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Mycobacterium avium subspecies paratuberculosis (MAP) is often abbreviated M. 

paratuberculosis or M. avium subsp. paratuberculosis and is also known as M. johnei. It is a 

slow-growing pathogenic obligate intracellular acid-fast rod bacterium and is a member of the 

Mycobacterium avium intracellulare (MAI) complex of organisms in the genus 

Mycobacterium. It affects ruminants such as cattle as the causative agent of Johne's disease 

(JD) or paratuberculosis, and it is also perhaps the causative agent of Crohn's disease (CD) in 

humans (THE CENTER OF FOOD SECURITY AND PUBLIC HEALTH 2007).  

Paratuberculosis was first reported and described scientifically in 1894 by Johne and 

Frothingham in Germany. At that time the disease was endemic in parts of Germany, 

particularly in northwestern Lower-Saxony. F.W. Twort fulfilled Koch's postulates and grew 

M. paratuberculosis under laboratory conditions in 1910, and experimentally reproduced the 

disease in cattle (JOHNE and FROTHINGHAM 1895; HUBER 1941).  

Paratuberculosis is a chronic progressive enteric disease that affects cattle and other domestic 

and wild ruminants (KENNEDY and BENEDICTUS 2001); it is characterized by weight loss 

and severe diarrhea (HARRIS and BARLETTA 2001). It is a chronic granulomatous 

proliferative enteritis in ruminants characterized by persistent diarrhea, weight loss, protein 

enteropathy, and subsequent death (COLLINS 2013). It causes considerable direct and 

indirect losses in dairy herds because of reduced milk yield, diminished slaughter value due to 

weight loss, increased susceptibility to other diseases, and direct animal losses 

(ANONYMOUS 2010).  

Two forms of paratuberculosis have been described: multibacillary and paucibacillary. The 

multibacillary (lepromatous form) is characterized by granulomatous enteritis by 

macrophages filled with abundant acid-fast bacteria (CLARKE and LITTLE 1996); the 

paucibacillary (tuberculoid form) has diffuse lymphocytic infiltrates in the lamina propria, 

with few or no visible mycobacteria (CLARKE 1997).  

Milk is reported as one of the main sources of MAP transmission to animals (GRANT and 

ROWE 2001). Most cattle are infected early in life by ingestion of contaminated feces and/or 
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milk (WHITTINGTON and SERGEANT 2001). Intermittent shedding of MAP in the feces 

affects the detection of sub-clinically infected cattle (KALIS et al. 1999). A potential 

pathogenic role for MAP has been related to human enteritis known as CD, but this 

relationship still remains controversial (CHIODINI et al. 2012). CD is a chronic autoimmune 

inflammatory bowel disease with similar pathological changes to paratuberculosis 

(CHIODINI 1989). 

Paratuberculosis causes significant economic losses, mainly due to decreased productivity and 

premature culling of clinical and subclinical animals (HENDRICK et al. 2005). It is 

considered a serious disease for dairy cattle because there is no effective treatment, and 

disease control is difficult due to the long latency period. The annual monetary value of the 

effects of paratuberculosis on dairy productions in the United States and Canada has been 

estimated at USD $200-250 million and CAD $15 million, respectively (LOSINGER 2005; 

MCKENNA et al. 2006). Further, beef cattle producers suffer economic loss from lower cow 

fertility and a longer time open during breeding and gestation periods, lower calf birth weight, 

and lower calf weaning weight due to infection (ELZO et al. 2009). It is nowadays viewed as 

one of the most serious and widespread chronic bacterial diseases of ruminants in 

agriculturally developed countries (HRUSKA 2004). 

Not only are there the substantial cost of paratuberculosis to the herd and economic losses in 

the dairy farms to consider, but also there is a potential human health risk. There has been 

emerging evidence related to MAP as the causative agent of CD in people (FELLER et al. 

2007).  

Diagnosis of MAP is more difficult than tuberculosis (TB) especially in subclinically infected 

animals; the interference of other mycobacterial infections in the diagnostic tests has been 

suggested (PAOLICCHI et al. 2003). Due to time consumption, labor-intensity, and the high 

costs of traditional tests that involve bacterial culturing to detect MAP, rapid methods of 

MAP detection have been developed, including MAP enzyme-linked immunosorbent assay 

(ELISA), conventional polymerase chain reaction (PCR) and real-time PCR methods 

(TASARA et al. 2005; ALINOVI et al. 2009; KRUZE et al. 2013). PCR is an ideal method
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for accurate detection of MAP (VAN DER GIESSEN et al. 1992). Validation and 

standardization of the real-time quantitative PCR method for specific detection of MAP are 

relatively recent; however, previous validation data for an official German certification seem 

to be hardly available (SCHÖNENBRÜCHER et al. 2008). The VetMAX
®
 real-time PCR 

screening kit (Thermo Fisher Scientific GmbH, Darmstadt, Germany) specifically detects 

MAP. This kit was introduced into the German market in 2012; according to the 

manufacturer, this procedure has higher sensitivity than corresponding ELISA and culture 

methods (HALPIN et al. 2012), is rapid, and uses the Xeno
™

 internal positive control to 

identify false negative results and provide accurate results. This kit has been certified by the 

official German reference laboratory for paratuberculosis (Friedrich-Loeffler-Institut, Insel 

Riems, Germany). The specificity of the ISMAP02 target gene used in this kit is high 

compared to the widely used IS900-like genetic elements. The application of IS900 as a target 

might give high sensitivity according to the relative high copy number, but many authors 

mentioned cross reactions with closely related species like Mycobacterium avium subsp. 

avium (ENGLUND et al. 2002; TASARA et. al. 2005) and recorded false positive IS900 PCR 

signals with Mycobacterium chelonae, M. terrae, and M. xenopi strains. 

This study was aimed to show the occurrence of Mycobacterium avium subsp. 

paratuberculosis in bovine milk and fecal samples from Northern Germany. This was 

accomplished through: 

1. Validation of MAP using real-time PCR (VetMAX
™

 MAP Real-Time PCR Screening Kit, 

Thermo Fisher Scientific GmbH, Darmstadt, Germany).  

2. A collection of feces, composite foremilk, and bulk milk samples of chronically diseased 

milking cows in dairy farms in Northern Germany based on a certain selection criteria and 

study design rationale. 

3. Application of MagVET
™

 Mycobacterium paratuberculosis Isolation Kit (Thermo Fisher 

Scientific GmbH, Darmstadt, Germany) to the bovine milk and fecal samples. 

Finally, the general aim is to improve the information available for selection of a more 

reliable diagnostic method that can subsequently be considered when developing a 

paratuberculosis control program. 
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2   LITERATURE REVIEW 

2.1   History of Johne’s disease 

In 1894, Johne and Frothingham described the first case of Johne´s disease in cattle and they 

assumed that the acid fast bacilli found in the intestine of the diseased animal were of an 

atypical variant of mycobacterium causing disease in birds, later known as Mycobacterium 

avium; however, Bang successfully distinguished the infection from tuberculosis in 1906, and 

termed it pseudotuberculosis enteritis (COCITO et al. 1994). The causative agent was isolated 

in 1910 by Twort and Ingram, who named it Mycobacterium enteritis chronicae 

pseudotuberculosis johne, characterizing also the disease it caused in cattle. The name after 

that changed to Mycobacterium paratuberculosis until 1990, when studies based on taxonomy 

showed M. paratuberculosis to be closely related to M. avium and so renamed it as 

Mycobacterium avium subspecies paratuberculosis (MAP), and the animal disease became 

known as Johne's disease or paratuberculosis (VALENTIN-WEIGAND and GOETH 1999).  

In 1922, the scientific community began requesting the disease be reported and controlled. It 

was recognized the disease was worldwide and spreading rapidly by the mid-1920’s. No 

fewer than a dozen countries were calling for control measures between 1922 and 1935. The 

World Health Organization asked for its regulation and classification just as it had for 

brucellosis. Even though the disease was then referred to as a “common” disease of cattle and 

finally classified, outcries for control were essentially ignored (CHIODINI 1993).  

M. paratuberculosis was first isolated from human patients with CD in 1984 which provided 

physical evidence of a link between CD in humans and M. paratuberculosis in cattle. 

Although as early as the mid 1820’s similarities between these 2 diseases were reported, 

physical evidence stirred sufficient controversy which continues to this date (CHIODINI 

1993). 

2.2   Prevalence and other epidemiological aspects of Johne’s disease 

Johne’s disease has a global distribution. It predominantly affects the small intestine of 

ruminants such as goat, sheep, deer, elk, antelope, and camelids especially in locations that 

have a humid, temperate climate worldwide and has also been reported in horses, pigs, deer 
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and alpaca, and recently in rabbits; however, transmission and infection to other animal 

species like aves (jackdaw and crow), carnivore (stoats, fox), or lagomorpha (rabbits) has 

been recorded, whereas guinea pigs, rats, and mice are not affected by MAP. It is a 

contagious, chronic, emaciating, and fatal infection (KREEGER 1991; GREIG et al. 1999; 

EAMENS et al. 2000; HARRIS and BARLETTA 2001; BEARD et al. 2001; MANNING and 

COLLINS 2001; DANIELS et al. 2003; MOTIWALA et al. 2004; JUDGE et al. 2005a, 2006; 

MORAVKOVA et al. 2008; STEVENSON et al. 2009; MOMOTANI 2012). Johne’s disease 

has important epidemiological implications with regard to the prevention and control of the 

disease (SONAWANE et al. 2016). At the turn of the century, the disease became recognized 

through northern Europe and the United States (CHIODINI et al. 2001). The herd prevalence 

of MAP infections in Europe is estimated at greater than 50%, but precise data on the global 

prevalence of Johne’s disease is not available (NIELSEN and TOFT 2009). The true herd 

prevalence rates vary. They were: 18% in Belgium (BOELAERT et al. 2000), 0.02 - 4.57% in 

France (DUFOUR et al. 2004), 47% in Denmark (NIELSEN et al. 2000), and 31-71% in the 

Netherlands (MUSKENS et al. 2000). It has been reported that nearly 70% of cattle herds in 

the United States are MAP infected (LOMBARD et al. 2013). In Australia, dairy herd 

infection rates were reported to be between 9% and 22% (MANNING and COLLINS 2001). 

Johne’s disease is untreatable. Premature culling of infected animals and the reduced carcass 

value result in high financial losses for animal milk production and the meat industry 

(HUTCHINSON 1996; HASONOVA and PAVLIK 2006; BEAUDEAU et al. 2007; GONDA 

et al. 2007; TIWARI et al. 2008). Infection can be spread vertically to the fetus and semen can 

be infected with the organism. The primary source of infection in calves is milk from infected 

cows or milk that is contaminated with feces of diseased cattle (SWEENEY et al. 1995). 

KALIS et al. (1999) found that intermittent shedding of MAP in the feces also affects the 

detection of subclinically infected cattle. However, subclinically infected animals are 

generally low MAP fecal shedders and have undetectable levels of MAP specific serum 

antibodies response (STABEL 1996). Clinically affected cows can shed 10
6
 to 10

8
 CFU 

MAP/g of fecal material, thus contaminating the environment and spreading the infection to 

newborn calves, and the estimated infectious dose is 10
3 

CFU MAP/animal (WHITTINGTON 

and SERGEANT 2001). CLARK et al. (2006) mentioned that clinically affected animals shed 

as many as 5 ×10
12

 MAP cells per day in feces, which can remain viable for several 
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months in the environment. Infected wildlife may shed organisms such as MAP over 

prolonged periods of time, thus contaminating the farm where the infection originated and 

nearby farms (CORN et al. 2005). MAP can be also passed on to fetuses by intrauterine 

infection. Trans-placental infection has been reported in multiple studies. The incidence of 

fetal infection occurring in cows in the clinical stages of Johne's disease ranged from 20-40% 

(MCQUEEN and RUSSEL 1979). Animals displaying clinical symptoms and asymptomatic 

carriers may excrete MAP in feces, semen and milk where they can survive for periods of 

weeks and even months. The presence of MAP in milk and dairy products could therefore 

pose a potential hazard to human health (SLANA et al. 2008). According to one experiment, 

culture viable MAP was found in 9% of powdered infant formula samples (BOTSARIS et al. 

2016); its presence indicated that it either survived the manufacturing process or that post-

production contamination had occurred, both of which make it a potential public health 

concern. MAP was found in semen of bulls used for semen collection for artificial 

insemination; these bulls are tested semi-annually (SOCKETT 1996). SEITZ et al. (1989) 

found that 26.4% (9/34) of fetuses from cows with a positive mesenteric lymph node culture 

were infected with MAP. In dairy cows, MAP has been isolated from the mammary gland and 

up to 35% of infected cows with clinical signs shed the organism in milk (TAYLOR et al. 

1981). CHIODINI (1996) and EPPLESTON et al. (2014) mentioned that the tendency of 

calves to lick surfaces while exploring their environment can serve as another means of faeco-

oral transmission of MAP. Therefore, fecal contamination of the udder is thought to be the 

primary risk factor for neonatal infection. Embryo transfer is another means of transmission 

of Johne’s disease. The organism has been found in uterine flushing from infected cattle. 

Although theoretically possible, transmission by embryo has not been documented 

(SWEENEY 1996). Viable MAP has also been found in food intended for human 

consumption (ELLINGSON et al. 2005; IKONOMOPOULOS et al. 2005; ALONSO-

HEARN et al. 2009; ELTHOLTH et al. 2009; BEUMER et al. 2010; MIHAJLOVIC et al. 

2010; GILL et al. 2011). DALZIEL (1989) was the first investigator who suggested an 

association between MAP and the human enteritis CD as he noted its clinical and 

histopathological similarities with Johne's disease. Since MAP has been discussed as a trigger 

of diabetes type I and CD, a debate of MAP's zoonotic hazard potential for humans has begun 
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(COLLINS 2004; GRANT 2005; MENDOZA 2009; COSSU et al. 2011; WYNNE et al. 

2011). However, MAP's epidemiology and pathogenesis are still not understood completely. 

2.3   Characteristics of Johne’s disease 

The most significant risk factor for MAP transmission is the contact of calves with adult cow 

feces (DORE et al. 2012). The usual route of transmission is fecal/oral, however transmission 

has occurred vertically via the placenta (SWEENEY et al. 1992; STREETER et al. 1995; 

SWEENEY 1996; WELLS and WAGNER 2000; LAMBETH et al. 2004; WHITTINGTON 

and WINDSOR 2009). Though calves or newborns are generally infected via ingestion of 

contaminated colostrum, infection via manure ingestion in the vicinity of the birthplace or on 

the udder have also been documented (CHIODINI et al. 1984; SWEENEY et al. 1992; 

STREETER et al. 1995; SWEENEY 1996; WELLS and WAGNER 2000; NIELSEN and 

TOFT 2009). Because diseased animals shed a high amount of MAP, ingestion of 

contaminated water and food in the same environment can also infect calves (CHIODINI et 

al. 1984; STABEL 1998; SWEENEY 1996). This shedding results in highly contaminated 

field conditions. In the advanced clinical stage, animals can shed up to 10
8
 CFU/gram feces 

(COCITO et al. 1994; WHITTINGTON et al. 2004; WINDSOR and WHITTINGTON 2010; 

GILARDONI et al. 2012). The infection risk is affected by the age of the calves; the older a 

calf becomes, the lower the risk of infection. Calves of four months or younger are highly 

susceptible to infection, however there is always some infection risk no matter how old the 

animal (TAYLOR 1953; WELLS et al. 2010; WINDSOR and WHITTINGTON 2010). 

Environmental conditions that favor the transmission of MAP are stables with poor hygienic 

conditions, high animal density, certain soil quality (wet, acidic soils); MAP is a commonly 

found microorganism with a high environmental tenacity (CHIODINI et al. 1984; 

WHITTINGTON et al. 2004; CIERKE and KOHLER 2009; DORE et al. 2012). MAP's rare 

tropism for the intestines has yet to be seen in other mycobacteria. The Johne’s disease 

formation at the infection site is diffuse and results in granulomatous enteritis, contrasting 

with the behavior of other mycobacterial disease granuloma (LUGTON 1999; HARRIS and 

BARLETTA 2001; CHACON et al. 2004; SIGURETHARDOTTIR et al. 2004; ALLEN et al.
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2011; SWEENEY 2011). Ulceration or caseous necrosis occurs at any time during the 

disease. Lesions in other areas are less common, confirming the major site of disease as the 

intestinal region (BUERGELT et al. 1978; CLARKE 1997; SWEENEY 2011). MAP 

colonizes the mucosa of the small intestine within the gastrointestinal tract by transcytosis 

across microfold epithelial cells (M-cells) of the enterocytes or Peyer´s patches, after which 

MAP is taken up by intra- and subepithilial naive macrophages and persists in the intestinal 

and gut-associated lymphoid tissue (GALT) where it induces a chronic transmural 

inflammatory reaction (MOMOTANI et al. 1988; BURRELLS et al. 1998; HARRIS and 

BARLETTA, 2001; SECOTT et al. 2004; SIGURETHARDOTTIR et al. 2004; POTT et al. 

2009; PONNUSAMY et al. 2013). MAP inhibits the phagosome maturation in macrophages 

(KUEHNEL et al. 2001; RUMSEY et al. 2006; HOSTETTER et al. 2003). The bacterium 

multiplies, kills the cell, spreads and then infects other nearby cells. A massive colonization 

of the gut takes place as other parts of the ileum get infected. Further recruitment of 

proinflammatory cells like macrophages and lymphocytes occur during the gut colonization 

of MAP. A visible thickening of the intestine is caused by this massive infiltration of immune 

cells. The typical clinical symptoms of Johne’s disease such as emaciation and diarrhea are 

the end result (BUERGELT et al. 1978; WHITLOCK and BUERGELT 1996; COLLINS 

2003; SWEENEY 2011).  

2.4   Mycobacterium avium subspecies paratuberculosis 

MAP is a slow growing, mycobactin-dependent bacterium that causes Johne’s disease in 

cattle (SWEENEY 1996). A single member of the family Mycobacteriaceae of the order 

Actinomycetales, MAP belongs to the genus Mycobacterium (EMBLEY and 

STACKEBRANDT 1994; VENTURA et al. 2007). The members of this genus are generally 

aerobic, non-motile, chemoorganotropic, non-sporing acid-fast rod-shaped (0.2-0.7 x 1.0-10 

μm) bacteria. With visible colonies after 2-60 days, they are divided into slow and fast 

growing mycobacteria. Some mycobacterial species require supplements (e.g. MAP), others 

are not cultivable (e.g. Mycobacterium leprae). Most mycobacterial species are commonly 

found in the environment, however some are pathogens and obligate parasites of vertebrates 

(HARTMANS et al. 2006; SAVIOLA and BISHAI 2006). The genus Mycobacterium is 

subdivided into the Mycobacterium chelonae group, the Mycobacterium avium complex 



LITERATURE REVIEW 

 

9 
 

(MAC), the Mycobacterium tuberculosis complex, and non-classified mycobacteria (DAI et 

al. 2011). MAP belongs to the MAC group, named by M. avium, which includes four 

subspecies: M. avium subsp. silvaticum (MAS), M. avium subsp. avium (MAA), M. avium 

subsp. hominissuis (MAH), and MAP (YOSHIMURA and GRAHAM 1988; THOREL et al. 

1990; TURENNE and ALEXANDER 2010; DAI et al. 2011). This classification was based 

on several genomic differences of isolates recovered from humans, pigs (MAH) and birds 

(MIJS et al. 2002; BIET et al. 2005; TURENNE et al. 2007, 2008). The MAC also includes 

further single species like M. arosiense, M. chimaera, M. colombiense, and M. vulneris 

(TURENNE and ALEXANDER 2010). 

All members in the M. avium complex have a close genetic relation, but MAP is 

phenotypically distinct from those other members, because it is the only pathogenic 

mycobacterium with a strong gut tropism (VALENTIN-WEIGAND and GOETHE 1999; 

VALENTIN-WEIGAND 2002, 2004; BANNANTINE and BERMUDEZ 2013). The 

phenotypic differences might be linked to acquisition, rearrangement, and loss of specific 

genetic elements. MAP exclusively contains 16 large sequence polymorphisms. Six of these 

large sequence polymorphisms harbor 82 open reading frames; most of them exhibit 

similarities to genes from environmental Actinomycetes and are not of mycobacterial origin. 

