - + - - 
Sample 33 + + + + 
Sample 35 - + - - 
Sample 47 + + + + 
Sample 50 - + - - 
Sample 51 - + - - 
Sample 52 + + - - 
Sample 55 - + - - 
Sample 72 - + - - 
Sample 73 + - + + 
Sample 74 + - + + 
Sample 75 - + + + 
Sample 79 - - + + 
Sample 80 - - + + 
Sample 81 - - - - 
Sample 82 + - - + 
Sample 83 - - - - 
Sample 84 - - + + 
Sample 85 - - - - 
Sample 87 - - - - 
Sample 89 - - - - 
Sample 91 - + - - 
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Table 16. 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 PCR (FPCR). 

Number of samples 
(individual milk 

samples from flock 
(MIF)) 

H-MELISA L3P 
 

H-MELISA 
L5P 

 

Commercial 
MELISA 

(CMELISA) 

Milk qPCR IS900 
(MqPCR) 

Serum ELISA 
(SELISA) 

Fecal PCR 
(FPCR) 

3 + - - - - - 
4 + - - - - - 
5 + - + + - + 
6 - - + + + + 
7 + - + + + + 
8 + - + - + + 
9 + - - - - - 

10 + - - - - - 
11 + - - - - - 
12 + - - - - - 
13 - - - - - - 
15 + + - - - - 
16 - - - - - - 
17 + - - - - - 
18 - - - - - - 
19 - - - - - - 
20 - - - - - - 
22 + - + - + - 
23 + - - - - - 
24 + - - - - - 
25 + + + - + - 
27 + - - - - - 
28 - - - - - - 
29 + + - - - - 
33 + - - - - - 
35 + - - - - - 
36 + - + - + + 
37 - - - - - - 
38 + + + - + - 
39 - - - - - - 
41 + - - - - - 
45 - - - - - - 
49 - - + - - - 
50 + + - - + - 
53 + + + - + - 
55 - + + - + - 
56 - - - - + - 
61 + - - - - - 
62 + + + + + - 
64 + - - + + + 
65 + + - + - - 
66 + - - - - - 
67 + - - - - - 
69 - - + + + - 
70 + - + - + - 
72 + - + + + + 
73 + - - - - - 
75 - - - + - - 
76 - - - + - - 
78 + + - - - - 
79 + + - - - - 
80 + - - - - - 
81 + + - - - - 
82 + + + - + + 
83 + + - + - - 
84 + + - - - - 
86 + + - + - - 
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88 + - - - + - 
89 + - - - - - 
90 + + - - - - 
91 + - - - - - 
92 + - - - - - 
93 - - + + + - 
94 - + + + + - 
95 + + + - + - 
96 - - + - + - 
97 + + - - + - 
99 + - - + - - 

100 + - - + - - 
101 + - - - - - 
102 + - - - - - 
103 - - - - - - 
104 - - - - - - 
105 + + - - - - 
111 - - - - - - 
112 + + + + + - 
113 + + - + - - 
114 - + + + + - 
119 - + + - + - 
121 + + - - - - 
128 - - - - - - 

 
	
Table 17. Distribution of bulk tank milk (BTM) and individual (MIF) milk samples into two 
categories of healthy and MAP-positive. 
Number/ Type of milk sample Number of negative controls Number of MAP-positive controls 

47/ BTM 17 30 
81/ Individual (MIF) 45 36 

 

4.2.2. Homemade milk ELISA with L3P and L5P epitopes on BTMs 

ROC curve analysis was carried out and optical densities of 0.8895 and 0.59925 were 

selected as the cutoffs corresponding L3P and L5P positivity respectively. Among all binary 

reference models that were applied in cutoff assessments, MqPCR and CMELISA, 

independently, induced significant specificity to H-MELISA L3P (SP: 94.74%, SN: 39.3%, 

AUC: 64.8%) and H-MELISA L5P (SP: 70.37%, SN: 50%, AUC: 59.4%) analyses 

respectively.  

Accordingly, 29.78% and 63.83% of 47 BTMs were identified positive producing various 

titers of antibodies directed against L3P and L5P epitopes respectively. In addition, similar 

level of concordance was seen between H-MELISA L3P and each MAP diagnostic assays of 



Dr. Sepideh Hosseiniporgham: The Detection of Mycobacterium avium subsp. 
paratuberculosis by a novel Biotechnological approach- PhD thesis in Life Science and 
Biotechnologies- University of Sassari, Italy  
 94	

MqPCR and C-MELISA by 60%, whereas H-MELISA L5P and each of MqPCR and 

CMELISA were in agreement by 51.06% and 38.30% respectively.  

Interestingly, 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 20) in H-MELISA analysis at BTM level.  

 
Figure 20. Pearson correlation test between two in-house MELISAs using two MAP-derived 
lipopeptides of L3P and L5P (r (degree of freedom = 45) = 0.5, p =0.00039). 

4.2.3. Homemade ELISA with L3P and L5P epitopes on Milk samples from MAP-

Infected Flock (MIF)  

Cutoffs corresponding H-MELISA L3P and H-MELISA L5P positivity were adjusted at 

optical densities of, respectively, 0.406 and 0.513 through ROC curve analyses. Regarding 

the choice of gold standard, H-MELISA L3P acted more specifically (SP: 71.93%, SN: 

37.5%%, AUC: 64.2%) with both CMELISA and FPCR together, whereas MqPCR and 

SELISA as a united gold standard induced higher specificity (SP: 80.43%, SN: 48.6%, AUC: 

59%) to H-MELISA L5P. This is in the condition that SELISA conferred a specificity of 

above 70% to 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%). 

In MIF category, antibodies directed against L3P and L5P were detected in 69.14% and 

32.09% of cases respectively. A moderate agreement was found between H-MELISA L3P 
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dataset and each of following MAP diagnostic assays: MqPCR (47%), FPCR (45.7%), 

CMELISA (42%), and SELISA (42%), whereas this association was more robust in relation 

to H-MELISA L5P (SELISA (67.9%), CMELISA (66.67%), MqPCR (64.2%), and FPCR 

(60.49%)). 

Additionally, data generated by the two homemade milk ELISA (L3P/L5P) were analyzed by 

Pearson correlation test. This analysis indicated that a low positive association existed 

between antibody reactivity against two MAP-derived lipopeptides of L3P and L5P (r (79) = 

0.37, p =0.00059; Figure 21) at MIF level. 

