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Paratuberculosis (Johne’s disease) is a chronic intestinal infection in cattle 

caused by Mycobacterium avium subsp. paratuberculosis (MAP). The infection 

is said to be predominantly transmitted from infectious adult cattle to 

susceptible young stock by the fecal-oral route (Sweeney, 1996). 

Susceptibility to infection is highest in newborn calves and decreases with age 

(Windsor and Whittington, 2010). The course of Johne’s Disease has been 

divided into different stages. After infection, a long latent stage (stage 1) with 

no detectable MAP excretion and no detectable humoral response starts 

(Cocito et al., 1994). Only the cellular immune response measured by 

interferon gamma production of mononuclear cells has been shown to be a 

useful tool for identification of subclinical infected cows (Stabel, 1996). 

However, this whole blood test is not commonly used under field conditions 

due to test characteristics and logistic constraints. Therefore, detection of 

infection is difficult until cows enter subclinical stage 2 after 2-5 years, during 

which shedding occurs intermittently and a humoral response starts to 

develop. Clinical signs such as a decrease in milk production, chronic 

diarrhea, and weight loss despite good appetite, along with high shedding and 

detectable humoral responses characterize stage 3. Infection is believed to be 

transmitted predominantly from stage 3 animals to susceptible calves by the 

fecal-oral route. Intra-uterine transmission and transfer via colostrum and milk 

have been described as well. Despite difficulties in detecting fecal shedding of 

MAP using current diagnostic tests in stages 1 and 2, MAP transmission may 

also occur in these stages (van Roermund et al., 2007). 

 

The slow course of disease in combination with limited options for detection of 

early infection imply that, once introduced on a farm, MAP can spread 

unnoticed until the first clinical case is identified. MAP infections on dairy farms 

occur around the world. Between herd-prevalence in the Netherlands has 

been estimated to be between 30-70% (Muskens et al., 2000) and in Europe 

overall to be over 50% (Nielsen and Toft, 2009). Similar prevalence figures 

have been estimated in Canadian and US dairy herds (Johnson-Ifearulundu 

and Kaneene, 1998; Sorensen et al., 2003). Lower milk production, a 

decrease in slaughter value and a higher cow replacement rate in MAP 

positive herds lead to economic losses for the dairy farmer (Johnson-

Ifearulundu et al., 1999; Raizman et al., 2009). In addition, the ongoing 

discussion about the association between paratuberculosis in cattle and 

Crohn’s disease in humans might lead to indirect losses due to consumer 
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concerns about the safety of dairy products. The role of MAP in the 

pathogenesis of Crohn’s disease has been studied extensively but without a 

definitive answer so far (Feller et al., 2007). Furthermore, the contribution of 

agriculture on greenhouse gas (GHG) emission and their potential effect on 

the environment has become an important issue during the last decade (Rotz 

et al., 2010). Production of CH4 and N2O of dairy farms are mainly influenced 

by the number of ruminants present. Reduction of diseases and therefore 

improvement of animal maintenance leading to a decrease in numbers of 

replacement animals will help to reduce the carbon footprint of the dairy 

industry (Tamminga, 2003). 

Therefore, the dairy industry in the Netherlands initiated precautionary 

measures to decrease MAP prevalence on dairy farms. These measures are 

expected to reduce MAP in dairy products (Weber et al., 2008). However, 

different MAP control programs to increase herd health status have been 

developed during the last decades with limited success (Benedictus et al., 

2000). According to stochastic simulation models the main focus of control 

programs should be to prevent fecal-oral transmission by improving calf 

management, along with the removal of shedding animals once they have 

been identified (Groenendaal and Galligan, 2003; Groenendaal et al., 2003). 

Recommended preventive measures are the improvement of hygienic 

measures associated with calving, separation of calf and dam as soon as 

possible after birth, and separation of young stock from adult cattle (Cetinkaya 

et al., 1997; Johnson-Ifearulundu and Kaneene, 1998; Muskens et al., 2003). 

Identifying shedders in early disease stages is still a challenge due to the 

course of the disease (Cocito et al., 1994); nevertheless, testing of dairy herds 

and removing test positive animals through so called test-and-cull strategies is 

often incorporated in control programs (Benedictus et al., 2000; Kennedy and 

Benedictus, 2001). However, a case study with a 20 years of follow-up 

showed that even after implementation of a control program the disease could 

not be eradicated on that particular farm (Benedictus et al., 2008). The 

program was based on a ‘test and cull’ strategy, improvement of calf rearing 

practices, for example improvement of hygiene in maternity pens and 

separation of calves within 2 hours after birth. Similar results were achieved in 

9 dairy herds in Wisconsin (Collins et al., 2010). These findings emphasize the 

need to investigate the contribution of other possible routes of MAP 

transmission which are not controlled by standard implemented measures. 
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TRANSMISSION ROUTES 

The general accepted and likely most important route of MAP transmission is 

the fecal-oral route via ingestion of contaminated milk, water, other food 

products or uptake from the environment (Sweeney, 1996). In addition, MAP 

can be transmitted to calves through infected milk/colostrum since MAP has 

been identified in udder tissue, mammary lymph nodes and milk/colostrum 

samples in clinically as well as in subclinically infected cows (Streeter et al., 

1995; Sweeney et al., 1992a; Taylor et al., 1981). Infection is maintained even 

in situations where good hygiene measures have been implemented on the 

farm. 