The suitable way to understand the fastidious nature of MAP is characterization by specific 

genetic element (MARRI et al. 2006; ALEXANDER et al. 2009). 

MAP is a gram-positive bacterium with high guanine cytosine content. The MAP K-10 strain 

genome, clinically isolated from feces samples of infected cows, was first sequenced in 2005 

and then re-sequenced in 2010 (LI et al. 2005; WYNNE et al. 2010). It contains a single 

circular chromosome containing 4,829,781 bp with 4,351 predicted open reading frame, ORF, 

one ribosomal RNA operon, and 45 transfer RNAs (LI et al. 2005). The basis for a genotypic 

differentiation from other M. avium subspecies in diagnostic tests is the presence of multiple 

copies of the insertion elements (IS)900 and ISMav2 in the genome (STROMMENGER et al. 

2001; STRATMANN et al. 2002; SUNG et al. 2004; MÖBIUS et al. 2008a; PLAIN et al. 

2013; SALGADO et al. 2013; STING et al. 2013). MAP has a doubling time of about 26 hrs 

which classifies it as a slow growing mycobacterium species (LAMBRECHT et al. 1988). It 

grows mycobactin-dependent in vitro; however supplementation with iron sources promotes 
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its growth (MERKAL and CURRAN 1974; HOMUTH et al. 1998). The mycobactin 

auxotrophy is present only in certain media, but it has been reported that, after multiple 

passages in culture, MAP loses its dependence on mycobactin (BARCLAY et al. 1985). 

Phenotypic differentiation at the subspecies level is determined by the mycobactin auxotrophy 

(THOREL 1990). The various pheno- and genotypes within the species provided further 

evidence of the fastidious nature of MAP (BAUERFEIND et al. 1996; PAVLIK et al. 1999; 

DOHMANN et al. 2003; ALEXANDER et al. 2009). The MAP subspecies includes slow 

growing as well as uncultivable bacteria (MACHACKOVA et al. 2003). The 

histopathological phenotypes range from a paucibacillary (tuberculoid) type with no MAP in 

tissue and no detectable MAP in culture, to a pluribacillary (lepromatous) type with visible 

MAP in the tissue, with each showing the typical clinical symptoms (CHIODINI et al. 1984, 

2011; CLARKE and LITTLE 1996). 

MAP is considered to be a very hard organism in the environment and the high mycolic acid 

content of the cell wall imparts hydrophobicity and a tendency to form clumps. Both 

characteristics may enhance survival in the environment. Environmental conditions such as 

temperature, acidity, humidity, ultraviolet light and salt content may also affect the ability of 

MAP to survive in the environment. Also, phenol-based disinfectants are favored for on-farm 

environments because of their ability to be effective in the presence of limited quantities of 

organic material, while chlorine-based disinfectants are unlikely to be effective against MAP 

(MANNING and COLLINS 2001). Water contaminated with 10
6
 CFU MAP/mL was not 

adequately disinfected after 30 minutes of contact time with 2 µg/mL of chlorine. 

Additionally, chlorine-based disinfectants have limited activity in situations where organic 

debris exists (WHAN et al. 2001). MAP is not killed by the standard food processing 

techniques, such as cooking and pasteurization, that were relied on to protect ourselves from 

disease causing bacteria (SUNG and COLLINS 1998). MAP is affected by physical factors 

like processing and storage temperature, radiation treatment, and so on, as well as by some 

chemical and environmental factors such as NaCl, NaOH and pH. MAP may be also 

relatively resistant to an acidic environment (SUNG and COLLINS 2000). RICHARDS and 

THOEN (1977) suggested that freezing MAP at -70°C for three weeks resulted in a 

significant reduction in MAP viability. MAP is killed within 10 minutes after exposure to 
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formalin (5%), cresylic disinfections (1:32 dilution), phenol (1:40 dilution) or sodium 

hypochloride (1:50 dilution) (COLLINS 1996). 

2.5   Economic importance of Johne’s disease 

Johne’s disease causes important economic losses in ruminants, particularly cattle, worldwide 

and causes 6-19% decrease in the production of milk, meat or both (PAOLICCHI et al. 2003). 

The World Organization for Animal Health (OIE) considered Johne’s disease as a disease of 

major importance in 2001 as a list B transmissible disease considered to be of socioeconomic 

and/or public health importance within countries and significant in the trade of animals and 

animal products. 

The losses due to Johne’s disease are caused by examination and treatment costs, loss of milk 

production, premature culling and reduced slaughter value. The disease is untreatable and 

slowly progressive (BENEDICTUS et al. 1987). Without management changes designed to 

reduce the farm-level prevalence of MAP infection, paratuberculosis will continue to reduce 

farm income by decreasing milk production and increasing premature culling from the herd 

(LOMBARD et al. 2005). The presence of Johne’s disease results in lower output (e.g. lower 

milk yields) than expected and/or in higher levels of input use (e.g. more veterinary inputs) 

(BENNETT 2003). The prevalence or absence of the disease may have an effect not only on 

production but also on prices (for both outputs and inputs); for example, increased use of 

veterinary input to control disease may result in increased national output of livestock 

products, which in turn may result in lower prices for output (LOSINGER 2005). If the 

infection is not efficiently controlled, it is guaranteed to spread MAP to most animals in the 

herd, although genetic influences in the susceptibility of cattle to paratuberculosis have been 

reported (KOETS et al. 2000). Because most MAP infections are subclinical and go 

undiagnosed for several years, the actual cost to producers is probably much higher (EDA et 

al. 2005). Herds with 1-5% of cows affected by paratuberculosis could have up to 50% of 

cattle acting as asymptomatic shedders and subclinical carriers (SHERMAN et al. 1990). 

Losses caused by subclinically infected animals are difficult to estimate in comparison with 

losses by clinical cases. It was estimated that annual losses in a mean dairy herd in France for 

one clinical case was €1940 and for one subclinical case was €46 (DUFOUR et al. 2004). 

THOEN and BRAUN (1988) estimated that 5-20% of cattle in the United States are infected
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with paratuberculosis. The disease costs in U.S. dairy industry are between $200 and $250 

million per year (OTT et al. 1999). The mean annual production losses for an average 

Canadian dairy herd with 12.7% of 61 cows seropositive for MAP totaled $2,992. Culling 

losses were responsible for 46% of total losses (TIWARI et al. 2008). A herd could have up to 

50% of cattle acting as asymptomatic shedders and subclinical carriers (SHERMAN et al. 

1990). COLLINS et al. (2005) stated that it is not economically feasible to cull (remove for 

slaughter) all test-positive cows when within-herd infection rates are high with MAP. The net 

cost to cull and replace a Holstein dairy cow for a dairy producer is very high. Vaccines have 

been demonstrated to decrease the amount of MAP shedding to prevent the development of 

the clinical stage and to reduce the impact on milk production. However, they do not prevent 

the infection and shedding of the bacteria and interfere with tuberculosis and paratuberculosis 

diagnoses (BASTIDA and JUSTE 2011). 

2.6   Diagnosis of Mycobacterium avium subspecies paratuberculosis   

2.6.1   Clinical signs of MAP 

The clinical signs of Johne’s disease in infected dairy herds include weight loss, fatigue, 

hypoproteinaemia, diarrhea, decreased milk production, reduced reproductive performance, 

and mortality, resulting in substantial economic loss (AYELE et al. 2001; MARCO et al. 

2002; KIM et al. 2004; SINGH et al. 2007). In particular, decreased milk production is 

considered a major economic consequence of this infection and has been documented for both 

subclinical and clinical MAP infection (BUERGELT et al. 2000). The infection may be 

chronic, progressive and incurable. Typical signs are rapid weight loss, diarrhea that lasts for 

more than 3 days and failure to respond to medical treatment. Cattle with Johne’s disease do 

not have a fever, continue to eat and generally appear to feel well. As the infection progresses, 

excretion of MAP in feces and milk occurs. Cattle develop clinical signs between 3 and 5 

years of age that progress over a 3-6 months period (JUDGE et al. 2005b). The transition 

from a predominately cell-mediated immune response to a humoral response with a 

production of antibodies against MAP occurs at the end of stage Π, and precedes the onset of 

clinical signs (TIWARI et al. 2006). Animal illness occurs in a "one-at-a time" fashion in the 

herd, which often does not alarm the producer. Also, the developing lesions in the intestinal 

wall gradually result in malabsorption syndrome, intermittent diarrhea and occasionally, later 
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odema in the submandibular region. Odema may disappear as thirst increases due to fluid 

loss. The animal has no fever and a normal appetite. Feces are watery, homogenous without 

blood and with no offensive odour. However, the disease is still a diagnostic challenge; 

detection is unlikely until the animal has progressed to stage ΙΙ or ΙV of the disease 

(CHIODINI et al. 2001). 

2.6.2   Bacteriological diagnosis of MAP 

ELISA, bacteriological cultivation of fecal samples and PCR are tests widely used for ante 

mortem diagnosis of Johne’s disease in cattle herds (CLARK et al. 2008; STEVENSON 200). 

The culture method for MAP detection holds the advantages of specificity and accuracy, and 

is still the reference diagnostic method. However, the disadvantages of this method are the 

high cost and the long incubation time necessary for culture (6 weeks or more) and the 

insufficient effectiveness of decontamination methods (AYELE et al. 2005; DUGASSA and 

DEMISIE 2014). Diagnosis of MAP is rather difficult as infected animals do not always shed 

MAP in milk and feces, and cultivation of the agent, although considered "the gold standard," 

takes several months with some MAP forms not growing in vitro at all (MACHACKOVA et 

al. 2004). There are two basic methods in use for the conventional culture of MAP on solid 

media: the method using oxalic acid and NaOH for decontamination and Lowenstein (LJ) 

medium for growth, and the method using Hexadecylpyridinium choride (HPC) for 

decontamination in combination with Herrold's egg yolk medium (HEYM) for growth; both 

media contain mycobactin. Also, it was found that HEYM supports growth of bovine strains 

of MAP significantly better than LJ (NIELSEN et al. 2004). The addition of mycobactin J 

which is used as a supplement to a culture medium is an important growth factor for isolation 

of M. paratuberculosis (MERKAL and MCCULLOUGH 1982). The World Organization for 

Animal Health (2002) listed HEYM, modified Dubos’s media and middle brook media, all 

supplemented with mycobactin J, as suitable for MAP isolation. The primary colonies of 

MAP on solid media may be expected to appear any time from 5 weeks to 6 months after 

inoculation. Primary colonies of the cattle strain of MAP on HEYM are very small, convex 

(hemispherical), soft, non-mucoid, initially colorless and translucent. Also, the colony size is 

initially pinpoint; it may remain at 0.25-1 mm, and tend to remain small when colonies are 

numerous on the slope. The colonies become bigger, more raised, opaque, off-white cream to 
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buff or beige colored as incubation continues. Older isolated colonies may reach 2 mm, and 

the morphology changes with age from smooth to rough and becomes mammilate instead of 

hemispherical (COUSINS et al. 2008). Since MAP culture methods requires 8-16 weeks to 

confirm that a sample is negative for MAP, the shedding of MAP in feces and milk is not 

synchronized and most infected cows are low-infected shedders. The proportion of low-level 

shedders may be underestimated, because MAP is killed during decontamination, thus 

reducing the chance of detection (GAO et al. 2009). As a result of this slow growth, MAP 

generally lacks reactivity to many of the standard biochemical tests utilized for organism 

identification (CHIODINI et al. 1986). Over the last several years, considerable effort has 

been directed toward determining an optimal culture method for MAP pathogen, but efforts 

continue to be hampered by low recovery rates, especially from fecal specimens of subclinical 

animals (HUDA et al. 2003). Although slow and impractical, culturing is still regarded as one 

of the most reliable methods for MAP detection among infected cattle (DOUARRE et al. 

2010). Fecal culture testing is the best approach available for the diagnosis of paratuberculosis 

in living animals. Also, the fecal culture method involving the double incubation method for 

the decontamination of samples and cultivation of solid media detects about 30-40% of 

infected cattle. The fecal culture is able to detect most animals in advanced stages of the 

disease, but identifies only a few animals in early stages of infection. It will detect infected 

animals 6 months or more before they develop clinical signs, and during the clinical stage its 

sensitivity approaches 100% (WHITTINGTON et al. 2000). Sampling all adult cattle in every 

herd, environmental sampling, serial testing and the use of two to three diagnostic tests have 

been recommended for herd screening and to increase the accuracy of the MAP diagnosis. 

Both the ELISA and fecal culture methods are generally considered to have specificities 

above 99% but they suffer from a lack of sensitivity (ELISA, 30 + 5%; 60 + 5%); however, 

since a fecal culture takes 6-8 weeks to complete and therefore has a higher cost, the use of 

the serum ELISA test can often be justified (COLLINS et al. 2006). ZIMMER et al. (1999) 

examined fecal samples from 132 clinically and subclinically infected cattle using the Ziehl-

Neelsen (ZN) staining technique, culture and DNA probe test. The sensitivity was 36.4% for 

ZN staining, 85% for fecal culture and 47.7% for DNA probe test, and they mentioned that 

ZN staining had the lowest detection rate of the three methods. The sensitivity of fecal culture 
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is low when used to define the absence of MAP infection for animals residing in known 

infected herds (COLLINS et al. 2005). 

ZN staining, or the bacterioscopic method, is based on mycobacterial resistance to 

decolorizing using acid alcohol after staining with fuchsin and has qualitative results. Its 

advantages are that it is inexpensive, simple and fast. Its disadvantages are that in milk, feces, 

and colostrum samples it has low sensitivity and specificity (GILARDONI et al. 2012). 

However, BERHAUS et al. (2006) and VAN SCHAIK et al. (2007) showed that 

bacteriological culture of pooled fecal samples and environmental sampling are cost-effective 

methods to classify herds as MAP infected. Pooling of 5 cows in an age-dependent fashion at 

a herd level was equivalent in herd sensitivity (HSe) to the culture of individual fecal samples 

and was significantly less expensive (KALIS et al. 2000). 

2.6.3   Using ELISA for detection of antibodies against MAP 

ELISA is one of the most common serological tests used for diagnosis of MAP and it is the 

most sensitive and specific test for serum antibodies to MAP in cattle (SOCKETT at al. 

1992). It was designed by YOKOMIZO et al. (1985), modified by MILNER et al. (1988), and 

was developed into a commercial kit by COX et al. (1991). Serological tests are not suitable 

for newly infected animals because anti-MAP antibodies are not usually produced in the early 

stage of infection. These tests for MAP detection are more revealing when used to carry out a 

preliminary investigation of the disease prevalence in a herd and for confirmation of diagnosis 

in clinically sick animals (GUMBER et al. 2006). However, ELISA is considered to be the 

most suitable serological test for use as a screening test in subclinical paratuberculosis 

infected animals (COLLINS and SOCKETT 1993). ELISA-based testing is readily automated 

and low cost; however, it is less sensitive and specific than fecal culture-based tests for 

paratuberculosis (SWEENEY et al. 1995) and is less sensitive and specific than fecal culture. 

ELISA detected about 30-40% of cattle identified as infected by culture of feces on solid 

media (WHITLOCK et al. 2000). Serology and fecal culture are the most commonly used 

tests in the field for MAP identification (WHITTINGTON and SERGEANT 2001).  

Milk ELISA testing appears to be less sensitive and less specific than serum ELISA 

(SWEENEY et al. 1994), however, ELISA is more sensitive than the Agar gel
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immunodiffusion (AGID) and the complement fixation test (CFT) (COCITO et al. 1994). 

HENDRICK et al. (2005) and SALGADO et al. (2005) applied the ELISA on milk and serum 

samples and found that the ELISA on bovine and caprine milk have specificity similar to that 

of serum ELISA, but is less sensitive. SAMARINEANU et al. (2007) developed two ELISA 

kits for serological diagnosis of bovine paratuberculosis. Milk ELISA performed equivalent to 

serum ELISA using fecal culture as a reference for MAP infection and has the advantage of 

decreased labor costs on farms that use dairy herd improvement association testing. At the 

cow level, the milk ELISA relative sensitivity was significantly different from that of the 

serum ELISA (21.2% and 23.5%, respectively). Estimates for herd-level sensitivity for the 

milk and serum ELISA relative to fecal culture results ranged from 56-83% (LOMBARD et 

al. 2006). FRY et al. (2008) compared the accuracy of four commercial ELISA for diagnosis 

of bovine paratuberculosis using sera from 53 MAP fecal culture-positive dairy cows (cases) 

and sera from 345 dairy cattle resident in 11 fecal-negative herds. The specificity of all four 

ELISA kits was 99% and their diagnostic sensitivity ranged from 30.2% to 41.5%. Several 

commercially available ELISA have similar sensitivities and specificities (COLLINS et al. 

2005). ELISA sensitivity was as low as 15% in subclinical animals that were shedding low 

numbers of MAP (1-10 colonies per fecal culture tube) and as high as 88% in fecal culture 

positive cows with clinical signs of paratuberculosis. Specificity estimates ranged from 82.6% 

in cows with clinical signs of paratuberculosis to 100% in cows from a herd without history of 

paratuberculosis, bulls from a commercial bull stud and cows from a closed, uninfected herd. 

The overall sensitivity and specificity of the revised ELISA kit were 50% and 96.8%, 

respectively (DARGATZ et al. 2001).  

Antibodies have an active role in MAP infection in vitro. MAP immune sera or purified 

specific antibodies enhance bacterial interaction with macrophages improve the activation of 

the nuclear factor NF-KB in infected cells and affect MAP intracellular viability (JOLLY et 

al. 2011). MUNDO et al. (2008) and FERNÁNDEZ et al. (2011) detected high levels of 

specific Immunoglobin G1 (IgG1) against several antigens in sera from MAP-infected cattle 

at a clinical stage of the disease. However, STABEL et al. (2003) found that antibody 

response for paratuberculosis was not detected in calves during the 6 month infection period 

of the experiment. 
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The sensitivity of the ELISA as a culture method depends on the level of MAP shedding in 

feces and the age of animals. A large study in Australia showed that actual sensitivity of the 

ELISA in 2, 3, and 4 years old cows was 1.2%, 8.9%, and 11.6%, respectively, but remained 

20% and 30% in older age-groups. The overall actual sensitivity for all age-groups was 

calculated to be about 15% (JUBB et al. 2004). ELISA sensitivity is around 15% when 

animals are not shedding MAP in feces, while it achieves 87% in animals presenting clinical 

symptoms of paratuberculosis (COUSSENS 2004). Both the rate of detecting animals 

shedding MAP in feces (sensitivity relative to culture) and the magnitude of ELISA results 

(S/P or optical density readings) are directly related to the probability that the tested animal is 

infected and shedding the organism in feces. Furthermore, the ELISA is sufficiently precise 

for herd screenings (COELHO et al. 2007). GILARDONI et al. (2012) found that although 

conventional ELISA (detecting IgG) has low sensitivity during the subclinical stage of the 

infection, it is the test most used for paratuberculosis control due to its low cost, high 

throughput, standardized protocols and correlation with MAP fecal shedding levels. 

MARASSI et al. (2005) reported a sensitivity of 76.7% and a specificity of 70% in an 

improvement of a previously described ELISA recommended as screening test for herds by 

FERREIRA et al. (2002). ELISA, PCR and culture are used to increase the sensitivity of 

MAP detection, in order to confirm whether herds with history of paratuberculosis or MAP 

diagnosis are truly infected (PINEDO et al. 2008). 

The principal diagnostic test for herd classification and screening in some countries, including 

Australia, is the absorbed ELISA for paratuberculosis. (KENNEDY and ALLWORTH 1998). 

