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1 Introduction 
 

Paratuberculosis or Johne’s disease (JD) is an incurable contagious disease 
in ruminants, caused by Mycobacterium avium subsp. paratuberculosis (MAP). 
Paratuberculosis has spread worldwide.  Europe (include Germany), America, South 
Africa, and Australia (Nielsen and Toft, 2009; Stehmann, 1996) have had economic 
losses in dairy industries due to the disease (Kostoulas et al., 2006b; Hutchinson, 
1996). According to previous investigations, Johne’s disease has widely spread in 
small ruminants in Germany with about 68% of the flocks sero-positive (Stau et al., 
2012). Due to the slow progress of the infection it is difficult to diagnose a flock or 
individual. This is especially true during the early stages of infection (Köhler et al., 
2008). Moreover, there is also a risk of humans being infected. Therefore there is a 
food hygiene measurement required for the production of raw milk cheese (Stephan 
et al., 2007; Singh et al., 2008).   

During the last years, the German market for dairy goat products has been 
increasing because of a higher acceptance of consumers, due to consumers 
becoming familiar with these products during their holidays in the Mediterranean 
region. Furthermore, goat milk products are considered to be the best choice for 
infants and a common alternative to cow’s milk in cases of cow milk protein allergies. 
Due to the fact that goat milk products are considered as dietary foods, safety 
measures against zoonotic infections are necessary. In the first years most of the 
milk for these products was imported from other European countries. But the 
increasing demand also drove a real renaissance within the last two decades in 
Germany resulting in increasing numbers of dairy goat farms especially in Bavaria, 
Baden-Wuerttemberg, Saxony, Thuringia and Schleswig-Holstein. About half of the 
breeders are organic dairy farmers. The rapid growth of this market resulted in a lack 
of breeding animals, especially of breeding animals with a certified health status. Due 
to the lack of funds and the need to increase production as quick as possible, most of 
the farmers bought breeding animals from several different sources. By doing so, to 
all probability, JD was introduced into many farms. 

Due to the high herd prevalence, the risk of MAP infection in goats is 
increasing similar to what has occurred in dairy cows. In earlier studies, in North 
Rhine-Westphalia, Saxony, Lower Saxony and Schleswig-Holstein, 16 of 52 herds 
had sero-positive goats and 2.6% of the individual goats were MAP positive 
(Schroeder et al., 1999; 2000; 2001). Vogerl et al. (2005) describe intra flock 
prevalences of over 10% in positive sheep flocks. Current investigations based on 
CATTLETYPE® MAP Ab ELISA (Labor Diagnostik GmbH, Leipzig, Germany) in 138 
sheep and 16 goat herds show that 68% of all sheep and goat flocks are MAP 
positive. In addition, two organic farms showed the highest sero-prevalences with 
43.6% in a sheep flock, and 21.2% in a goat flock respectively (Ganter et al., 2011). 
In Hesse they found a JD flock prevalence of 66.7%, with JD intra flock prevalence of 
2.4-33.3% (Wagner and Bülte, 2011).  

In Dutch goat dairy farms, JD is a major problem (Bakker and Willemsen, 
2006). Data from the Dutch Health Service suggests that MAP infection in dairy goat 
herds with both subclinical and clinical signs can cause reduction in milk yield of up 
to 20% (Vellema, personal communication).  

In Germany, it is recommended to control JD primarily by hygienic measures 
(Schneider, 2005). Many countries, for example, Spain, Australia, and the 
Netherlands, were able to control clinical JD in small ruminants by Gudair® 
vaccination.  Vaccinated animals were less susceptible to natural MAP infection. 
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Although Juste et al. (2005) assumed that 38.3% of vaccinated goats (18.6% cattle) 
developed a diffused form of JD which reduced the effect of vaccination. 
Nevertheless Juste (2005, personal communication) summarized in a meta-analysis 
of 20 original reports that Gudair® vaccination in goats can reduce the incidence of 
clinical signs by 45%. Moreover this vaccine can suppress shedding of the organism 
by approximately 83%. Gudair® is administered once in the life of a goat at an age of 
3-8 months old. By this regime, it is not necessary to vaccinate the fattening lambs 
but vaccination can be administered only to the replacements sheep, which reduces 
the costs (Windsor, 2006). The vaccine induces severe swelling and abscesses at 
injection side (Stau and Ganter, 2012). 

The investigations presented here were performed in an organic dairy goat 
flock with an intra flock prevalence of 21.2% (Stau et al., 2012). In this flock a 
sanitation trial was started. This sanitation was based on culling of MAP sero-positive 
goats with clinical symptoms suspect for JD. It was difficult to decide which goats 
should be culled, for the sensitivity and specificity of the used enzyme-linked 
immunosorbent assay (ELISA) was unknown. The accuracy of the commercially 
available tests for paratuberculosis in goats is limited as the results may be 
influenced by host factors, level of exposition to MAP and related bacteria in the 
environment (OIE Terrestrial Manual, 2014). For instance, serological test, 
histopathology, culture and Deoxyribonucleic acid (DNA) probes are highly sensitive 
to detect MAP in advanced stages of the disease, but their sensitivity is low during 
the early stage of infection. Although the fecal culture technique is 100% specific for 
the diagnosis of MAP, it detects only a few animals in early stage of JD infection. For 
improved control of shedding and transmission of MAP within herds it is necessary to 
detect infected and shedding animals at an early stage of infection. In general, ELISA 
is regularly considered to be highly specific. ELISA techniques are simple to perform, 
inexpensive, high throughput methods, and allow automation. Therefore, ELISAs are 
an ideal tool for laboratory diagnosis (Collins, 1996; 2011). The disadvantage of 
ELISAs for the diagnosis of MAP infections especially in small ruminants is the low 
sensitivity of most of the tests and the low concordance of different ELISAs (Mercier 
et al. 2010; Kalis et al., 2002; Kostoulas et al., 2006a; Munjal et al., 2004).  

Although specificity of MAP ELISAs are in general high in late stages of JD 
(Köhler et al., 2008), the farmer refused to cull sero-positive goats with high or even 
moderate milk yield for he wanted to increase the size of his herd, and so he did not 
want to cull one fifth of his milking goats. Therefore more than 30 sero-positive goats 
remained in the herd at the beginning of the sanitation program. To implement more 
sensitive tests for detection of infected goats in early stages of MAP infections the 
financial resources were insufficient.  

To reduce vertical transmission to the kids a consequent motherless rearing 
was implemented. The kids are fed with colostrums and milk from MAP negative 
cows or milk-replacer. Kids and replacement goats were housed in a separate barn.  

To reduce MAP shedding by infected adult goats and the risk of infection in 
the uninfected goats, all adult goats were vaccinated with Gudair® in 2010. In the 
following years the replacement goats were vaccinated at an age of 7 to 8 months.  

At this time the question arose whether it is possible to diagnose MAP 
infections in kids before they are vaccinated. To evaluate possibilities to diagnose 
early stages of infection 10 male kids were reared by their does and were kept in 
close contact with a goat in the late stage of JD. Antibody ELISA and Interferon 
gamma assay (IFN-γ) to test cell-mediated immune response were performed in 
these ten kids on a monthly base. IFN-γ or skin tests can detect animals in early 
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stage of infection that produce negative reactions in serological tests (OIE Terrestrial 
Manual, 2014). The Tuberculin intradermal reaction is simple to perform in the field 
and it can detect an early stage of infection. However, this test has a low specificity 
due to cross-reactions with other mycobacteria. The IFN-γ assay was evaluated to 
detect the specific IFN-γ response, which is produced by T- lymphocytes from 
infected animals after stimulation with purified protein derivative antigen from 
Mycobacterium avium subsp. avium (PPD-A). Disadvantages of this assay are that it 
is time consuming, difficult to standardize between different laboratories, certain 
prerequisites concerning sample shipment and processing have to be met and the 
test kits are expensive (Gilardoni et al., 2012).    

The purpose of this study was to compare the efficacy of two commercial 
ELISAs for detecting antibody activities against Mycobacterium avium subsp. 
paratuberculosis in dairy goats. And to investigate the antibody activity in a dairy goat 
flock following Gudair® vaccination for up to 3 years with LDL-ELISA (LE). 
Additionally, the time course of cellular immune response and humoral immune 
response was followed with different methods in goats naturally infected with MAP. 
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2 Review of Literature 

2.1 Paratuberculosis  
Johne’s disease (JD), or paratuberculosis, is a multiple species disease. 

Infections in ruminants and pseudo-ruminants species, especially in cattle, sheep 
and goats, are caused by Mycobacterium avium subsp. paratuberculosis (MAP) 
(OIE, 2015). MAP is a small rod-shaped, gram-positive, mycobactin-dependent, acid-
fast positive and facultative anaerobic intracellular bacterium. The colony morphology 
is small sized, rough-shaped, and white to yellow in color. MAP grows extremely slow 
on Herrold’s egg yolk agar medium (HEYM). The DNA of MAP is closely related to 
Mycobacterium avium due to the genetic sharing over than 99%. However, the 
presence of insertion sequence 900 (IS900) is unique for MAP and used for 
differentiation between Mycobacterium avium and Mycobacterium avium 
paratuberculosis (Collins, 2003).         

 
2.2 Host range 

Paratuberculosis has a broad host range. Common hosts are domestic and 
wild ruminants (Bovidae, Cervidae, Antilocapridae) and pseudo-ruminants 
(Camelidae; llamas, alpacas, guanacos) (Ayele et al., 2001). However, non-ruminant 
species including animals of the family Suidae, Equidae, Canidae (fox, stoat, 
weasel), Corvidae (crow, rook), Muridae (rat, wood mouse), Leporidae (hare, rabbit) 
have been reported as reservoirs or accidental hosts of the disease (Beard et al., 
2001; Manning and Collins, 2001).    

 
2.3 Prevalence 

Paratuberculosis infection has been distributed worldwide in Europe, America, 
South Africa, Asia, and Australia (Nielsen and Toft, 2009; Stehman, 1996, de Lisle, 
2002; Lee and Jung, 2009). From 2009 until 2014 the World Organization for Animal 
Health (OIE) collected data on paratuberculosis infection in domestic and wild 
animals. The following results were found during the report period: In 22 countries 
the disease never occurred, the disease was absent in 44 countries, and suspected 
in 4 countries, paratuberculosis infection was present (with no clinical disease) in 7 
countries. MAP infection/infestation including clinical JD were diagnosed in one or 
more zones in 38 countries, and paratuberculosis restricted to certain zone(s) / 
region(s) of the country was found in 8 countries (OIE disease information status, 
2014). Paratuberculosis was widespread in domesticated and wild animals during 
2013-2014 (Figure. 1-2) (OIE disease distribution maps, 2013; 2014). Some 
countries like Australia, Greece, Hungary, Iceland, Italy, Mexico, and Romania had 
disease restricted to a certain zone in domesticated animals.                 
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Figure 1. Paratuberculosis distribution maps in domesticated and wild animals 

reported July to December 2013 (OIE disease distribution maps, 2013).   
 

 
 
Figure 2. Paratuberculosis distribution maps in domesticated and wild animals 

reported January to June 2014 (OIE disease distribution maps, 2014).   
 
 
2.4 Impact on economic, food safety and zoonotic transmission  

In infected MAP flocks of different species, increased morbidity and mortality  
rate, reduced reproductive performance of the flocks and severe economic losses 
are commonly found (Lawrence, 1996; Kostoulas et al., 2006b). Whether clinical 
signs of JD occur, depend on the immune response of the host, time of infection, and 
dose of organism ingested (Whitlock and Buergelt, 1996). Mostly infected animals 
are in the silent/ subclinical stage that means they do not have clinical signs like 
diarrhea or weight loss, but they can shed the infectious agents with the manure 
which can contaminate the environment. Thereby MAP might be transmitted to other 
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animals within the same flock (Whitelock and Buergelt, 1996; Manning and Collins, 
2001). 

The etiological agent of Crohn’s disease, or chronic inflammatory bowel  
disease in human is still unknown. Probably different agents can induce the disease 
in susceptible humans. However, based on PCR and ELISA detection in human 
patients it seems that MAP might be associated with Crohn’s disease in some 
humans (Naser et al., 2004; Feller et al., 2007). This is why food safety should not 
only  concern in dairy products but also the major sustainable management aspect 
should be reducing the incidence of MAP shedding animals to avoid the introduction 
of MAP into the food chain. Despite severe financial losses occurring in advanced 
clinical stages of paratuberculosis infection, these losses are only the tip of an 
iceberg in a massive infected herd. For reducing clinical cases of JD in small 
ruminants, and furthermore for reducing the shedding of MAP it is necessary to 
detect animals that are infected with MAP and to diagnose in the early stages of 
infection in order to eliminate the infected animals. 
 

2.5 Pathogenesis 
Paratuberculosis infection is commonly transmitted by the fecal-oral route. 

Infected animals shed MAP with their feces. Thereby the environment gets 
contaminated with MAP. The infectious organism can survive for an extended period 
in the environment (Whittington et al., 2004). The infected animals can also shed 
MAP via semen, colostrums, and milk. However, the chance of transmission by 
semen is believed to be low when compared to the fecal-oral route (Manning and 
Collins, 2001). If susceptible animals are in contact with a contaminated surface such 
as bedding, maternity pen surfaces, dams’ udders, feeding utensils, feeding or 
pastures contaminated with feces, or if susceptible juveniles get colostrums or milk 
from shedding dams, they can become infected with MAP by ingestion of the 
infectious agent.    
 After susceptible animals were exposed to MAP by the oral route, the 
infectious organism may invade the tonsils. Furthermore MAP could be found in 
retropharyngeal lymphoid tissue after high dose exposure (Payne and Rankin, 1961) 
and from there spread to mesenteric lymph nodes and ileum via blood stream or 
lymph. In contrast to that, low dose exposure or natural infection mainly leads to 
direct invasion of the ileum (Buergelt et al., 1978). MAP is incorporated by M cells 
and is released unchanged on the submucosal side of the intestinal epithelium, 
especially at the caudal jejunal and ileocecal region in small ruminants (Juste and 
Perez, 2011). The infectious agents are scavenged by macrophages via 
phagocytosis. If an animal gets infected with MAP or not after having incorporated 
the infectious agents, depends on the phagocytosis. If the macrophages are 
successful in killing the phagocytized bacterium, the infection might be thwarted. 
However, MAP has a unique ability to survive the phagocytosis process within the 
macrophages. This characteristic causes the chronic progressive nature of 
paratuberculosis infection (Sweeney, 2011).   Macrophage functions are the main 
defence mechanism against JD in the initial stage of infection which is activated by 
cytokines such as interferon-γ, produced by Th-1 type T-helper lymphocytes. Th-1 
responses lead to a tuberculoid stage or paucibacillary form of MAP infection which 
is characterized by a tissue infiltrate primarily caused by lymphocytes. As a response 
to intracellular infections macrophages release interleukin (IL2) and tumor necrosis 
factors alpha (TNF-α) to coordinate the cell-mediated immune functions. Some 
exposed animals are successful at eliminating MAP by this mechanism and thus do 
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not progress to clinical JD. However, many exposed animals are unsuccessful at 
eliminating MAP and the infectious organism persists within the macrophages. MAP 
appears to prevent maturation and acidification of the phagocytic vacuole within the 
macrophage and thereby prevents the exposure of the infectious agent to 
bacteriocidal effects of lysozomal enzymes and oxygen-derived radicals (Manning 
and Collins, 2001).  