Intra-uterine transmission of MAP has been described in cows in stages 2 and 

3 of the infection (McQueen and Russell, 1979; Sweeney et al., 1992b). A 

meta-analysis indicated that intra-uterine MAP transmission is a significant risk 

in infected dairy herds and therefore may hamper control programs which are 

focusing on hygiene measurements and calf rearing practices. The incidence 

of infection due to vertical transmission is estimated to be high enough to 

sustain the infection on the farm (Whittington and Windsor, 2009). 

 

Some years ago, MAP transmission via the respiratory tract in cattle was 

postulated as an additional route of infection (Corner et al., 2004). It was 

hypothesized that MAP-containing aerosols may be generated by clinical 

cases producing large amounts of watery diarrhea. When fecal material dries, 

dust is created and suspended in the air. About 40 years ago, intra-tracheal 

application of MAP in sheep was shown to cause lesions in the intestines 

comparable to lesions after oral inoculation (Kluge et al., 1968). However, this 

infection route has not been investigated so far in calves. Corner and others 

(2004) pointed out that experimental oral infection of calves with MAP only 

occurs after administration of a high dose of bacteria. Such high-dose point 

exposures might be unlikely to occur under field conditions. 

 

 

ENVIRONMENT 

MAP is an obligate intracellular pathogen of ruminants indicating that it needs 

a host to be able to replicate (Thorel et al., 1990). However, a survival time of 

MAP in spiked slurry, water and urine samples up to 250 days depending on 

the temperature has been published (Jorgensen, 1977; Larsen et al., 1956). 

Survival of MAP was even longer in naturally contaminated soil and grass, up 



General Introduction 

5 

to 55 weeks after removing the ruminants in dry fully shaded locations 

(Whittington et al., 2004). Repeatedly collected environmental samples on 

sheep farms showed that 5 months after destocking MAP could hardly be 

detected anymore (Whittington et al., 2003). These findings indicate that the 

environment does stay contaminated for considerable time after infected 

animals have been removed. 

 

MAP exposure from environmental reservoirs has been accepted as a direct 

route of disease transmission (Fecteau et al., 2010; Sweeney, 1996) and has 

been proposed as a useful parameter in MAP monitoring programs for herd 

classification (Berghaus et al., 2006; Lombard et al., 2006; Raizman et al., 

2004). Milking parlor exits, common alleyways, lagoons and manure storage 

areas were identified as locations which best predicted MAP infection status in 

disease monitoring. 70% of infected herds could be identified using 

environmental samples compared with individual milk or serum ELISA or 

pooled fecal samples (Lombard et al., 2006). Advantages of environmental 

sampling are the lower costs due to the requirement of fewer samples, as well 

as the avoidance of additional animal handling (Berghaus et al., 2006; 

Lombard et al., 2006; Raizman et al., 2007). The number of MAP positive 

environmental samples detected on a farm has been found to be positively 

correlated with the prevalence of MAP positive animals (Berghaus et al., 2006; 

Raizman et al., 2004). 

 

The environment may not only be a source of infection in cases when calves 

are in contact with fecal contaminated areas but it might also become infective 

in a more indirect way. Animal movement leads to dust production which may 

cause environmental contamination without the necessity of infective animals 

being present in that particular area.  

 

 

BIOAEROSOLS 

Aerosols are defined as solid or liquid particles suspended in air, e.g. dust, 

smoke and fog.  Bioaerosols are aerosols containing particles of biological 

origin. Particles sizes may range from 0.5µm up to 100µm (Stark, 1999). 

Particles >10µm are visible to the naked eye. Calves can take up dust 

particles by ingestion, inhalation or by a combination of both routes. Particles 

of all sizes can settle in the environment, and due to explorative calf behavior, 
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dust will be ingested by licking and suckling. Particles between 5 and 20µm 

are called ‘inhalable dust’ which means the particles can be inhaled but will be 

removed by the mucociliary epithelium in the upper respiratory tract, presented 

to the nasal associated tissue and subsequently swallowed (CEN, 1993; 

Lugton, 1999; Pearson and Sharples, 1995). The ‘fecal-oral route’ is then re-

established, with pathogens entering either through the tonsils when 

swallowed or thorugh the digestive tract (Neill et al., 1988; Payne and Rankin, 

1961; Payne et al., 1960; Sweeney, 1996). In humans particles <5µm are 

referred to as ‘respirable’ which means the particles will reach the lungs 

(alveoli) after inspiration. Similar patterns of respiratory deposition have been 

described for calves and other animals (Davies and Webster, 1987; Hatch, 

1961). After inhalation of ‘respirable dust’ the lung can act as the portal of 

entry through the uptake of the infectious agent by macrophages (Pritchard, 

1988) or bacteria can be removed by alveolar macrophages and the 

mucociliary system (Green and Kass, 1964). Once the epithelial barrier is 

passed bacteria incorporated in macrophages can invade the local lymph 

node and from there the whole body via the reticulo-endothelial system. 