JAKOBSEN et al. (2000) found that higher assay sensitivity than that available with current 

ELISAs for detection of infected individual animals would be desirable, but herd-level 

sensitivity is the more critical factor, and this can be improved by increasing the number of 

animals tested per herd and by focusing testing on the older animals since they have had 

sufficient time for a M. paratuberculosis infection to progress and induce antibody 

production. Herd screening for possible M. paratuberculosis infection by ELISA demands use 

of high specificity assays to limit false-positive herd classifications, and the time and effort 

spent trying to confirm the diagnosis (JORDAN 1996). 
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The advantages of ELISA testing are automation, objective result interpretation, repeatability, 

multiple sample evaluation and availability of sensitivity or specificity cut-offs. It is relatively 

inexpensive, has good sensitivity and specificity and is useful for determining the herd 

prevalence of paratuberculosis. However, the disadvantages are that antigenic variability and 

disparate animal ages can lead to sensitivity and specificity errors in the tests (ALINOVI et al. 

2009; GILARDONI et al. 2012). 

2.6.4   Pretreatment and extraction procedures of MAP for molecular detection 

One of the extraction and pretreatment procedures of MAP is immuno-magnetic separation 

(IMS) where whole MAP cells are captured by magnetic beads and then coated with specific 

antibodies. First used to capture MAP from milk (GRANT et al. 1998), it was later used in 

combination with PCR (GRANT and ROWE 2001). This method is called IMS-PCR. For 

DNA purification, phenol-chloroform extraction can also be used. This method is similar to 

IMS used to capture MAP (STRATMANN et al. 2006). DONAGHY et al. (2010), but in this 

method a magnetic beads (not antibody-coated) was used for extraction of MAP DNA from 

the artificially contaminated milk, milk powder and cheese samples. 

 A prerequisite to making the DNA available for purification and extraction is bacterial lysis 

of the rigid cell wall. Enzymatic digestion or boiling was inadequate, but successful MAP 

lysis can be carried out by mixing chemical methods with bead beating (HERTHNEK 2009). 

Bead beating, forcefully shaking a sample mixed with small beads in order to break the cell 

walls, can be used. Enzymatic treatment, freeze-thaw/boiling, bead beating or kits for plant 

DNA purification have been previously been compared for pretreatment (GARRIDO et al. 

2000; ODUMERU et al. 2001; ZECCONI et al. 2002; CHUI et al. 2004) resulting in bead 

beating having the most sensitivity in almost all cases.   

Most DNA extraction methods centrifuge relatively large amounts of milk, usually 10 mL, 

because of the low concentrations of MAP in milk. Immuno-magnetic separation (IMS) is 

generally used with milk and it can be used on small amounts, but is often wastefully used on 

large volumes. It is wasteful, because much of the milk, both the whey and the cream, is 

discarded after centrifugation. Since the cream can occasionally contain most of the MAP in 
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the sample, it should be considered. Pooling the pellet and cream fractions of processing the 

complete sample is the best practice (BÖLSKE and HERTHNEK 2010).     

Research using different procedures of pretreatment for real-time PCR in comparison to 

culture was performed by STING et al. (2013). They obtained the best results from the 

samples that were pre-treated in combination with magnetic particles or silica membrane-

based mini-columns for DNA extraction. This method increased the MAP detection rate in 

real-time PCR from 61.2% to 64.7% by using magnetic particles and from 58.6% to 84.5% by 

using silica membrane mini-columns. OKWUMABUA et al. (2010) extracted MAP from 304 

fecal samples after growth in a broth-based culture system with three different methods 

(MagMAX
™

 [65%], DNeasyâ [40%], and phenol-chloroform [51%]). The results of the 

amplifiable MAP DNA showed that the MagMAX
™

 method provided the greatest amplifiable 

MAP DNA and its extracts produced the best results for PCR. 

2.6.5   Molecular identification of MAP 

PCR is an ideal method for rapid and accurate detection of MAP and is a more sensitive 

indicator of earlier infection than gross or histologic lesions (VAN DER GIESSEN et al. 

1992; HARRIS and BARLETTA 2001). PCR is a rapid and reliable method for detecting 

paratuberculosis, can be used to identify samples that are culture negative, and can detect 

femtogram amount of DNA (HUNTLEY et al. 2005). FANG et al. (2002) stated that PCR 

sensitivity in the diagnosis of paratuberculosis is the same as the culture methods, but PCR 

offers one great advantage of providing a result in hours rather than months. ALTIC et al. 

(2007) found that the sensitivity of PCR is lower by 1 to 2 log
10

 than the sensitivity of culture 

on HEYM. OKWUMABUA et al. (2010) documented that the PCR method is currently the 

method of choice for culture confirmation. And, among other factors, good yield and DNA 

purity is essential for efficient performance of PCR assay. The genetics-based diagnostic tests 

have not yet matched the accuracy of culture-based diagnostics for paratuberculosis and fail to 

provide viable organisms for further study (KHARE et al. 2004).  

The presence or absence of ISs has been broadly used in the identification and 

characterization of MAC members (BARTOS et al. 2006). Three additional unique IS 

elements, ISMav2 (3 copies), ISMAP02 (6 copies) and ISMAP04 (4 copies) were present in 
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the MAP K10 genome sequence, as well as IS900. Encouraging results with these unique IS 

elements were provided by small-scale studies which have shown ISMav2 has potential as a 

MAP diagnostic marker. Similarly, the sensitivity of the detection of ISMAP02 in both real-

time PCR and conventional tests was shown to be 100% specific for MAP (100 fg DNA or 

10
2
 CFU/ml), results comparable to those obtained for the IS900 element. There are no data 

available on the use of ISMAP04 as a diagnostic marker for MAP (STROMMENGER et al. 

2001; STABEL and BANNANTINE 2005; SOHAL et al. 2007).  

Insertion sequence IS900 was discovered by COLLINS et al. (1989) and the introduction of 

IS900 PCR has reduced the time and labor required for MAP diagnosis. 

According to SONAWANE et al. (2016), understanding the genetic variability of MAP 

strains is important in diagnosis, epidemiological investigation and the formation of strategies 

for prevention and control of MAP. They examined a total of 61 MAP isolates obtained from 

ruminants in different parts and species of India which were typed using IS1311 polymerase 

chain reaction-restriction endonuclease analysis (PCR-REA) to analyze the genetic 

differences. The study revealed that in India, bison B-type MAP strains were prevalent in 

most of the ruminant species. These results have important epidemiological implications with 

regard to control and prevention of paratuberculosis in India.  

The genetic variability of different MAP strains and their influence on infection and 

pathogenesis has important implications for the diagnosis and control of paratuberculosis. 

MAP strains can be classified into two major groups: Type I (sheep) and Type II (cattle). The 

third group (Type III) was originally thought to be intermediate between sheep-Type and 

cattle-Type, but whole genome sequencing confirmed that it is actually a subtype of sheep-

Type strains. The Type I pigmented MAP isolates from sheep in the United Kingdom and 

those from Arabian camels (GHOSH et al. 2012) were also found to be sub-lineages of sheep-

Type (STEVENSON 2015). A number of molecular methods have been developed for the 

typing of MAP isolates, including IS900-restriction fragment-length polymorphism (RFLP), 

random amplified polymorphic DNA; variable number tandem repeats (VNTRs), large-

sequence polymorphisms (LSPs) and single nucleotide polymorphisms (SNPs), but they are 

technically more demanding. The sheep and cattle isolates were distinguished by RFLP 

analysis using IS900 probes, but this method is complex, expensive, and requires large 
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amounts of DNA (WHITTINGTON et al. 1998). VNTR typing often failed to identify closely 

and distantly related isolates, limiting the applicability of this typing scheme to study the 

molecular epidemiology of MAP at a national or herd level (SEVILLA et al. 2007; 

AHLSTROM et al. 2015). The IS1311 polymerase chain reaction-restriction endonuclease 

analysis (PCR-REA) technique was found to be useful in distinguishing different MAP strains 

on the basis of their PCR REA pattern on agarose gels; the method is very simple, fast and 

can be used on a range of diagnostic samples for the confirmation of paratuberculosis 

infections and strain differentiation (MARSH et al. 2009; SEVILLA et al. 2005). In India, 

molecular epidemiology of paratuberculosis has been rarely studied, and a small number of 

MAP isolates have been characterized by IS1311, LSP and pulse-field gel electrophoresis 

(PFGE) methods (SEVILLA et al. 2005; SEVILLA et al. 2007; TRIPATHI and 

STEVENSON 2010; KAUR et al. 2011) 

DNA-based studies using RFLP of genomic DNA from MAP isolates from a range of hosts in 

Australia and Iceland confirmed the existence of two strains referred to as either sheep (S) or 

cattle (C) (WHITTINGTON et al. 2001a), and one MAP strain referred to as bison (B type) 

(WHITTINGTON et al. 2001b; SEVILLA et al. 2005), each with different PFGE profiles in 

comparison to European strains (SEVILLA et al. 2007; TRIPATHI and STEVENSON 2010). 

Some studies indicated that MAP strains are host specific and infect their respective host 

species only (COLLINS et al. 1990). A recent PCR/REA study (SOLTANI et al. 2010) 

conducted in the dairy farm region (Mashhad) of Iran reported the presence of the C-type 

strain in all MAP-positive animals. Studies from Australia, England, and New Zealand 

indicated that cattle were not infected, despite being in contact with paratuberculosis-infected 

sheep. There was also a failure in the natural transmission of the infection to sheep 

populations exposed to paratuberculosis-infected cattle (RIS et al. 1987). In contrast, at one 

farm in north India the disease was endemic in both the species, i.e., sheep and goats, 

although the disease incidence was slightly lower in sheep (SOHAL et al. 2010). 

MOTIWALA et al. (2004) stated that mycobacterial isolates were obtained by radiometric 

culture from 33 different species of captive or free ranging animals and environmental sources 

from 6 geographic zones within the United States. The identities of all 109 isolates were 

confirmed by using mycobactin J dependence and characterization of 5 well-defined 



LITERATURE REVIEW 

 

22 
 

molecular markers, including 2 integration loci of IS900 (loci L1 and L9), one 

Mycobacterium avium subsp. paratuberculosis specific sequence (locus 251), and one M. 

avium subsp. avium-specific marker (IS1245), as well as hsp65 and IS1311 restriction 

endonuclease analyses. Seventy-six acid-fast isolates were identified as MAP, 15 were 

identified as belonging to the M. avium-M. intracellulare complex (but not M. 

paratuberculosis), and the remaining 18 were identified as mycobacteria outside the M. 

avium-M. intracellulare complex. Fingerprinting by multiplex PCR for IS900 integration loci 

clustered 67 of the 76 MAP strains into a single clade (designated clade A18) and had a 

Simpson’s diversity index (D) of 0.53. In contrast, sequence-based characterization of a 

recently identified MAP short sequence repeat (SSR) region enabled the differentiation of the 

MAP isolates in clade A18 into 7 distinct alleles (D _ 0.75). The analysis revealed 8 subtypes 

among the 33 species of animals, suggesting the interspecies transmission of specific strains. 

Taken together, the results of the previous study analyses demonstrate that SSR analysis 

enables the genetic characterization of MAP isolates from different host species and provides 

evidence for the host specificity of some MAP strains as well as the sharing of strains 

between wild and domesticated animal species (MOTIWALA et al. 2004). 

A comprehensive analysis of the molecular diversity within MAP strains from various animal 

species will augment our understanding of the host range, distribution and natural history of 

MAP infections and also aid in the development of a population genetic framework for this 

economically important bacterium. DNA-based subtyping techniques such as multiplex PCR 

for integration loci (MPIL), amplified fragment length polymorphism (AFLP) analyses and 

IS900-based RFLP analyses have been used in an attempt to reveal the genetic variation in 

MAP and differentiate among strains infecting different populations (PAVLIK et al. 1995; 

FRANÇOIS et al. 1997; WHITTINGTON et al. 1998; BULL et al. 2000; COUSINS et al. 

2000; MOTIWALA et al. 2003). 

Present methods for the diagnosis of  MAP infection include isolation of the organism from 

fecal and tissue specimens, antibody detection by enzyme-linked immunosorbent assay and 

IS900-based PCR (STABEL et al. 2002). IS900-based PCR identification techniques have 

routinely been used for the detection of MAP (BAUERFEIND et al. 1996; WHITTINGTON 

et al. 1999; HULTEN et al. 2000). However, IS900-like elements have been found in M. 
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avium subsp. avium isolates (NASER et al. 1999) and in some isolates outside the M. avium-

M. intracellulare complex (COUSINS et al. 1999; ENGLUND et al. 1999; KIM et al. 2002). 

Several attempts have been made to identify genetic variation and host specificity in MAP 

strains isolated from different animal species. Until recently, IS900 has been the marker of 

choice for most fingerprinting studies that have been reported (BAUERFEIND   et al. 1996; 

PAVLIK et al. 1999; COUSINS et al. 2000; WHITTINGTON et al. 2000). While the IS900-

based RFLP analyses are fairly good at discriminating between cattle and sheep MAP strains, 

MAP strains from cattle and other hosts such as goats and rabbits are indistinguishable by this 

method (PAVLIK et al. 1995; BAUERFEIND et al. 1996; GREIG et al. 1999). A recent study 

in the laboratory (MOTIWALA et al. 2003) by alternate fingerprinting techniques, MPIL and 

AFLP, demonstrated clustering of 73 and 56% of the MAP isolates, respectively, from several 

hosts (cattle, sheep, goats, mice, deer, and humans). These results were consistent with the 

hypothesis that there is a relatively small amount of genetic heterogeneity between MAP 

isolates obtained from different host species. 

PCR testing advantages include the quick detection of MAP without requiring a sample with 

viable bacteria. Several loci can be analyzed in a single reaction using Multiplex PCR. 

Immediate observation of target quantification and amplification is provided by real time 

PCR. Real time PCR has a greater sensitivity than bacterial culture. Use of an indicator such 

as the f57 provides high sensitivity and specificity, and can detect low numbers of MAP. PCR 

is rapid, easy to use, and does not require special equipment. The disadvantages of PCR are 

the high cost due to the possibilities of false positive and/or false negative results, the risk of 

contamination, and the requirement of using appropriate positive and negative controls with 

each sample batch (ENOSAWA et al. 2003; BÖGLI-STUBER et al. 2005; MORAVKOVA et 

al. 2008; MÖBIUS et al. 2008b; IRENGE et al. 2009; BÖLSKE and HERTHNEK 2010; 

GILARDONI et al. 2012). 
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3   MATERIALS AND METHODS 

3.1   VetMAX
™

 MAP real-time PCR screening kit  

MAP real-time PCR assays were performed using the commercial MAP real-time PCR 

screening kit (certified in Germany) which can quickly detect the presence of extracted MAP 

DNA in individual feces or environmental feces samples. This kit is more sensitive than the 

corresponding ELISA kits and culture methods, works more quickly, and yields more 

accurate results through the use of the Xeno
™

 internal positive control, which minimizes false 

negative results. It includes a complete set of reagents for a simple and rapid real-time PCR 

assay. A unique sequence element in the MAP genome is targeted (transponson sequence; 

ISMAP02) to yield highly sensitive and specific results. 

3.1.1   Preparation of the real-time PCR master mix 

All the reagents were thawed. Each tube was gently vortexed to mix the contents thoroughly, 

then briefly centrifuged to collect the solution at the bottom of the tube. The reagents were 

placed back on ice separately. 

The real-time PCR (which amplifies the target in real-time using TaqMan
®
 chemistry) master 

mix included 10% overage to ensure that the amount would be sufficient for all the samples 

(Table 1). 

Table 1: Preparation of the real-time PCR master mix 

Component Volume per reaction 

2x qPCR Master Mix 12.5 µl 

25x MAP Primer Probe Mix 1.0 µl 

Nuclease-free Water 3.5 µl 

Total Volume of qPCR mix 17.0 µl 
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The total volume per PCR reaction was 25 μl for each sample. Reactions were performed in 

96-well plates. Reaction components included: 12.5 μl of 2x qPCR master mix, 1.0 µl of 25x 

MAP primer probe mix and 3.5 µl of nuclease-free water (QIAGEN, Hilden, Germany). 

An amount of 17 μl of real-time PCR master mix was added to each reaction well in a PCR 

plate (Roche Diagnostics GmbH, Mannheim, Germany). Then, 8 μl of isolated DNA was 

added as template, while the nuclease-free water was added to the NTC. Each reaction vessel 

was sealed, mixed, and centrifuged briefly in a Perfect Spin P centrifuge (PEQLAB, 

Erlangen, Germany) to avoid air bubbles in the reactions and to ensure the proper mixing of 

all liquids. The plate was stored on ice until it was put to use. 

Following the manufacturer's instructions, each run was set up using the following 

parameters: standard run mode, ROX
™

 passive reference dye included in the qPCR Master 

Mix, and TaqMan
®
 probe reporter dyes. Quenchers in the MAP Primer Probe Mix included 

FAM
™

 dye
 
(BHQ

®
-1 dye) for MAP control DNA and Cal Fluor

®
 Orange 560 dye (BHQ

®
-1 

dye) for Xeno
™

 DNA control (Table 2).  

Table 2: TaqMan
®
 probe reporter dyes and quenchers 

Target Reporter Quencher 

MAP Control DNA FAM
™

 dye BHQ
®
-1 dye 

Xeno
™ 

DNA Control Cal Fluor
®
 Orange 560 dye BHQ

®
-1 dye 

 

PCR reactions were performed using a Lightcycler
®
480 (Roche Diagnostics GmbH, 

Mannheim, Germany). The thermal cycler program was run and the real-time amplification 

data was collected during the second stage (amplification). FAM and VIC (Cal Fluor
®
 Orange 

560 dye) filters were used for the detection of MAP DNA and Xeno
™

 DNA control, 

respectively. There are two stages to thermal cycler settings. The first stage is enzyme 

activation/template denaturation, which involves one repeat at a temperature of 95 °C for 10 

minutes. The second stage is amplification, which involves 40 repeats at 95 °C for 15 

seconds, and then 60 °C for 60 seconds (Table 3). 
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Table 3: Thermocycler program with Lightcycler
®
480 

Stage Repetitions Temperature Time 

Enzyme activation/template denaturation 1 95°C 10 min 

Amplification 40 

95°C 15 sec 

60°C 60 sec 

  

3.1.2   Quality assurance of the real-time PCR assay 

The quality assurance of the screening test/kit was carried out through real-time PCR runs by 

applying the following: positive control, purification control, internal amplification control 

and non-template control (NTC). 

The positive control contained the MAP control DNA and Xeno
™

 DNA control. This control 

had two purposes to provide the data used to set the cycle threshold (CP) for the evaluation of 

experimental results, and to verify that the sample DNA and the MAP primer probe mix 

functioned properly in the PCR. 

The purification control included Xeno
™

 DNA, lysis buffer (T1) and 200 phosphate buffer 

saline. This control was used to avoid cross-contamination during the DNA isolation. 

The internal amplification control (Xeno
™ 

DNA control) was added to each sample before 

the DNA purification step in the PCR. It served as an internal positive control to verify that 

the DNA preparation was functioning and as a control for PCR inhibitors to avoid false 

negative results.  

A non-template control (NTC) was prepared by using 8 μl of nuclease-free water in place of 

sample DNA. In order to prevent accidental cross-contamination during the real-time PCR, 

the wells containing NTC were kept as far as possible from positive controls and other test 

samples. 
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The number of reactions was calculated and the reagents were thawed out. The positive 

control, containing diluted MAP control DNA and Xeno
™

 DNA control, was prepared. The 

volume of each component of the positive control preparation was as follows: 495 µl of DNA 

dilution, 3 µl of MAP control DNA and 2 µl of Xeno
™

 DNA control (Table 4). 

Table 4: Preparation of MAP positive control  

Component Volume 

DNA Dilution Solution 495 µl 

MAP Control DNA 3 µl 

Xeno
™

 DNA control 2 µl 

 

3.1.3   Data analysis 

The analysis is based on the instructions given in the commercial MAP real-time PCR 

screening kit (Thermo Fisher Scientific GmbH, Darmstadt, Germany). The real-time PCR 

protocol provided the details about data analysis. 

Following the recommendation of the kit’s manufacturers, the real-time PCR data were 

analysed independent of the Xeno
™

 DNA control and MAP control DNA amplifications.  

3.1.4   Interpretation of MAP real-time PCR screening kit results 

The validity of the real-time PCR assays was verified before analysing the test sample results. 