In the early stage of infection the host defence mechanisms are able to 
contain the infection, allowing only a slow proliferation and spread of MAP within the 
gut and gut-associated lymphoid tissues. This period of infection is the so called 
controlled infection or the eclipse phase which may extend two or more years. At this 
stage the animals do not show clinical signs of MAP infection and no appreciable 
effect on production or weight gain can be seen. Serum antibodies are usually not 
detectable at this early stage of infection. Tests measuring the cell-mediated 
immunity such as in vitro assays which quantify lymphocyte proliferation or 
production of interferon-γ may give positive results. To confirm MAP infection at this 
stage a sample of ileum, mesenteric lymph node for culture or polymerase chain 
reaction (PCR) are reliable methods to identify infected animals (Sweeney, 2011). In 
additional histopathological examinations of ileum or mesenteric lymph node tissue 
might show that macrophages and lymphocytes are attracted to these area, and 
granuloma formation with multinucleated giant cells, epitheloid cells, lymphocytes, 
and macrophages are typical. The lesions are limited in severity and localized in the 
early stage of infection. This response aids in the containment of MAP to the initial 
sites of infection. The granulomatous inflammatory response, while disrupting the 
mucosal structure and function particularly in the small intestine and mesenteric 
lymph nodes, serves to confine MAP-laden macrophages to the gut and gut-
associated lymphoid tissues. This process may take many years without any clinical 
signs of infection. Reasons for that are poorly understood. In general, when cell-
mediated immunity responsible for infection begins to wane, the infection begins to 
progress more rapidly. Animals begin to show clinical signs of MAP infection as 
weight loss and diarrhea when they enter the Th-2 response which is called 
lepromatous stage or multibacillary form of MAP infection. The immune response of 
Th2 T-cells is characterized by predominance of IL-4, IL-5, and IL-10 which are 
associated with onset of antibody production accompanied by waning of specific cell-
mediated immunity. The trigger for the switch in the immune response is so far 
unknown, but as it occurs, the infection progresses more rapidly (Manning and 
Collins, 2001; Sweeney, 2011). However, progression of the disease is probably not 
only depending on the switch from a Th-1 to a Th-2 proliferation, but is rather a 
consequence on the change of balance between the respective cytokines secreted 
by peripheral blood mononuclear cells, Th-1 and Th2 cells (Harris and Barletta, 
2001).   

As MAP infection proceeds more rapidly, the lesions in the intestines, and 
mesenteric lymph nodes become more severe. The granulomatous infiltrate 
becomes diffuse affecting small and large intestine. The lining of small intestine 
becomes thickened due to the massive cellular infiltration, and the villi become 
shortened and thickened, reducing their absorptive effectiveness. Granulomatous 
lymphadenitis leads to lymphangectasia, and the rupture of lacteals with fistulation 
into the bowel lumen. The lesion thickening of intestine was commonly found in 
cattle, also the granulomatous lymphadenitis general appeared in small ruminants. 
The inflammation in small and large intestine causes malabsorbtion, diarrhea, and 
protein losing enteropathy with hypoproteinemia. Additionally, the elevation of TNF-α 
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may also contribute to emaciation through the stimulation of tissue catabolism. When 
the infection is no longer controlled, the infected animal begins to shed MAP in feces, 
and MAP organisms spread to other tissues such as the uterus (cause utero 
transmission), the mammary gland (shed into milk, and colostrums), and other 
internal organ and muscle tissue. The reduction of reproductive performances is 
questionable: Number of days open after calving was higher in MAP ELISA positive 
cows compared to ELISA cows but the days open was no difference between 
positive fecal culture and negative fecal culture from cows (Sweeney, 2011). In many 
cases after fecal shedding of MAP and serum antibodies are detectable, the infected 
animal showed clinical signs of MAP. This duration is variable, some animals 
progress quickly, and some cases within 6 months after first fecal shedding but some 
cases for several years. The watery diarrhea commonly found in cattle without 
dehydration, normal vital signs, good appetite until the end stages of disease. In 
contrast, small ruminant normally have pelleted feces and normal conformation and 
consistency. In many cases found weight loss due to diarrhea, and hypoproteinemia 
caused by subcutaneous edema especially at brisket or submandibular area. Milk 
production is reduced close to zero in the terminal stages of infection. Also the 
massive fecal shedding of MAP by clinical animals is significant environment 
contamination (Manning and Collins, 2001; Sweeney, 2011).    

        
2.6 Clinical signs  

Because the disease has been studied most intensively in cattle, many 
aspects of the bovine disease traditionally have been assumed to hold true for goats. 
However this is not the case. Diarrhea, which is the clinical sign in cattle, is an 
uncommon, clinical sign in goats. Caprine paratuberculosis is characterized mainly 
by chronic progressive weight loss in adults (Smith and Sherman, 2009). In terminal 
stages of the disease hypoproteinaemia accompanied by hyperglobulinaemia, and 
subclinical hypocalcaemia can be observed (Schroeder et al., 2001). Clinical signs of 
paratuberculosis observed in the individual animal depend on the pathogen and the 
effectiveness of host’s immune response. Generally, young animals exposed to MAP 
contaminated environments do not show clinical signs of infection. The innate 
immune response quickly clears up the establishment of local infection. Since these 
young animals always lived in a heavily contaminated environment and they were 
continuously exposed to MAP, some of them are not able to eliminate MAP, and the 
pathogen persists within macrophages. The host defense mechanisms are able to 
contain the infection, allowing only a slow proliferation and spread of MAP in gut and 
lymphoid tissue. Beyond this balance point there are different stages of MAP 
infection including focal and delimited forms, multifocal forms, diffused non 
lymphocytic forms, and diffused lymphocytic forms (Vázquez et al., 2012).  

In early stages of the infection, serum antibodies against MAP and fecal 
shedding of MAP cannot be detected because antibody activity as well as MAP 
shedding is on very low levels. In order to detect the cellular immune response to 
MAP infections it is possible to measure lymphocyte proliferation or the production of 
Gamma Interferon, but both methods are not suitable for clinical herd controls under 
field conditions (Bastida and Juste, 2011; Sweeney, 2011). 

The progression of the local inflammation may extend 2 years or more and 
animals may not show clinical signs, for example, weight loss, and diarrhea are 
common signs of JD in cattle. Hypoproteinaemia and bottle jaw (mandibular edema) 
can be found in advanced stages of infection. Small ruminants may show signs of 
diarrhea but this occurs infrequently in clinical stage of infection. However, animals 
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may become emaciated, cachectic and weak in the last stage of infection (Manning 
and Collins, 2001).      

   
2.7 Diagnosis  

Requirement for laboratory diagnosis in paratuberculosis depends on testing 
purposes for example, to confirm clinical cases or sero-positive animals, estimate 
prevalence of paratuberculosis infection in flocks/herds, operate control programs, 
certify or classify flocks/herds, screening replacement gimmers of flocks/herds before 
breeding, export or import testing and implementing sanitation programs. Each test 
requires different performance characteristics including accuracy, sensitivity, 
specificity, predictive value, procedure, cost-benefit of test and speed (Collins, 1996).      

Diagnosing MAP infection can be divided into two parts: diagnosing clinical 
cases of JD and subclinical MAP infections. Clinical cases of paratuberculosis 
infection can be confirmed if the presence of MAP in the animal’s feces can be 
proven by microscopy, culture, PCR, and real-time PCR (RT-PCR). Furthermore, 
pathognomonic necropsy findings in the intestine or the presence of typical acid-fast 
organisms in smears of intestinal lesions followed by histology and isolation of MAP 
via culture can be used for confirming clinical cases of JD. Detecting subclinical 
paratuberculosis infection is dependent on the testing techniques which are varying. 
Techniques possible are the detection of specific antibodies against MAP by 
serology, culture of fecal or tissue samples or the presence of cell-mediated 
responses as mentioned above. The sensitivity and specificity are varying on 
individual animal and herd level (OIE, 2013).  

2.7.1 Identification of Mycobacterium avium subsp. paratuberculosis 
2.7.1.1 Necropsy: To identify MAP infection during necropsy the intestine 

will be inspected for pathognomonic lesions as thickening and 
corrugation of the intestinal wall, especially in the terminal parts of 
ileum in cattle. In cattle, the thickening of the intestinal mucosa is a 
common lesion in paratuberculosis infection. In small ruminants this 
accordion–like, corrugated thickening of the intestinal wall and 
mucosa is rarely seen. When gross lesions are present in small 
ruminants they usually present as focal or diffuse thickening or 
edema of the ileum, cecum, or colon, and dilated lymphatic vessels 
in intestines and mesentery. Adjacent lymph nodes may be enlarged, 
edema, and caseation of nodes with focal calcification occurs more 
often in goats than in cattle. Emaciation is a constant finding, 
although persistence of abundant mesenteric fat deposits is not 
unusual in goats, even when the general body condition is one of 
emaciation (Smith and Sherman, 2009). Smears from affected 
intestinal mucosa and cut surfaces of lymph nodes should stain by 
Ziehl-Neelsen staining and examined microscopically for acid-fast 
organisms. However, the presences of acid-fast organisms are not 
present in all cases. To confirm MAP infection, one should take 
tissue samples from intestine, mesenteric lymph node for stained 
section and histology. Infiltrations of intestinal mucosa, submucosa, 
Peyer’s patches and the cortex of the mesenteric lymph nodes with 
macrophages or epithelioid cells, and multinucleate giant cells with 
clumps or single acid-fast bacilli are common found in MAP infected 
animals (OIE, 2013).            
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2.7.1.2 Direct acid-fast staining and microscopy: The Ziehl-Neelsen-
stained or Kinyoun stained smears of feces or tissue from intestine 
and mesenteric lymph nodes are examined microscopically. MAP 
infection can be assumed if clumps (3 or more organisms) of small 
(0.5-1.5 µm) strongly acid-fast bacilli are found. The presence of 
single acid-fast bacilli with absence of clumps is inconclusive results. 
However, this method could not differentiate other mycobacterial 
species, results of this technique have low specificity to diagnose 
paratuberculosis infections (Manning and Collins, 2001; OIE, 2013).      

2.7.1.3 Culture: The standard method for definitive diagnosis of 
paratuberculosis infection due with high specificity (100%). However, 
this technique is difficult and time consuming for identification. 
Feces, milk, colostrums samples can be used for a cultural proof of 
MAP and for detect the shedding of MAP from live animals. And also 
the tissue samples of intestine and mesenteric lymph node used to 
confirm MAP infection from necropsy. The results of fecal culture 
seems to be high approaches 100% in advance stage of infection but 
a few case is positive culture from early stage of infection. The 
cultivation of MAP is always performed using selective media 
supplemented with mycobactin J. In general the samples from feces 
and tissue have a huge presence of bacteria and fungi besides MAP 
organisms. For culturally pure isolations of MAP it is necessary to 
decontaminate the other bacteriums and fungis. Oxalic acid and 
NaOH were used to decontaminate with Löwenstein-Jensen medium 
(LJ), and hexadecylpyridinium chloride (HPC). HPC was used for 
decontamination in combination with Herrold’s egg yolk medium 
(HEYM). Primary colonies of MAP on HEYM may be expected to 
appear any time from 5 weeks to 6 month after incubation. The 
colony is small size (0.25-1 mm), smooth surface, soft, non-mucoid 
and colorless. If incubation were to continue the colony would grow 
up to 2 mm., opaque, rough surface, and change color to white 
cream (OIE, 2013). A definitive identification of MAP should be done 
by cultivation of bacteria followed by Ziehl-Neelsen or Kinyoun 
staining and microscopic examination of the colony, combined with 
PCR in order to differentiate between MAP and other mycobacteria.  

2.7.1.4 Polymerase chain reaction (PCR) and Real-time polymerase 
chain reaction (RT-PCR): These methods are being developed to 
detect MAP in different samples. These methods are quite expensive 
due to need high equipments and professional staffs to process 
these tests, these methods can more rapidly identify bacteria than 
culture, and can distinguish MAP and other mycobacteria with 100% 
specificity. However, false negative reactions especially in fecal and 
tissue samples can be caused by an inappropriate procedure for 
break down the thick cell wall of MAP in feces and tissue samples 
causing problems in DNA isolation. Moreover, the presence of PCR 
inhibitors in these samples also gives negative PCR results (Singh et 
al., 2008). IS900 (insertion sequence) is a specific gene sequence to 
differentiate MAP from other mycobacteria. There are other new 
DNA sequences which are considered to be unique to MAP for 
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example; ISMav2, f57, ISMap02, and IS1311 (OIE, 2013; Whittington 
et al., 1998).        

2.7.2 Serological test: Serological tests are a common technique applied as 
surveillance to establish humeral immunity for paratuberculosis infection 
status including complement fixation (CF), absorbed enzyme-linked 
immunosorbent assay (ELISA) and agar gel immunodiffusion (AGID). The 
predictive values of test results vary with the prevalence of infection within 
the group of animals being tested. The results are limited to an individual 
animal in the absence of herd/flock information. ELISA and CF perform 
well to confirm MAP infection with typical clinical signs in cattle. The 
serological tests are often determined in reference to a culture test. To 
control paratuberculosis in flocks it is recommended to use screening test 
in animals at 2 years old and older.   

2.7.2.1 Enzyme-linked immunosorbent assay (ELISA): The results have 
higher sensitivity than CF and AGID test due to the pre-absorption 
with Mycobacterium phlei antigen to eliminate non-specific cross 
reacting antibodies. A comparison of the results of a commercial 
IDEXX ELISAs test with culture technique performed in small 
ruminants revealed that the ELISA had sensitivity of 63% (42-93%) 
in goats, and of 37% (10-80%) in sheep. The specificity was 95% 
(90-98%), and 97% (93-99%) in goats and sheep, respectively 
(Kostoulas et al., 2006a). This assay is widely used as screening test 
because of the high performance of test, low-price, and automation.         

2.7.2.2 Agar gel immunodiffusion test (AGID): The AGID test has low 
sensitivity (38-56%) and high specificity (99-100%) in sheep (Hope et 
al., 2000). It’s very useful for the confirmation of MAP infection in 
clinically suspect animals.    

2.7.2.3 Complement fixation test (CF): This test has been the standard 
test in cattle for many years. The results are best during the clinical 
stage of infection but have a low specificity for general surveillance 
to control disease.   

2.7.3 Cell-mediated immunity (CMI): Cell-mediated responses precede 
detectable antibodies production. In early stage of MAP infection, some 
cases fail to react on serological test but may react cell-mediated 
immunity.     

2.7.3.1 Gamma-interferon assay (IFN-γ): The release of gamma-
interferon from sensitized lymphocytes during a 18-36 hr. incubation 
period with specific antigens (Avian purified protein derivative (PPD) 
tuberculin, bovine PPD tuberculin or johnin) as part of cellular 
immunity response to MAP infection can be detected. The 
quantitative detection of gamma-interferon is carried out with a 
commercial sandwich ELISA. The test has not been validated for 
diagnosis of paratuberculosis by manufacturer (Prionics, 
Switzerland). The specificity is varied (94-67%) depending on the 
interpretation criteria (Kalis et al., 2003).     