 

 
Figure 21. Pearson correlation test between two in-house MELISAs using two MAP-derived 
lipopeptides of L3P and L5P (r (degree of freedom = 79) = 0.37, p =0.00059) on 81 MIF milk 
samples. 

 

4.2.4. 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 
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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 viable ZN-positive colonies that were qPCR IS900-

positive. However, only one of them was also positive for IS1311. Restriction enzyme 

analysis (REA) of the IS1311 amplified product from sample 82B demonstrated the colony is 

C-type MAP, as its band pattern matched the C-type reference strain (Figure 22A). 

Furthermore, IS1311 was PCR amplified in 44.12% and 42.11% of IS900-positive BTMs and 

MIFs respectively (23 out of 53 samples). Interestingly, IS1311 strain typing analysis showed 

that all three classes of MAP (S, C, and Bison) existed among Sardinian sheep milk samples 

(Figure 22B). 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. In total, there were four S type strains identified in BTM 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 22B, Table 18). Furthermore, Bison 

type was differentiated from the other strains indicating three bands at the lengths of 323-bp, 

218-bp, and 67-bp [274,307] (Figure 22B). Consequently, Bison type contributed the lowest 

quantities in both groups of BTM (18B, 19B, and 29B) and MIF (64V) with 20% and 12.5% 

respectively (Figure 22B, Table 18).  
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Figure 22. Restriction enzyme analysis (REA) on IS1311-positive PCR products obtained 
from sheep milk samples. Lanes in panel A from left to right are: 100-bp marker, MAP 
standard strain 1515 (C-type), sample 82B (C-type), MAP standard strain 1515 (C-type), and 
100-bp marker. In panel B, first and last lanes are 100-bp marker (L) and second lane from 
the left belonged to MAP standard strain 1515.  The remaining lanes contain REA analyzed 
milk samples. Samples “13B, 20B, 31B, and 33B” at the BTM level and “7V, 62V, 72V, 
76V, 83V, and 93V” at the MIF level are S-type while samples “6B, 10B, 14B, 23B, 28B, 
and 79B” at BTM level and “65V” at MIF level are C-type. B-type samples “18B, 19B, and 
29B” at BTM level and “64V” at MIF level were also observed. Sample 12B yielded an 
unusual pattern not seen before. 

Table 18. 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 RE3 fragments on gel-electrophoresis based on base pair 

BTM1 % MIF2 % 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: MAP infected flock milk samples 
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 predominant strain 

types at the level of BTM and individual (MIF) respectively. Although, the overall rates of H-

MELISA L3P/L5P positivity at both levels of herd and individual were in accordance with 

this strain-type orientation, there were some C and S-type samples that did not follow the 
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expected patterns in reactivity against L3P and L5P. In which, among four BTMs recognized 

as being S-type, sample 33B showed higher antibody reactivity against L3P, whereas samples 

20B and 31B had almost similar optical densities against both L3P and L5P, and sample 13B 

was more responsive against L5P (Table 19). The difference between antibody reactivity of 

each S-type sample against L3P and L5P ranged between 0.014 ≥ OD ≥ 0.54 through H-

MELISA analysis. In addition, at the same group, a weak agreement was found between 

antibody reactivity against L5P and being 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 19), samples 10B and 23B had similar reaction against L3P and L5P, whereas 

samples 6B, 79B, and 82B were almost more reactive against L3P (samples 6B, 79B, and 

82B; Table 19). The difference in antibody reactivity of each C-type BTM against L3P and 

L5P ranged between 0.0425 ≥ OD ≥ 0.5125 through H-MELISA analysis. In contrast, a a 

never-before-defined correlation was found between antibody reactivity against L3P and 

being as Bison-type was discovered, in which samples 18B, 19B, and 29 (Table 19) 

recognized as Bison-type reacting 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.  

The uncertainty in stratification of MAP strains (C or S types) based on H-MELISA L3P/L5P 

positivity was also noticed in MIF category. 3 out of 6 S-type isolates were highly reactive 

against L3P (samples 7V, 72V, 83V; Table 19). Samples 62V and 93V had the same titers of 

antibodies directed against both L3P and L5P, whereas sample 76V had a slight rise in the 

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 
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antibody reactivity of each S-type, C-type, Bison-type sample against L3P and L5P were 

estimated “0.0065 ≥ OD ≥ 0.3115”, “OD = 0.3085”, and “OD = 0.1325” respectively.  

Table 19.	Distribution of 15 BTMs and 8 individual milk (MIF) samples based on the types 
of MAP in strain typing analysis and H-MELISA L3P/L5P positivity/negativity. 

Number of 
Sample 

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 and 2 Optical densities of 0.8895 and 0.406 were adjusted as the cutoffs corresponding H-MELISA L3P positivity at BTM (B) and 
individual (V) levels respectively. 
3 and 4 Optical densities of 0.59925 and 0.513 were adjusted as the cutoffs corresponding H-MELISA L5P positivity at BTM (B) and 
individual (V) levels respectively. 
 

4.2.5. Discussion 

The level of antibodies directed against MAP could comparably be traced in milk samples as 

well as sera [308] through ELISA analysis if MAP-specific epitopes are selected [309] to 

capture the right antibodies and appropriate gold standard models are employed [224] to 

estimate the best cutoffs for determining positivity. Previous studies declared that MAP L5P 

specifically induces humoral responses in MAP-infected animals [227] and this characteristic 
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could be exploited in 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 [219,227,228]. 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 sera of studied 

animals with a significant specificity (98.9%) but less sensitivity (37%) [219]. Further 

sequence analysis along with biochemical and physico-chemical 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 that encodes a non-

ribosomal peptide synthetases contributing in production of lipopeptide in various strains (S 

and C types) are constituted of five and three modules in C-type and S-type MAP strains 

respectively [9]. 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 [9].  

The present study, for the first time, used the MAP surface-exposed lipopeptide of L3P as 

capture antigen molecule 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 have been selected carefully, since any miscalculations in this step 

may influence the specificity and sensitivity of the assay significantly [310]. The importance 

of using various gold standards in this study was to measure out how a reference model in 

isolation and association with other models could bias the positivity cutoffs for positivity. 
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This is on the condition that many studies have consensus on the efficiency of culture (SN: 

30% and SP: 100%)[272], whereas no perfect gold standard has been created that could 

match all requirements of all assays in various studies [311]. 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 [224]. 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 negative 

and MAP-positive controls. We noticed that the type of gold standard could influence the 

sensitivity and specifity of H-MELISA L3P/L5P at both levels of BTM and individual (MIF). 