The criteria for validating real-time PCR assays include three reaction types. The positive 

control should have Cp = 25-34 for MAP DNA and Cp = 25-34 for Xeno
™

 DNA control. NTC 

should have Cp = 0 for both positive control and Xeno
™

 DNA control. The purification 

control should have Cp = 0 for MAP DNA and Cp = 25-35 for Xeno
™ 

DNA control. Cp may 

be less than 40 for NTC or purification control due to contamination during the DNA 

purification or real-time PCR. This means the process has to be repeated (Table 5).



MATERIALS AND METHODS 

28 
 

Table 5: Criteria for a validating real-time PCR assays 

Reaction type Cp value for MAP DNA Cp value for Xeno
™

  

DNA Control 

Positive control   25-34 25-34 

NTC 0 0 

Purification control 0 25-35 

 

The PCR results were interpreted according to the instructions given in the kit. The 

interpretation of the results of the first test for the Cp value for MAP DNA (FAM
™

 dye) 

showed Cp< 37 , while the Cp value for Xeno
™

 DNA control (Cal Flour
®
Orange 560 dye) was 

25-35. This was interpreted as a MAP DNA-positive sample. In the results of the second test, 

Cp value for MAP DNA was ˃ 40, while the Cp value for Xeno
™

 DNA control was 25-35. 

This was interpreted as a MAP DNA-negative sample. The results of the third test for Cp 

value for MAP DNA fell in the range of 37-40, while the Cp value for Xeno
™

 DNA control 

was 25-35. This was interpreted as an inconclusive result (ICR). In the results of the fourth 

test, the Cp value for MAP DNA fell between 37 and 40 while the Cp value for Xeno
™

 DNA 

control showed no signal. This was interpreted to be due to the presence of inhibitors (Table 

6). All ICR samples were retested and evaluated, following a standard scheme. If the 

subsequent result was positive, the sample was considered to be positive. If the subsequent 

result was negative, the sample was considered to be a MAP DNA-negative sample. If the 

subsequent Cp = 37-40, samples were retested, and the outcome of MAP test was designated 

as “positive” or “negative”.  
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Table 6: Interpretation of MAP real-time PCR screening kit results 

CP value for MAP  

DNA (FAM
™

 dye) 

CP value for Xeno
™

 DNA Control 

(Cal Flour
®
 Orange 560 dye) 

Final results 

< 37 25-35 MAP DNA+ve sample 

˃ 40 25-35 MAP DNA-ve sample 

37 - 40 25-35 Inconclusive result (ICR) 

37 - 40 no signal Inhibitors 

 

3.1.5   Estimation of inconclusive results 

An ICR may be attained if the sample MAP DNA Cp value is 37-40 and the Cp value for one 

or more NTCs or purifications controls are 37-40, which could indicate either poor DNA 

recovery or presence of PCR inhibitors in DNA samples. In the case of poor DNA recovery, a 

repeat of the DNA purification of the original diagnostic sample would be required. If the 

DNA samples contain PCR inhibitors, samples containing a minimal amount of inhibitors 

may yield successful PCRs by adding less DNA sample (and therefore less inhibitor) to the 

reaction. For example, the DNA sample can be diluted by 1:10 in the DNA dilution solution.  

3.1.6   DNA isolation 

A MagVET
™

Mycobacterium paratuberculosis Isolation Kit and the Precellys
®
24 

homogenizer (PEQLAB, Erlangen, Germany) (Figure 1) were used to isolate the DNA. The 

analysis was done according to the manufacturer’s instructions. The DNA was purified by 

using a Kingfisher
™

 mL Magnetic Particle Processor (Table 7 and Figure 2). This method 

involves binding the DNA to magnetic beads. With these beads, DNA is transferred 

automatically from one buffer to the next. 

A total of 500 mL of the sample supernatant was added to the first well of a reaction tube strip, 

followed by the addition of 500 µl of the binding buffer (MBL2), 20 µl of magnetic beads 

(NM_LSI_Beads), and 1 µl of Xeno
™

 DNA to each sample in the well. Then, 600 µl of Wash 

Buffer 1 (NM3) was added to the second well of the reaction tube, 600 µl of Wash Buffer 2
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(NM4) was added to the third well, 600 µl of Wash Buffer 3 (EtOH80) was added to the 

fourth well, and 100 µl of elution buffer (NM6) was added to the fifth and last well. The first 

well contained all the reagents necessary for chemical cell lysis and DNA binding. The Xeno
™

 

DNA control was added to each sample as an internal amplification control for successful 

DNA extraction and PCR inhibition. A purification control containing 300 µl of lysis buffer 

(T1) and 200 µl of 200 phosphate buffer saline was simultaneously processed using a separate 

tube strip (see also quality assurance). The reaction tube strips were placed in the Kingfisher
™

 

mL Magnetic Particle Processor, and the program NM_LSI_RRC96 was initiated. Eluted 

DNAs were transferred into new 1.5 mL tubes and stored at 20 °C, or kept at 4 °C for direct 

amplification using the MAP real-time PCR screening kit for MAP detection. 

Table 7: DNA purification protocol for the Kingfisher
™

 mL 

Steps and positions Reagents and order 

Lysis / Binding 

Sample supernatant 500 µl 

MBL2 (500 µl) + Magnetic 

(20 µl) beats +  Xeno
™

 

DNA control (1 µl) 

521 µl 

Wash 1 NM3 600 µl 

Wash 2 NM4 600 µl 

Wash 3 EtOH80 600 µl 

Elution NM6 100 µl 
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Figure 2: Kingfisher
™

 mL Magnetic Particle Processors for DNA purification 

 

 

 

 

 

 

 

 

 

http://www.technosaurus.co.jp/categories/ 
 

Figure 1: Precellys
®
24 homogenizer for DNA isolation (left) and mechanical cell lysis  

method (right) 
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3.1.7   Determining and resolving problems of MAP real-time PCR screening kit results  

If the observations for the positive control of MAP control DNA and Xeno
™

 DNA control 

yielded no signal, the possible cause may have been the improper handling of the MAP 

control DNA and/or Xeno
™

 DNA control, resulting in DNA degradation. Another reason 

could be that they were not added according to the instructions. In such a case, the solution or 

troubleshooting strategy would be to ensure good PCR practices and carefully follow the 

instructions. If the probable cause is the improper handling of the 2X q PCR Master Mix, 

resulting in a loss of activity, then the solution or troubleshooting strategy would be to repeat 

the real-time PCR with fresh reagents.  

If the observation for the NTC or purification control reaction shows Cp < 40, the possible 

cause may have been contamination during the DNA purification or real-time PCR. In this 

case, the solution or troubleshooting strategy would be to repeat the purification or real-time 

PCR with fresh reagents and freshly decontaminated pipettes or set up the real-time PCR in 

an area separate from areas used for DNA purification and PCR product analysis. 

If the test samples show no signal for Xeno
™

 DNA control or a high signal for MAP DNA, 

then the possible cause may be the low concentrations of the Xeno DNA control primer and 

probe in the real-time PCR. High levels of MAP DNA in a sample could reduce the 

amplification of the Xeno
™

 DNA control. In this case, the solution or troubleshooting strategy 

would be to note that no or a low signal from the Xeno
™

 DNA control is expected in a 

reaction that has a strong signal for MAP DNA. 

3.2   Validation of the VetMAX
™

 MAP Real-Time PCR Screening Kit 

The accuracy of the VetMAX
™

 MAP Real-Time PCR Screening Kit was validated in terms of 

both specificity and sensitivity. Specificity includes both inclusivity and exclusivity tests 

based on purified DNA. The sensitivity tests are divided into two parts: analytic sensitivity 

and limit of detection (LOD). 
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3.2.1   The specificity tests of the VetMAX
™

 MAP Real-Time PCR Screening Kit 

3.2.1.1   Inclusivity  

For the inclusivity test, 15 different MAP strains were used. These were obtained from the 

Faculty of Veterinary Medicine, Justus-Liebig-University in Gießen, Germany (Table 8). 

Table 8: Bacterial strains and type and/or origin used in this study for inclusivity testing 

of the commercial MAP real-time PCR screening assay 

MAP strains Type and/or origin 

ATCC
®*

19698
T 

Type strain- bovine feces 

DSM 44135
* 

Reference strain- dung sample 

ATCC
®
BAA-968 (K10) Reference strain- bovine feces 

Chile 01-09 Field isolate- bovine feces 

RK 04-114 Field isolate- bovine feces 

RRG4 Ln Field isolate- bovine feces 

MAP 442 Field isolate- bovine feces 

Conny Field isolate- bovine feces 

Rainer 366 Field isolate- pig feces 

Hum 1 Field isolate- human 

Kuh 703 Field isolate- milk-udder 

MAP MS 2 Field isolate- milk-udder 

MAP MS 3 Field isolate- milk-udder 

MAP 421 Field isolate- milk-udder 

MAP 410 Field isolate- milk-udder 

* ATCC
®
= American Type Culture Collection, *DSM = German collection of 

microorganisms cell cultures.  
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3.2.1.2   Exclusivity 

For the exclusivity test, 13 other related different Mycobacterium species strains and n = 8 

non-Mycobacterium species were used in this study. The culture collection of non-

Mycobacterium species strains was taken from the Institute for Food Quality and Food 

Safety’s strain collection (Tables 9 and 10). 

Table 9: Non-MAP bacterial strains used for the exclusivity testing of the commercial 

MAP real-time PCR screening assay 

Non-MAP strains Type and/or Origin 

M. avium subsp. avium ATCC
®*

 25291 Field isolates- liver of diseased hen 

M. avium subsp. avium ATCC
®
 19421

T 
Type strain- chicken 

M. avium subsp. silvaticum ATCC
®
49884

T 
Type strain- wood pigeon 

M. smegmatis ATCC
®
 19420

T 
Type strain 

M. gordonae ATCC
®
 14470

T 
Type strain- gastric lavage 

M. scrofulaceum ATCC
®

 19981
T 

Type strain- cervical lymph node (child) 

M. chelonae subsp. chelonae ATCC
®
 35752

T 
Type strain- tortoise tubercle 

M. intracellulare ATCC
®

 13950
T 

Type strain- human 

M. phlei ATCC
®
 11758

T 
Type strain- stool (human) 

M. kansasii ATCC
®
 12478

T 
Type strain- fatal case 

M. fortuitum subsp. fortuitum ATCC
®
 6841

T 
Type strain- cold abscess (human) 

M. abscessus subsp. abscessus ATCC
®
 19977

T 
Type strain 

M. hominissuis Field isolate 

* ATCC
®
= American Type Culture Collection. 

http://www.straininfo.net/strains/100898/browser
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Table 10: Non-Mycobacterium species used for the exclusivity test 

Non- Mycobacterium strains Type and/or Origin 

Enterococcus faecalis DSM
*
  2918

T 
Type strain- uncooked sausage 

Enterococcus hirae ATCC
®*

 10541
T 

Type strain 

Enterobacter cloacae  Field isolate- avian 

Klebsiella pneumoniae Field isolate- bovine milk 

Listeria monocytogenes ATCC
®
 15313

T 
Type strain- rabbit 

Staphylococcus aureus subsp. aureus 

ATCC
®
12600

T Type strain- pleural fluid (human) 

Bacillus subtilis Field isolate- avian 

Clostridium botulinum Field isolate- bovine feces 

*ATCC
®
= American Type Culture Collection, *DSM = German collection of 

microorganisms cell cultures. 

3.2.1.3   Amplification of 16S rRNA gene  

The quality assurance of the used DNA was carried out by means of a specificity test to avoid 

the false negative results of the non-MAP strains. All strains and field isolates were checked 

via gel electrophoresis with regard to a successful amplification of the 16S rRNA gene (Table 

11). 

Table 11: 16S rRNA gene protocol 

Component Volume per reaction 

PCR gradient Water 8 µl 

2x Master Mix 12.5 µl (x2) 

Primer f (10 µM) 1 µl (0.4 µM) 

Primer r (10 µM) 1 µl (0.4 µM) 

DNA 2.5 µl 

Total Volume 25 µl 
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3.2.1.3.1   Thermocycler  

The 16S rDNA genes of reference strains and field isolates were amplified using a biometra 

thermocycler (Biometra GmbH, Göttingen, Germany). The thermal cycling programs 

consisted of an initial denaturation (94 
°
C, three minutes) followed by 35 cycles of 

denaturation (94 
°
C, 30 seconds), annealing (55 

°
C, 30 seconds), and extension (72 

°
C, 30 

seconds). The broad-range primers 16S-27f (5'- AGA GTT TGA TCM TGG CTC AG -3') 

and 16S-907r (5'- CCG TCA ATT CMT TTR AGT TT -3') were used for 16S ribosomal 

DNA PCR (HARMSEN et al. 2003). 

3.2.1.3.2   Gel electrophoresis 

For the preparation of the 10X TBE electrophoresis buffer, 108 g of Tris base (tris-

hydroxymethyl aminomethane), 55 g of boric acid, and 7.5 g of EDTA (disodium salt) were 

dissolved into 800 mL of deionized water. The buffer was diluted to one litre. Undissolved 

white clumps were dissolved by placing the solution in a hot water bath. The solution was 

diluted before use: 100 mL of 10X stock with 900 mL of deionized water. 

A solution of 2% of peqGold Universal agarose (PEQLAB, Erlangen, Germany) was prepared 

(6 g of agarose agar: 300 mL of 1X TBE) and filled with Buffer TBE into the electrophoresis 

chambers (Horizon 20-25, Thermo Fisher Scientific, Dreieich, Germany). Each 

electrophoresis chamber was filled with a mixture of 4 µl of DNA and 2 µl of loading buffer. 

For control, the first and the last of the electrophoresis chambers were filled with DNA 

Marker (DNA Molecular Weight Marker XIV (100bp ladder), Roche). The procedure was 

carried out at 6 Volts/cm for 60 minutes. Afterward, the gel was immersed for one minute into 

a 0.1% ethidium bromide bath and subsequently immersed in a water bath for 30 minutes. 

Then, it was placed on the Ultra Violet trans-illuminator (INTAS, Göttingen, Germany) and 

photographed during the irradiation with UV-light. The resulting images were printed as well 

as saved. All samples showed clear and distinct bands. 

3.2.2   Sensitivity 

3.2.2.1   Analytic sensitivity and efficiency 

3.2.2.1.1   Cultivation of reference strain DSMZ 44133 
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This reference strain DSMZ 44133 was taken from the Leibniz Institute DSMZ-German 

collection of microorganisms and cell cultures (GmbH, Braunschweig). The double vial 

preparation was vacuum-sealed. The ampoule was opened and its tip was heated in a flame 

while the eyes of the researcher were covered with protective glasses. Two or three drops of 

water were then placed on the tip to crack the glass. The glass tip was broken off using an 

appropriate tool. Afterwards, the insulation material was removed using forceps and the inner 

vial was taken out. The cotton plug was lifted, removed with forceps, and safely stored under 

sterile conditions. The top of the inner vial was then placed in the flame. A total of 0.6 mL of 

the medium specified for the strain (10 µl of Mycobactin J
®
) was added to the MGIT

®
 tube 

and left for 30 minutes. The following ingredients were added to 2 tubes of MGIT
®
: 10 µl of 

Mycobactin J
®
, 500 µl of OADC

®
 and 200 µl of PANTA

®
 (dissolved in 3 mL of pure water). 

After this, 40 µl of the strain mixture was added to each MGIT
®

 mix tubes. Moreover, 40 µl 

of the strain mixture were added to each of the 5 tubes of CATTLETYPE
®

MAP HEYM tubes 

(QIAGEN, Leipzig, Germany) and mixed gently with an inoculation loop or with Pasteur 

pipettes. All the tubes were then incubated at 37 °C. It was expected for colonies to take 5 to 

14 weeks to appear.  

3.2.2.1.2   MAP serial dilution and DNA isolation 

Initially, 2 mL of NaCl solution (0.9%) were added to the MAP reference strains liquid 

medium. The bacterial suspension was transferred to 15-mL Falcon tubes (Omni Lab, 

Braunschweig, Germany) containing Precellys glass beads of 0.1 mm diameter each, and 1 mL 

diluted Tween
®
80 (0.09%) (Merck GmbH, Hessen, Germany). The suspension was then 

vortexed twice for 2 minutes. These steps were carried out to minimize the number of MAP 

clumps in the cell suspensions. Ten-fold serial dilutions (10
0
 to 10

9
) were prepared and 1 mL 

of each diluent was transferred to the tubes with Precellys Glass Kit 0.1 mm for DNA 

isolation. Samples were centrifuged at 8.000 g for 15 minutes. The supernatant was discarded 

carefully with a pipette, and 700 µl of the T1 lysis buffer (MagVET
™

Mycobacterium 

paratuberculosis Isolation Kit) and glass beads of 0.1 mm diameter were added. The tubes 

were agitated twice at 6.800 rpm for 90 seconds in the Precellys
®
24 homogenizer. Afterwards, 

centrifugation was done at 15.000 g for 3 minutes. Supernatant was used for the subsequent 

DNA isolation.  
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3.2.2.1.3   Estimation of analytic sensitivity and PCR efficiency 

Analytical sensitivity and efficiency depends upon the serial dilutions of MAP-DNA. The 

DNA used was obtained from the MAP reference strain DSM 44133. The amount of DNA 

was estimated using the FooALYT photometer (Omnilab, Gehrden, Germany). Serial 

dilutions of 10
-0 

to 10
-7

 were prepared using a TE buffer (pH 8.0). The real-time PCR 

amplification of the serially diluted DNA was performed using the same real-time PCR 

conditions as mentioned above. The threshold cycle (Cp) value was defined as the number of 

PCR cycles required for the fluorescence signal to exceed the detection threshold value 

(background noise). The Cp values were subsequently used to calculate and plot a linear 

regression line by plotting the logarithm of the template concentration (X-axis) against the 

corresponding threshold cycle (Y-axis). All the reactions were run trice and the average Cp 

was calculated for each reaction. A standard curve was then constructed by plotting the Cp of 

the known concentration of each standard sample. The quality of the standard curve can be 

judged from the slope. The slope of the line was used to determine the efficiency of the target 

amplification by using the equation Ex = (10
-1/slope

) – 1. 

3.2.2.2   Limit of detection (LOD) of MAP   

3.2.2.2.1   Bacterial cell count and preparation of MAP DNA  

Initially, 2 mL of NaCl solution (0.9%) were added to the MAP reference strains liquid 

medium. All bacterial suspension was transferred to 15-mL Falcon tubes containing Precellys 

glass beads each 0.1 mm in diameter, and 1 mL diluted Tween
®
80 (0.09%). The suspension 

was then vortexed twice for 2 minutes (Figure 3). These steps were carried out to minimize 

the number of MAP clumps in the cell suspensions. The presence of MAP clumps in each 

MAP suspension was checked by using ZN staining and bacterial cell count. 

A ZN stain was prepared. First, the slide was heat-fixed by being drawn 3 times through a 

Bunsen burner flame. The slide was then flooded with Carbol Fuchsin. A flame was held 

beneath the slide until steam and bubbles appeared, but it was not allowed to boil. The slide 

was allowed to sit for 3 minutes after which it was flooded with 3% hydrochloric acid in 

ethanol. The side was kept undisturbed for one minute, and then rinsed with tap water before 

being flooded with Methylene Blue for 10 seconds and rinsed with tap water again. The slide 
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was blotted dry and viewed under an oil-immersion lens. The results showed a red stain on 

fast-acid bacteria such as MAP and a blue stain on bacteria that were not fast-acid.  

A disposable hemocytometer consisting of 2 surface-patterned and enclosed chambers with 

ports for sample injection was used to facilitate bacterial cell counting using a C-Chip 

(PEQLAB, Erlangen, Germany). 

Of the earlier MAP suspension, 10 µl was further diluted with 1 mL of NaCl solution into 15-

mL Falcon tubes containing Precellys glass beads of 0.1 mm diameter. This suspension was 

agitated twice at 4000 rpm for 30 seconds in the Precellys
®
24, after which it was injected into 

a single port on the C-Chip (Figure 4). 

The C-Chip grid pattern consists of 9 large squares, each measuring 1×1 mm
2
. The depth of 

the chamber is 0.1 mm. Each square thus has a total volume of 0.1 mm
3
 or 10

-4
 cm

3
. 

The central square is divided into 25 small squares with triple lines, and 4 corner squares are 

divided into 16 small squares. 