2.7.3.2 Delayed-type hypersensitivity (DTH): DTH is a possible test to 
measure the cell-mediated immunity indicates through thickening of 
skin after antigen inoculation so called delayed-type hypersensitivity 
response. For this technique 0.1 ml of antigen (avian PPD tuberculin 
or Johnin) is used for intra-dermal inoculation at caudal fold or neck 
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for 72 hours. To measure the skin thickness calipers are used before 
and after a 72 hr. inoculation. A difference of skin thickness before 
and after inoculation over than 2 mm. or the presence of swelling of 
skin should be regarded as positive. The specificity was 88.8% at the 
cut off value of > 2 mm., 91.3% at the cut off value of > 3 mm. and 
93.5% at the cut off value of > 4 mm. (Kalis et al., 2003). DTH is 
detectable in early stage of infection and remains present in 
subclinical carriers. However, DTH may be absent in clinical 
infection. This technique has low specificity due to some cases with 
MAP infection may response for PPD-B tuberculosis skin test. 
Furthermore, MAP infected animals strongly respond to PPD-A due 
to close genetic similarly between Mycobacterium avium subsp. 
avium and Mycobacterium avium subsp. paratuberculosis (Manning 
and Collins, 2001).    
 

2.8 Control and eradication 
The basic goals of JD control within MAP infected flocks/herds are to prevent 

exposure of susceptible animals to MAP, identify infected animals and eradicate 
them from flocks/herds, and protect healthy animals from agents with appropriate 
biosecurity. Different control measures for small ruminant flocks dealing with 
paratuberculosis infection are discussed for the following 4 categories: 1)companion 
owners, 2)commercial meat goat and sheep producers, 3)commercial dairy goat and 
sheep producers, and 4)seedstock producers (Robbe, 2011).  

1)Companion owners: Animals from these flocks are not for milk or meat 
production, and do not produce kids or lambs. If they have MAP infection within 
flocks, often infected animals can survive a long time on the farm. Sometimes the 
culling of infected animals is not an option for the owner, but at least he should 
separate suspect animals into high-risk and low-risk groups, and keep them from 
contaminating their feed and water. For individual animal, testing may be appropriate 
in companion animals, but the negative results do not ensure MAP free flocks. To 
validate non MAP infected status, the negative results should be obtained in multiple 
tests over a long time.         

2)Commercial meat goats and sheep: A detailed risk assessment should be 
the first step in order to improve the farm management and estimate financial 
investments for MAP testing. In MAP affected flocks/herds, infected animals should 
be culled. In small size flocks with high prevalence of MAP infection, and their 
exposure to the resident flock has been limited, these flocks may need to be 
depopulated. However, the financial consequences of depopulation must be carefully 
considered. Commercial flocks with MAP infection serological tests combined with 
pooled fecal PCR or culture may be useful to identify subclinical MAP infection. In 
previous study MAP infected flocks were detected by culturing of feces at a pooling 
rate of 1 in 50 which had 83-100% sensitivity in multibacillary cases, and 27-73% 
sensitivity in paucibacillary cases (Whittington et al., 2000). In additional, the culling 
of clinical stage of MAP infection is the one important management strategy to 
reduce MAP contamination in flocks by removing the animals shedding MAP. 
Animals maybe culled after shearing in a winter time lambing systems or 1 to 2 
months before lambing as this can reduce the number of animals which are shedding 
MAP with their feces. The critical point of meat sheep and goats production is 
grazing, lambs and adult animals should use separate pastures. Moreover, the 
manure from the lambing shed and dry lots should not be spread onto pastures if 
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they are used for grazing in the same growing season, because MAP organism can 
survive over a year in pastures. Rotational grazing procedures can reduce the 
exposure to MAP and internal parasite. Rams and bucks should be considered for 
testing of paratuberculosis before purchase, and kept isolated except during the 
breeding.  

3)Commercial dairy goats and sheep producers: Key concepts to control 
paratuberculosis include the separation of newborn kids or lambs from dams, 
housing kids or lambs separate from adults and in clean areas, use colostrum and 
milk replacer from dams or cows which are free from MAP, and separating 
replacement females from adults until kidding or lambing. Serological testing is a 
reliable diagnotic tool for detecting animals which are subclinically infected with MAP. 
These animals should be culled in order to accelerate the sanitation program and 
disease control.        
 4)Seedstock producers: the management strategies are like the ones for meat 
goats and sheep. In addition laparoscopic artificial insemination in sheep or artificial 
insemination in goats should be performed with certified MAP-free-semen. 
 

2.9 Vaccination 
Vaccination has been a successful strategy to control paratuberculosis in 

sheep. Furthermore a vaccination program might be used in flocks with high sero-
prevalence of MAP infection as culling of all sero-positive animals might lead to large 
financial problems of the affected farm. Due to the immune stimulation achieved by 
the vaccination, a reduction of MAP shedding can be observed which leads to a 
reduction of contamination of the environment, a reduction of clinical cases of JD, 
and a regression of lesions in infected herds. A vaccination program in goats was 
reported in Norway which reduced the incidence of paratuberculosis infections from 
53% to 1%, and 98% reduction in postmortem finding of lesions (Saxegaard and 
Forstad, 1985). These positive effects may increase the production outcome and 
profit distinctly (Juste and Perez, 2011).  
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3.1.1 Abstract 
Objective (1) To evaluate two ELISAs for detection of antibody activities against 
Mycobacterium avium subsp. paratuberculosis (MAP) in goats. (2), especially after 
Gudair® vaccination, depending on their infectious status and reaction pattern. 
Methods  Three groups of dairy goats from one herd including 283 goats 
vaccinated with Gudair® against Johne’s disease (JD) (group 1), 39 goats with clinical 
JD, (group 2), and 58 motherless reared unvaccinated replacement kids (group 3) 
were tested with LDL-ELISA (LE) and IDEXX-ELISA (IE). Sensitivities and 
specificities from both tests were calculated. In the vaccinated group, MAP antibody 
activities were analyzed for three consecutive years after vaccination. 
Results  The sensitivity in group 1 was 84%, and 36% in LE and IE, respectively. 
Sensitivity in group 2 was 85% and 56% in LE and IE, respectively. The specificity in 
group 3 was 100%. After vaccination, MAP antibody activities declined during the 3 
consecutive years with both ELISAs (p<0.05). Three different reaction patterns were 
distinguished depending on the LE results before and after vaccination: uninfected 
reactors (84.3%), non reactors (11.8%), and infected reactors (3.9%).  
Conclusion  Both ELISAs can be used for detecting MAP antibodies in goats. The 
LE has a higher sensitivity than the IE. The antibody activities declined every year 
after vaccination. It was not distinguished MAP antibodies between uninfected and 
infected reactors on an individual base three years after vaccination. There are some 
sero-negative goats even after vaccination which developed clinical JD.  
Keywords:  ELISAs; Paratuberculosis; Vaccination; Dairy Goat.  
Abbreviations: JD, Johne’s disease; MAP, Mycobacterium avium subsp. 
paratuberculosis; PCR, polymerase chain reaction; ELISA,  enzyme-linked 
immunosorbent assay; LE, CATTLETYPE® MAP Ab, QIAGEN Leipzig GmbH, 
Deutscher Platz 5b, D-04103, Leipzig, Germany; IE, IDEXX Paratuberculosis 
Screening, IDEXX Laboratories, Inc., Mörikestraße 28/3 D-71636 Ludwigsburg, 
Germany; OD, Optical densities; Gudair® vaccine, Gudair®, CZ VETERINARIA S.A., 
P.O. Box 16, E-36400, Porriño (Pontevedra), Spain; Pourquier® Paratuberculosis, 
Institute Pourquier, 326 rue de la Galéra, F-34097 Monpellier Cédex 5, France;      
 

3.1.2 Introduction 
 Johne’s disease (JD), or paratuberculosis, is a chronic disease affecting the 
gastrointestinal tract. The disease is caused by Mycobacterium avium subsp. 
paratuberculosis (MAP) and may become fatal in small ruminants. In small ruminants 
paratuberculosis is reported in numerous countries, e.g., France, Republic of Croatia, 
Slovenia, Greece, Spain, Portugal, Switzerland, the United Kingdom, the United 
States of America, Canada, Australia and New Zealand.1-3 In Germany, 65% of small 
ruminant flocks were sero-positive for paratuberculosis in 2009-20104. Increased 
morbidity and mortality, reduced reproductive performance, and economic losses are 
commonly found in MAP infected flocks.5,6 Moreover, paratuberculosis is also 
relevant to animal health and food safety in dairy herds due to the fact that MAP 
might be associated with Crohn's disease in humans.7  
 There is a wide range of diagnostic tests for the diagnosis of clinical and 
subclinical stages of paratuberculosis. The accuracy of tests is limited and influenced 
by host factors, and level of exposition to MAP and related bacteria in the 
environment,8 for instance, serology, histopathology, culture and DNA probes, are 
highly sensitive to detect MAP in advanced stages of disease. However, their 
sensitivity is low in the early stage of infection. Microscopic examination of directly 
stained fecal or tissue samples by Ziehl-Nehlsen has low sensitivity and specificity. 
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Culture of feces or tissue is 100% specific but detects only few animals in the early 
stage of infection. Moreover, culture is difficult and time-consuming to carry out. Due 
to the slow growth the gap between sampling and result can take up to nine months, 
especially when MAP-strains adapted to small ruminants are present. Cell-mediated 
immune response such as Gamma interferon assay or skin test can detect animals in 
early stage of infection when serological tests tend to produce negative results.8 For 
improved control of shedding and transmission of MAP within herds it is necessary to 
detect infected and shedding animals in an early stage of infection. In general, the 
enzyme-linked immunosorbent assay (ELISA) is considered to be highly specific but 
the low sensitivity of most serological tests is not suitable for diagnosis in individual 
animals but rather as herd tests, especially when applied in small ruminants. ELISA 
techniques are simple to perform, inexpensive, are high throughput methods, and 
allow automation. Therefore, ELISAs are an ideal tool for laboratory diagnosis.9,10 
The objective of this study was (1) to compare the efficacy of two commercial ELISAs 

for detecting antibody activities against Mycobacterium avium subsp. 
paratuberculosis in dairy goats. And (2) to investigate the antibody activity in a dairy 
goats flock following Gudair® vaccination for up to 3 years with LE. 
 

3.1.3 Materials and methods 
Animals: Three groups of animals from one closed flock of Deutsche Bunte 

Edelziege (German Fawn Goat) were evaluated including 283 serum samples of 
Gudair® vaccinated goats in 2013 (group 1) as reported11 previously. Thirty nine 
goats showed clinical JD. In these animals MAP was detected post mortem by 
culture and PCR technique (group 2). Group 3 consist of 58 motherless reared 
unvaccinated replacement kids which were regarded as MAP negative. In group 1, 
the vaccination programme started in 2010 for dairy and replacement goats. They 
were vaccinated at a minimum of 6-8 months of age only once in their life time. 
Gudair® is used for active immunization of sheep and goats in order to prevent and 
reduce the clinical signs, lesions and mortality of paratuberculosis. According to the 
manufacturer it also reduces fecal excretion of MAP. The goats were tested for MAP 
antibodies in serum with LE before vaccination and 4 weeks after vaccination in 
2010, followed by sampling once a year in 2011, 2012 and 2013.  

The 39 sera of group 2 derived from goats of the same flock where MAP infection 
was confirmed by culture and PCR. The youngest culture positive goats were five 
goats-aged-16 months, which had been kept with a goat with clinical JD for one 
month at an age of 3 to 4 months. The age of the other 34 goats ranged from 18 
months to 9.5 years. All animals were born and raised on the same farm and were 
infected by natural conditions. Thirteen goats of this group were not vaccinated with 
Gudair®. From the 26 goats vaccinated with Gudair® in this group, eight goats were 
sero-positive before vaccination (tested by LE). At post mortem all of them showed 
enlargement of the mesenteric lymph nodes, some with caseation and some also 
with calcification of the lymph nodes. For evaluation of sensitivity blood samples were 
taken directly before euthanasia. 

Kids in group 3 were weaned from their dams immediately after lambing without 
having the possibility to suckle colostrums. They were raised in a separate barn by 
separate personnel. They were fed by MAP negative dairy cow colostrums followed 
by feeding milk from the same MAP negative cows, or by milk replacers. All goats 
lived in closed barns. The barns for milking goats were separated from the barn for 
replacements. The flock was certified to be free of Caprine Arthritis Encephalitis.  
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Serological tests: Serum samples from all animals were tested for MAP antibody 
activities by 2 commercial ELISA test kits (LE and IE) following instructions provided 
by the manufacturers.  
For LE, optical density (OD) was converted to sample to positive (S/P) ratio following 
the equation: S/P ratio = (ODsample-meanODnegative control)/(meanODpositive control – 
meanODnegative control) 
S/P ratio of > 0.4 = positive, and < 0.4 = negative  
For IE, OD was converted to S/P percentage following the equation:  

S/P (%) = 100 x (ODsample-mean ODnegative control) / (PC x  - ODnegative control)  

With: Positive Control means (PC x  ) = (ODpositive control 1 + ODpositive control 2) / 2  

S/P (%) of  > 55 = positive; < 45 = negative; 45 < S/P% <55 = suspect. According to 
the instruction of the manufacturer suspect samples were retested.  If the result was 
suspect again the sample was regarded as negative (there is no recommendation of 
the manufacturer for this case)  

Data analysis: Results from the two commercial ELISA tests were analyzed for 
agreement using the kappa coefficient (SAS, v.9.3, 2010). For calculating sensitivity, 
goats in groups 1 and 2 were regarded as positive for antibodies against MAP by 
vaccination or infection respectively. Goats in group 3 were regarded as true MAP 
negative and samples were used to determine specificity. Confidence intervals (CI; 
95%) were also calculated for sensitivity and specificity in both tests.  

Following the vaccination programme in 2010 – 2013 the immune status 
against MAP was retested in the vaccinated flock every year with LE. Commonly 
three patterns of sero-conversion against MAP were found: Pattern A (permanent 
reactors) included 161 goats which were sero-negative before vaccination and 
showed high antibody activities for all 3 years after vaccination, Pattern B (short time 
reactor or non-reactors) included 29 goats which were sero-negative before 
vaccination and they remained negative for the whole period or sero-conversion 
declined to negative after vaccination within 1-3 years, and pattern C included 32 
goats which were sero-positive before vaccination in 2010 and the following years. 
These goats were infected by MAP under natural conditions. They did not show any 
clinical signs of JD and a good milk yield at the time before vaccination. Therefore 
the owner did not want to cull these goats and they were vaccinated and kept in the 
flock. The eldest was nine years old at the time of vaccination. Data from three 
different patterns were not normally distributed and analyzed by Kruskal-Wallis test 
and Wilcoxon’s two-sample test (SAS, v.9.3, 2010) (p<0.05). Comparison of the 
mean antibody activities against MAP within the patterns were analyzed over 3 years 
using the Signed Rank test (SAS, v.9.3, 2010) (p<0.05).  