In which, H-MELISA L3P and H-MELISA L5P represented better AUC and more specificity 

when, respectively, milk qPCR and commercial milk ELISA were gold standard at BTM 

level, whereas at MIF level, the most optimum specificity (above 70%) were induced to both 

H-MELISA L3P and L5P when serum ELISA was binary reference model. The recent result 

was in agreement 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 [224]. 

Accordingly, optical densities that conferred the specificity (SP) of equal or between 70-80% 

and sensitivity (SN) of above 30% with almost majority of reference models were selected as 

cutoffs for positivity. These specificity and sensitivity were at the same ranges as the ones 

(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 [310].  
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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, the status Johne’s disease in animals participated in a survey. 

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 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 is that why these negative controls should contain that much antibodies 

against L3P and L5P epitopes to be characterized as being MAP infected cases with various 

MAP strain types, while no evidence of MAP DNA was recognized in these samples. 

According to our analysis, MAP DNA could not be tracked down in a sample except if it 

presents at detectable concentration. Although target IS900 has 16-22 copies [312] in whole 

MAP genome that seem sufficient for molecular diagnosis, these copies could not entirely be 

transferred into the qPCR reaction vessels. Specifically, we cut down the volume of milk 

samples required in 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 deny the presence of 

antibodies directed against MAP lipopeptides (L3P or L5P) circulating in milk and other 

body fluids of the corresponding animals.  Since, MAP infected animals are characterized 

based on the types of immune responses that they have in different stages of JD, in which 

they might be just MAP shedders or just have humoral reactivity against MAP or have both 

responses simultaneously.  
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In addition, the comparison between the results of H-MELISA L3P/L5P and other antibody 

assessment methods depicted that H-MELISA L5P at BTM level and H-MELISA L3P at 

individual level (MIF) had the lowest level of agreement with commercial milk ELISA and 

serum ELISA/ commercial milk ELISA respectively. This may explain that H-MELISA 

L3P/L5P could even better function 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. The most commercial 

ELISA tests are designed the way to detect antibodies against crude extract 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 antibodies against 

MAP are induced against its lipopeptides, since lipopeptides as well as lipids are existed with 

higher frequency in whole MAP cell structure rather than other epitopes. Therefore, we 

selected L3P and L5P as capture antigen molecules in H-MELISA test to target as much as 

antibodies existed against these epitopes in milk samples.  

Based on the positivity patterns in H-MELISA L3P/L5P, it could be interpreted C-type and 

S-type MAP are dominant strains at BTM and individual (MIF) levels respectively, since 

previous studies confirmed that L3P and L5P are specific lipopeptides native in S and C types 

MAP strains [9].  

The recent presumptions have been proved by PCR IS1311-REA hinf-1 analysis, in which all 

three MAP strains of C, S, and Bison types occurred among Sardinian sheep communities. In 

herd (BTM) group, C-type MAP was the dominant strain (46.67%) rather than S-type 

(26.67%), Bison-type (20%), and an unknown strain (6.6%; this strain was not reported 

before). In contrast, S-type was more prevalent (75%) in individual (MIF) level compared to 
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C-type and Bison-type that had the lowest incidences by 12.5% each. A question that might 

raise here is that why C-type MAP, a native strain in cow, should be a common strain among 

sheep animals at BTM level? While, 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) [313]. In fact, 

genotypic and phenotypic (e.g. pathogenesis and growth patterns) divergences are what could 

prognosticate S and C types from each other [40,313,314].  Previous group typing studies 

depicted that sheep and goat could be infected with both S-type and C-type MAP strains 

[46,315]. This is due to either an inter-species transmission or the presence of the multiple 

sources of infection in a farm [315]. These hypotheses seem logical enough, because BTM is 

a combination of several individual milk samples that might be infected with either each or 

both MAP strains of S and C types simultaneously. Superiorly, farmers usually keep various 

species of animals (specifically ruminants) together at the same farm and this could enhance 

the risk of inter-species transmission among animals in a herd.  

Although, the distribution of MAP type strains (S/C) in both herd and individual levels was 

in 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. In which, the 

majority (44.44%) of S- and C-type MAP strains were both H-MELISA L3P- and L5P-

positive, 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 rather than 

L5P, in both herd and individual levels. Previous molecular analysis unveiled that Bison type 

was derived from C type MAP strain that underwent a single nucleotide polymorphism in 
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IS1311 sequence [313,316], but the complex growth requirements and disease manifestation 

patterns distinguished the Bison type from C-type [316]. Further investigation on Bison 

strains isolated from US and India [307,313] demonstrated that Indian strains have a TG 

deletion at base pairs 64 and 65 of locus 2 in IS1311 [313,317]. To the best of our 

knowledge, the tendency of Bison type MAP in reactivity against L3P has never been 

reported in previous studies, in which more researches are needed to explain this orientation 

based on the characteristics of lipopeptide in this MAP strain. 

At the first sight on the 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 these two the two lipopeptides or a possible co-infection of the studied animals with 

the two MAP strains of S and C types.  Previous studies straightforwardly evidenced that 

MAP strains (S and C types) have various lipopeptides (L3P and L5P) [9]. 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 [228], the theory of cross 

reactivity between L3P and L5P might not be out of imagination, since both lipopeptideds 

have common paratopes (e.g. amino acids of D-Phe, N-Methyl-L-Val and L-Ala) to share [9]. 

However, L3P has been subjected to evolutional modifications that specified its structures 

from L5P, in which as a result of mutations (deletions) in S-type MAP, it has no longer two 

amino acids of L-Ile and L-Phe in its structure [9]. This is under the condition that a study on 

engineered soluble-in-water L5P revealed that L5P could not differentiate sheep animals that 

experimentally infected with subtype I of S strain MAP from healthy animals. This may 

represent that S-I MAP possesses a lipopeptide that is different from L3P (specific 

lipopeptide in S-III MAP) and L5P (specific lipopeptide in C type MAP) [228].  
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On the other hand, the possibility of a mixed infection with both MAP type (S and C) strains, 

should be examined carefully, to which some samples (specifically BTMs) might contain 

enough antibodies directed against both L3P and L5P to being recognized positive by both H-

MELISA L3P and H-MELISA L5P simultaneously. As the result of RE on amplified IS1311 

fragments confirmed that three different MAP strains of S, C, and Bison types circulated 

among animals at herd and individual levels. Our assumption about the presence of a mixed 

infection, specifically, in herd group (BTM) was fortified when Pearson analysis explained a 

moderate and low positive correlation between antibody reactivity against L3P and L5P at 

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 BTM level rather than MIF level.   