The 4, 1×1mm
2
 corner squares of the C-Chip grid pattern are divided into 16 smaller squares, 

while the middle square is divided into 25 smaller squares. To count the MAP cells, 5 squares 

were counted in all, 4 small corner squares from one of the large corner squares and 1 random 

small square from the large centre square (Figure 4). 



MATERIALS AND METHODS 

40 
 

10
-3

 

10
-4

 

1ml 

1ml 

10
-5

 

10
-6

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 3: A summary of the spiking procedures for M. avium subsp. paratuberculosis 
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The bacterial cell count was estimated by using the following equation: 

MAP cells per mL = cells in five corner squares × 5 × 200 (dilution factor) × 10 
4
 (volume 

factor). 

      

Figure 4: C-Chip for cell-counting 

 

3.2.2.2.2   MAP serial dilution and DNA isolation 

In order to prove the precision of the MAP dilution steps, DNA was isolated from each of the 

following: 1 mL of each ten-fold serial dilution (10
-0

 to 10
-9

) of original MAP suspensions, 

which was transferred into the tubes through the Precellys Glass Kit (0.1 mm) and then 

processed for DNA isolation with the MagVET
™

Mycobacterium paratuberculosis Isolation 

Kit as mentioned above for further spiking experiments. 

3.2.2.2.3   Spiking experiments for the LOD of MAP   

Milk-spiking experiments were carried out to determine the detection limit probability, and to 

investigate the sample-matrix effect on the real-time PCR. Six spiked 50 mL samples, three of 

raw milk from a local farm and three of reconstituted infant (BEBA
®
) milk, were tested 

independently. The raw and reconstituted infant milk samples were spiked with serially 

diluted MAP cells (× 10
0
, 10

1
, 10

2
, 10

3
, 10

4
 
 
and 10

5
). The DNA was isolated from the spiked 

milk by following the manufacturer’s instructions, as mentioned above. The isolated DNAs of 

spiked milk were transferred to new 1.5-mL tubes and stored at 20 °C, or kept at 4 °C for 

direct amplification using the MAP real-time PCR screening kit for MAP detection. The MAP 

real-time PCR screening was repeated four times for each experiment (Figure 5).
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Figure 5: Scheme of LOD of raw and reconstituted infant milk (BEBA
®
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3.3   Application of MagVET
™

Mycobacterium paratuberculosis Isolation Kit 

The purpose of this kit is to detect MAP in bovine milk and feces samples (case-control 

study). 

3.3.1   Study area, selection criteria, and experimental design 

A total of 93 dairy herds, 58 cases and 35 controls were selected to study the occurrence of 

chronic paratuberculosis in Northern Germany.  

The selection criteria and study design rationale were based on the stipulations of the 

Department of Biometry, Epidemiology and Information Processing and Clinic for Cattle 

(University of Veterinary Medicine, Hannover, Germany) and mentioned by SEYBOLDT et 

al. (2015). As such, herds were selected as cases if they met at least three of the following 

criteria: a 15% reduction in herd milk yield; a 5% increase in animal losses due to 

death/euthanasia; a 10% increase in a culling rate of 35%; a 10% increase in downer cows; 

and an increased incidence of clinically diseased animals, either actual or presumed. Herds 

were selected as controls if they met none of these criteria. For the purpose of the present 

study, 10 animals in every herd were sampled and investigated for MAP infection. Five of 

these animals were suspected to have a chronic disease because they showed emaciation, a 

symptom of a chronically sick animal, and at least one of the following other symptoms: 

reduced milk yield, a locomotion score ≥ 3, paresis, paralysis, ataxia, constipation, diarrhea, 

behavioural change, locomotion disorders, sensory disorders, respiratory disorders, 

circulatory disturbance, bulbar paralysis, chronic laminitis, or a retracted abdomen. 

Additionally, 5 clinically healthy animals showing none of these symptoms were chosen.  

The ratio of case to control herds (58:35) was determined during an ongoing case-control 

study on unspecific chronic herd health problems.  

A total of n = 1,942 samples were included in this study. This was accomplished by sampling 

10 cows per herd. Thereby, 10 fecal samples (directly taken from the rectum), 10 composite 

foremilk samples and 1 bulk milk sample were obtained from each herd (n = 21 samples per 

herd). A few herds failed to provide the full samples. Specifically, one case and one control 

fecal sample, four cases and four controls foremilk samples, and one case bulk milk sample
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were missing. The distribution of missing samples was 1 sample per herd in 7 herds; 2 herds 

had 2 missing samples. Milk samples were drawn after performing a superficial cleaning and 

a California mastitis test, which was part of the clinical examination. The samples were 

cooled immediately and sent to the laboratory, where they were investigated directly. The 

samples were collected between March 2013 and February 2014. The clinical examination 

and sampling were performed by veterinarians  in collaboration by the fowllowing institutes: 

1. Clinic for Cattle, University of Veterinary Medicine Hannover, Foundation, Hannover, 

Germany. 

2. Institute for Food Quality and Food Safety, Hanover University of Veterinary Medicine, 

Foundation, Hannover, Germany. 

3. Department of Biometry, Epidemiology and Information Processing, University of 

Veterinary Medicine Hannover, Foundation, Hannover, Germany. 

3.3.2   Sample preparation and DNA isolation 

 

Fecal samples (2 g) were weighed into 50-mL Falcon tubes following the instructions of the 

kit’s providers. Afterwards, 30 mL of phosphate-buffered saline (PBS, pH 7) and 3, 5-mm 

glass beads were added to each tube, and samples were mixed thoroughly by vortexing for 

one minute before incubating at room temperature for 9-10 minutes. 

 

Milk samples (50 ml) were centrifuged at 4.200 g for 45 minutes. Supernatants were 

discarded, and the pellets were re-suspended in the remaining liquid by a pipette. They were 

then transferred to a 2-mL tube containing Precellys glass beads, each 0.1 mm in diameter. 

 

A 1.8-mL aliquot of fecal supernatants was transferred to a 2-mL tube containing Precellys 

glass beads, each 0.1 mm in diameter. 

 

Fecal and milk samples were centrifuged at 15.000 g for 10 minutes. Supernatants were 

carefully removed with a pipette and then discarded. Pellets were resuspended in 700 µl of 

Lysis Buffer (T1) from the MagVET
™

Mycobacterium paratuberculosis Isolation Kit. The 

samples were homogenized twice at 6.800 rpm for 90 seconds by placing the tubes in the 
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Precellys
®

 24 homogenizer. The samples were then centrifuged at 15.000 g for 3 minutes. The 

supernatants were transferred to new 1.5-mL tubes and used for DNA isolation as previously 

mentioned. 

 

3.3.3   Statistical analysis 

The agreement beyond chance between individual fecal and milk samples was characterized 

by using the unweighted kappa index and its asymptotic standard error (ASE) (kappa function 

from the vcd package; R software version 3.0.2; CORE TEAM 2013). The kappa index is 

scaled so that zero indicates a level of agreement as expected by pure chance, while 1.0 

indicates perfect agreement beyond chance, and a value less than zero indicates negative 

agreement, i.e., a tendency for positive results to occur in one test in samples that tested 

negative for the other test. Hence, positive agreement beyond chance can be concluded if the 

kappa value minus twice the ASE yields a value greater than zero. The association between 

the real-time PCR results and the diagnosis of case versus control status was analysed in 

terms of odds ratio (OR) and confidence interval (CI) fitting univariate logistic regression 

models. Going by the hypothesis that MAP-negative PCR results are not a risk factor for the 

case status of an animal, an OR of unity (1.0) would be expected. If the lower limit of the 

95% CI of the OR is greater than 1.0, it can be concluded that the MAP-positive test result is 

associated with the case status of the animal. At the herd level, a lower limit of the 95% CI 

1.0 was interpreted to indicate MAP-positive test results that are associated with chronic 

disease and herd health problems. The degree of association between individual real-time 

PCR results and case-control status was expressed as OR and 95% CI, using the R package 

epitools (ARAGON et al. 2012). The real-time PCR test results were considered separately 

for fecal and milk samples, and in combination (i.e., a result was taken to be positive if at 

least one of the fecal or milk samples was positive). The statistical unit was 1 animal.
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4   RESULTS 

4.1   Specificity test 

4.1.1   Inclusivity 

The MAP real-time PCR screening kit results demonstrated its specificity. All MAP reference 

and field strains were positive and showed Cp values of 11.72 – 24.30.  

4.1.2   Exclusivity 

The MAP real-time PCR screening kit results did not cross react with any of the other related 

Mycobacterium species strains. Non-Mycobacterium species isolates were also tested and 

showed no cross-reactivity. 

4.1.3   Amplification of 16S rRNA gene 

All reference strains and field isolates (inclusivity and exclusivity) showed a successful 

amplification of the 16S rRNA gene (Figures 6 and 7). 

Figure 6: Typical amplicon of 16s rDNA product of non-MAP strains. Lane M; Marker 

100 pb. Ladder (Biozym Diagnostic)  
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Figure 7: Typical amplicon of 16s rDNA product of non-Mycobacterium species strains. 

Lane M; Marker 100 pb. Ladder (Roche Diagnostic) 

 

4.2   Analytical sensitivity and efficiency 

The analytical sensitivity was estimated based on serial dilutions of pure MAP DNA. The 

amount of DNA ranged from 141.2 ng μL
-1

 (10
− 0

) to 14.12 fg μL
-1

(10
− 7

) of MAP DNA. The 

analytical sensitivity of this real time-PCR system was 141.2 fg µL
-1

 with a detection 

probability of 100% (10
-6

). The 10
-7 

dilution (14 fg µL
-1

) showed a detection probability of 

66.6% (Table 12). The Cp values of the real-time PCR runs and the detection probability of 

each dilution step are presented in Table 12. The amplification efficiency was calculated on 

the basis of a linear regression slope of a dilution row. The slope of the straight line was 

3.473. The real-time PCR efficiency was 1.941 or 94% (Figure 8). 
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Table 12: Analytical sensitivity of the VetMAX
™

 MAP Real-Time PCR Screening Kit 

assay using serial dilutions of DNA of Mycobacterium avium subsp. paratuberculosis 

strain DSM 44133 

Dilution 

step 

DNA 

amount 

fg µL
-1 

Cp* values 
Mean 

(Sd±) 

Detection 

probability % 
Run 1 Run 2 Run 3 

-0 141.2 × 10
6
 10.10 10.13 10.22 10.15 (0.062) 100 

-1 141.2 × 10
5 

13.98 14.02 14.05 14.02 (0.035) 100 

-2 141.2 × 10
4
 17.77 17.92 17.93 17.87 (0.090) 100 

-3 141.2 × 10
3
 22.74 22.56 22.53 22.61 (0.113) 100 

-4 141.2 × 10
2
 27.23 27.17 27.06 27.15 (0.086) 100 

-5 141.2 × 10
1
 31.29 31.26 30.75 31.1 (0.303) 100 

-6 141.2 34.74 35.29 34.62 34.88 (0.357) 100 

-7 14.12 0
** 

39.34 37.84 38.59 (0.75) 66.6 

* Cp value (crossing point PCR cycle) is the cycle at which fluorescence achieves a defined 

threshold. 

** The zero value was not included in the mean calculation. 
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Figure 8: Typical real-time PCR fluorescent signals obtained from serial dilutions of 

pure MAP DNA strain DSMZ 44133 for estimating amplification efficiency (top). A 

standard curve (bottom) denotes a slope of 3.473 
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4.3   Limit of detection (LOD) and detection probability 

4.3.1   Bacterial cell count and preparation of MAP DNA 

MAP reference strain DSMZ 44133 was grown onto tubes of CATTLETYPE
®
MAP HEYM 

tubes (QIAGEN) (Figure 9), and then the ZN stain of MAP was prepared. The results were a 

red stain on acid-fast bacteria, MAP, and a blue stain on bacteria that was not acid-fast. 

Bacterial cell counting was done six times by using C-Chip on six distinct suspensions, three 

of those times for raw milk (Table 13) and three times for reconstituted infant milk (Table 

14). In the C-Chip technique, 5 squares were counted, 4 small corner squares from one of the 

large corner squares and then 1 random small square from the large center square. Estimation 

of the MAP cell count was achieved by using the equation described in the materials and 

methods section. 

 

 

Figure 9: Typical growth of MAP reference strain DSMZ 44133 onto 

CATTLETYPE
®
MAP HEYM tubes (QIAGEN) 
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Table 13: Bacterial account of raw milk experiment 

C-Chip/Square Chamber1 Chamber2 Chamber3 Chamber4 Chamber5 Σ MAP cells per ml 

C-Chip1/Square  53 58 19 8 16 154 1.54 × 109 

C-Chip 2/Square  37 22 16 38 34 147 1.47 × 109 

C-Chip 3/Square  22 14 38 26 17 117 1.17 × 109 

 

Table 14: Bacterial account of reconstituted infant milk experiment 

C-Chip/Square Chamber1 Chamber2 Chamber3 Chamber4 Chamber5 Σ MAP cells per ml 

C-Chip 1 /Square  20 18 52 13 27 130 1.30 × 109 

C-Chip 2/Square  28 48 19 24 60 179 1.79 × 109 

C-Chip 3/Square  19 62 34 51 63 229 2.29 × 109 

 

4.3.2   The limit of detection (LOD) 

The limit of detection (LOD) of the MAP qualitative real-time PCR raw and infant milk 

formula samples was determined by analyzing six spiked experiments using multiple 50 mL 

samples, 3 raw milk samples from a local farm and 3 infant milk formula samples. The raw 

milk samples were spiked with 1.54-, 1.47-, and 1.17× (10
0
, 10

1
, 10

2
, 10

3
, 10

4 
and 10

5
) MAP 

cells 50 mL
-1

. The reconstituted infant milk samples were spiked with 1.3-, 1.79-, and 2.29× 

(10
0
, 10

1
, 10

2
, 10

3
, 10

4 
and 10

5
) MAP cells 50 mL

-1
. 

MAP concentrations increased as dilution and Cp values decreased. The Cp values of the 

varying MAP cells 50 mL
-1

 concentrations of raw milk samples ranged from 22.61 for 

samples containing × 10
5
 MAP cells 50 mL to 35.53 for samples that comprised × 10

1
 MAP 

cells 50 mL
-1

 (Table 15), while the Cp values of the varying MAP cells 50 mL
-1

 

concentrations of reconstituted infant milk samples ranged from 19.24 for samples containing 

× 10
5
 MAP cells 50 mL

-1
 to 37.69 for samples that comprised × 10

0
 MAP cells 50 mL

-1
 

(Table 16). 
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Table 15: Overview of the means of the Cp values and the standard deviations of raw 

milk experiments 

Mean 

MAP cells 

50 mL-1 

Spiking raw milk Experiment І 

Spiking level: 1.54 × 10x * 

Spiking raw milk Experiment П 

Spiking level: 1.47 × 10x 

Spiking raw milk Experiment ІII 

Spiking level: 1.17 × 10x 

Cp values Cp values Cp values 

MAP IAC MAP IAC MAP IAC 

mean sd± mean sd± mean sd± mean sd± mean sd± mean sd± 

Native 0 0 29.77 0.14 0 0 29.69 0.148 0 0 29.59 0.16 

×105 22.61 0.189 28.74 0.89 22.9 0.48 29.61 0.172 23.12 0.84 29.40 0.091 

×104 26.70 0.35 28.35 0.25 23.67 0.70 28.11 1.02 25.00 0.46 28.53 0.86 

×103 28.68 0.74 28.48 0.22 27.89 1.39 28.74 1.14 30.06 0.50 29.02 0.56 

×102 33.13 1.43 28.38 0.17 35.68 1.25 28.49 1.13 35.19 1.70 28.99 0.60 

×101 35.53 0.82 28.24 0.34 0 0 28.49 0.98 0 0 28.56 0.84 

×100 0 0 28.25 0.28 0 0 29.3 0 0 0 29.22 0 

*x = 5, 4, 3, 2, 1 or 0 according to serial dilution. 
 

Table 16: Overview of the means of the Cp values and the standard deviations of 

reconstituted infant milk formula experiments 

Mean 

MAP cells 

50 mL-1 

Spiking infant milk Experiment І 

Spiking level: 1.3 × 10x* 

Spiking infant milk Experiment П 

Spiking level: 1.79 × 10x 

Spiking infant milk Experiment ІII 

Spiking level: 2.29 × 10x 

Cp values Cp values Cp values 

MAP IAC MAP IAC MAP IAC 

mean sd± mean sd± mean sd± mean sd± mean sd± mean sd± 

Native 0 0 31.40 0.46 0 0 31.31 0.36 0 0 31.58 0.27 

×105 20.71 0.78 28.48 1.64 19.24 0.92 28.64 1.69 19.61 0.79 28.6 1.72 

×104 24.27 1.99 30.16 0.58 21.87 1.39 29.7 0.98 23.58 0.98 30.57 0.98 

×103 29.64 1.27 31.36 0.62 27.17 1.67 31.44 0.67 27.94 1.18 31.42 0.83 

×102 34.25 1.50 31.90 1.33 30.12 2.30 31.80 0.92 28.86 5.69 31.72 0.63 

×101 34.38 4.27 31.81 0.54 33.84 1.49 31.46 0.62 32.43 6.63 31.50 0.48 

×100 0 0 31.97 0 36.33 0 32.12 0 37.69 0 31.86 0 

*x = 5, 4, 3, 2, 1 or 0 according to serial dilution. 
 

By estimating the detection probability in raw milk, the MAP real-time PCR assay allowed 

the detection of MAP at a concentration of 1.4 × 10
2
 – 1.4 × 10

5 
MAP cells 50 mL

-1
, yielding 

an estimated detection probability of 100% (all 12 PCR reactions were positive), while the 

detection probability of the samples containing 1.4 × 10
1
 MAP cells 50 mL

-1
 was 16.6% (2 

1.4 

1.7 
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out of 12 were positive). In comparison, the estimated detection probability in baby milk at a 

concentration of 1.7 × 10
5 

- 1.7 × 10
2
 MAP cells 50 mL

-1
 was 100% (all 12 PCR reactions 

were positive) and the detection probability for samples containing 1.7 × 10
1
 MAP cells 50 

mL
-1

 was 91.6% (11 out of 12 were positive). In raw milk, the MAP real-time PCR assay 

detected MAP at a concentration of 1.4 × 10
2
 – 1.4 × 10

5 
MAP cells 50 mL

-1
, an estimated 

detection probability of 100% (all 12 PCR reactions were positive), while the detection 

probability of the samples containing 1.4 × 10
2
 MAP cells 50 mL

-1
 was 100% (12 out of 12 

were positive). With the MAP real-time PCR, the native samples (without MAP), as well as 

the negative control yielded no fluorogenic signal. The LOD of the MAP real-time PCR are 

shown in Table 17. 
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Table 17: Detection probability of three spiking experiments of raw milk (top) and three 

spiking experiments of reconstituted infant milk formula (bottom)  

 

Spiked raw milk samples 

 

MAP cells50 mL-1  (10x)* 

No. of positive samples 
Detection 

probability Spiking Milk 

Experiment І 

Spiking Milk 

Experiment П 

Spiking Milk 

Experiment ПІ 

0 (native) 0/4 0/4 0/4 0/12 (0%) 

native 0/4 0/4 0/4 0/12 (0%) 

×10
5
 4/4 4/4 4/4 12/12 (100%) 

×10
4
 4/4 4/4 4/4 12/12 (100%) 

×10
3
 4/4 4/4 4/4 12/12 (100%) 

×10
2
 4/4 4/4 4/4 12/12 (100%) 

×10
1
 2/4 0/4 0/4 2/12 (16.6%) 

×10
0
 0/4 0/4 0/4 0/12(0%) 

 

Spiked infant milk samples 

 

MAP cells50 mL
-1 

 (10
x
)* 

No. of positive samples 
Detection 

probability Spiking Milk 

Experiment І 

Spiking Milk 

Experiment П 

Spiking Milk 

Experiment ПІ 

0 (native) 0/4 0/4 0/4 0/12 (0%) 

×10
5
 4/4 4/4 4/4 12/12 (100%) 

×10
4
 4/4 4/4 4/4 12/12 (100%) 

×10
3
 4/4 4/4 4/4 12/12 (100%) 

×10
2
 4/4 4/4 4/4 12/12 (100%) 

×10
1
 3/4 4/4 4/4 11/12 (91.6%) 

×10
0
 0/4 2/4 2/4 4/12 (33.3%) 

*x = 5, 4, 3, 2, 1or 0 according to serial dilution. 