The samples of 280 vaccinated goats from group 1 taken in 2013 were tested 
by both ELISAs. They were divided into the three reaction patterns according to the 
LE results of the previous years, and especially before Gudair® vaccination. The 
development of the mean antibody activities over the years after vaccination until 
2013 within the patterns were tested by One-way ANOVA and Tukey’s Studentised 
Range (HSD) Test (SAS, v.9.3, 2010) (p<0.05).  

 
3.1.4 Results 
The overall positive results from both ELISAs in Gudair® vaccinated goats 

(Group 1) and MAP infected goats confirmed by culture and PCR techniques (Group 
2), and motherless reared unvaccinated replacement kids (group 3) are shown in 
Table 1 . The sensitivity of LE, and IE in Group 1 was 84% (95% CI: 79.7-88.5), and 
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36% (95% CI: 30.8-42.3), respectively. The kappa value was 0.19. The sensitivity of 
the LE, and the IE in Group 2 was 85% (95% CI: 69.5-94.1), and 56% (95% CI: 39.6-
72.2), respectively. The kappa value was 0.38. All serum samples from group 3 were 
negative for both ELISA tests. Considering these motherless reared kids as really 
paratuberculosis negative the calculated specificity was 100% for both tests. The 
kappa value in group 3 could not be calculated due to missing positive results. The 
highest antibody activity measured had an S/P ratio of 0.21 for LE, and S/P equal of 
4.22% for the IE.   

In Gudair® vaccinated goats, the highest antibody activity against MAP 
detected by both tests was commonly found in the 1st year after vaccination, 
thereafter it declined in the 2nd and 3rd year. The average sensitivity for the LE over 
the 3 year vaccination period was 85% with point estimates of 89%, 91%, and 81% in 
the 1st, 2nd, and 3rd year after vaccination, respectively. The mean antibody activities 
declined significantly from the 1st to the 3rd year after vaccination (Table 2 ). IE could 
detect only 36% of the IE positive over all three years. The sensitivity of the IE was 
49%, 38%, and 25% from the 1st to the 3rd year after vaccination, respectively (Table 
2).  Most of the vaccinated goats showed a negative reaction in the 3rd year in the IE. 
According to the results, the LE revealed a strong positive reaction after vaccination. 
In contrast, the mean value of the IE activities was high in the first year after 
vaccination only. Therefore, the LE is more sensitive for detecting MAP antibodies 
after vaccination than IE.  

In this investigation three patterns of sero-conversion were found after 
vaccination by repeatedly measuring the MAP antibody activity for 3 years with the 
LE in the goat herd. 84.3% of the clinically healthy goats showed a sero-conversion 
after vaccination. In contrast, 11.8% of vaccinated goats returned to negative result. 
For pattern A, 236 goats were sero-negative before vaccination and sero-converted 
to high antibody activities after vaccination. In pattern B, 33 goats showed little or 
insignificant reaction after vaccination or were sero-positive only once within the 
three following years after vaccination. In pattern C, 10 goats were sero-positive 
before and after vaccination. The categorization into the pattern A-C is based on the 
results from the LE from 2010 to 2013 (Figure 1 ).  

In general all vaccinated goats for all patterns had the highest antibody 
activities one year after vaccination. Thereafter, mean antibody activity significantly 
declined towards the 3rd year. There was no significant difference between sera of 
goats from patterns A and C in 2013. There were significant differences between 
patterns A and B, patterns B and C, as well as between patterns A and C in the first, 
second, and third year after vaccination, with the exception of patterns A and C in the 
third year. Nevertheless, the comparison of the whole sero-converion patterns over 
the whole period revealed significant differences between pattern A versus B, pattern 
A versus C, and pattern B versus C (p<0.05).  

The samples taken in 2013 from 280 vaccinated goats were tested by both 
ELISAs. They were divided into the three reaction patterns according to the results of 
the LE of the previous years, and especially before Gudair® vaccination. The ELISA 
results were compared within the three reaction patterns A to C. In 2013 the mean 
values of the antibody activities against MAP in patterns A and C exceeded the cut 
off for the LE (Table 3 ), but remained below the cut off of the IE (Table 3 ). Antibody 
activities against MAP differed significantly between pattern A vs. B, and B vs. C 
(p<0.05) for both ELISAs. The mean antibody activities of the MAP infected animals 
of pattern C were very similar to uninfected vaccinated animals of pattern A for both 
ELISAs (Table 3 ). 
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Within pattern A the mean antibody activities of goats which were vaccinated 
over 2 years were below the cut off of the IE, but above the cut off for the LE. 
However, the immune response slightly declined every year with significant 
differences between the 1st and 3rd year after vaccination as shown in pattern A for 
both ELISAs. But for pattern B, antibody activities were below the cut offs of both 
ELISAs without significant difference between results from 2 and 3 years after 
vaccination for LE (Table 4 ). In pattern C, both tests had high positive sero-
conversion with values above the manufacturers cut offs.  The mean antibody 
activities of the MAP infected animals of pattern C three years after vaccination were 
very similar to uninfected animals of pattern A at the same time after vaccination for 
both ELISAs (Table 4 ), so an individual base it is not possible to distinguish between 
infected and non infected goats after Gudair® vaccination.  

 
3.1.5 Discussion 
Both ELISA tests can detect antibodies against MAP in goat herds. The LE is 

more sensitive in vaccinated goats and goats with clinical JD than IE. According to 
the manufacturer the sensitivity and specificity of IE were 64.7%, and 99.2%, 
respectively.12 The sensitivity of the LE was estimated to be 90.2%, and the 
specificity was 99.3% in bovine serum.13 The Pourquier® ELISA Paratuberculosis 
(originally Institute Pourquier, Monpellier, France, now IDEXX Laboratories, Inc.) in 
bovine serum had a sensitivity of 80% and a specificity of 98.0%. The kappa value 
between LE and Pourquier-ELISA was 0.79 and both tests had a 96% agreement in 
bovine samples. In goat flocks free from paratuberculosis, the specificity in serum 
samples was 100% and LE had a good correlation with Pourquier-ELISA.13 
Comparing published results from cattle with this study indicates a lower sensitivity of 
the IE in vaccinated and MAP infected goats. Looking closer into the instructions of 
the manufacturers of both tests we could not find significant differences between the 
test principles and reagents. In both tests the samples are first diluted and pre-
incubated with a dilution buffer containing inactivated Mycobacterium phlei extract to 
minimise cross-reactions to atypical mycobacteria. Anti-ruminant-IgG-HRP conjugate 
is used in both tests to detect antibodies bound to the antigen.12,13 
 The diagnostic sensitivity of both ELISAs changed with the target group tested 
and its various stages of MAP infection. In group 1, goats were vaccinated and 
defined as serologically MAP positive. In group 2, all goats were MAP infected and 
confirmed by culture and PCR. The kids in group 3 could be regarded as MAP 
antibody negative due to motherless rearing. The calculated sensitivity differs in 
group 1 and 2 due to the different case definitions of the infection status. Findings 
corroborate recommendations that interpretation of diagnostic tests should be made 
according to its purpose, species, target condition and test, immune status of 
individual animals and geographically separated animal populations.14-17  

As a result of its high sensitivity the LE can be used as a screening test for test 
and slaughter to reduce the prevalence in MAP infected flocks, always bearing in 
mind that there might be non reactors. By retesting the whole flock routinely and 
culling sero-positive animals substantial long-term reduction of economic losses due 
to JD can be achieved. According to the high specificity of the test it could be even 
possible to reduce the cut off to improve sensitivity in individual animals. This could 
be helpful to accelerate identification of shedders in highly infected flocks and to 
quicken test and slaughter policy. 

Estimation of specificity of both tests was based on the axiom, that the 
motherless reared kids were not infected with MAP. But the kids derived from the 



Manuscripts 

 31

same farm as the positive animals. The negative status was not verified by fecal 
culture or post mortem investigations. Even if these kids had been infected as 
newborn, they would have probably been sero-negative due to the slow sero-
conversion after MAP infection in kids.18 On the other hand, the age of the animals to 
determine specificity was not the same compared to the age of the goats in which 
sensitivity was determined. There might be higher MAP antibody activities in older 
MAP negative goats than in kids due to contact with atypical mycobacteria and other 
antigenic related bacterial species.  

Due to the slow progression of the MAP infection the actual infection status of 
individual animals is difficult to diagnose especially in early stages of the infection.19 
On the other hand, in the late stage of the disease with clinical paratuberculosis, the 
ELISA tests are highly sensitive and specific when compared with other stages of the 
infection.20 According to this study the sensitivity in MAP infected goats even in late 
stages of clinical JD is higher than in vaccinated goats. Nonetheless, this 
examination some samples were negative in both tests even in goats with clinical JD. 
This might be due to false negative reactions in the ELISA or due to self-immune 
anergy of the animal by a failure of the immune system not to respond to MAP. In this 
study these conditions could not be differentiated. However, approximately 10% of 
the goats did not react on vaccination by sero-conversion. Three of the serologically 
non-reacting goats showed clinical JD, and MAP infection was confirmed by culture 
and PCR in intestinal tissue and mesenteric lymph node. Moreover, they were non 
reactors over 3 years after vaccination.21 This advocates that some of the sero-
negative animals are not able to react adequately to MAP by humoral antibody 
production. These non reacting goats make a sanitation based on serological testing 
alone impossible.   
 The decline in antibody activities against MAP after vaccination in caprines 
was also reported in the Netherlands.22 In those report, the question was discussed 
whether it is possible to distinguish in vaccinated goats between infected and non 
infected animals according to the slope of the decrease of antibody activities over the 
years. On the basis of this study, it seems fair to suggest that the antibody activities 
against MAP of vaccinated goats declined significantly after vaccination for all 
patterns and also for both ELISAs. Even though the antibody activities against MAP 
in vaccinated healthy goats in pattern A were significantly lower than goats in pattern 
C only 2 years after vaccination by LE (Figure 1 ). After three years, the antibody 
activities against MAP were not statistically different in healthy and infected goats. 
Therefore, it is not possible to discriminate between healthy vaccinated and already 
infected plus vaccinated goats with the help of the results of MAP LE tests. On the 
other hand, the mean activities of the vaccinated healthy animals of pattern A by IE 
were above the cut off only in the first year after vaccination but the mean value and 
the 95% CI were below the cut-off in the 3rd year (Table 4 ). Additionally, the mean 
antibody activity in infected animals of pattern C was also below the cut-off in the 3rd 

year. This indicates that it is not possible to distinguish between infected and non 
infected animals after Gudair® vaccination.   
 In the vaccinated goats of pattern B (Figure 1 ) approximately 4.5% of the 
goats were MAP positive in culture but serologically negative by LE. However, one of 
them was found positive in the gamma interferon test (data not shown). Due to that it 
can be assumed that the goat might have had no humoral immune response but a 
cellular reaction. According to the composition and extension of the inflammatory 
process in the intestine, different immunopathologic forms have been described: 
focal forms (latency forms, related to intense peripheral cellular immune responses 
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(Th1 response) or diffuse lesions, mostly associated with high peripheral humoral 
responses (Th2 response). Attempts to define immunopathologic forms in 
paratuberculosis have been reported since the 1950s more often in sheep than in 
cattle.23 According to the results of this study about 13% of the vaccinated (Figure 1 ) 
and probably also of the infected animals show no adequate humoral immune 
response. This is a general limitation of serological tests for individual testing for 
MAP infection in goats. Therefore a MAP free status of a goat flock can not be 
confirmed by sero-negative results of random samples, or even by negative tests of 
all adult individual goats of any flock. To confirm a MAP free status repeated 
serological tests in combination with other confirmation tests, like fecal cultures, or 
gamma interferon tests are necessary.  
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3.1.9 Figure and table legends 

Table 1. Percentage of sero-positive results in two ELISAs in each group of goats.  

LE (S/P ratio) IE (S/P%) 
Group no. of 

samples positive 
(%) Mean Median 95% CI positive 

(%) Mean Median 95% CI 

1 283 84 1.95 2.04 1.81-2.09 36 47.16 40.44 42.59-51.74 

2 39 85 2.33 2.14 1.88-2.79 56 72.10 74.20 55.73-88.46 

3 58 0 0.02 0.01 7.278E-03-0.0258 0 0.29 0.15 0.13-0.45 

Group; 1 = Gudair® vaccinated goats, 2 = goats with clinical paratuberculosis, confirmed by culture 
and PCR technique, 3 = motherless reared unvaccinated replacement kids. S/P ratio = sample to 
positive ratio. S/P% = sample to positive percentage.  
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Table 2.  Sensitivity of LE and IE in Gudair® vaccinated goats by the year after vaccination in goats of 
group 1.  

LE (S/P ratio)  IE (S/P%) Year after 
vaccination  

no. of 
samples  Sensitivity 

(%) Mean 95% CI Sensitivity 
(%) Mean 95% CI 

1st 106 89 2.30ab 2.07-2.53 49 58.24de 49.83-66.64 
2nd 42 91 1.92bc 1.57-2.27 38 45.60ef 35.12-56.07 
3rd 132 81 1.67c 1.48-1.86 25 38.84f 32.83-44.85 

S/P ratio = sample to positive ratio. S/P% = sample to positive percentage.  a, b, c, d, e, f Different 
alphabets indicate significant differences between year after vaccination (p<0.05).   
 
Figure 1.  The pattern of sero-conversion ratio after vaccination based on LE for 4 years.  

 
A, B, C There were significant differences between the antibody activities of the three patterns within 
each year (p<0.05) except AAA* and CCC* in 2013. 
A, AA, AAA There were significant differences in the average MAP antibody activities in pattern A 
(p<0.0001). 
B, BB, BBB, BBBB There were significant differences in the average MAP antibody activities in pattern B 
(p<0.001). 
C, CC, CCC There were significant differences in the average MAP antibody activities in pattern C 
(p<0.01). 
 
Table 3.  Antibody activities against MAP in 2013 from both ELISAs categorised into pattern A to C 
based on the LE results of the previous years, and before Gudair® vaccination.  

LE (S/P ratio)  IE (S/P%) Pattern  no. of samples  
mean  95% CI mean  95% CI 

A 236 2.19a 2.06-2.33 52.96c 48.07-57.84 
B 33 0.16b 0.13-0.19 4.50d 2.33-6.67 
C 11 1.95a 1.32-2.57 51.75c 23.69-79.81 

S/P ratio = sample to positive ratio. S/P% = sample to positive percentage. Pattern; A = permanent 
reactors, B = short time reactor or non-reactors, C = sero-positive before the first vaccination in 2010. 
a, b, c, d Different alphabets indicate significant difference between patterns (p<0.05). 
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Table 4. The antibody activities against MAP in 2013 after Gudair® vaccination from both ELISAs 
categorized into pattern and year after vaccination based on the LE results of the previous years, and 
before Gudair® vaccination. 