MAP-derived lipopeptides of L3P and L5P could be considered as potent capture antigens in 

serum/milk antibody-detection analyses. Our result suggests 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 BTM and individual levels. As H-MELISA 

L3P/L5P discovered many potential positive cases among the negative controls that were 

completely negative via other diagnostic assays. Accordingly, the majority of sheep milk 

samples were detected positive by H-MELISA L5P and H-MELISA L3P at the levels of herd 

(BTM) and individual (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 herd (BTM) 

and individual (MIF) categories respectively. On the contrary to this overall estimation, some 

S- or C-type MAP strains didn’t show the expected reactivity against L3P and L5P, in which 

either they were positive by both H-MELISA L3P and L5P or they were L5P/L3P instead of 

being L3P/L5P. This might express the possibility of either cross reactivity between L3P and 
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L5P due to similarity in the overall structures of two epitopes or a within-herd mixed 

infection with both MAP strains of S and C types. However, the presence of various strain 

types of MAP (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 a co-infection with both MAP strains (S and C) happened among studied animals at the 

herd level (BTM). These findings suggest that the L3P and L5P antigens could be useful for 

improvement of the existing diagnostic tests especially considering the MAP strain diversity 

affecting the animals. 
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4.3. Detection of MAP Viability in Sheep and Goat Milk Samples Via A Novel and 

Conventional Phage Assay 

4.3.1. Statistical Analysis 

Receiver operating characteristic (ROC) and area under the curve (AUC) were carried out via 

R software (version 4.0.5) and the sensitivity and specificity of phage-beads qPCR (PBQ) 

and peptide-mediated-magnetic separation (PMS) phage assays were evaluated at different 

cutoffs using various binary reference models including milk qPCR, milk ELISA, and serum 

ELISA. The level of dependency between PBQ and other MAP diagnostic assays was 

computed using kappa co-efficient on GraphPad Prism while statistical significance was 

adjusted for a p-value of < 0.05. Additionally, McNemar’s test for paired data (online 

GraphPad Prism software) and Venn analysis were performed in order to estimate and 

represent the distribution of samples based on positivity/negativity status in each binary test 

of PBQ/PMS-phage with milk qPCR, PBQ/PMS-phage with milk ELISA, and PBQ/PMS-

phage with serum ELISA. 

4.3.2. Optimization of peptide-mediated magnetic separation (PMS) phage assay using 

two different sources of Mycobacteriophage D29 

Peptide-mediated magnetic separation (PMS) phage assay was optimized with intervention of 

two MAP-complementary peptideds of aMp3 and aMptD on milk samples contaminated with 

different concentrations of MAP (Figure 23). Two different sources of mycobacteriophage 

D29, named Laval and Actiphage, were used at optimization step. These strains were 

distinguished by various characteristics. Phage D29 Laval strain developed tiny plaques 

around 1 mm on Middlebrook 7H10, whereas the size of plaques produced by Actiphage was 

3 mm. The numbers of lysed plaques were inconsistent at different dilutions (Table 20) via 
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Laval D29, in which the number of plaques reduced from 458 in 103 cfu/mL to 155 in 102 

cfu/mL but it suddenly sored to 600 in 101 cfu/mL. qPCR analysis on DNAs extracted from 

plaques confirmed the presence of target IS900 at concentrations 103 and 101 cfu/mL, 

therefore the limit of detection (LOD) of 101 cfu/mL was suggested for PMS-phage assay via 

Laval D29. In contrast, the result of optimization of PMS-phage assay with D29 from 

Actiphage kit depicted that an optimal regularity existed in the number of lysed plaques. In 

which, the numbers of plaques were gradually decreased from too-much-to-count (Figure 

24A) to 30 (Figure 24B) at plates containing 104 cfu/mL to 102 cfu/mL MAP respectively. 

PCR IS900 (primers P90 and P91) on DNAs extracted from lysed plaques developed on MB 

7H10 agar confirmed the limit of detection of 102 cfu/mL for PMS-phage assay via 

Actiphage D29 (Figure 24B, Table 21).  

 
Figure 23. Procedures of peptide-mediated magnetic separation (PMS) phage assay with 
intervention of two MAP-complementary peptides of aMp3 and aMptD on MAP-spiked milk 
samples consisting: 1) magnetic separation: magnetic beads (MB) that were coupled with 
aMp3 and aMptD were added to samples and retrieved magnetically, 2) infection: captured 
MAP cells were infected by mycobacteriophage D29, 3) injection: D29 injected its DNA into 
the captured MAP, 4) amplification: D29 used the replication system of MAP host in order to 
replicate its DNA and assembled its body parts, 5) bursting and plaque formation: D29 lysed 
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its MAP host cells in a lawn made by M. smegmatis and plaques containing MAP DNA were 
formed on the medium.  

 

Table 20.  Optimization of PMS-phage assay via mycobacteriophage D29 from the 
University of Laval on aliquots of PBS and a known negative bovine milk sample 
contaminated with different concentrations of MAP comparing the number of lysed plaques 
appeared on MB 7H10 agar.  

Dilutions/Concentrations Number of Plaques in Milk qPCR IS900 
 

104 / 103 >458 Positive 
103 / 102 155 Negative 
102 / 101 >600 Positive 
101 / 100 20 Negative 

	
	
	

 
Figure 24. A schematic view of lysed plaques (3-4 nm) corresponding to MAP 
concentrations of 104 (A) and 102 (B) cfu/mL in an artificially contaminated milk sample 
(These photos were taken before ending the 18-hour incubation time considered for cell 
lysis). 