 

4.4   Investigation of the field samples 

The results of 928 fecal, 922 composite foremilk samples obtained from 930 investigated 

animals and 92 bulk milk samples revealed MAP positive results from 40 fecal and 21 milk 

samples. Of the 93 dairy herds tested, 17 (18.28%) herds were MAP positive including 11 

(18.96%) of the case and 6 (17.14%) of control herds (Table 18 and 19). All bulk milk 

samples obtained from 92 herds showed MAP negative results. The 930 investigated animals 

1.7 

1.7 

1.4 
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revealed 43 (7.41%) and 9 (2.57%) MAP positive fecal and/or milk samples from case and 

controls herds, respectively. Table 20 and 21 showed real-time PCR results of fecal and milk 

samples from case and control herds of 930 animals.  

 

Table 18: Investigated case and control farms and MAP results 

Farm MAP-positive (%) MAP-negative (%) n 

Cases 11 (18.96%) 47 (81.03%) 58 

Controls 6 (17.14%) 29 (82.85%) 35 

Total 17 (18.28%) 76 (81.72%) 93 

 

Table 19: Investigated case and control animals and MAP results 

Animals MAP-positive
*
 (%) MAP-negative (%) n 

Cases 43 (7.41%) 537 (92.58%) 580 

Controls 9 (2.57%) 340 (97.42%) 349 

Total 52 (5.59%) 877 (94.40%) 929 

* MAP-positive animals are defined as those whose fecal and/or milk samples were MAP-

positive as determined by real-time PCR analysis. 
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Table 20: Real-time PCR analysis of fecal samples and case-control status for animals  

 
Feces MAP-positive 

[n (%)] 

Feces MAP- negative  

[n (%)] 

NA  

[n (%)] 
Total [n] 

Total samples 

truly tested [n] 

Case 36 (6.2) 543 (93.6) 1 (0.2) 580 579 

Control 4 (1.1) 345 (98.6) 1 (0.3) 350 349 

Total 40 (4.3) 888 (95.5) 2 (0.2) 930 928 

 

Table 21: Real-time PCR analysis of milk samples and case-control status for animals 

 
Milk MAP-positive 

[n (%)] 

Milk MAP-negative [n 

(%)] 

NA  

[n (%)] 
Total [n] 

Total samples 

truly tested [n] 

Case 16 (2.8) 560 (96.6) 4 (0.7) 580 576 

Control 5 (1.4) 341 (97.4) 4 (1.1) 350 346 

Total 21 (2.3) 901 (96.9) 8 (0.9) 930 922 

  

Table 22: Cross-tabulation of the individual MAP real-time PCR results of milk and 

feces samples [n] by case-control status (of the animal) 

Sample Herd Status
*
 

Feces Milk Case
**

 Control
***

 

positive positive 9 0 

positive negative 27 4 

negative positive 7 5 

negative negative 537 340 

*
A few herds failed to provide the full samples. Specifically, one case and one control fecal, 

and four cases and four control foremilk and one case bulk milk samples were missing. 
** 

Kappa = 0.33 
*** 

Kappa = 0.01 
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Table 23: Association between MAP real-time PCR results in different sample types and 

chronic disease status of animals based on a study of 930 dairy cows from 93 farms in 

Northern Germany 

Sample Odds ratio (95% confidence interval) 

Feces 5.7 (2.016.2) 

Milk 1.9 (0.75.4) 

Feces and milk * 3.0 (1.56.3) 

*Samples were considered as MAP positive if fecal and/or milk samples yielded a positive result. 

 

The analysis of the agreement of MAP test results for milk and fecal samples for the 

combined data set consisting of cases and controls revealed a moderate correlation (kappa = 

0.27; asymptotic standard error [ASE] = 0.108). A stratified analysis (Table 22) indicated that 

this correlation was largely due to results obtained from cases rather than controls; for cases, 

kappa = 0.33 and ASE = 0.11 indicated a low but significant positive agreement, whereas for 

controls, kappa = 0.01 and ASE = 0.33 indicated no significant agreement.  

The results for MAP positive milk and fecal samples (case status) were OR = 1.9 (95% CI = 

0.75.4) and OR = 5.7 (95% CI = 2.016.2), respectively (Table 23). Parallel individual testing 

of milk and fecal samples was correlated significantly with a diagnosis of the case versus 

control status, with OR = 3 and 95% CI = 1.56.3. 
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5   DISCUSSION 

Paratuberculosis caused by MAP is considered a serious disease for dairy cattle because there 

is no effective treatment and disease control is difficult due to the long latency period. The 

source of MAP transmission between animals is mainly due to the ingestion of feed 

contaminated with feces and/or milk (WITTINGTON and SERGEANT 2001). Thus, there is 

an urgent need for early detection of MAP in bovine fecal and milk samples. Sensitivity and 

specificity are low in serological methods as well as the cultivation method, ‘‘the gold 

standard’’ for MAP detection, which takes several months with some MAP forms not 

growing in vitro at all (MACHACKOVA et al. 2004). MAP cells appear as plump rods that 

are 1 - 2 μm in length, which typically occur as clumps of up to several hundred bacterial 

cells. Their cell walls, like other mycobacteria are acid-fast containing waxy mycolic acids 

which resists decolorization with acidified alcohol, making the cells difficult to disrupt to 

obtain DNA for PCR. The slowest growing of all cultivable mycobacteria, MAP can take 3 - 

4 months or longer to grow a primary culture from field specimens. In addition, MAP has the 

unique characteristic of requiring iron-chelating compound mycobactin J for its cultivation. 

Once established the MAP isolate produces colonies every 3 - 6 weeks when subcultured and 

maintained at their optimum temperature of 37°C with aerobic conditions. Colonies are small 

(1 - 2 mm), white and domed with an entire margin; rough colonies are rarely seen (Merkal 

and McCullough 1982). Therefore, in the last decade there have been several studies on the 

molecular-based detection of the organism in samples of milk from individual cows, from 

bulk tank milk and from pasteurized milk, including retail samples (GRANT et al. 2002).  

Due to published data the association between MAP and Chron's disease has been 

strengthened (AUTSCHBACH et al. 2005; Sechi et al. 2005; ABD EL-MALEK and 

MOHAMED 2011). A possible link between MAP and Crohn's disease is the subject of 

debates because in terms of epidemiology, clinical symptoms and gross pathology, Johne's 

disease and Crohn's disease resemble each other. DALZIEL (1913) first postulated this 

association over 80 years ago when he discussed a ‘professional colleague’ with chronic 

interstitial enteritis and suggested his symptoms were similar to the pathology of a previously 

described chronic enteric infection in ruminants, caused by MAP, called Johne's disease. 

Additionally, CROHN et al. (1932) described 14 cases of a granulomatous disease involving 
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the small intestine and noted the similarity to Johne's disease. The role of MAP in Crohn's 

disease has brought considerable controversy but there is some evidence that such an 

association exists, therefore MAP can be said to have 'zoonotic potential'. In a study 

examining genetic similarities between M. avium subsp. paratuberculosis strains, those strain 

recovered from cows regardless of geographic origin had a high degree of genetic similarity, 

while the strains recovered from human and ovine sources had a relatively higher degree of 

genetic heterogeneity (MOTIWALA et al. 2003).  

Sensitivity and specificity of PCR assays for MAP detection have proved to be extremely 

valuable for research efforts with the aim of understanding the transmission of MAP via foods 

of animal origin, its pathogenicity in ruminant paratuberculosis, as well as its possible role in 

human CD, as the detection of MAP in the breast milk of patients triggered the discussion 

concerning its role in human Crohn’s disease (NASER et al. 2000).  

Paratuberculosis is present in dairy herds in all European countries where milk and beef from 

pre-clinically affected animals can be sold on the market. A number of authors have noted the 

risk associated with the presence of cultivable MAP in retail dairy product. Several countries 

have published data on the increasing incidence of Crohn’s disease, some noting an increase 

in the number of children with different autoimmune diseases, including Crohn’s disease 

(ARMITAGE et al. 2001).  

In the present study, we had two aims, the first of which was to evaluate a commercially 

integrated VetMAX
™

 MAP Real-Time PCR kit using milk samples since the commercial kit 

is certified only for detecting MAP in feces and environmental samples. This included 

assessing the specificity and sensitivity of the real-time PCR using a commercially available 

DNA extraction kit for detecting MAP in artificially contaminated raw milk and reconstituted 

infant milk formula samples using MAP type strain ATCC 19698 (DSM 44133). The second 

aim of the study was to evaluate the potential role of this kit for detecting MAP in feces, 

composite foremilk samples and bulk milk samples of chronically diseased milking cows in 

dairy farms. 

To fulfill the first objective, in the present study, a mechanical lysis step using precellys
®
24 

homogenizer to homogenize milk samples was applied in combination with the MagVET
™ 
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Mycobacterium paratuberculosis Isolation Kit and a semi-automatic system (Kingfisher
™

 

mL), a magnetic particle processor method of DNA extraction, to find an extraction method 

that was easy to use, removed inhibitors, produced good bacterial lysis, yielded a high rate of 

tested samples (parallel DNA purification of 15 samples) and, as a consequence, increased 

PCR sensitivity. This was in agreement with DONAGHY et al. (2010), who used magnetic 

beads (not antibody-coated) for extracting MAP DNA from artificially contaminated milk and 

milk product samples. These authors noted that a combination of an MAP DNA extraction 

system including the mechanical lysis step and the magnetic beads with the real-time PCR 

assay was sensitive, specific and applicable for MAP detection in a range of dairy products. 

For maximum sensitivity of MAP detection from bovine feces and milk samples, a modified 

DNA extraction procedure which included a mechanical lysis step combined with a real-time 

PCR assay was successfully used (SCHÖNENBRÜCHER et al. 2008). Extensive lysis 

treatment in combination with nucleic acid binding column purification of the template using 

the High Pure PCR template preparation kit (Roche, Mannheim, Germany) and DNA 

precipitation protocols were the best performers (TASARA and STEPHAN 2005). The 

extraction and pretreatment procedure of MAP is immuno-magnetic separation (IMS). 

DONAGHY et al. (2010) used magnetic beads (not antibody-coated) for extracting MAP 

DNA from the artificially contaminated milk, and milk powder samples, as in the present 

study. In IMS, whole MAP cells are captured by magnetic beads and then coated with specific 

antibodies. The first time this method was implemented, it was used to capture MAP from 

milk (GRANT et al. 1998). At a later stage it was used in combination with PCR (GRANT 

and ROWE 2001) This method is called IMS-PCR. For DNA purification, phenol-chloroform 

extraction can also be used. This method is similar to IMS to capture MAP cells 

(STRATMANN et al. 2006). A prerequisite for making the DNA available for purification 

and extraction is bacterial lysis of the rigid cell wall. Enzymatic digestion or boiling was 

inadequate. Successful MAP lysis can be carried out by mixing chemical methods with bead 

beating (HERTHNEK 2009), forcefully shaking a sample mixed with small beads in order to 

break the cell walls. Enzymatic treatment, freeze-thaw/boiling, bead beating or kits for plant 

DNA purification have previously been compared for pretreatment (GARRIDO et al. 2000; 

ODUMERU et al. 2001; ZECCONI et al. 2002; CHUI et al. 2004) resulting in bead beating 

having the most sensitivity in almost all cases. Most DNA extraction methods centrifuge 
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relatively large amounts of milk, usually 10 mL, because of the low concentrations of MAP in 

milk. Immuno-magnetic separation (IMS) is generally used with milk. It can be used on small 

amounts but is often wastefully used on large volumes. It is wasteful because much of the 

milk, both the whey and the cream, is discarded after centrifugation. As the cream can 

occasionally contain most of the MAP in the sample, it should be considered. Pooling the 

pellet and cream fractions of processing the complete sample is the best practice (BÖLSKE 

and HERTHNEK 2010). Research using different procedures of pretreatment for real-time 

PCR in comparison to culture was performed by STING et al. (2014). They obtained the best 

results from the samples that were pre-treated in combination with magnetic particles or silica 

membrane-based mini-columns for DNA extraction. This method increased the MAP 

detection rate in real-time PCR from 61.2% to 64.7% by using magnetic particles and from 

58.6% to 84.5% by using silica membrane mini-columns. OKWUMABUA et al. (2010) 

extracted MAP from 304 fecal samples after growth in a broth-based culture system with 

three different methods (MagMAX™ [65%], DNeasy [40%], and phenol-chloroform [51%]). 

The results of the amplifiable MAP DNA showed that the MagMAX
™

 method provided the 

greatest amplifiable MAP DNA and its extracts produced the best results for PCR. 

In this part of the study, our aim was to evaluate PCR assay to detect MAP based on other 

genomic loci rather than f57 and IS900 (DONAGHY et al. 2010) and MAP-specific 

Mptb52.16 target (DZIECIOL et al. 2010). By doing so we wanted to overcome the 

specificity and sensitivity problems associated with PCR detection of MAP in milk, a major 

drawback of several widely available commercial MAP detection PCR test kits that are 

widely available. ISMAP02 provides high specificity compared to tests for IS900-like genetic 

elements which, due to sequence similarity, may cause cross-reactions and false positive 

results (ENGLUND et al. 2002; SCHÖNENBRÜCHER et al. 2008). Using IS900 as a target 

might result in high sensitivity  

due to the relatively high copy number. Nonetheless, cross reactions with closely related 

species (for example, M. avium subsp. avium and M. chelonae) were mentioned by 

ENGLUND et al. (2002) and TASARA et al. (2005). Thus ISMAP02, a target gene which is a 

more specific indicator of MAP presence than IS900, was used. No false positives were 
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detected with either non-MAP mycobacterial strains or other bacteria common in milk which 

were investigated in this study. 

In the analytical sensitivity test, the amount of MAP DNA ranged from 141.2 × 10
6 

fg μl
-1

 to 

1.412 fg μl
-1

. This is less sensitive than the published analytical sensitivity of IS900 

(DONAGHY et al. 2010). This difference was not unexpected, given the multi-copy presence 

of the IS900 insertion element compared to just 6 copies of the target gene ISMAP02. 

The obtained results of spiked raw milk and reconstituted infant milk formula revealed that 

MAP concentrations increased as dilution and Cp values decreased. The Cp values of the 

varying MAP 50 mL concentrations of raw milk samples ranged from 22.61 for samples 

containing 1.7 × 10
5
 MAP 50 mL

-1
 to 35.53 for samples that comprised 1.7 × 10

1
 MAP 50 

mL
-1

. The Cp values of the varying MAP 50 mL
-1

 concentrations of reconstituted infant milk 

samples ranged from 19.24 for samples containing 1.4 × 10
5
 MAP 50 mL

-1
 to 37.69 for 

samples which comprised 1.4 × 10
0
 MAP 50 mL

-1
. Infant milk formula contains fewer fats 

and PCR inhibitors than raw milk. The IS900 assay detected MAP at approximately 1 CFU 

mL
-1

 milk in this study using a test volume of 50 mL
-1

. Similarly, a 10 mL milk sample 

volume was used in previous studies and a relatively low detection level  using f57-based 

qPCR for MAP detection in milk was reported: 10-100 CFU mL
-1

 (TASARA and STEPHAN 

2005) and 100 CFU mL
-1

 (BOSSHARD et al. 2006), respectively. 

Larger test volumes have also been used in some studies. However, previous DNA extraction 

methods involved a centrifugation step and discarding of the cream layer. Thus, MAP 

segregated in this layer might have impinged on assay sensitivity. The values reported in the 

afore mentioned studies represent an improvement in the sensitivity of MAP detection in 

contaminated milk compared to other studies using real-time PCR assay with different test 

volumes which reported 40 CFU 25 mL
-1

 (O’MAHONY AND HILL 2004), 5 - 10 CFU 1 

mL
-1

 (METZGER-BODDIEN et al. 2006), 5 cells 20 mL
-1

 (RODRÍGUEZ-LÁZARO et al. 

2005), respectively. 

The results of the present study showed that the used MAP real-time PCR assay detected 

MAP at a concentration of raw milk 10
2
 - 10

5 
MAP cells 50 mL

-1 
yielding an estimated 

detection probability of 100% (all 12 PCR reactions being positive), while the detection 



DISCUSSION 

 

63 
 

probability in the samples containing 10
1 

MAP cells 50 mL
-1

 was at 16.6% (2 out of 12 being 

positive). The detection probability of MAP in reconstituted infant milk formula was 

estimated at a concentration of  10
2 

- 10
5 

MAP cells 50 mL
-1 

yielding an estimated detection 

probability of 100%, while the detection probability in the samples containing 10
1 

MAP cells 

50 mL
-1

 amounted to 91.6% (11 out of 12 were positive). Similarly, DONAGHY et al. (2010) 

developed two combined MAP DNA extraction and qPCR assays based on IS900 and f57 

target genes for detecting MAP in a range of dairy products, including milk and milk powder, 

and revealed that at a Cp value of 38, limits of detection (LOD) for the IS900 qPCR assay 

were 0.6 CFU mL
-1

 and 2.8 CFU 10 mL
-1 

for artificially contaminated pasteurized milk and 

whole milk powder, respectively. The respective LODs for the f57 assay were 6.2 CFU mL
-1

 

for pasteurized milk and 2.7 CFU 10 mL
-1

 for whole milk powder. 

An internal amplification control (IAC) is a non-target DNA sequence present in the same 

tube as the sample. It is co-amplified simultaneously with the target sequence. Thus, it can be 

used to prevent false negative results that might be caused by PCR inhibitors (RÅDSTRÖM 

et al. 2003). In the present MAP diagnosis kit, the internal amplification control (Xeno
™

) 

proved the reliability of the PCR reaction and excluded false negative-results, which is 

required in order to prevent false negative results in milk. The internal amplification control is 

critical for PCR systems because it allows monitoring of reactions for amplification efficiency 

and associated inhibition. ABDULMAWJOOD et al. (2002) and HOORFAR et al. (2004) 

reported that the internal amplification control is necessary in diagnostic PCR in order to 

prevent false negative results in food-PCR diagnostics. GRANT et al. (2002) mentioned that 

no false negatives were obtained with either assay with a range of MAP strains including 

those previously isolated from raw and pasteurized milk samples. HOORFAR et al. (2004) 

mentioned that a critical component of any diagnostic PCR system is the internal 

amplification control system which monitors individual reactions for amplification efficiency 

and sample-associated PCR inhibition. 

In addition to the evaluation part of this study for use on artificially contaminated milk 

samples, the used assay was also applied on field samples. The 922 investigated udder milk 

samples showed positive results in 2.27% (n = 21) of the cases. ALAJMI et al. (2016) 

mentioned that the analysis of agreement of MAP positive results from all milk and fecal 
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samples of the same animal of all samples revealed a moderate correlation (kappa= 0.27 and 

asymptotic standard error [ASE] = 0.108). These results suggest that the real-time PCR using 

the ISMAP02 target gene is suitable for MAP detection in milk samples. 

MAP detection by means of bacterial culture in solid medium is still the reference diagnostic 

method and requires 6 to 8 months to complete. Slow and insensitive, especially at the early 

stages of infections, this method relies on acid-fast staining of cultured or clinical specimens. 

Though ZN cannot differentiate between acid fast microorganisms and antigens shared by 

different mycobacteria infections, this method has not been modified in years. Rapid 

identification of MAP is prevented by these limitations; thus, decision to remove the infected 

animals is delayed, allowing the pathogen to circulate in herds. New diagnosis technologies 

are underway and there is hope that different diagnostic approaches for rapid detection of 

Mycobacterium avium subsp. paratuberculosis infections will be developed (DUGASSA and 

DEMISIE 2014). 