LE (S/P ratio)  IE (S/P%) Pattern  
Year after 

vaccination  no. of samples 
mean  95% CI mean  95% CI 

1st 96 2.52ab 2.31-2.73 63.80de 55.27-72.32 
2nd 39 2.06bc 1.71-2.40 48.15ef 37.32-58.99 A 
3rd 101 1.94c 1.74-2.14 44.51f 37.92-51.09 
1st 10 0.15 0.07-0.24 4.84gh 0.48-9.20 
2nd 3 0.17 0.03-0.31 12.38h -19.34-44.09 B 
3rd 20 0.17 0.13-0.20 3.15g 1.25-5.04 

C 3rd 11 1.95 1.32-2.57 51.75 23.69-79.81 
S/P ratio = sample to positive ratio. S/P% = sample to positive percentage. Pattern; A = permanent 
reactors, B = short time reactor or non-reactors, C = sero-positive before the first vaccination in 2010. 
a, b, c, d, e, f, g, h  Different alphabets indicate significant differences between year after vaccination in each 
pattern (p<0.05).    
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3.2.1 Abstract 
Keywords: Johne’s disease, immune response, CMI, HMI, natural infection, young 
dairy goat.   
 
Summary 
Objective:  To detect cell-mediated and humoral immune responses to 
Mycobacterium avium subsp. paratuberculosis (MAP) in naturally exposed young 
goats.  
Material and methods:  Ten goat kids were born and remained with their dams in a 
herd with a history of paratuberculosis. At the age of 5 months kids were admitted to 
the clinic and housed there with a clinical Johne’s disease goat for one month. Blood  
samples were taken every month to test for cell-mediated immunity (CMI) against 
paratuberculosis by means of the Gamma-interferon test and for humoral immunity 
(HMI) by means of an antibody ELISA. Fecal samples were collected every month to 
detect shedding of MAP by Real-time PCR (RT-PCR). At the age of 17 months, all 10 
goats were euthanized and necropsied to confirm paratuberculosis by macroscopical 
and histological findings, immunohistochemistry, bacterial culture combined with 
PCR, and RT-PCR.  
Results:  Three and six out of ten goats developed HMI or CMI responses, 
respectively. MAP infection was confirmed by post mortem examination for two of the 
three goats with HMI, and five of the six goats with CMI responses, respectively.  
Discussion:  In most of the goats immunological reactions could be confirmed by 
post mortem examination. The examinations show that CMI and HMI reactions are 
not continuous and steady but increase and decline in individuals. Therefore 
diagnosis of MAP infection is not only a question of test sensitivity and specificity, but 
depends also on the individual reaction of CMI and HMI over time. CMI response 
was more frequent and more often detectable earlier than HMI response in this study 
Clinical relevance:  After natural contact to MAP shedding adults in 6 out of 10 
young goats CMI or HMI reactions were detectable and in 5 out of theses 6 positive 
goats MAP infection was confirmed by post mortem examinations. In the positive 
goats CMI activity was inconsistent. HMI reaction tended to be later than CMI 
reaction. The investigations show, that immune responses against naturally acquired 
MAP infections vary considerably between and also within individual goats. Therefore 
repeated sampling and tests for CMI and HMI are recommended for accurate 
diagnosis of MAP infections in young goats.  
 
Schlüsselwörter:  Paratuberkulose, Immunantwort, zellvermittelte Immunität, 
humorale Immunität, junge Ziege 
Zusammenfassung:   
Gegenstand und Ziel: Nachweis der zellvermittelten und humoralen Immunantwort 
gegen Mycobacterium avium subsp. paratuberculosis (MAP), bei natürlich 
exponierten Kitzen. 
Material und Methoden:  Zehn junge Kitze aus einer mit (MAP) infizierten 
Ziegenherde wurden in den ersten 3 Lebensmonaten von ihren Müttern gesäugt. Mit 
5 Monaten wurden die Lämmer in der Klinik für einen Monat zusammen mit einer 
Ziege mit klinischer Paratuberkulose aufgestallt. Von da an wurden monatlich 
Blutproben entnommen und mittels Gamma-Interferon-Test die Aktivität der 
zellvermittelten Immunität (CMI) und mittels Antikörper-ELISA die Aktivität der 
humoralen Immunität (HMI) gegenüber MAP getestet. Kotproben wurden mittels RT-
PCR auf Genomabschnitte von MAP untersucht. In einem Alter von 17 Monaten 
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wurden alle 10 Ziegen euthanasiert und makroskopisch, histopathologisch, 
immunhistochemisch, kulturell bakteriologisch und mittels real-time PCR auf 
Paratuberkulose untersucht.  
Ergebnisse: Bei 3 bzw. 6 von 10 Ziegen konnten HMI und CMI Reaktionen 
nachgewiesen werden. Die Diagnose Paratuberkulose wurde bei der Obduktion bei 2 
der 3 serologisch positiven Ziegen und bei 5 der 6 CMI positiven Ziegen bestätigt. 
Diskussion: Bei der Mehrzahl der Ziegen konnten die immunologischen Reaktionen 
durch die post mortem Untersuchungen bestätigt werden. Diese zeigen, dass CMI 
und HMI Reaktionen bei infizierten Ziegen im zeitlichen Verlauf variieren. Deshalb ist 
die Diagnose von MAP Infektionen nicht nur eine Frage von Test-Sensitivitäten und 
Spezifitäten, sondern ist vor allem von der individuellen Reaktion der CMI und HMI 
abhängig.  
Klinische Relevanz: Bei 6 von 10 Kitzen aus einer hochgradig mit MAP infizierten 
Ziegenherde konnten bei 6 CMI Reaktionen und bei 3 HMI Reaktionen 
nachgewiesen werden. Bei 5 der 6 CMI positiven Ziegen wurde die MAP Infektion 
durch weiterführende postmortale Untersuchungen bestätigt. Während der frühen 
Phase der subklinischen Infektion wurden häufiger CMI Reaktionen als HMI 
Reaktionen nachgewiesen. Um eine zutreffende Diagnose bei jungen Zuchttieren 
stellen zu können, ist eine wiederholte Beprobung und Untersuchung des CMI sowie 
des HMI notwendig.  
 

3.2.2 Introduction 
 Paratuberculosis or Johne’s disease (JD) caused by Mycobacterium avium 
subsp. paratuberculosis (MAP) induces chronic granulomatous enteritis in ruminants. 
According to the OIE, paratuberculosis was prevalent in domestic and wild animals in 
54 countries in 2014 (14). Estimates of the prevalence of Johne’s disease have been 
reported in Europe, America, Africa, Asia, and Australia (4, 8, 9, 11, 12). For 
example, the prevalence of MAP infected goats in Latin America and the Caribbean 
was 4.3% (95% CI, 1.9-6.8) at animal level, and 3.7% (95% CI, 0.1-7.4) at flock level, 
respectively (5). In Germany, 65% of small ruminant flocks were sero-positive for 
paratuberculosis and 21% of individual goats were serologically positive against MAP 
in 2009-2010 (17). Detecting subclinical paratuberculosis is difficult due to the long 
incubation period. The period from the silent stage to the clinical stage of the disease 
can take between 1 and 10 years. Different prevalence studies on MAP infections are 
difficult to compare due to the uncertainty of diagnosis, variability of the sensitivity, 
specificity, and accuracy of testing, different study designs, target condition or stages 
of infection (affected, infectious, infected, not infected with MAP), and sampling 
frames (one time or repeated sampling of individuals or herds) (12, 13). Estimates of 
true prevalence from ruminants are difficult due to the aforementioned reasons. 
Economic losses due to Johne’s disease include decreased milk production, 
increased involuntary culling, carcasses having no value after slaughter, infertility, 
and increased implications for diagnosis, treatment costs, and control programmes 
(2). 
 MAP infection may induce cell-mediated (CMI) and humoral (HMI) immune 
responses. CMI response to MAP infection can be evaluated by intradermal reaction 
(IDR) using Johnin or avium purified protein derivative antigen (PPD-A), or by 
detection of the antigen-specific interferon gamma (IFN-γ) response. The IDR test is 
simple to perform in the field and it can detect an early stage of infection. However, 
this test has a low specificity due to cross-reactions with other mycobacteria. The 
Interferon (IFN)-γ assay was evaluated to detect the specific IFN-γ response, which 
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is produced by T lymphocytes from infected animals after stimulation with PPD-A. 
Disadvantages of this assay are that it is time consuming, difficult to standardize 
between laboratories, certain prerequisites concerning sample shipment and 
processing have to be met and the test kits are expensive (6). HMI can be 
investigated by enzyme-linked immunosorbent assays (ELISA) detecting antibodies 
specific to MAP. ELISA techniques are simple to perform and inexpensive. There is 
the possibility of evaluating multiple samples together and automation is possible. 
The sensitivity and specificity of some ELISA tests are relatively good, especially in 
the clinical stage of infection (16). The disadvantage of ELISAs for diagnosing MAP 
infections in small ruminants is the variation in individual response due to the stage of 
disease, age of animal, and the antigenic variability in different ELISA tests which 
can lead to errors in sensitivity and specificity (6, 10, 21). The objective of this 
present study was to follow the time course of CMI and HMI immune responses with 
different methods in goats naturally infected with MAP.  
 

3.2.3 Materials and methods 
Animal experiment: Ten 3-month-old male goat kids born in March and April 2012 
on a farm which had a 22% sero-prevalence of MAP infections in 2010 were included 
in this study. All dams had been vaccinated with Gudair® (CZ VETERINARIA S.A., 
P.O. Box 16, E-36400, Porriño (Pontevedra), Spain) in 2010. The kids were suckled 
by their dams during the first 3 months of life. Afterwards, they were weaned and 
raised for an additional 2 months in a separate barn on the farm premises. In June 
2012 the kids were simultaneously moved to an isolate-closed barn in the clinic and 
exposed for one month to a goat in the late stage of Johne’s disease, with 
emaciation, diarrhoea and severe shedding of MAP until July 2012. In August 2013, 
the 17 months old goats were euthanized and necropsied.  
Blood and fecal sampling procedures: Samples were taken every month from 
September 2012 to August 2013 including of serum samples for detection of antibody 
activities against MAP, heparinized blood samples for the IFN-γ assay, and fecal 
samples for detecting shedding of MAP by RT-PCR.   
Humoral immune response:  Antibodies against MAP in serum were detected by 
CATTLETYPE® MAP Ab ELISA (QIAGEN Leipzig GmbH, Deutscher Platz 5b, D-
04103, Leipzig, Germany). The procedure was carried out according to the 
instructions of the manufacturer of the ELISA kits. The Optical densities (OD) of the 
samples and controls were measured at 450 nm using a spectrophotometer (MRX® 
reader, DYNEX Technologies, Chantilly, USA). The S/P ratio was determined on the 
basis of the OD following the equation:  
 S/P ratio = (ODsample-meanODnegative control)/(meanODpositive control – meanODnegative control) 

Results were classified as follows: S/P ratio > 0.4 = positive (according to the 
manufacturer’s instructions; > 0.3 to < 0.4 = suspect (this suspect interpretation was 
introduced due to own preliminary results (16), and < 0.3 = negative. 
Cellular immune response:  To stimulate T-lymphocytes with purified protein 
derivative from M. avium (Avian PPD Stimulation antigen, AsureQuality Australia Pty 
Ltd, 28 Mareno Road, Tullamarine, Victoria AUS-3043, Australia) was used. 
Therefore, 1,500 µl of the blood samples were incubated with 100 µl of Avian PPD. 
For the negative control, 100 µl of medium (RPMI 1640, Gibco, Life technologies, 
Grand Island, NY USA-14072, USA) was used. For the positive control, 100 µl of 
non-specific antigen (Pokeweed, Sigma-Aldrich Cp., 3050, Spruce St. Louis, MO 
USA-63103, USA) was used. Samples were stimulated with Avian PPD, medium, 
and pokeweed within 12 hr. after sampling. All samples were incubated at 37oC for 
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24 hr., after which plasma supernatant was harvested and frozen at -20oC until use 
for detecting IFN-γ. Measurement of the amount of IFN-γ was carried out by ID 
Screen® Ruminant IFN-γ ELISA (ID Vet, ID Vet 167 rue Mehdi Ben Barka, 
GAROSUD, F-34070, MONTPELLIER, France) according to the instructions of the 
manufacturer of the test. The OD of samples was measured at 450 nm by 
spectrophotometer (MRX® reader, DYNEX Technologies, Chantilly, USA). The OD 
was determined and transformed to S/P% following the equation:  

S/P % = (OD spec. Active – OD control) x 100 /ODPositive control – ODNegative control  
Interpretation: If the S/P % ratio was equal or greater than 35% the sample 

was assessed as positive; if the S/P ratio was less than 35% the sample was 
regarded as negative (recommended by the manufacturer for use in cattle, sheep, 
and goats for in vitro diagnosis). Moreover, the test is validated if the mean values of 
the positive control OD are greater than 0.5, and the ratio of the mean values of the 
positive and negative controls is greater than 3.0.  
DNA extraction:  For preparing DNA of MAP in feces, samples were taken every 
month. Additionally, tissue samples from the ileum and mesenteric lymph node were 
collected at necropsy. Fecal samples from goats were dry and hard pelleted which 
was inappropriate for the DNA extraction. Therefore, each fecal sample was 
homogenized in double-distilled water (1:5; feces: double-distilled water) before 
extraction. The protocol for purification of total DNA in feces was performed using 
QIAamp® DNA Stool kits (QIAGEN Leipzig GmbH, Deutscher Platz 5b, D-04103, 
Leipzig, Germany). Furthermore, the protocol for total DNA in tissue was performed 
using DNeasy® Blood & Tissue kit (QIAGEN Leipzig GmbH, Deutscher Platz 5b, D-
04103, Leipzig, Germany).        
RT-PCR: To detect DNA of MAP in the fecal and tissue samples RT-PCR was 
performed according to the instructions of the manufacturer of BACTOTYPE® M. 
paratuberculosis RT-PCR kit (QIAGEN Leipzig GmbH, Deutscher Platz 5b, D-04103, 
Leipzig, Germany). The real-time thermal cycler used Stratagene MX 3005P (Agilent 
Technologies, Inc., 11011 North Torrey Pines Road, La Jolla, CA USA-92037, USA) 
with MxProTM QPCR software (Agilent Technologies, Inc., 11011 North Torrey Pines 
Road, La Jolla, CA USA-92037, USA ) 
Pathological examination: All goats were necropsied at an age of 18 months. To 
confirm MAP infection, representative tissue samples were collected at necropsy 
including jejunum, ileum, ileocecal region, mesenteric lymph node and ileocecal 
lymph node for histology and immunohistochemistry for detecting MAP. All tissue 
samples were fixed in 4% neutral buffered formalin and embedded in paraffin. 
Lesions were evaluated in haematoxylin and eosin (HE)-stained paraffin sections. 
Bacteriological examination: The ileum and mesenteric lymph nodes were 
collected at necropsy to confirm MAP infection by bacterial culture and PCR. 
Bacterial culture and PCR were performed by the Institute of Molecular 
Pathogenesis, Friedrich-Loeffler-Institute (FLI), Federal Research Institute of Animal 
Health, Jena, Germany.  
Statistical analysis:  The results of S/P ratio from ELISA-Ab MAP, and S/P% from 
IFN-γ assay were continuously recorded for each animal. MAP infections were 
confirmed at the end of the experiment by post-mortem investigations. Only 
descriptive statistical analysis was performed due to the small number of MAP 
positive animals      
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3.2.4 Results 
CMI 

In 6 goats, cellular immunity against MAP was detectable by IFN-γ assay. In 
goat no. 7, an IFN-γ response was first detected as early as 11 months of age and 
continued until the end of the trial, showing the longest response in the IFN-γ test in 
this investigation. Goats nos. 1, 2 and 3 were positive in the IFN-γ test at an age of 
14 months. Nos. 4 and 5 reacted positive in the IFN-γ test at 16 and 15 months, 
respectively. Most of the goats responded in the IFN-γ test with a severe increase in 
activity. The S/P % remained at a high level for several months, followed by 
declining. In two goats reactivity declined to negative, while others remained positive 
throughout the trial (Tab. 1).         
HMI 

During the period of investigation, antibodies against MAP were detected by 
ELISA only in 3 out of 10 goats. Goats nos. 5, 1, and 6 were found positive for the 
first time at 12, 14, and 17 months of age respectively. No. 2 had a suspicious result 
at 15th month. No. 5 had high positive antibody activities against MAP over several 
months, but later on antibody activity declined to negative, followed by increasing 
again at the end of the investigation. No. 1 was positive from 14th months onwards. 
No. 6 was positive only at 17th month (Tab. 1).  
Pathological findings 

Macroscopic lesions were found in mesenteric lymph nodes only. Goats nos. 4 
and 9 had enlarged lymph nodes. Calcification was seen in the cortex of a 
mesenteric lymph node of goat no. 1.  