	
Table 21.	  Optimization of PMS-phage assay on MAP-spiked PBS and milk samples 
representing the number of lysed plaques developed on MB 7H10 and the positivity status of 
DNA extracted from lysed plaques via PCR IS900 analysis  

Dilutions/Concentrations Number of Plaques in Milk PCR IS900 
(Primers P90-P91) 

10-1 / 106 Totally Lysed - 
10-2 / 105 Totally Lysed - 
10-3 / 104 Many Positive 
10-4 / 103 31 Positive 
10-5 / 102 30 Positive 
10-6 / 101 0 - 
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4.3.2.1. Reproducibility assessment and Optimization of PMS-phage assay on 14 sheep 

milk samples via Laval D29 

Seven out of fourteen sheep milk samples from a MAP-infected flock (MIF) produced lysed 

plaques in PMS-phage assay via mycobacteriophage D29 from the University of Laval 

(Figure 25). qPCR IS900 analysis on plaques’ DNAs confirmed the positivity of three 

samples (42.86%), whereas the other three samples were IS900-negaive. The positivity 

ranged between 38.76 to 42.82 cycles. Meanwhile, these 14 sheep milk samples were tested 

by milk qPCR and ELISA (Table 22). Although, the positivity of none of IS900-positive 

plaques were confirmed by milk qPCR, PMS-phage assay and milk qPCR were concordant 

by 64.29% (9 out of 14 samples). In contrast, the result of milk and serum ELISA on the 

same animals demonstrated that 100% of IS900-positive plaques were positive by milk and 

serum ELISA as well. Serum ELISA had the highest level of agreement with milk ELISA by 

78.57%, whereas its concordance with milk qPCR was estimated 28.57%. Additionally, milk 

ELISA and qPCR had the minimum agreement among other tests by 21.43%.  

 
Figure 25. PMS-phage assay on 14 sheep milk samples. Seven samples developed lysed 
plaques that underwent further molecular (IS900) analysis.  
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Table 22.	 Comparison among the results of HPA and three other tests of MELISA, SELISA 
and MqPCR  

Number of 
Sample 

Lysed Plaques/ 
qPCR IS900 

Milk 
ELISA 

(IDEXX) 

Serum 
ELISA 

Milk qPCR Status 
(TC/MT) 

1 Yes/ Negative Positive Positive 0 
2 Yes/ Positive 1 Positive Positive 0 
3 No Negative Positive Positive (34.8/ 91ºC) 
4 No Positive Positive 0 
5 Yes/ Negative Positive Positive 0 
6 No Negative Negative 0 
7 Yes/ Negative Positive Positive 0 
8 Yes/ Positve 2 Positive Positive 0 
9 No Negative Positive 0 

10 No Negative Negative Positive (36.97/ 91ºC) 
11 Yes-Positve 3 Positive Positive 0 
12 No Positive Positive 0 
13 No Negative Negative 0 
14 Yes/ Negative Positive Negative 0 

1, 2, 3 represented the threshold cycles (TCs) of 38.76, 41.74, and 42.87 respectively  
(melting temperature (MT) of 91 ºC) 
 

4.3.2.2. Reproducibility assessment and Optimization of PMS-phage assay on 16 bovine 

milk samples via Actiphage D29  

The PMS-phage assay was performed on 16 bovine milk samples using Actiphage as the 

infecting mycobacteriphage. 3 out of 16 (18.75%) milk samples collected from individuals in 

a cattle were plaque-positive with PMS-phage assay. qPCR IS900 analysis on DNA extracted 

from these plaques revealed that only one of them was IS900-positive. Further ELISA 

analysis on the same sixteen milk samples revealed that none of these samples contain 

detectable concentrations of DNA against MAP (Table 23). However, a significant level of 

concordance was seen between PMS-phage assay and milk ELISA results by 87.5%.  
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Table 23.	The comparison between the results of plaque qPCR IS900 and milk ELISA on 16 
bovine milk samples 

Sample Number Number of Plaques/ qPCR 
IS900 

Milk ELISA 

1 0 Negative 
2 0 Negative 
3 0 Negative 
4 0 Negative 
5 0 Negative 
6 0 Negative 
7 0 Negative 
8 0 Negative 
9 0 Negative 

10 0 Negative 
11 50*/ Positive Negative 
12 0 Negative 
13 2/ Negative Positive 
14 0 Negative 
15 0 Negative 
16 40/ Negative Negative 

* The threshold cycle of this sample in qPCR IS900 was 20.62 at melting temperature (MT) of 91 ºC. 
 
 
Although, the limit of detection of PMS-phage assay via Laval D29 was 10 fold lower than 

PMS-phage assay via Actiphage D29, Actiphage D29 was used for the rest of this study. 

Since, the number of lysed plaques consistently changed based on the concentrations of MAP 

in milk samples via Actiphage D29, whereas the number of lysed plaques did not match the 

concentration of MAP in milk samples in PMS-phage assay via Laval D29. In addition, Laval 

D29 did not respond to virucide (FAS was the virucide that used for elimination of 

exogenous mycobacteriophages) effectively. Therefore many false MAP-negative lysed 

plaques appeared on various plates even negative controls.  
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4.3.3. PMS-phage assay on unpasteurized sheep milk samples in comparison with milk 

qPCR IS900 and milk/serum ELISA 

 Despite the fact that some samples produced IS900-negative lysed plaques, no viable MAP 

was detected through PMS-phage assay on 29 unpasteurized milk samples collected from 

asymptomatic sheep animals (plaque numbers ranged from 1 to above 400 pfu/10 mL). PMS-

phage assay and milk qPCR were concordant by 75.86% (kappa = 0), and only 24.14% (7 out 

of 29) of samples showed traces of MAP DNA corresponding dead cells at threshold cycles 

(TC) between 37.16 to 41.07 cycles (C > 5.25 × 10-6 ng/µL) via milk qPCR IS900 analysis. 

On the other hand, 13.79% and 24.14% out of 29 animals were just milk and serum ELISA-

positive respectively. In fact, PMS-phage dataset were strongly concordant with milk and 

serum ELISA (both with kappa value of zero) by 86.21% and 75.86%. McNemar’s test was 

significant between PMS-phage and each test of milk qPCR or serum ELISA, representing 

that the proportion of MAP negative cases detected by each bi-test of PMS-phage and milk 

qPCR, PMS-phage and serum ELISA was statistically significant (both with two-tailed p-

value of 0.0233; Venn analysis Figure 26A. and Figure 26C) rather than milk qPCR-positive 

and serum ELISA-positive cases. In contrast, McNemar was insignificant in comparison 

between PMS-phage and milk ELISA (two-tailed p-value = 0.1336; Figure 26B) with a 

higher magnitude of the cases that were detected negative by both PMS-phage and milk 

ELISA rather than serum ELISA positive cases. Further ROC curve analysis represented an 

insignificant AUC of 50% with all reference models of milk qPCR, milk ELISA, and serum 

ELISA (SP: 1, SN: 0). 
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Figure 26.	Venn comparison analysis between peptide mediated magnetic separation phage 
assay (PMS-phage) dataset and each MAP diagnostic assay of milk qPCR (A), milk ELISA 
(B), and serum ELISA (C). 