There are many diagnostic methods widely used for detecting MAP infections. Ziehl-Neelsen 

(ZN) staining, which is based on the resistance of mycobacteria to decolorizing by acid 

alcohol after staining with fuchsin, is the bacterioscopic method used for paratuberculosis 

identification. The results are qualitative. This method has the advantage of being 

inexpensive, fast and simple, but has the disadvantage of having low specificity and 

sensitivity in milk, colostral and fecal samples (GILARDONI et al. 2012). The ELISA test 

has several advantages, these being easy automation, repeatability, objective interpretation of 

results, and simultaneous evaluation of multiple samples as well as the ability to modify the 

cutoff according to the required sensitivity or specificity. Furthermore, it has good sensitivity 

and specificity in clinical stages and it is relatively inexpensive. It is a good method to assess 

the prevalence of paratuberculosis in the herd, although several researchers have found that 

the prevalence of bovine tuberculosis decreases the sensitivity and specificity of the test for 

paratuberculosis (ALINOVI et al. 2009; GILARDONI et al. 2012). The disadvantage thereof 

is that the antigenic variability in different ELISA tests of serum and the different ages of the 

tested animals can lead to errors in sensitivity and specificity. Multiplex PCR provides 

information from several loci in a single reaction. The advantage of real-time-PCR is that it 

shortens analysis time and allows immediate observation of the target amplification and 
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quantification as well as  having greater sensitivity than bacterial culture providing reduced 

risk of contamination (BÖLSKE and HERTHNEK 2010). Using IS900 in this type of PCR is 

sufficiently sensitive to detect very low numbers of MAP. However, it is inadequate for 

accurate quantification of CFU in the sample, since it is present in many copies within the 

bacterial genome. Therefore, the ISMAP02 sequence is used for real-time PCR. Real-time 

PCR provides simplified laboratory procedure due to elimination of electrophoresis. Loop-

mediated isothermal amplification, however, has high sensitivity and specificity, is not 

laborious, and does not require special equipment, which makes it an inexpensive diagnostic 

tool. According to the results obtained by SOHAL et al. (2008); IRENGE et al. (2009); and 

SEVILLA et al.(2014) with real-time PCR, it can be stated that it is a rapid and specific 

technique for evaluating fecal samples from animals in the subclinical stage. Nonetheless, it 

must be validated with a higher number of samples from different herds. The disadvantage of 

PCRs is their high cost. The possibility of false positive results (by contamination during the 

development of the technique) and/or of false negatives (by possible inhibitory components 

on the Taq polymerase), requires control by using of appropriate internal negative and 

positive controls within each batch of samples. All of the previously described types of PCR 

show risks of contamination (ENOSAWA et al. 2003; BÖGLI-STUBER et al. 2005; 

MORAVKOVA et al. 2008; MÖBIUS et al. 2008b; IRENGE et al. 2009; BÖLSKE and 

HERTHNEK 2010; GILARDONI et al. 2012). 

The second goal of this study was to determine the potential role of this kit for evaluating the 

detection of MAP in feces, composite foremilk samples and bulk milk samples of chronically 

diseased milking cows on dairy farms. 

Today paratuberculosis is reported as an animal disease (ANONYMOUS 2013). The German 

federal government published recommended guidelines for hygienic measures, diagnostic 

approaches and status definitions of paratuberculosis on ruminant farms, in 2005 

(ANONYMOUS 2005). Multiple studies in many countries have been carried out to 

determine the prevalence of MAP infections (OKURA et al. 2012; GERAGHTY et al. 2014). 

In Germany, cases of paratuberculosis have to be reported to the authorities in accordance 

with the official paratuberculosis report by the federal states (HARTUNG et al. 2014). Cases 
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thereof have been detected in cattle, sheep, goats, pigs, and zoo animals in all regions of 

Germany.  

Representative studies for all German federal states are not available. Nonetheless, of those 

which are available, the apparent prevalence at herd level ranged between 0.015 and 

0.847. The lowest prevalence was reported in Bavaria (BOETTCHER and GANGL 2004) 

based on antibody detection of 2,748 samples from 119 farms. The highest prevalence was 

found in Mecklenburg-Westpommerania (HACKER et al. 2004) using milk (n=2,766) and 

serum (n=231). 

At animal level, the apparent prevalence ranged between 0.012 and 0.980. With the 

lowest (KÖHLER et al. 2011) prevalence in fecal culture of 10, 013 animals from 431 farms 

(all) and the highest (BOETTCHER and GANGL 2004) testing serum by svanovir-ELISA 

test of 2,748 animals from 119 farms.  

In Lower Saxony, the apparent prevalence at herd level was 0.538 and the apparent 

prevalence at animal level was 0.105 according to a study using feces from 9, 962 animals 

from 368 farms (KÖHLER et al. 2011). In another study of pourquier ELISA test, of 896 

samples from Saxony-Anhalt, 38 tested positive, giving an apparent prevalence of 4.2%. 

Based on the test quality traits employed in the study, the true prevalence was estimated at 

6.7% (95% CI, 3.0 - 10.4%) (DENZIN et al., 2011). Surveys in other European countries 

reported paratuberculosis seroprevalences of 21.4% in Ireland, 54% in the Netherlands, 55% 

in Denmark, and 68% in France (GOOD et al. 2009; NIELSEN and TOFT 2009). 

This study results supported the validity of the MAP real-time PCR kit for use in detecting 

MAP in milk. The results achieved within the second study part revealed that the real-time 

PCR results for individually matched milk and fecal samples were moderately correlated in 

the case population based on the kappa index. These results suggest that milk testing provides 

only little additional diagnostic information that is distinct from that of fecal samples (Table 

22). Similar tests were run in the India states of Punjab where a total of 355 cows (feces, n = 

355; milk, n = 209) were sampled from dairy farmers. Feces and milk samples were screened 

using IS900 PCR. Tests were compared and the resulting kappa values indicated that milk 

PCR was an appropriate "confirmatory test" for MAP infection (GARG et al. 2015).  
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The stronger association between milk and fecal samples in case herds than in control herds, 

under the assumption that MAP infection can be one of the contributing factors for signs as 

defined by the case herd status (production losses and chronic diseases), suggests that the 

real-time PCR results have a diagnostic value for diagnosing MAP-infected animals. 

In this study the analysis of the association between the real-time PCR results and chronic 

herd health status revealed a higher OR for fecal samples than milk samples (Table 23). This 

indicates that fecal samples may be more suitable than milk samples when investigations 

based on real-time PCR MAP analysis are conducted to ascertain the possible reason for 

chronic herd health problems. The parallel milk and fecal sample testing still significantly 

correlated with the indicator-based diagnosis of chronic herd health problems. However, none 

of the bulk milk samples gave positive results. Therefore, we do not recommend the use of 

bulk milk for evaluating the MAP status of dairy herds using PCR. The most probable reason 

for this finding is that the dilution factor is too high when milk of shedding and non-shedding 

cows is mixed. On comparing MAP positive case and control farms, the amount of positive 

animals was higher on the case farms. 

This finding leads to the suggestion that on farms with chronic disease problems, more 

animals become MAP shedders than on farms with a better health status, although the status 

for the herd (MAP positive or not) is the same. As Johne´s disease is a chronic illness and 

MAP is shed intermittently, it is likely that on farms with additional disease burdens, animals 

become shedders more frequently (BRADY et al. 2008; WISZNIEWSKA-ŁASZCZYCH et 

al. 2009). Further studies investigating the causality of chronic diseases and production losses 

should consider potential MAP infection along with differential etiologies as well as potential 

confounding variables such as animal age or herd management practices. 

To conclude the integrated VetMAX
™

 MAP Real-Time PCR kit uses a unique transposon 

sequence, ISMAP02 which provided sensitive-specific results. The DNA isolation method use 

standardized and modified protocol with a semi-automatic system to avoid possible cross 

contamination of the samples and enables a high throughput rate of tested samples.  
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6   CONCLUSION 

This study demonstrated and evaluated practical applicability of the integrated VetMAX
™

 

MAP Real-Time PCR kit on reconstituted infant milk samples, artificially spiked milk, and 

field milk samples obtained from dairy herds. The standardized protocol was provided by a 

DNA isolation method, possible cross contamination between samples was avoided with a 

semi-automatic system, resulting in a high throughput rate of tested samples. An IAC is 

critical for PCR systems because it allows monitoring of reactions for associated inhibition 

and amplification efficiency. The results of this study suggest that real-time PCR using 

ISMAP02 primers is useful in practice, being both fast and cost-effective, to identify MAP as 

a possible cause for chronic individual and herd health problems. Furthermore, the results 

supported the validity of the MAP real-time PCR kit as a powerful tool to detect MAP in milk 

samples. However, fecal samples appear to be more suitable for predicting an association 

between MAP infection and the health status. 
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7   SUMMARY 

Ahmad Alajmi 

Occurence of Mycobacterium avium subsp. paratuberculosis (MAP) in bovine milk and 

feces samples from Nothern Germany  

MAP, the etiological agent of paratuberculosis, is economically important in dairy operations 

because it affects ruminants such as cattle as the causative agent of Johne's disease as well as 

perhaps the causative agent of CD. The many different commercially produced tests for 

detecting MAP in different matrices have varied advantages, disadvantages and applications. 

In the present study, the first aim was to evaluate the VetMAX
™

 MAP Real-Time PCR 

Screening Kit (Thermo Fisher Scientific
™

) using milk samples since the commercial kit is 

certified only for the detecting of MAP in feces and environmental samples. The second aim 

was to evaluate the practicability of the applied new molecular technique using the previously 

mentioned real-time PCR kit and the MagVET
™

 Mycobacterium paratuberculosis Isolation 

Kit (Thermo Fisher Scientific
™

) to quickly detect MAP in feces, composite foremilk samples 

and bulk milk samples of chronically diseased milking cows on dairy farms in Northern 

Germany. 

The integrated VetMAX
™

 MAP Real-Time PCR kit was evaluated, including a unique 

transposon sequence; (ISMAP02) that was targeted to provide sensitive-specific results. The 

analytical sensitivity of the assays was determined using MAP type strain ATCC 19698 

(DSM 44133). The assay's specificity was validated by testing 15 isolates of MAP, 13 isolates 

of non-MAP Mycobacterium species and 8 isolates of other related bacterial non-

Mycobacterium species. Six spiked experiments were performed using multiple 50 mL
-1 

samples of both raw milk and reconstituted infant milk (BEBA
®
) that were spiked with a 

tenfold serial dilution containing 10
0
 to 10

5 
MAP cells mL

-1
. However, 3 raw milk samples 

from a local farm and 3 reconstituted infant milk formula samples were tested independently. 

The detection probability in raw milk for the samples containing 1.4 × 10
1
 MAP cell 50 mL

-1
 

amounted to 16.6% and the detection probability for reconstituted infant milk samples 

containing 1.7 × 10
1
 MAP cell 50 mL

-1
 amounted to 91.6%.  

Additionally, the diagnostic kit was applied on the field samples for MAP detection. A total 

of 928 fecal, 922 composite foremilk and 92 bulk milk samples obtained from 58 case and 35 
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control dairy herds were investigated. The real-time PCR showed MAP positive results for 11 

(18.96%) and 6 (17.14%) of the case and control herds, respectively. The odds ratio for the 

association between MAP-positive PCR results from milk and fecal samples and the herd 

disease status were OR = 1.9 (95% CI = 0.75.4) and OR = 5.7 (95% CI = 2.016.2), 

respectively. All bulk milk samples were MAP negative. The result of fecal and milk samples 

were moderately correlated (kappa = 0.27).  

Finally, the validity of the commercial MAP real-time PCR kit to detect MAP in milk was 

supported by the study results. The data results indicate that real-time PCR results have 

diagnostic value for diagnosing MAP positive animals, whereby fecal samples are more 

suitable than composite foremilk samples when the assay is applied on samples from diseased 

cows.
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8   ZUSAMMENFASSUNG 

Ahmad Alajmi 

Vorkommen von Mycobacterium avium subspecies paratuberculosis (MAP) in Kuhmilch 

und Facesproben aus Norddeutschland 

Mycobacterium avium subspecies paratuberculosis (MAP), der Erreger der Paratuberkulose 

(auch als Johne’sche Krankheit bekannt), stellt aufgrund des chronisch-auszehrenden 

Verlaufes einen wichtigen Wirtschaftsfaktor für die Milchwirtschaft dar. Darüber hinaus 

besteht die Möglichkeit eines Zusammenhangs mit dem den Menschen betreffenden Morbus 

Crohn. Die vielen verschiedenen kommerziellen Tests zur Erkennung von MAP in 

unterschiedlichen Matrices haben eine Reihe von Vor- und Nachteilen. In der hier vorgelegten 

Studie ging es vorrangig darum, die Effizienz des VetMAX
™

 MAP Real-Time PCR 

Screening Kit (Thermo Fisher Scientific
™

) in Milchproben zu ermitteln, da sich die 

Zertifizierung dieses kommerziellen Testsystems eigentlich auf den Nachweis von MAP in 

Kot- und Umweltproben begrenzt.  Das zweite Ziel war, die Praktikabilität der angewandten, 

neuen molekularbiologischen Technik unter Verwendung des oben genannten Real-Time-

PCR-Kits und dem MagVET
™

 Mycobacterium paratuberculosis Isolationskits (Thermo 

Fisher Scientific
™

) zum schnellen Nachweis von MAP in Kot- und 

Gesamtviertelgemelksproben chronisch erkrankter Milchrinder in Norddeutschland sowie in 

Tankmilchproben aus Herden, in denen sich diese chronisch kranken Tiere befinden, zu 

beurteilen. 

Das VetMAX
™

-MAP-Real-Time-PCR-Kit arbeitet mit einer individuellen 

Transposonsequenz (ISMAP02) als Target für sensitiv spezifische Nachweise. Die 

analytische Sensitivität des Testsystems wurde anhand des MAP-Typstammes ATCC 19698
T
 

(DSM 44133)
T
 bestimmt, die Spezifität mit 15 weiteren MAP-Isolaten, 13 Isolaten von Nicht-

MAP-Mykobakterien und 8 weiteren Isolaten verwandter Nicht-Mykobakterien. Dabei 

wurden alle Stämme sicher als MAP bzw. als Nicht-MAP erkannt. Sechs Experimente mit 

künstlicher Kontamination wurden mit 50 ml-Proben von Rohmilch und rekonstituierter 

Säuglingsnahrung durchgeführt. Jede Probe wurde mit einer Verdünnung in Zehnerschritten 

mit 10
0
 bis 10

5 
MAP-Zellen/ml künstlich kontaminiert. Rohmilch und Säuglingsmilch wurden 

jeweils an unterschiedlichen Tagen untersucht. Die Nachweiswahrscheinlichkeit in Rohmilch 
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mit 1,4 × 10
1
 MAP-Zellen/50 ml betrug dabei 16,6 %, die von 1,7 × 10

1
 MAP-Zellen/50 ml in 

der Säuglingsnahrung 91,6 %.  

Darüber hinaus wurde das Testsystem an Feldproben zur Diagnostik von MAP verwendet. 

Insgesamt wurden 928 Kot-, 922 Gesamtviertelgemelks- und 92 Tankmilchproben aus 58 

Fall- und 35 Kontrollherden (die eine Anzahl von Kriterien bezüglich chronischer 

Erkrankungen erfüllen mussten bzw. nicht aufweisen durften) untersucht. Mittels Real-Time-

PCR wurden 11 (18,96) der Fall- und 6 (17,14 %) der Kontrollherden positiv auf MAP 

getestet. Die Odds Ratio als Maß des Zusammenhanges zwischen MAP-positiven 

Ergebnissen aus Milch und aus Kotproben sowie dem Krankheitsstatus der Herde belief sich 

auf OR = 1,9 (95% CI = 0,75,4) bzw. OR = 5,7 (95% CI = 2,0  16,2). Alle 

Tankmilchproben waren MAP-negativ. Die Ergebnisse für Kot- und Milchproben stimmten 

weitestgehend überein (kappa = 0,27).   

Zusammenfassend ist festzuhalten, dass die Validität des kommerziellen Real-Time-PCR-Kits 

zum Nachweis von MAP in Milch durch die Ergebnisse dieser Studie bestätigt werden 

konnte. Diese belegen, dass Real-Time-PCR-Ergebnisse MAP-positive Tiere detektieren 

können, wobei sich Kotproben als aussagekräftiger als Gesamtviertelgemelke erwiesen, wenn 

der Test an erkrankten Kühen durchgeführt wird.   
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10   SUPPLEMENTAL MATERIALS 

10.1   Spiking Milk Experiments 

Table 24: Spiking baby milk experiment I 

Cell/ 50ml 

Result 1 Result 2 Result 3 Result 4 

CP
* MAP CP IAC CP MAP CP IAC CP MAP CP IAC CP MAP CP IAC 

native - 31.62 - 31.23 - 31.90 - 30.84 

1.3×10
5
 21.22 26.77 20.53 30.36 21.4 29.32 19.7 27.49 

1.3×10
4
 25.37 29.88 24.89 30.62 25.53 30.67 21.32 29.47 

1.3×10
3
 30.97 31.46 28.56 31.99 30.5 31.51 28.56 30.5 

1.3×10
2
 33.63 30.95 35.35 32.59 35.61 33.45 32.42 30.64 

1.3×10
1
 - 31.44 36.84 32.51 36.86 31.96 29.45 31.33 

1.3×10
0
 - 31.4 - 31.61 - 31.43 - 33.46 

* Cp value (crossing point PCR cycle) is the cycle at which fluorescence achieves a defined 

threshold. 