By histology, lesions were detected in goats nos. 1, 2 and 4, whereas no 
lesions characteristic of paratuberculosis were seen in the enlarged lymph nodes of 
goat no. 9. Goat no. 1 had mild multifocal granulomatous enteritis with epithelial and 
multinucleated giant cells in the terminal ileum, multifocal granulomatous 
lymphadenitis and multiple granulomas with central necrosis and calcification in the 
mesenteric lymph nodes. By immunohistochemistry (IHC), mycobacterial material 
was found only in the areas of necrosis. A moderate multifocal granulomatous 
lymphadenitis was found in a mesenteric lymph node of goat no. 2. In goat no. 4 a 
focal infiltrate of a few multinucleated giant cells with a few mycobacteria in the 
cytoplasm were seen in the lamina propria of the jejunum (Tab. 2).      
Detection of MAP in feces and tissues 

MAP shedding was detected in none of the goats throughout the experimental 
period by RT-PCR of feces.  

Tissue samples from the ileum and mesenteric lymph node were investigated 
by culture and PCR. In four goats, nos. 1, 2, 4, and 5 MAP was isolated. Additionally, 
contamination inhibited possible MAP isolation in goats nos. 6 and 7. As well, 
samples from the same tissues were also investigated by RT-PCR. Hereby, no. 3 
showed a positive result in the mesenteric lymph node. At post mortem samples from 
the other goats were MAP negative by culture and PCR, and RT-PCR (Tab. 2).  

 
3.2.5 Discussion 
In the present investigation CMI and HMI activities were detected after natural 

exposition to MAP in 6 and 3 young goats, respectively. The variability in onset, in 
the course of the responses, and in the duration of these responses in reaction to the 
status of the infection will be discussed.  

The goat kids had the opportunity to acquired MAP in the early days of their 
life when they stayed with their dams, due to they originated from a herd which had 
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had a 22% sero prevalence against MAP in 2010 (17). The adult goats had been 
Gudair® vaccinated to improve clinical performance and reduce MAP shedding (18). 
All kids received colostrum directly from their dams, and stayed in the same barn with 
their mothers, where they were exposed to manure from older goats in the herd for 
several weeks. In addition, they were exposed again at an age of 5 months when 
coming in close contact with a goat in the terminal stage of Johne’s disease for one 
month.  

No shedding of MAP throughout the observation period could be detected by 
RT-PCR technique. This indicates that there was no massive shedding. The 
shedding of low amounts as expected by the lack of or the presence of only mild post 
mortem lesions cannot be excluded, because the RT-PCR technique may not be 
sensitive enough to detect low amounts of MAP shedding. Also, these goats never 
showed signs of weight loss, or diarrhoea during the investigation. Thus, at the time 
of euthanization all goats were still in the clinically non apparent phase of infection.  

Infection with MAP was detected by isolation in goats nos. 1, 2, 4, and 5. 
Additionally MAP-DNA was detected by direct RT-PCR in goat no. 3. Moreover, 
characteristic lesions indicating MAP infections were detected by histopathology in 
goats nos. 1, 2 and 4. MAP was detected by immunohistochemistry only in goat no.1 
in the lesions of the mesenteric lymph node. Lesions characteristic of MAP infection 
were in jejunum, ileum and mesenteric lymph node of this goat.   

In goat no. 8, 9, and 10 MAP was not detected neither by post mortem 
examination nor an immune response was found. Therefore it can be concluded that 
these three goats probably had never acquired a MAP infection despite the high 
probability of contact, or they may have had a transient infections and cleared it.  
Also false negative results at post mortem investigations cannot be excluded, 
because lesions/foci of infection are very small in the early stage of infection and may 
have been missed during sampling (7), as only a limited number of samples per 
animals were examined after necropsy.  

In goat no. 6 HMI was detected only in the last blood sample, and the samples 
for culture from mesenteric lymph nodes were contaminated. So in this goat MAP 
infection cannot be fully excluded. It can be speculated that like in goat no. 5 HMI 
response would have had been followed by a CMI reaction, but these animal was not 
old enough to show this reaction. This animal might have been at the early beginning 
of the immunological reaction.   

In goat no. 7 CMI reaction was first detected at an age of 11 months, with an 
increasing activity until 12th month, followed by decreasing activities from 14th month 
until the end of the investigation. In this goat MAP infection could not be confirmed by 
post mortem examinations. There were no macroscopical, histological, or 
immunohistological findings which indicated a MAP infection. Due to the low number 
of samples and sampling errors the lesions might have been overlooked. Two 
samples of ileum, and mesenteric lymph node were contaminated in the culture so 
that a MAP infection cannot be fully ruled out. As we could not detect the presence of 
bacteria or lesions in the intestine in spite of a high CMI response for several months, 
it is tempting to assume that this animal might have eliminated the infection, and fully 
recovered (19). However, false positive CMI reactions might be induced by possible 
cross-reactions with other mycobacteria which cause a reduced specificity of the IFN 
γ-test (1, 6, 15). It is interesting that this goat showed no HMI. Even if antibody ELISA 
tests with sensitivities of 85% are used (16), HMI can be detected regularly only in 
medium to late stages of the MAP infection with moderate to high specificity (19). In 
the early stages of the infection, sensitivity of MAP antibody ELISAs is much lower, 
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indicated by the low number of HMI positive goats in this investigation, and is 
normally detectable later than CMI (21). 

All positive infected goats detected by post mortem had a measureable 
immune response. The responding of CMI and HMI differed in onset and level in and 
between individuals. For example, in goat no. 1 the first CMI and HMI response were 
detected in the 14th month, level of CMI activity increased in the course of infection 
but the level of HMI activity fluctuated. The high CMI and HMI respond corresponds 
with the most severe post mortem findings in this investigation. In contrast, in goat 
no. 2 only CMI was detected at 14th month, the activity increased for a month and 
decreased afterward.  

The CMI and HMI responses in the positive goats give some indications that 
most of the infected animals acquired MAP infection not in their first days of life but 
probably at the age of 5 to 6 months, because the first positive IFN-γ assay occurring 
in about half a year after close contact to a goat in the terminal stage of Johne’s 
disease. In a previous experiment kids which were infected orally by high doses of 
MAP, first positive IFN-γ activities were measured already at 7 weeks post 
inoculation, and from weeks 11 post inoculations most infected animals had a 
positive IFN-γ response (19). 

Infection was confirmed in 5 goats at the end of the trial either by characteristic 
lesions and/or detection of MAP. This confirms the high susceptibility of young 
animals to MAP. However, even when they are exposed to MAP as neonates, only a 
few animals develop the disease (3). The rate of infection in the present 
investigation, determined by isolation or detection of MAP in 5 out of 10 kids, is 
similar to the infection rate detected under natural herd conditions (20). 

Some exposed animals are able to control MAP successfully by cellular 
defence mechanisms and thus do not progress to develop clinical JD, like it is 
speculated in goat no. 7. However, many exposed animals fail to eliminate MAP. In 
the present study goats nos. 1 and 2 had moderate multifocal granulomatous lesions 
in the intestine and/or the mesenteric lymph node. This was in concordance with the 
high activity of the CMI in both animals and with the high HMI activity in goat no. 1.  
.  Prevention of paratuberculosis infection in herds by detecting the early stage 
of infection especially in the silent and subclinical stage is one of the keys to the 
initiation of a control programme. Taking all the results into consideration it can be 
concluded that MAP infection in individual animals can be diagnosed intra vitam by 
tests on CMI and HMI. The prolonged subclinical duration of paratuberculosis with 
immune complexity makes this disease difficult to detect with only one reference 
diagnostic test. In the early stages of the disease positive results of the IFN-γ test 
have a higher sensitivity than antibody detection by ELISA, so that diagnosis can be 
based on the positive IFN-γ test alone. However, positive IFN-γ test can also be 
detected in goats which fully recover from MAP infection as discussed earlier. Due to 
the limitations of each test, repeated sampling in the same animal over several 
months is necessary to determine the stage of MAP infection in individual animals as 
well as in herds (6). Independent of test sensitivity and specificity CMI and HMI 
responses in individuals are too inconsistent so that false negative results cannot be 
avoided.  
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3.2.9 Table legends 

Tab. 1 The results of cell-mediated immunity and humoral mediated immunity against 
paratuberculosis in each sampling period from July 2012 to August 2013.  

Sampling aged (month) Goat 
no. 

Immunity 
response 6 7 8 9 10 11 12 13 14 15 16 17 

CMI (S/P%) 1 0 2 7 0 0 0 7 64 338 388 324 
1 

HMI (S/P ratio) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 1.6 1.0 0.9 
CMI (S/P%) 1 1 0 16 1 1 2 3 41 207 95 79 

2 
HMI (S/P ratio) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3 0.2 0.2 
CMI (S/P%) 0 0 0 0 5 1 4 10 37 88 57 29 

3 
HMI (S/P ratio) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.2 0.2 
CMI (S/P%) 1 0 1 5 4 1 1 13 7 18 59 101 

4 
HMI (S/P ratio) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3 
CMI (S/P%) 2 3 2 4 8 0 11 28 20 39 34 22 

5 
HMI (S/P ratio) 0.0 0.0 0.0 0.1 0.2 0.2 1.1 0.8 0.9 0.7 0.2 0.6 
CMI (S/P%) 0 1 0 21 0 0 0 10 2 3 1 2 

6 
HMI (S/P ratio) 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.1 0.5 
CMI (S/P%) 1 1 1 8 9 114 224 115 157 127 61 38 

7 
HMI (S/P ratio) 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.1 0.1 0.1 0.0 0.0 
CMI (S/P%) 0 1 0 4 1 1 0 17 2 1 1 0 

8 
HMI (S/P ratio) 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CMI (S/P%) 1 0 1 0 1 0 8 11 6 5 4 1 

9 
HMI (S/P ratio) 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CMI (S/P%) 1 0 1 6 1 1 2 1 1 0 1 1 

10 
HMI (S/P ratio) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

CMI = cell-mediated immune response, S/P% = the percentage of sample to positive; the cut-off 
value: > 35% = positive, < 35% = negative. HMI = humoral-mediated immune response, S/P ratio = 
sample to positive ratio; the cut-off value: > 0.4 = positive; >0.3 to < 0.4 = suspect; < 0.3 = negative. 
Positive samples are marked in dark grey, inconclusive results are marked in light grey, and negative 
results are marked in white. 
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Tab. 2 Results of the investigations to confirm M. avium subsp. paratuberculosis infection in 
jejunum, ileum, ileocecal region, ileocecal lymph node and mesenteric lymph node by 
macroscopical findings (M), histopathology (Hist), immunohistochemistry of mycobacteria 
(IHC), bacterial culture and PCR (Bact), and real-time PCR (RT-PCR)*.  

Jejunum Ileum Ileocecal 
region Mesenteric lymph node 

Goat 
no. 

CMI 
test# 

HMI 
test# 

M Hist  IHC M Hist  IHC Bact  RT-
PCR M Hist  IHC M Hist  IHC Bact  RT-

PCR 

1 + (14) + (14) - - - - + - + - - - - + + + + - 

2 + (14) + 15 - - - - - - - - - - - - + - + - 

3 + (14) - - - - - - - - - - - - - - - - + 

4 + (16) - - + + - - - - - - - - - - - + - 

5 + (15) + (12) - - - - - - + - - - - - - - - - 

6 - + (17) - - - - - - - - - - - - - - +† - 

7 + (11) - - - - - - - +† - - - - - - - +† - 

8 - - - - - - - - - - - - - - - - - - 

9 - - - - - - - - - - - - - - - - - - 

10 - - - - - - - - - - - - - - - - - - 
*The symbols +/- describe the presence or absence of macroscopical and histopathological findings 
characteristic of paratuberculosis, detection of mycobacteria by immunohistochemistry, and the results 
of culture and PCR, and RT-PCR   
#HMI and CMI tests were first positive (+) or suspect (+) at months age  
†contaminated   
 

3.2.10 Abbildung Legenden 
Tab. 1 Die Ergebnisse der zellvermittelten und humoral vermittelten Immunität gegen 
Paratuberkulose von Juli 2012 bis August 2013. 

Probenahme im Alter von (Monat) 
Nr. Immunantwort 

6 7 8 9 10 11 12 13 14 15 16 17 

CMI (S/P%) 1 0 2 7 0 0 0 7 64 338 388 324 
1 

HMI (S/P ratio) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 1.6 1.0 0.9 
CMI (S/P%) 1 1 0 16 1 1 2 3 41 207 95 79 

2 
HMI (S/P ratio) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3 0.2 0.2 
CMI (S/P%) 0 0 0 0 5 1 4 10 37 88 57 29 

3 
HMI (S/P ratio) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.2 0.2 
CMI (S/P%) 1 0 1 5 4 1 1 13 7 18 59 101 

4 
HMI (S/P ratio) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3 
CMI (S/P%) 2 3 2 4 8 0 11 28 20 39 34 22 

5 
HMI (S/P ratio) 0.0 0.0 0.0 0.1 0.2 0.2 1.1 0.8 0.9 0.7 0.2 0.6 
CMI (S/P%) 0 1 0 21 0 0 0 10 2 3 1 2 

6 
HMI (S/P ratio) 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.1 0.5 
CMI (S/P%) 1 1 1 8 9 114 224 115 157 127 61 38 

7 
HMI (S/P ratio) 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.1 0.1 0.1 0.0 0.0 
CMI (S/P%) 0 1 0 4 1 1 0 17 2 1 1 0 

8 
HMI (S/P ratio) 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CMI (S/P%) 1 0 1 0 1 0 8 11 6 5 4 1 

9 
HMI (S/P ratio) 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CMI (S/P%) 1 0 1 6 1 1 2 1 1 0 1 1 

10 
HMI (S/P ratio) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

CMI = zellvermittelten Immunantwort = Ergebnis des Gamma-Interferon Tests; HMI= humoral 
vermittelte Immunität = Ergebnis des Antikörper ELISAs, S / P% = den Prozentsatz der Probe, die 
positiv ist; die Cut-Off-Wert:> 35% = positiv, <35% = negativ. HMI = humoral vermittelten 
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Immunantwort, S / P-Verhältnis = Probe /Positivkontrolle;  Cut-Off-Wert:> 0,4 = positiv; > 0,3 und <0,4 
= fraglich; <0,3 = negativ. Positive Proben werden dunkelgrau markiertfragliche Ergebnisse sind 
hellgrau markiert und negative Ergebnisse sind weiß markiert. 
 