4.3.4. Optimization of Phage-Bead qPCR (PBQ) in MAP-spiked PBS and known 

negative milk 

Phage-bead qPCR (PBQ) was optimized at concentration of 101 cfu/mL in PBS and 

artificially contaminated milk samples, and this endpoint was appointed as the limit of 

detection (LOD) of the assay in both PBS and milk. The results of qPCR IS900 (TaqMan) 

depicted a correspondent threshold cycle (TC) values of MAP concentrations between 104 to 

101 cfu/mL in the paired PBS and milk samples (Table 24). 

Table 24.	Threshold cycles corresponding different concentrations of MAP in MAP-spiked 
PBS and a known negative milk sample 

Concentrations (cfu/mL) PBS (TC) Milk (TC) 
104 32.21 32.56 
103 34.21 35.85 
102 36.52 39.43 
101 40.17 38.24 

 

4.3.5. PBQ on unpasteurized milk samples from goat and sheep flocks in comparison 

with milk qPCR, milk ELISA, and serum ELISA 

PBQ was assayed on 41 goats and sheep milk samples and viable MAP was detected in 

48.78% of samples by qPCR IS900 corresponding to the concentration of 5.25 × 10-3 ng/µL < 

C > 5.25 × 10-6 ng/µL (TC between 35.29 to 40.15 cycles). MAP-clumps captured by phage 



Dr. Sepideh Hosseiniporgham: The Detection of Mycobacterium avium subsp. 
paratuberculosis by a novel Biotechnological approach- PhD thesis in Life Science and 
Biotechnologies- University of Sassari, Italy  
 116	

beads were visible in some cases even with naked eyes (Figure 27A). The result of qPCR 

IS900 on the same milk samples revealed that only 35% of PBQ-positive cases had detectable 

concentrations of MAP DNA (C >5.25 × 10-6 ng/µL, TC between 38.82 and 39.9 cycles) 

corresponding to both dead and viable cells in milk as well. The level of agreement between 

PBQ and milk qPCR was estimated fairly significant by 63.41% (kappa = 0.2581, 95% CI = 

0.0083 to 0.508), whereas 31.7% and 4.8% were just PBQ-positive and milk qPCR-positive 

respectively. In addition, McNemar’s test determined a statistically significant difference in 

the proportion of PBQ-positive cases rather than milk qPCR-positive subjects (two-tailed p-

value =0.0098; Venn analysis (Figure 28A)).  

Further ELISA assessments reveled that among 41 sheep and goat animals 14.63% were both 

milk and serum ELISA positive; 2.4% and 9.8% of cases were milk and serum ELISA-

positive respectively. In fact, PBQ assay had insignificant and almost similar level of 

concordance with both milk and serum ELISA by 43.9% (kappa = -0.1403, 95% confidence 

interval (CI) = -0.3697 to 0.0892) and 41.46% (kappa = -0.1855, 95% CI = -0.1855, -0.4449 

to 0.0738) respectively. McNemar between PBQ and milk qPCR or milk ELISA confirmed 

that the proportion of PBQ-positive animals was statistically higher than milk or serum 

ELISA-positive cases with two-tailed p-values of 0.0123 and 0.066 represented by Venn 

analysis (Figure 28B) and (Figure 28C) respectively. 
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Figure 27.	Schematic views of MAP clumps that are visible with naked eyes captured by 
phage beads in a MAP-positive goat milk sample (A; the last step after centrifugation that 
supernatant containing DNA was aspirated and subjected to qPCR IS900 analysis) and MAP-
positive control (B: Micro-tube containing positive control was placed in magnetic rack 
during washing step).   

 
Figure 28.	Venn comparison analysis between phage bead qPCR (PBQ) dataset and each 
MAP diagnostic assay of milk qPCR (A), milk ELISA (B), and serum ELISA (C). 

On the other hand, ROC curve analysis depicted that milk qPCR, as a binary reference model, 

induced higher specificity to PBQ analysis (AUC = 72.2%, cutoff = 37.935, SP: 87.5%, SN: 

55.56%; Figure 29A) compared to milk and serum ELISA that significantly elevated the 

sensitivity of PBQ rather than specificity (milk ELISA (AUC: 62.2%, cutoff: 35.37, SP: 50%, 

SN: 71.43%; Figure 29B); serum ELISA (AUC: 60.3%, cutoff: 35.37, SP: 54.84, SN: 70%; 

Figure 29C)).  
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Figure 29. Receiver operating characteristic (ROC) curve analysis and corresponding area 
under the curve (AUC) analysis on PBQ dataset when milk qPCR (A), milk ELISA (B), 
serum ELISA (C) were binary reference models. 

	

4.3.6. PBQ and PMS-phage assay on milk samples taken from sheep animals in two 

instances of sampling in comparison with other MAP diagnostic assays of milk qPCR, 

milk ELISA, and serum ELISA 

The viability of MAP was confirmed in none of 42 sheep milk samples (21 animals) that 

were tested by both PBQ and PMS-phage assays. These samples were taken from the same 

animals with a gap time of two weeks. The result of milk qPCR IS900 on these samples 

depicted that some animals intermittently shed MAP in their milk samples, in which 23.8% of 

samples that were milk qPCR-positive, became negative at the second time, instead 9.5% (2 

samples) that were negative at the first time became positive at the second time (Figure 30A). 

Among 42 milk and serum samples taken in two rounds of sampling, 19.04% and 33.33% of 

samples were respectively milk- and serum ELISA-positive at both rounds, and only one 

sheep that was firstly milk ELISA-negative became positive at the second time (Figure 30B.). 

However the titers of antibody directed against MAP saw a gradual rise or fall by 0-18.04 

degrees in sample to positivity ratio (S/P%) (Figure 30B.). 
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Figure 30.	Comparison among the results of three diagnostic assays of milk qPCR, milk 
ELISA, serum ELISA at the first and second rounds of sampling. This comparison is based 
on threshold cycles (TC) and sample to positivity ratio (S/P%) generated in qPCR IS900 (A) 
and milk/serum ELISA (B) respectively. 