 

Table 25: Spiking baby milk experiment П 

  Cell/ 50ml 

Result 1 Result 2 Result 3 Result 4 

CP MAP CP IAC CP MAP CP IAC CP MAP CP IAC CP MAP CP IAC 

native - 31.42 - 31.76 - 30.95 - 31.11 

1.79×10
5
 20.17 27.72 19.41 30.53 19.43 29.53 17.95 26.8 

1.79×10
4
 23.25 29.20 21.82 30.63 22.46 29.8 19.98 28.67 

1.79×10
3
 28.69 31.85 27.38 31.86 27.82 31.62 24.8 30.44 

1.79×10
2
 31.91 31.6 30.26 32.48 31.48 32.56 26.83 30.59 

1.79×10
1
 35.32 31.44 34.89 31.42 32.93 32.26 32.22 30.74 

1.79×10
0
 36 31.68 - 32.44 - 32.7 36.67 31.68 
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Table 26: Spiking baby milk experiment ПІ 

Cell/ 50ml 

Result 1 Result 2 Result 3 Result 4 

CP MAP CP IAC CP MAP CP IAC CP MAP CP IAC CP MAP CP IAC 

native - 31.23 - 31.66 - 31.54 - 31.87 

2.29×10
5
 20.31 27.6 19.76 30.58 19.9 29.44 18.48 26.78 

2.29×10
4
 24.63 30.67 23.53 31.68 23.9 30.65 22.28 29.28 

2.29×10
3
 29.24 31.38 28.35 32.51 27.76 31.34 26.41 30.47 

2.29×10
2
 32.57 31.98 30.66 32.42 31.84 31.57 20.4 30.93 

2.29×10
1
 35.19 31.55 36.68 31.88 35.34 31.77 22.53 30.81 

2.29×10
0
 38.46 31.68 - 31.54 36.93 32 - 32.25 

 

Table 27: Spiking of raw milk experiment I 

Cell/ 50ml 

Result 1 Result 2 Result 3 Result 4 

CP MAP CP IAC CP MAP CP IAC CP MAP CP IAC CP MAP CP IAC 

native - 29.60 - 29.92 - 29.71 - 29.84 

1.54×10
5
 22.5 27.42 22.62 28.95 22.88 29.31 22.46 29.3 

1.54×10
4
 26.17 28 26.82 28.36 26.94 28.59 26.88 28.45 

1.54×10
3
 29.77 28.39 28.56 28.7 28.12 28.21 28.3 28.64 

1.54×10
2
 35.18 28.62 32.8 28.21 31.83 28.32 32.74 28.39 

1.54×10
1
 36.12 28.42 - 27.74 - 28.47 34.95 28.36 

1.54×10
0
 - 28.37 - 27.84 - 28.47 - 28.35 
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Table 28: Spiking of raw milk experiment П 

Cell/ 50ml 

Result 1 Result 2 Result 3 Result 4 

CP MAP CP IAC CP MAP CP IAC CP MAP CP IAC CP MAP CP IAC 

native - 29.76 - 29.82 - 29.48 - 29.69 

1.47×10
5
 22.34 29.61 23.51 29.86 22.95 29.48 22.8 29.51 

1.47×10
4
 24.65 29.59 22.99 27.24 23.63 27.83 23.42 27.79 

1.47×10
3
 29.74 30.33 27.77 28.48 27.72 28.56 26.34 27.61 

1.47×10
2
 35.76 30.16 34.95 27.79 37.42 27.77 34.61 28.24 

1.47×10
1
 - 29.96 - 27.87 - 28.19 - 27.95 

1.47×10
0
 - 30.41 - 28.7 - 28.58 - 29.51 

 

Table 29: Spiking of raw milk experiment ПІ 

Cell/ 50ml 

Result 1 Result 2 Result 3 Result 4 

CP MAP CP IAC CP MAP CP IAC CP MAP CP IAC CP MAP CP IAC 

native - 29.38 - 29.56 - 29.68 - 29.74 

1.17×10
5
 21.87 29.35 23.61 29.31 23.57 29.5 23.46 29.47 

1.17×10
4
 25.41 29.78 25.31 28.39 24.39 27.78 24.9 28.2 

1.17×10
3
 29.84 29.83 30.74 28.91 29.57 28.51 30.11 28.86 

1.17×10
2
 35.09 29.89 36.64 28.76 32.83 28.66 36.23 28.66 

1.17×10
1
 - 29.77 - 28.39 - 27.79 - 28.29 

1.17×10
0
 - 29.75 - 29.23 - 28.58 - 29.32 
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10. 2   MAPCaseControl     

MAPCaseControl.R 

Greiner 

Mon Sep 08 20:31:13 2014 

# Occurrence of Mycobacterium avium subsp. paratuberculosis (MAP) in bovin
e milk and feces samples from Northern Germany (Case-control study) 
# Statistical analysis 
# by Matthias Greiner, TiHo, BfR, August 2014 
# Data provided by PD. Dr. med. vet. Amir Abdulmawjood (D.V.M.&S., M.Sc.), 
9.7.2014 
# update 3.9.2014: editing the explanatory text  

# Read in data and summarise 
# d <- read.table("clipboard",header=TRUE) 
# write.table(d,"MAPdata.txt") 
d <- read.table("MAPdata.txt",header=TRUE) 
# Herd: herd identification number 
# Case: 1=Case herd; 0=Control herd 
# Faeces: rt-PCR in faecal sample; 1=positive, 0=negative, NA=missing  
# Faeces: rt-PCR in milk sample; 1=positive, 0=negative, NA=missing  
# ClosVacc: Vaccination (in the herd) aganist Clostridium; 1=yes, 0=no 
str(d) 

## 'data.frame':    930 obs. of  5 variables: 
##  $ Herd    : int  49 49 49 49 49 49 49 49 49 49 ... 
##  $ Case    : int  1 1 1 1 1 1 1 1 1 1 ... 
##  $ Faeces  : int  0 0 0 0 0 0 0 0 0 0 ... 
##  $ Milk    : int  0 0 0 0 0 0 0 0 0 0 ... 
##  $ ClosVacc: int  1 1 1 1 1 1 1 1 1 1 ... 

summary(d) 

##       Herd          Case           Faeces            Milk       
##  Min.   : 49   Min.   :0.000   Min.   :0.0000   Min.   :0.000   
##  1st Qu.: 72   1st Qu.:0.000   1st Qu.:0.0000   1st Qu.:0.000   
##  Median : 95   Median :1.000   Median :0.0000   Median :0.000   
##  Mean   : 95   Mean   :0.624   Mean   :0.0431   Mean   :0.023   
##  3rd Qu.:118   3rd Qu.:1.000   3rd Qu.:0.0000   3rd Qu.:0.000   
##  Max.   :141   Max.   :1.000   Max.   :1.0000   Max.   :1.000   
##                                NA's   :2        NA's   :8       
##     ClosVacc     
##  Min.   :0.000   
##  1st Qu.:0.000   
##  Median :0.000   
##  Mean   :0.355  
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##  3rd Qu.:1.000   
##  Max.   :1.000   
##  

# cased: subset for only cases; contd: subset for only controls 
cased <- subset(d,Case==1) 
contd <- subset(d,Case==0) 
 
# Number of observations and herds: total sample  
nrow(d);length(unique(d$Herd)) 

## [1] 930 

## [1] 93 

# Number of observations and herds: case herds  
nrow(cased);length(unique(cased$Herd)) 

## [1] 580 

## [1] 58 

# Number of observations and herds: control herds  
nrow(contd);length(unique(contd$Herd)) 

## [1] 350 

## [1] 35 

# crosstabulation  
my.tab <- function(data,rows,cols){ 
  rlab <- c("Case","Control","NA","Total") 
  clab <- c("Case","Control","NA","Total") 
  if(rows != "Case") rlab[1:2] <- paste(rows,c("+ve","-ve"))  
  if(cols != "Case") clab[1:2] <- paste(cols,c("+ve","-ve"))  
  t <- as.table(table(data[,rows],data[,cols],useNA="always")) 
  t <- t[c(2,1,3),c(2,1,3)] 
  t <- rbind(t,apply(t,2,sum)) 
  t <- cbind(t,apply(t,1,sum)) 
  colnames(t) <- clab 
  rownames(t) <-rlab 
  tpc <- t 
  for (i in 1:4) tpc[i,1:3] <- paste(paste(t[i,1:3], round(100*t[i,1:3]/t[
i,4],1),sep=" ("),")",sep="") 
  tpc <- as.data.frame(tpc) 
  return(tpc) 
} 
   
my.tab(d,"Case","Milk") 

##         Milk +ve   Milk -ve      NA Total 
## Case    16 (2.8) 560 (96.6) 4 (0.7)   580 
## Control  5 (1.4) 341 (97.4) 4 (1.1)   350 
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## NA       0 (NaN)    0 (NaN) 0 (NaN)     0 
## Total   21 (2.3) 901 (96.9) 8 (0.9)   930 

my.tab(d,"Case","Faeces") 

##         Faeces +ve Faeces -ve      NA Total 
## Case      36 (6.2) 543 (93.6) 1 (0.2)   580 
## Control    4 (1.1) 345 (98.6) 1 (0.3)   350 
## NA         0 (NaN)    0 (NaN) 0 (NaN)     0 
## Total     40 (4.3) 888 (95.5) 2 (0.2)   930 

 # -----------------------------------------------------------------------
--- 
# Analysis of the combined results 
# Quantify the proportion of agreement beyond chance suing the kappa index
. Note kappa=0 if the agreement equals the agreement expected just by chan
ce, kappa=1 if the agreement is perfect. 
# This analysis uses all data and no stratified subgroups (unconditional k
appa). 
# kappa index is provided by the vcd package 
library(vcd) 

## Warning: package 'vcd' was built under R version 3.0.3 

## Loading required package: grid 

t <- table(d$Milk,d$Faeces) 
Kappa(t) 

##             value      ASE 
## Unweighted 0.2786 0.108744 
## Weighted   0.2786 0.008757 

# Conclusion: Moderate agreement (27% beyond chance); part of the agreemen
t may be due to case/control status; therefore conditional agreement will 
be amalysed 
 
# Quantify kappa conditional on case status (cases only) 
t <- table(cased$Milk,cased$Faeces) 
Kappa(t) 

##             value     ASE 
## Unweighted 0.3272 0.11370 
## Weighted   0.3272 0.01314 

# Quantify kappa conditional on case status (controls only) 
t <- table(contd$Milk,contd$Faeces) 
Kappa(t) 

##               value      ASE 
## Unweighted -0.01301 0.333250 
## Weighted   -0.01301 0.008783
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# Conclusion: Moderate agreement (more than 30% beyond chance) only for th
e case herds. This indicates that there is higher chance of combined posit
ivity in case herds compared to control herds. 

# Pre-analysis: is the vaccination status related with the PCR result? Due 
to the study design, this can be answered only using the case herds. 
my.tab(d,"Case","ClosVacc") 

##         ClosVacc +ve ClosVacc -ve      NA Total 
## Case      330 (56.9)   250 (43.1)   0 (0)   580 
## Control        0 (0)    350 (100)   0 (0)   350 
## NA           0 (NaN)      0 (NaN) 0 (NaN)     0 
## Total     330 (35.5)   600 (64.5)   0 (0)   930 

table(cased$Milk, cased$ClosVacc) 

##     
##       0   1 
##   0 244 316 
##   1   6  10 

# Statistiscal test using epitab functions 
library(epitools) 

##  
## Attaching package: 'epitools' 
##  
## Das folgende Objekt ist maskiert from 'package:vcd': 
##  
##     oddsratio 

epitab(cased$Milk, cased$ClosVacc) 

## $tab 
##          Outcome 
## Predictor   0    p0   1      p1 oddsratio  lower upper p.value 
##         0 244 0.976 316 0.96933     1.000     NA    NA      NA 
##         1   6 0.024  10 0.03067     1.287 0.4614  3.59  0.7994 
##  
## $measure 
## [1] "wald" 
##  
## $conf.level 
## [1] 0.95 
##  
## $pvalue 
## [1] "fisher.exact" 

epitab(cased$Faeces, cased$ClosVacc) 

## $tab 
##          Outcome 
## Predictor   0      p0   1      p1 oddsratio lower upper p.value 



SUPPLEMENTAL MATERIALS 
 

 113 

##         0 227 0.91165 316 0.95758    1.0000    NA     NA      NA 
##         1  22 0.08835  14 0.04242    0.4571 0.229 0.9127 0.03563 
##  
## $measure 
## [1] "wald" 
##  
## $conf.level 
## [1] 0.95 
##  
## $pvalue 
## [1] "fisher.exact" 

# conclusion: Within case herds, ClosVacc is potentially correlated with t
he MAP rt-PCR results as shown for faecal samples. The results for milk ar
e not significant. The latter non-significant effect points into the oppos
ite direction compared to  analysis of faecal samples. This could indicate 
that the confounding effect is not consistent. 
# According to the study design, all control herds are not vaccinated (or 
vaccination not recorded; Amir to confirm). The interpretation of the data 
below should consider potential confounding as expressed by the observed v
accination status. 

# Analysis of milk data 
table(d$Milk, d$Case) 

##     
##       0   1 
##   0 341 560 
##   1   5  16 

epitab(d$Milk, d$Case) 

## $tab 
##          Outcome 
## Predictor   0      p0   1      p1 oddsratio  lower upper p.value 
##         0 341 0.98555 560 0.97222     1.000     NA    NA      NA 
##         1   5 0.01445  16 0.02778     1.949 0.7075 5.367  0.2552 
##  
## $measure 
## [1] "wald" 
##  
## $conf.level 
## [1] 0.95 
##  
## $pvalue 
## [1] "fisher.exact" 

# Conclsuions: Milk PCR results are not significantly  correlated with the 
case-control status. It is unlikely that MAB milk rt-PCR result is a good 
indicator to identify cattle as belonging to the group of affcted herds as 
per the case definition of this study. The same result can be obtained usi
ng a logistic regression model.
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m <- glm(Case~Milk,data=d,family="binomial") 
summary(m) 

##  
## Call: 
## glm(formula = Case ~ Milk, family = "binomial", data = d) 
##  
## Deviance Residuals:  
##    Min      1Q  Median      3Q     Max   
## -1.694  -1.394   0.975   0.975   0.975   
##  
## Coefficients: 
##             Estimate Std. Error z value Pr(>|z|)     
## (Intercept)   0.4961     0.0687    7.22  5.1e-13 *** 
## Milk          0.6671     0.5169    1.29      0.2     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## (Dispersion parameter for binomial family taken to be 1) 
##  
##     Null deviance: 1220.2  on 921  degrees of freedom 
## Residual deviance: 1218.3  on 920  degrees of freedom 
##   (8 observations deleted due to missingness) 
## AIC: 1222 
##  
## Number of Fisher Scoring iterations: 4 

exponentiated.coefficient <- exp(m$coeff[2]) 
exponentiated.coefficient 

##  Milk  
## 1.949 

# Conclsuions: Same as above. Compare exponentiated coefficients. 
 
# Analysis of faecal data 
table(d$Faeces, d$Case) 

##     
##       0   1 
##   0 345 543 
##   1   4  36 

epitab(d$Faeces, d$Case) 

## $tab 
##          Outcome 
## Predictor   0      p0   1      p1 oddsratio lower upper   p.value 
##         0 345 0.98854 543 0.93782     1.000    NA    NA        NA 
##         1   4 0.01146  36 0.06218     5.718 2.018 16.21 9.187e-05 
##  
## $measure 
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## [1] "wald" 
##  
## $conf.level 
## [1] 0.95 
##  
## $pvalue 
## [1] "fisher.exact" 

# Conclsuions: Faeces PCR results are significantly correlated with the ca
se-control status. It is likely that MAB Faeces rt-PCR result is a good in
dicator to identify cattle as belonging to the group of affcted herds as p
er the case definition of this study. The same result can be obtained usin
g a logistic regression model. 
 
m <- glm(Case~Faeces,data=d,family="binomial") 
summary(m) 

##  
## Call: 
## glm(formula = Case ~ Faeces, family = "binomial", data = d) 
##  
## Deviance Residuals:  
##    Min      1Q  Median      3Q     Max   
## -2.146  -1.375   0.992   0.992   0.992   
##  
## Coefficients: 
##             Estimate Std. Error z value Pr(>|z|)     
## (Intercept)   0.4536     0.0688    6.59  4.5e-11 *** 
## Faeces        1.7437     0.5315    3.28    0.001 **  
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## (Dispersion parameter for binomial family taken to be 1) 
##  
##     Null deviance: 1228.9  on 927  degrees of freedom 
## Residual deviance: 1212.5  on 926  degrees of freedom 
##   (2 observations deleted due to missingness) 
## AIC: 1217 
##  
## Number of Fisher Scoring iterations: 4 

exponentiated.coefficient <- exp(m$coeff[2]) 
exponentiated.coefficient 

## Faeces  
##  5.718 

# Conclsuions: Same as above. Compare exponentiated coefficients. 

# Analysis of the combined results Milk and Faeces 
# Generate new varibale MoF: 
# Milk or faeces positive: 1=at least one out of Milk and Faeces +ve, 0=no
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n-missing results for both Milk and Faeces negative, NA=both Milk and Faec
es missing 
d$MoF <- NA 
for(i in 1:nrow(d)){ 
  if(!all(is.na(c(d$Milk[i],d$Faeces[i])))) d[i,"MoF"] <- 1*(sum(d[i,c("Mi
lk","Faeces")],na.rm=TRUE)>0) 
  } 
 
# Generate new varibale MaF: 
# Milk and faeces positive: 1=both Milk and Faeces +ve, 0=both Milk and Fa
eces -ve, NA=missing results in Milk and/or Faeces 
 
d$MaF <- NA 
for(i in 1:nrow(d)){ 
  if(!any(is.na(c(d$Milk[i],d$Faeces[i])))) d[i,"MaF"] <- 1*(sum(d[i,c("Mi
lk","Faeces")])==2) 
} 
 
table(d$MoF, d$Case) 

##     
##       0   1 
##   0 340 537 
##   1   9  43 

epitab(d$Case, d$MoF) 

## $tab 
##          Outcome 
## Predictor   0     p0  1     p1 oddsratio lower upper  p.value 
##         0 340 0.3877  9 0.1731     1.000    NA    NA       NA 
##         1 537 0.6123 43 0.8269     3.025 1.456 6.285 0.001732 
##  
## $measure 
## [1] "wald" 
##  
## $conf.level 
## [1] 0.95 
##  
## $pvalue 
## [1] "fisher.exact" 

m <- glm(Case~MoF,data=d,family="binomial") 
summary(m) 

##  
## Call: 
## glm(formula = Case ~ MoF, family = "binomial", data = d) 
##  
## Deviance Residuals:  
##    Min      1Q  Median      3Q     Max   
## -1.873  -1.377   0.991   0.991   0.991   
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##  
## Coefficients: 
##             Estimate Std. Error z value Pr(>|z|)     
## (Intercept)   0.4571     0.0693    6.59  4.3e-11 *** 
## MoF           1.1069     0.3731    2.97    0.003 **  
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## (Dispersion parameter for binomial family taken to be 1) 
##  
##     Null deviance: 1229.8  on 928  degrees of freedom 
## Residual deviance: 1219.1  on 927  degrees of freedom 
##   (1 observation deleted due to missingness) 
## AIC: 1223 
##  
## Number of Fisher Scoring iterations: 4 

table(d$MaF, d$Case) 

##     
##       0   1 
##   0 346 566 
##   1   0   9 

epitab(d$Case, d$MaF) 

## Warning: Chi-squared approximation may be incorrect 

## $tab 
##          Outcome 
## Predictor   0     p0 1 p1 oddsratio lower upper p.value 
##         0 346 0.3794 0  0         1    NA    NA      NA 
##         1 566 0.6206 9  1       Inf   NaN   Inf 0.01635 
##  
## $measure 
## [1] "wald" 
##  
## $conf.level 
## [1] 0.95 
##  
## $pvalue 
## [1] "fisher.exact" 

m <- glm(Case~MaF,data=d,family="binomial") 
summary(m) 

##  
## Call: 
## glm(formula = Case ~ MaF, family = "binomial", data = d) 
##  
## Deviance Residuals:  
##    Min      1Q  Median      3Q     Max  
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## -1.392  -1.392   0.977   0.977   0.977   
##  
## Coefficients: 
##             Estimate Std. Error z value Pr(>|z|)     
## (Intercept)   0.4922     0.0682    7.21  5.5e-13 *** 
## MaF          15.0739   485.1325    0.03     0.98     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## (Dispersion parameter for binomial family taken to be 1) 
##  
##     Null deviance: 1219.2  on 920  degrees of freedom 
## Residual deviance: 1210.7  on 919  degrees of freedom 
##   (9 observations deleted due to missingness) 
## AIC: 1215 
##  
## Number of Fisher Scoring iterations: 14 

# Conclusions: Only the MoF interpretation makes sense and results in posi
tive sign. association. The MaF interpretation is less powerful (loss of o
bservations due to missing data on either side). 

# "Final" analysis adjsuting for inter-cluster correlation.   
library(glmmML) 
 
# Indicatior: Faeces 
rem <- glmmML(Case~Faeces,data=d, cluster = Herd,family="binomial") 
summary(rem) 

##  
## Call:  glmmML(formula = Case ~ Faeces, family = "binomial", data = d,      
cluster = Herd)  
##  
##  
##               coef se(coef)      z Pr(>|z|) 
## (Intercept) 18.106     1.38 13.082     0.00 
## Faeces       0.875     6.20  0.141     0.89 
##  
## Scale parameter in mixing distribution:  403 gaussian  
## Std. Error:                              0.0459  
##  
##         LR p-value for H_0: sigma = 0:  8.97e-240  
##  
## Residual deviance: 120 on 925 degrees of freedom     AIC: 126 

# Indicatior: MoF 
rem <- glmmML(Case~MoF,data=d, cluster = Herd,family="binomial") 
summary(rem) 

##  
## Call:  glmmML(formula = Case ~ MoF, family = "binomial", data = d, clus
ter = Herd)  
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##  
##  
##               coef se(coef)      z Pr(>|z|) 
## (Intercept) 18.161     1.42 12.787     0.00 
## MoF          0.589     5.15  0.114     0.91 
##  
## Scale parameter in mixing distribution:  404 gaussian  
## Std. Error:                              0.0458  
##  
##         LR p-value for H_0: sigma = 0:  3.41e-241  
##  
## Residual deviance: 121 on 926 degrees of freedom     AIC: 127 

# Conclusion: Neither Faeces nor MoF appear to be significantly associated 
with the case status after adjusting for clustering of observations.  
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10. 3   MANUSCRIPT  

   10. 3.1   Manuscript 1 



SUPPLEMENTAL MATERIALS 
 

121 



SUPPLEMENTAL MATERIALS 
 

122 



SUPPLEMENTAL MATERIALS 
 

123 



SUPPLEMENTAL MATERIALS 
 

124 



SUPPLEMENTAL MATERIALS 
 

125 



SUPPLEMENTAL MATERIALS 
 

126 

10. 3.2   Manuscript 2 
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