Tab. 2 Ergebnisse der Untersuchungen auf M. avium subsp. paratuberculosis Infektionen in 
Jejunum, Ileum, Ileozökalregion und Mesenteriallymphknoten durch makroskopische 
Befunde (M), Histopathologie (Hist), Immunhistochemie zum Nachweis von Mykobakterien 
(IHC), kulturelle Untersuchung kombiniert mit PCR (Bact) und real-time PCR (RT-PCR) *. 

Jejunum Ileum Ileozökalgegend  Mesenteriallymphknoten 

Nr. CMI 
test# 

HMI 
test# M Hist  IHC M Hist  IHC Bact  RT-

PCR M Hist IHC M  Hist  IHC Bact  RT-
PCR 

1 + (14) + (14) - - - - + - + - - - - + + + + - 

2 + (14) + 15 - - - - - - - - - - - - + - + - 

3 + (14) - - - - - - - - - - - - - - - - + 

4 + (16) - - + + - - - - - - - - - - - + - 

5 + (15) + (12) - - - - - - + - - - - - - - - - 

6 - + (17) - - - - - - - - - - - - - - +† - 

7 + (11) - - - - - - - +† - - - - - - - +† - 

8 - - - - - - - - - - - - - - - - - - 

9 - - - - - - - - - - - - - - - - - - 

10 - - - - - - - - - - - - - - - - - - 

* Die Symbole +/- beschreiben die Anwesenheit oder Abwesenheit von makroskopischen und 
histopathologischen Befunden,  charakteristisch für Paratuberculose, bzw.  Nachweis von 
Mykobakterien durch Immunhistochemie, sowie Nachweis von MAP und MAP DNS mittelsKultur und 
PCR bzw. RT-PCR 
HMI test# und CMI test#: die (Zahl) gibt die erste positive (+) oder verdächtige (+) Reaktion in 
Monaten bezogen auf das Lebensalter des Lammes an. 
† kontaminiert 
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4 Discussion 

The purpose of this study was to compare the efficacy of two commercial 
ELISAs for detecting antibody activities against Mycobacterium avium subsp. 
paratuberculosis in dairy goats. And to investigate the immune responses in a dairy 
goats flock following Gudair® vaccination for up to 3 years by LE. In the second 
manuscript the time course of cellular and humoral immune responses was followed 
up in goats naturally infected with MAP. 
 The limitation of both investigations is that all the goats investigated derived 
from the same goat breed and the same herd which makes assessments of 
sensitivity and specificity of ELISAs test quite disputable. There might be severe 
differences in susceptibility to MAP infections in different goat breeds. Epidemiology 
depends severely on the production and management system. Here the situation 
was investigated in an organic dairy goat herd. The herd was established beginning 
about a decade before on a former dairy cattle farm. The last bovines left the farm in 
2010 so that cattle could have been the source of infection. On the other hand the 
goat flock was built up by purchasing three mobs of goats from three different farms. 
Retrospectively MAP was introduced to the farm by goats from a Bavarian farm, for 
the MAP sero-prevalence in this subgroup of goats in the herd was highest. Also the 
isolates of MAP responsible for the infections in this herd are not characterized in 
detail. It is not clear whether the infections were induced by a primary bovine MAP 
strain, an ovine strain, or an intermediate strain.  

Despite these limitations the results of these investigations can be 
generalized. In the first manuscript the antibody activities against MAP in Gudair® 

vaccinated goats (group 1), in goats with clinical paratuberculosis infection confirmed 
by culture and PCR (group 2), and replacement goats without vaccination (group 3) 
were tested by two commercial ELISAs. The sensitivities of LE in group 1 and 2 were 
84% (95% CI, 79.7-88.5), and 85% (95% CI, 69.5-94.1), respectively. The kappa 
value between both tests was 0.19. And the sensitivities of the IE were 36% (95% CI, 
30.8-42.3) and 56% (95% CI, 39.6-72.2) in group 1 and 2, respectively. The kappa 
value was 0.38. The specificity of both tests was 100% in the group of the 
replacement goats. The sensitivities evaluated in this investigation were beneath the 
reference data from the manufacturers due to the change of the target species from 
bovine to caprine (IDEXX validation data report, 2011; LDL validation data report, 
2013).  

The Gudair® vaccinated group showed significant declining of antibody 
activities against MAP 3 years after vaccination with both ELISA tests. Again the LE 
had a higher sensitivity for detecting MAP antibodies 3 years after vaccination than 
the IE, for 81% of samples were above the manufacturer’s cut off. In contrast 75% of 
samples were below the IE manufacturer’s cut off. Both ELISAs have the same 
reagents for pre-dilution and pre-incubation to minimize cross-reaction to atypical 
mycobacteria. And they also have anti-ruminant-IgG-HRP conjugate to detect 
antibodies bound to the antigen (IDEXX validation data report, 2011; LDL validation 
data report, 2013). However, the LE cut offs was lower than IE. In face of these 
information there is no clear explanation why the LE had a higher sensitivity than IE.  

In the first manuscript the antibody activities against MAP were followed up 
after Gudair® vaccination for 3 consecutive years by LE from 2010-2013. Following 
the antibody activities of individual goats most of the goats followed the anticipated 
pattern. Sero-negative goats seroconverted after vaccination followed by persisting 
high antibody activities. The seropositive goats before vaccination also reacted like 
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anticipated, after vaccination antibody activities increased and remained on a high 
level, slowly declining of these three years. Discussing these results with farmers the 
question arose whether it is possible to distinguish between goats which were 
infected before vaccination and uninfected vaccinated goats. There are significant 
differences between the mean values of these two groups one and two years after 
vaccination, but in the third year the mean values are nearly identical. Therefore, it is 
not possible to discriminate between healthy vaccinated and already infected plus 
vaccinated goats with the help of the results of MAP ELISA tests. For goats in pattern 
B, it could have been anticipated that a discrimination would be possible, for there 
are several reports about animals not reacting with a humoral response after MAP 
infection (Whittington and Sergeant, 2001; Sweeney et al., 2006; Monif and Williams, 
2013). In pattern B antibody activities declined to negative within 2 years after 
vaccination. Within the group of non reactors there are some very young animals 
possibly being in an early stage of MAP infection in which humoral immune 
responses are not yet present (Bastida and Juste, 2011; Sweeney, 2011). Anyway 
they were positive in gamma-interferon test, so that it can assumed that these goats 
might have had no humeral immune response but cellular reaction. Previous 
research seems to validate the view that the immune responses depend on the 
composition and extension of inflammatory process in the intestine, and different 
immunopathologic forms. For instance, the focal forms or latency forms to be related 
to intense peripheral cellular immunity (Th1 response). And the diffuse forms 
associated with high peripheral humoral immunity (Th2 reponse) (Juste and Perez, 
2011). But there are other animals in this group which are the most important 
limitation for a sanitation program based on serology. There are some goats which 
reacted sero-negative not only before, but also after Gudair® vaccination, and in 5 of 
them MAP infection was confirmed by culture and PCR technique and a minimum 
one of them died due to Johne’s disease (data unpublished).  

The second manuscript described the immune responses in subclinical 
paratuberculosis of naturally infected young goats. The kids originated from the herd 
which had a 22% sero-prevalence against MAP and in which adults and 
replacements werd vaccinated with Gudair® since 2010 to reduce shedding and also 
to reduce probability infection. All 10 kids had the opportunity to acquired MAP in the 
early days of their life for they got colostrums from their dams after birth and exposed 
to manure from older dairy goat in the herd until 5 months of age. Afterwards they 
moved to the clinic for swine and small ruminants there they were housed together 
with an adult goat in the terminal stage of Johne’s disease for one month. The time 
course of cellular mediated immunity (CMI) and humoral mediated immunity (HMI) 
was followed by measuring IFN-γ and antibody activity against MAP by LE in blood 
samples, taken monthly. Moreover, the shedding of MAP in feces was examined by 
RT-PCR. Subsequently, all goats were euthanized and necropsied at an age of 17 
months and samples from gut and lymph nodes were used for confirmation of 
paratuberculosis infection by macroscopical and histological findings and to detect 
MAP by immunohistochemistry, bacterial culture combined with PCR, and RT-PCR in 
these samples.  

By this investigation CMI were detected in 6 goats, and HMI responses in 3 
out of these 10 goats. In none of them MAP-DNA could be detected in feces by RT-
PCR technique. Despite it is not clear whether the used RT-PCR technique is 
suitable and sensitive enough for the examination of dry and pellet goat feces. Also 
inappropriate DNA extraction due to the thick waxy MAP cell wall and the presence 
of PCR inhibitors can reduce the sensitivity of PCR technique (Singh et al., 2008). In 
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addition, a low amounts of MAP shedding in feces might be below the threshold of 
detection by RT-PCR technique (Bos, 2010; Fecteau et al., 2013; Leite et al., 2013). 
Nevertheless this result indicates no massive MAP shedding in feces as expected by 
the presence of only mild lesions at post mortem examination. Moreover, all of goats 
never showed clinical sighs of JD like as weight loss, or diarrhea during this 
investigation to euthanize their still healthy. 

MAP infected goats were confirmed in 5 goats including 3 goats by 
histopathology, immunohistochemistry, culture combined with PCR, 1 goat by RT-
PCR, and 1 goat by culture and PCR. All of them had a measureable immune 
response. However, the responding of CMI and HMI differed in onset and level 
between individuals. For example, the first goat had CMI and HMI response in the 
14th month. The level of CMI activity increased in the course of infection but the level 
of HMI activity fluctuated. In contrast, in the second goat only CMI response was 
detected at 14th month, the activity increased for a month and decreased afterwards. 
However, both of them had moderate multifocal granulomatous lesions in the 
intestine and/or mesenteric lymph node. The results of high activity of CMI in both 
goats and the high HMI activity in the first goat were in concordance with the 
necropsy findings.  

Immune responses in positive goats indicated that most of the infected goats 
acquired MAP infection not in their first days of life but probably at the age of 5 to 6 
months because the first positive IFN-γ assay occurred half a year after close contact 
to an adult goat in the terminal stage of JD. In another experiment MAP infection was 
induced by high doses of MAP in neonate kids. First IFN-γ activities were first 
detected at 7 weeks after oral inoculation, and most of goats had a positive IFN-γ 
response at 11 weeks after inoculation (Storset et al., 2001).   
 

In general young ruminants are regarded as highly susceptible to MAP 
infections. However, from the juvenile goats who are exposed to MAP, only a few 
acquire the infection and develop the disease (Cocito et al., 1994). The rate of 
infection in this investigation, determined by bacterial culture and PCR or 
pathological findings of MAP in 5 out of 10 goats, is similar to the infection rate 
detected under natural herd conditions (Whitelock and Buergelt, 1996).       

In 2 young goats the results were inconclusive because the cultures were 
contaminated. Histology and immunohistology were negative. But due to the low 
number of gut samples investigated and due to sampling errors typical lesions might 
have been missed. However, in one goat a HMI response was detected only once at 
the 17th month of age. A MAP infection cannot be fully excluded. This goat might 
have been at the early beginning of immunological reaction, or the CMI response 
was not developed yet. In another goat CMI activity was detected at 11 to 17 months 
of age even though in this animal MAP infection could not be detected by 
pathological findings. It is interesting that the CMI activity slightly declined close to 
negative values at the end of the investigation. Therefore it can be assumed that the 
animal might have eliminated the infection, and fully recovered (Storset et al., 2001; 
Krüger et al., 2014). But on the other hand false positive CMI reactions could have 
been induced by cross-reactions with other mycobacteria (Gilardoni et al., 2012; 
Olsen et al., 2002). It is interesting that this animal showed no HMI response. In most 
cases, HMI can be detected later than CMI (Whittington and Sergeant, 2001) and 
serology has moderate to high specificity in the medium to late stage of MAP 
infection (Perez et al., 1997; Storset et al., 2001). The antibody activity against MAP 
has a low sensitivity in the early stage of infection indicated by the low number of 
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positive goats in this study (Whittington and Sergeant, 2001; Sweeney et al., 2006; 
Monif and Williams, 2013).  

In the second manuscript in 3 of 10 goats neither immune responses nor 
lesions were found post mortem during the 12 months of investigation Therefore it 
can be concluded that these three goats probably had never acquired a MAP 
infection despite the high probability of contact to shedding animals, or they may 
have had a transient and cleared infection. Also false negative results at 
histopathology and immunohistochemistry cannot be excluded, as lesions of infection 
are tiny in the early stage of infection and these may have been missing during 
sampling (Krüger et al., 2014), as only a limited number of samples per animals were 
examined after necropsy.   

To diagnose actual MAP infection in the early stage is difficult due to the slow 
progression of disease (Harris and Barletta, 2001; McKenna et al., 2005). Although 
there has been relatively little research in goats, it was shown in the second 
manuscript that CMI response can be detected earlier than HMI response. On the 
other hand in the clinical stage of MAP infection antibody ELISAs has high 
sensitivities and specificities (Köhler et al., 2008). But one of the most important 
results of the investigation in young goats is that in the beginning of MAP infection 
CMI and HMI have no regular onset and when the reaction starts especially CMI is 
not persistent (Harris and Barletta, 2001).  

The first manuscript describes the sensitivity of LE to detect HMI response in 
goats with clinical JD and in Gudair® vaccinated goats. The sensitivity of the LE was 
higher in goats with JD than in Gudair® vaccinated goats. However, there are also 
goats without HMI response but clinical JD. This might be due to the false negative 
reaction by ELISA testing or immune anergy. This situation cannot be distinguished 
by ELISA tests. However, 10% of Gudair® vaccinated goats showed no HMI 
response three year after vaccination and in some of them MAP infection was 
confirmed by necropsy findings, culture and PCR (Rerkyusuke et al., 2013). On the 
basis of the evidence currently available, it seems fair to suggest that some sero-
negative animals are inadequate to react by HMI response in MAP infection 
(Whittington and Sergeant, 2001; Sweeney et al., 2006; Monif and Williams, 2013).   