4.3.7. Discussion 

The slow-growth characteristic of MAP imposed huge struggles on the detection of viable 

bacterium through culture-based analysis. Recent innovations in selective capture of target 

bacteria via magnetic beads speeded up the discovery of viable MAP in various samples 

significantly. This improvement was more noticeable when ligand peptides of aMp3/aMptD 

along with a phage amplification step were included to the primary version of magnetic 

separation (MS). In fact, aMp3 and aMptD are biotinylated MAP specific complementary 

peptides that were recognized through phage display biopanning against whole MAP cell and 

the MAP-surface exposed proton of aMptD respectively [247,252]. Furthermore, phage 

amplification was characterized by the introduction of mycobacteriophage D29 (a lytic 

phage) to the recovered MAP cells with the aim of liberating DNAs from infected cells. D29 

is not a specific phage for MAP [265,318,319], however it specifically expresses its DNA 

only in the viable mycobacterial hosts [320]. A survey on MAP-spiked milk samples depicted 

that heat treatment before PMS-phage assay could not affect the MAP viability along phage 

functionality, in which a significant correlation was found between cfu/mL and pfu/mL in 
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unheated (r2 = 0.943) and heated (r2 = 0.971) milk samples [253]. Before, PMS-phage assay 

was privileged other techniques of PMS-PCR and PMS-MGIT in detection of viable MAP in 

individual and bulk tank milk (BTM) samples [277]. Although, the limit of detection (LOD) 

of PMS-phage assay via Laval D29 was 10 fold lower than PMS-phage assay via Actiphage 

D29, a few reasons encouraged us to use Actiphage D29 for the rest of phage-based analysis 

in this study. The comparison between the two sources of mycobacteriophage D29 depicted 

that Laval D29 functioned more sensitively than Actiphage D29, however Laval D29 lacked 

enough specificity in discriminating between MAP and other mycobacterial species 

effectively, since some samples developed MAP-negative false lysed plaques that belonged 

to other environmental mycobacterial species such as M. smegmatis. As based on the 

documents provided by the Laval University, M. smegmatis was the main host species for this 

D29 strain. In addition, the inconsistency in the numbers of lysed plaques produced by Laval 

D29 at different concentrations of MAP in milk and PBS suggested that virucide (FAS) could 

not eliminate the exogenous mycobacteriophages effectively. The small size (1 mm) of lysed 

plaques produced by Laval D29 was another imperfection of the Laval D29 facing the 

manipulation and extraction of DNA from the lysed plaques with difficulties. 

In optimization of the two phage-based assays in this study, PBQ excelled PMS-phage assay 

by 10 fold in detection of the lowest quantity of MAP (101 cfu/10 mL) presented in an 

artificially MAP spiked milk sample. This functionality was previously reported by the 

original phage-bead qPCR study on assessment of MAP viability in bovine milk samples 

[259], although the 10 fold reduction in the LOD of PMS-phage assay was possibly due to 

the sample’s final volume, to which the assay was optimized for (10 mL compared to 50 mL 

in other studies [277]). Up to now, PMS-phage assay was tried and tested on various matrixes 

such as raw milk (LOD50% = 0.90 to 0.95), blood, and peripheral blood mononuclear cells 
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(PBMC) diagnosing MAP at concentrations between 7.3 × 102 pfu/mL to 10 MAP cells/50 

mL [277,321,322]. To the best of our knowledge, LOD in PMS-phage assay might be 

affected by few factors including: 1) the final volume of sample; 2) the quality and 

concentration of peptides; 3) the quality of beads; 4) the quality that magnetic beads get 

coated; 4) the binding buffer’s pH; 5) the temperature of sample before and after magnetic 

separation; 6) the strain of mycobacteriophage D29.  

Our PBQ analysis was examined on 41 unpasteurized goat and sheep milk samples indicating 

that various concentrations of viable MAP existed in 48.78% of the specimens. The 

functionality of Phage-bead assay in sensitively detection of viable MAP has been proved in 

a recent study, in which viable MAP was found in 49% out of 100 BTMs collected from 

different farms [259]. Interestingly, PBQ result had the most level of agreement with milk 

qPCR by 63.41% rather than with milk and serum ELISA each by 43.9%. This consensus 

could even be noticed in ROC curve analysis, in which the highest specificity (SP: 87.5%) 

and a moderate sensitivity (SN: 55.56%) were induced to PBQ analysis when the binary 

reference model was adjusted to milk qPCR compared to the condition that milk ELISA (SP: 

50%, SN: 71.43%) and serum ELISA (SP: 54.84, SN: 70%) were independently a gold 

standard and instead PBQ was more sensitive. Furthermore, no viable MAP was detected in 

29 sheep milk samples that were only tested by PMS-phage assay. However, some samples 

developed lysed plaques that were qPCR IS900-negative corresponding to either disability of 

the FAS in deactivating all exogenous D29 mycobacteriophages or the presence of massive 

fat cells in the structure of sheep milk samples that could meantime bind to the surface of 

peptide mediated magnetic beads and D29 myco-hosts other than MAP conveying them up to 

the plaque formation step. PMS-phage dataset was remarkably compatible with all MAP 

diagnostic assays of milk qPCR (75.86%), milk ELISA (86.21%), and serum ELISA 
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(75.86%). Statistically, the highest proportions of samples were negative by each bi-test of 

“PMS phage-milk qPCR” and “PMS phage-milk ELISA” (p-value = 0.0233). Further ROC 

curve analysis on PMS-phage assay data could not privilege a reference model to other ones 

and influence the specificity and sensitivity of PMS-phage assay, in which PMS-phage assay 

had the utmost specificity (100%) but least sensitivity (0%) with the all gold standards. This 

is definitely due to the small sample size and the absence of milk samples containing viable 

MAP that could balance data analysis. Similarly, a previous comparative study on the 

strength of PMS-phage assay and PMS-culture for detection of viable MAP in bovine milk 

samples depicted that both PMS-based methods introduced a noticeable specificity (100% 

and 96.2% resp.) rather than sensitivity (32.5% and 25% resp.) to MAP viability assessments 

[323].  

To be confident whether or not PBQ could only detect viable MAP in milk but not dead cells, 

a parallel study via the two phage assays was carried out on sheep milk samples in two 

different time points. In fact, we did not have access to sufficient amount of milk samples to 

test all of them by two protocols at the same time. The result of this comparison depicted that 

viable MAP was existed in none of samples tested by PBQ and PMS-phage assay. We 

noticed that the recent samples collected from animals that suffered from a progressive 

Johne’s disease, since either the positivity status of some animals was changed through milk 

qPCR analysis or the antibody titers against MAP in milk and serum samples saw a 

fluctuation between 0-18.04 degree in S/P% within two times milk sampling. 