Prevention of paratuberculosis infection in herds by detecting the early stage 
of infection is one of the keys to initiation of an effective control programme. Based 
on the second study it can be concluded that MAP infection in individual goats can be 
diagnosed intra vitam by immune response. The slow progress of subclinical MAP 
infection with immune complexity makes it difficult to detect MAP infection by a single 
reference diagnosis test. IFN-γ test has higher sensitivity and detects MAP infections 
earlier than antibody ELISAs in the early stage of MAP infection (Sweeney, 2011). 
But due to the inconsistent CMI it is not recommended to rely on the positive IFN-γ 
assay alone. A positive IFN-γ test might also indicate an animal which fully recovered 
from the infection. The LE has a high sensitivity of 85% in goats. According to the 
high specificity of the test it could be even possible to reduce the cut off to improve 
the sensitivity. The antibody ELISA technique is practical to identify most of the MAP 
infected goats in high sero-prevalence herds can be used successful as screening 
test for a test and slaughter policy with the goal to reduce the prevalence of shedders 
and to reduce or even avoid clinical disease and maybe also financial losses due to 
the disease (Kostoulas et al., 2006a).  

Therefore it was probably a mistake not to cull all the seropositive goats in the 
beginning of the sanitation trial before vaccination. Culling all would have probably 
accelerated the speed of reduction of MAP infections. Missing HMI response in early 
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stages of MAP infections are the boundaries of this strategy (Storset et al., 2001; 
Whittington and Sergeant, 2001), repeated sampling within the same animal over a 
longer period is necessary to determine the stage of MAP infection in individual goats 
as well as in herds (Gilardoni et al., 2012). Moreover, to confirm MAP infection, 
serological tests or IFN-γ test should be combined with reference tests, like fecal, 
colostrums or milk cultures and PCR, or RT-PCR in live animals. Sensitivity and 
specificity of CMI and HMI responses in individuals are too inconsistent in order that 
false negative results cannot be avoided. False negative results are not only 
depending on the test alone, but are also a consequence of the individual reaction of 
the animal varied over time.  Findings corroborate recommendations that 
interpretation of diagnostic tests should be made according to its purpose, species, 
target condition and test, immune status of individual animals, and geographically 
separated animal population (OIE Terrestrial Manual, 2013; Nielsen and Toft, 2008; 
Gumber et al., 2006; Manning and Collins, 2001).  
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5 Summary 
 
Sarinya Rerkyusuke 
 
Investigations on the intra vital diagnoses of Paratuberculosis in Goats 
 
Johne’s disease (JD) is caused by Mycobacterium avium subsp. paratuberculosis 
(MAP) and induces chronic granulomatous enteritis in ruminants. OIE reported JD in 
domestic and wild animals in 54 countries. Moreover, 68% of small ruminant flocks in 
Germany were MAP sero-positive. This investigation was made in the context of a 
sanitation program in a goat herd with a high prevalence of MAP infections, with 
hygiene measures, test and slaughter, and vaccination with Gudair®. Due to the slow 
progression of the disease the status of infection of a herd or an individual goat is 
difficult to diagnose, especially in the early stages of the infection. The aim of this 
study was to evaluate the diagnostic procedure in goats by testing two commercial 
ELISAs for detecting antibody activities against MAP in dairy goats, especially after 
Gudair® vaccination, depending on infectious status and immune reaction patterns 
(cf. manuscript I). Furthermore, the time course of cellular immune response and 
humoral immune response was followed up with different methods in young goats 
naturally infected with MAP (manuscript II).  
 
The first part of this study (cf. manuscript I: “Evaluation of two commercial ELISAs for 
detection of antibodies against Mycobacterium avium subsp. paratuberculosis in 
dairy goats”) describes the results of the sensitivities, specificities of LE 
(CATTLETYPE® MAP Ab, QIAGEN Leipzig GmbH, Deutscher Platz 5b, D-04103, 
Leipzig, Germany;) and IE (IDEXX Paratuberculosis Screening, IDEXX Laboratories, 
Inc., Mörikestraße 28/3 D-71636 Ludwigsburg, Germany) in 3 groups including 283 
goats vaccinated with Gudair® against JD (CZ VETERINARIA S.A., P.O. Box 16, E-
36400, Porriño (Pontevedra), Spain), 39 clinical JD goats confirmed by culture and 
PCR, and 58 motherless reared unvaccinated replacement kids. Especially, 
vaccinated goats were analyzed three consecutive years after vaccination to follow 
up the immune reaction patterns and infectious status in a MAP infected dairy goat 
herd with a high intra herd sero-prevalence. In this investigation, the sensitivity of LE 
was higher than IE in the vaccinated group (84% vs. 36%; LE vs. IE) and clinical JD 
group (85% vs. 56%; LE vs. IE). However, the specificity of both ELISA test was 
100% in the replacement group. By following the antibody activities against MAP 
over 3 year after Gudair® vaccination by LE three different reaction patterns were 
found, including 84.3% uninfected reactors, 11.8% non reactors, and 3.9% infected 
reactors. These results provide confirmatory evidence that in uninfected reactors 
antibody activities declined every year after vaccination, with significant difference 
between 1st and 3rd year after vaccination, also when both ELISAs were tested. 
Moreover, it was not possible to distinguish the antibody activities between 
uninfected and infected reactors three years after vaccination. Furthermore, some 
goats showed no sero-conversion after vaccination and some of these acquired 
clinical JD, confirmed by culture and PCR, still being sero-negative measured with 
both ELISAs. This indicates that these animals are not able to react adequately to 
MAP by humoral antibody production. It can be concluded that both tests can be 
used as a routine screening for herd tests. For a test and slaughter policy to reduce 
the prevalence in MAP in infected flocks the ELISA with the highest sensitivity should 
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be used. Due to non reacting goats to MAP infection it is not possible to sanitate a 
herd by test and slaughter policy based on MAP antibody ELISA alone.  
 
In the second study (cf. manuscript II: “Immune responses in subclinical 
paratuberculosis of naturally infected young goats”), ten goat kids stayed with their 
dams until 5 months of age and were then exposed to a goat with clinical JD for one 
month afterwards. Their immune response was examined monthly from 6th to 17th 
months by testing cell-mediated immunity (CMI) using an IFN-γ test (ID Screen® 
Ruminant IFN-γ ELISA (ID Vet, ID Vet 167 rue Mehdi Ben Barka, GAROSUD, F-
34070, MONTPELLIER, France) and humoral immunity (HMI) using an antibody 
ELISA test (CATTLETYPE® MAP Ab ELISA (QIAGEN Leipzig GmbH, Deutscher 
Platz 5b, D-04103, Leipzig, Germany)). Furthermore, RT-PCR technique was used to 
detect the shedding of MAP in feces during the period of investigation. At the age of 
17 months they were euthanized and necropsied to confirm JD infection by 
macroscopical and histological findings, immunohistochemistry, bacterial culture 
combined with PCR, and RT-PCR. Three and six goats developed HMI and CMI 
responses, respectively. Additionally, in 2 from 3 goats HMI positive and in 5 out of 6 
CMI positive goats MAP infections were confirmed by post mortem examinations. 
HMI reaction tended to be later than CMI reaction. However, the reactions of cellular 
and humeral immunity were fluctuating and not permanent in the individual goats. 
This investigation indicates that the immune responses against naturally acquired 
MAP infection are considerably variable between and also within individual goats. 
The intra vital diagnoses of MAP infection status of an individual goat depend not 
only on sensitivity and specificity of the used tests, but on the individual immune 
response over time. Therefore repeated sampling and tests for CMI and HMI are 
recommended for accurate diagnosis of MAP infections in young goats.  
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6   Zusammenfassung 
 
Sarinya Rerkyusuke 
 
Untersuchungen zur intravitalen Diagnose der Paratuberkulose von Ziegen 
 
Paratuberkulose (JD) wird durch Mycobacterium avium subsp. paratuberculosis 
(MAP) induziert und verursacht chronische granulomatöse Enteritiden bei 
Wiederkäuern. Laut OIE Bericht tritt die Erkrankung in 54 Ländern bei Wiederkäuern 
auf. In Deutschland konnten Seroreagenten gegen MAP in 68% der Herden kleiner 
Wiederkäuer nachgewiesen werden. Die hier vorgestellten Untersuchungen 
resultieren aus dem Versuch eine hochgradig mit Paratuberkulose infizierte 
Milchziegenherde durch Verbesserung des Hygieneprogrammes, des Management, 
sowie durch Reagentenmerzung und Impfung mit Gudair® zu sanieren. Aufgrund des 
langsamen Fortschreitens der Erkrankung ist der Infektionsstatus sowie der 
Krankheitsstatus von Herden und Einzeltieren besonders in frühen Stadien der 
Erkrankung nur schwer zu diagnostizieren. Das Ziel dieser Studie war es, zwei 
kommerzielle ELISAs zum Nachweis von Antikörpern gegen MAP bei Milchziegen zu 
evaluieren, insbesondere auch im Hinblick auf die Gudair® Impfung, auf den 
Infektionsstatus und auf das humorale Reaktionsmuster (Manuskript I). Weiterhin 
wurde der zeitliche Verlauf der zellulären und humoralen Immunantwort bei 
Jungziegen, die unter natürlichen Bedingungen einer Kontamination der Umgebung 
durch MAP ausgesetzt waren, verfolgt. (Manuskript II). 
 
Im ersten Teil dieser Studie (Manuskript I: "Evaluation of two commercial ELISAs for 
detection of antibodies against Mycobacterium avium subsp. paratuberculosis in 
dairy goats.") wurden die Sensitivitäten und Spezifitäten des LE (CATTLETYPE® 
MAP Ab QIAGEN Leipzig GmbH, Deutscher Platz 5b, D-04103, Leipzig, 
Deutschland;) und des IE (IDEXX Paratuberkulose Vorführung, IDEXX Laboratories, 
Inc., Mörike 28/3 D-71636 Ludwigsburg, Deutschland) in 3 Gruppen ermittelt. Gruppe 
1 bestand aus 283 Ziegen, die  mit Gudair® gegen JD (CZ VETERINARIA AG, 
Postfach 16, E-36400, Porriño (Pontevedra), Spanien) geimpft waren. Gruppe 2 
bestand aus 39 Ziegen mit klinischer JD. Die Infektion mit MAP wurde durch Kultur 
und PCR bestätigt. Und Gruppe 3 bestand aus 58 mutterlos aufgezogenen 
ungeimpften Remonten. In Gruppe 1 war die Sensitivität des LE mit 84% versus 36% 
im IE deutlich höher. Bei den Ziegen mit klinischer JD war die Sensitivität des LEs 
mit 85% versus 56% im IE ebenfalls erhöht. Die Spezifität der ELISAs wurde in der 
Gruppe 3 ermittelt, bei der davon ausgegangen wurde, dass alle getesteten 
Remonten seronegativ waren. Beide ELISA-Tests wiesen eine Spezifität von 100% 
auf.  
 
Bei der Untersuchung der Antikörperaktivitäten mittels LE bis 3 Jahre nach der 
Impfung ließen sich drei verschiedene Reaktionsmuster bei der humoralen 
Immunantwort gegenüber natürlichen MAP-Infektion bzw. gegenüber der Gudair® 

Impfung differenzieren. 84,3% der Ziegen waren vor der Impfung seronegativ und 
zeigten nach der Impfung eine Serokonversion, mit lang anhaltenden aber langsam 
abfallenden Antikörper-Aktivitäten. 11,8% der Ziegen waren vor der Impfung bereits 
seropositiv und zeigten nach der Impfung in der Regel noch einen deutlichen Anstieg 
der Antikörperaktivitäten die langsam abfielen. 3,9% der Zeigen waren vor der 
Impfung seronegativ und reagierten nach der Impfung nicht oder nur mit einer 
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kurzfristigen und geringgradigen Erhöhung der Antikörperaktivität. Einzelne Ziegen 
mit diesem Reaktionsmuster verendeten an Paratuberkulose. Aufgrund dessen ist 
eine Sanierung einer Milchziegenherde von der Paratuberkulose allein auf der Basis 
serologischer Tests offenbar nicht möglich, da einzelne Tiere nicht mit einer 
humoralen Immunantwort auf eine MAP Infektion reagieren. Drei Jahre nach der 
Impfung war eine Unterscheidung zwischen MAP infizierten und Gudair®geimpften 
Ziegen und nicht infizierten geimpften Ziegen anhand der Antikörper-Aktivitäten nicht 
mehr möglich, unabhängig davon welcher der beiden ELISAs verwendet wurde.  
 
In der zweiten Studie (vgl Manuskript II: "Immune responses in subclinical 
paratuberculosis of naturally infected young goats") wurden zehn Zicklein in dem o.g. 
mit Paratuberkulose infizierten Ziegenbestand geboren und blieb die ersten 5 Monate 
in dieser Herde. Danach wurden sie in der Klinik für einen Monat zusammen mit 
einer Ziege im Terminalstadium einer klinischen Paratuberkulose untergebracht. 
Anschließend wurde bei den 10 Kitzen in der Zeit vom 6. bis 17. Lebensmonat die 
zellvermittelte Immunität (CMI) mittels Gamma-Interferon Test (ID Screen® 
Wiederkäuer IFN-γ ELISA (ID Vet, ID Vet 167 rue Ben Barka, GAROSUD, F-34070, 
MONTPELLIER, Frankreich) sowie die humorale Immunantwort (HMI) mittels ELISA-
Test (CATTLETYPE® MAP Ab ELISA (QIAGEN Leipzig GmbH, Deutscher Platz 5b, 
D-04103, Leipzig, Deutschland)) getestet. Darüber hinaus wurden Kotproben mittels 
RT-PCR-Technik auf MAP-Ausscheidung getestet. Im Alter von 17 Monaten wurden 
die Jungziegen eingeschläfert und postmortal der Infektionsstatus mittels 
pathomorphologischer, histologischer und immunhistologischer Methoden sowie 
kulturell und mittels PCR bzw. mittels RT-PCR untersucht. 
 
Bei drei der zehn Ziegen konnte im Verlauf der Untersuchung eine humorale 
Immunantwort festgestellt werden. Bei sechs der zehn Ziegen reagierte der Gamma-
Interferon-Test ein oder mehrfach positiv. Bei zwei der drei Ziegen mit humoraler 
Immunantwort wurde die MAP-Infektion postmortal bestätigt und bei fünf der sechs 
Ziegen mit positivem Gamma-Interferon-Test wurde MAP postmortal im 
Verdauungstrakt nachgewiesen. Die Untersuchungen bestätigen die Ansicht, dass 
die zelluläre Immunantwort der humoralen Immunantwort bei der MAP Infektion 
voraus geht. Allerdings sind die Aktivitäten im Gamma-Interferon-Test wie auch im 
Antikörper-ELISA starken Schwankungen unterlegen, die nicht nur von der 
Sensitivität und Spezifität der jeweiligen Tests abhängen, sondern vor allem durch 
die individuelle Reaktionslage des Einzeltieres abhängig ist. Um den Infektionsstatus 
eines Einzeltieres intravital feststellen zu können, sind neben der Untersuchung des 
Ausscheidungsstatus insbesondere in frühen Phasen der Erkrankung wiederholte 
Untersuchungen der zellulären als auch der humoralen Immunantwort evtl. über 
längere Zeit notwendig. 
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