PBQ and PMS-phage could be promising methods for assessment of MAP viability in milk 

and even other clinical samples. PBQ detected viable MAP among numbers of unpasteurized 

goat and sheep milk samples provided from apparently healthy animals. PBQ had a 

considerable level of concordance with milk qPCR by 63.41% concordance. In addition, 
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ROC curve analysis estimated a remarkable specificity and sensitivity for PBQ analysis when 

milk qPCR was the gold standard. In a comparative study on milk samples taken from the 

same sheep animals in two instances of sampling, we noticed that some PBQ- and PMS-

negative animals were shedding the dead microorganism intermittently, in which some 

animals that were milk qPCR-positive at first, turned negative at the second time or vice 

versa. This heterogeneity might be the consequence of diversity of animals in the stages of 

Johne’s disease. This claim has been proved through a follow-up ELISA test on milk and 

serum of MAP shedder animals revealing that the antibody titers against MAP in milk and 

serum saw fluctuations within two times sampling. Eventually, three factors privileged PBQ 

to PMS-phage assay in this study including: 1) low LOD: PBQ with LOD of 10 viable cells 

in 10 mL milk excelled PMS-phage by 10 folds; 2) rapidity and cost effectiveness: PBQ 

could be carried out in only 9-10 hours with least material and equipment, whereas PMS-

phage assay needs at least 48 hours; 3) lack of need for FAS treatment: Based on our 

experience the quality of applied FAS could affect the number of lysed plaques in PMS-

phage assay, therefore this inconsistent functionality could undermine the specificity of the 

PMS-phage assay whereas no FAS treatment is needed in PBQ.    
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Chapter V: Conclusion 

1) The presence of MAP and antibodies against it could be tracked in milk samples as 

well as other specimens such as blood.  

2) qPCR IS900 analysis on milk samples collected from Bulk tank milk (BTM) could be 

an economic diagnostic way of  MAP shedder animals at the level of herd.  

3) The concentration of MAP and antibodies directed against it varied by the type of 

milk samples. The load of bacterium and antibodies against it are higher in BTMs, 

since BTM is a mix of several individual milk samples. Therefore, more infected 

cases might be detected through diagnostic analysis on BTMs.  

4) Our BTM-relevant study revealed that MAP positivity via qPCR and milk ELISA 

analyses has a seasonal pattern. In which the incidence of MAP (qPCR; 45.21%) and 

antibodies (CMELISA; 17.81%) directed against it were higher in spring and summer 

respectively. The higher proportion of MAP (MqPCR +) in spring could explain that 

the excretion of MAP in milk via feces or semen of MAP shedder animals increases 

in spring due to seasonal breading and sexual transmission of MAP. 

5) Our longitudinal study on 14 sheep herds over two instances of sampling confirmed 

that MAP shedder animals existed in some herds, in which some milk samples that 

were qPCR positive at first became negative at the second time and vice versa. Some 

samples that had lower concentration of MAP DNA at first, became highly positive at 

the second time (according to the lower threshold cycles through milk qPCR analysis: 

16 to 34 cycles). In addition, the comparison between the result of commercial milk 

ELISA at the first and second rounds of sampling depicted that the titers of antibodies 

directed against MAP saw a remarkable rise within the course of study.  
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6) Milk could be an alternative sample to serum in antibody screening analysis. Since, at 

individual level, a remarkable level of concordance was seen between antibody titers 

against MAP in serum (commercial serum ELISA) and milk samples (commercial 

milk ELISA).  

7) The type of gold standard could affect the sensitivity and specificity of a diagnostic 

assay in ROC curve analysis significantly.  

8) MAP-derived lipopeptides (L3P and L5P) that differ by the types of MAP strain (S or 

C) could be potent capture antigen molecules in screening the antibodies directed 

against MAP in serum or milk samples. They could be used in the format of an in-

house milk ELISA and as a complementary MAP diagnostic test to unveil positive 

cases among the samples that were potentially negative by other MAP diagnostic 

techniques.  

9) Our in-house milk ELISA (H-MELISA) tests suggested that the pattern of H-

MELISA L3P/L5P positivity varies by the type of milk samples. In which, the 

incidence of H-MELISA L5P positive cases were higher at BTM level rather than 

individual milk samples that were more H-MELISA L3P positive. 

10) The overall rates of H-MELISA L3P/L5P positivity could predict which MAP strain 

happens with higher incidence among BTMs and individual milk samples. In which, 

the higher proportion of H-MELISA L5P and H-MELISA L3P positive cases at BTM 

and individual milk samples depicted that C-type and S-type were predominant MAP 

strains at BTM and individual levels respectively. The recent presumption was proved 

by strain typing analysis on some of the negative or positive H-MELISA L3P/L5P 

positive or negative cases using PCR-IS1311 restriction enzyme analysis via hinf-1. 
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This analysis depicted that the overall percentages of S or C type MAP strains could 

be anticipated by H-MELISA L3P/L5P positivity status. 

11) Some S or C type MAP strains were positive by both H-MELISA L3P and H-

MELISA L5P positive or had reverse positivity patterns via H-MELISA L3P/L5P. 

This might be the consequences of either a cross reactivity between L3P and L5P due 

to the similarity in the overall structures of these lipopeptides or a within-herd mixed 

infection with both MAP strains of S and C. Further analysis through Pearson 

correlation test revealed that a moderate positive correlation between antibody titers 

against L3P and L5P at BTM level, therefore the hypothesis of presence of a mixed 

infection with S and C types MAP could be explainable at BTM level. 

12)  Phage bead qPCR (PBQ) and peptide-mediated magnetic separation (PMS) phage 

assay could be promising methods for detection of MAP viability in milk and even 

other clinical samples.  

13) The result of PBQ and PMS-phage assay on samples taken from the same animals 

depicted that the assays function comparably. 

14) However, PBQ seems to be more advantageous in comparison with PMS-phage 

assay, since it benefits from a lower LOD, rapidity and cost effectiveness. PBQ works 

without any needs to lawn-maker bacteria (M. smegmatis) or FAS treatment that are 

crucial steps in visualization of lysed plaques and deactivation of exogenous 

mycobacteriophages respectively. 
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