 

 

AEROSOL TRANSMISSION 

Several conditions must be fulfilled before airborne disease transmission can 

occur. Bioaerosols must be generated; they have to be transported to and be 

inhaled by susceptible individuals (Stark, 1999). Survival of bacteria in 

bioaerosols depends on relative humidity, temperature and radiation, and 

these factors differ between types of bacteria (Stark, 1999). Aerosol 

transmission has been reported for different bacterial diseases targeting 

different organ systems (Hardman et al., 1991; Kaufmann et al., 1980; 

Kristensen et al., 2004). 

 

For some bacteria, a dogma shift took place after considering bioaerosols 

responsible for infection. Transmission of Mycobacterium tuberculosis via 

aerosols is well established today, but at the beginning of the 20th century 

transmission via the alimentary tract was believed to be the most important 

transmission route (Pritchard, 1988). Several research groups had to prove 

independently that significantly smaller amounts of bacteria could cause 

tuberculosis via inhalation compared to ingestion (Findel, 1907; Pritchard, 

1988; Reichenbach, 1908). 
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A similar development took place for the understanding of the transmission of 

Mycobacterium leprae. It was believed to be transmitted by close contact with 

people having open skin lesions until around 1970, even though large 

numbers of acid-fast bacteria had already been detected in nasal discharge 

and aerosols produced by coughing and sneezing at the end of the 19th 

century (Schaeffer, 1898). Studies conducted in 1974 showed M. leprae 

isolated from the nose of patients could infect mice, and comparative 

epidemiological research with M. tuberculosis showed a similar spread of both 

infections in humans, indicating a similar route of transmission (Rees and 

McDougall, 1977; Rees and Meade, 1974). Today bioaerosols are accepted 

as the main transmission route in M. leprae infection. 

Since MAP is shed in the environment and can survive there for some time, 

bioaerosol formation is likely to take place and thus may play a role in MAP 

transmission. The phenomenon of suspension in the air after being shed in 

feces and causing disease has already been described for other bacteria in 

farm animals (Hardman et al., 1991; Wathes et al., 1989; Wilson et al., 2002). 

In animal housings it has been shown that bacteria become airborne together 

with skin, hair, feed, bedding and excretion particles in the form of dust and 

move through the barn (Collins and Algers, 1986). The dust concentration in 

animal housings has been measured to quantify air pollution in rural areas, to 

identify health risks for farm workers and to measure infection risks for animals 

housed in the same barn (Hartung and Seedorf, 1999; Kullman et al., 1998; 

Predicala et al., 2002; Samadi et al., 2009; Spaan et al., 2006; Wilson et al., 

2002). Particles suspended in air settle in still air under the effect of gravity. 

Settling time is dependent on particle size; particles of 20µm settle 

approximately 1m/s whereas particles of 5µm settle approximately 0.1m/s 

(Pearson and Sharples, 1995). A large proportion of dust particles present in 

animal housings has been estimated to be <5µm (Collins and Algers, 1986). 

Aerosol infection has been shown to be important for transmission of bacterial 

diseases of the respiratory tract e.g. for Mycobacteria spp. in humans and 

Actinobacillus pleuropneumoniae in piglets (Falkinham, 2003; Kristensen et 

al., 2004). It has also been proven for diseases of the digestive tract e.g. 

Salmonella typhimurium infection in calves and Escherichia coli infection in 

piglets (Hardman et al., 1991; Wathes et al., 1989; Wathes et al., 1988). 
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AIM OF THIS STUDY 

As summarized above, the epidemiology of MAP transmission is only partially 

understood. Until now, the environment has been included as a transmission 

route only when heavily contaminated with feces. To hamper this route 

hygiene measures and separation of young and adult cattle are incorporated 

in existing control programs. Because of limited success of these control 

programs it has been hypothesized that there are other transmission routes 

than those controlled for in existing management programs (Schukken et al., 

2009). 

One of the unknown routes might be transmission via bioaerosols as 

postulated by Corner (2004). The hypothesis is based on the analogous 

history of the understanding of M. tuberculosis and M. leprae as outlined 

above. Since it has already been shown that bioaerosols (dust) can contain 

dried fecal material including different kinds of bacteria and can spread 

through the barn, the objective of this thesis was to identify if bioaerosols also 

play a role in the within-farm transmission of MAP. In Chapter 2 the collection 

of dust samples on an experimental cattle farm with 100% MAP prevalence is 

described. Presence and viability of MAP were tested with a real-time PCR 

and liquid culture respectively. Repeated sampling gave insights into the 

temporal and spatial spread of MAP in the environment after introduction of 

MAP shedders. In Chapter 3 the collection of dust in 24 commercial dairy 

herds is presented during winter when highest dust production is expected. 

Two herds were known negative, while 22 herds had at least 1 milk ELISA 

positive animal detected. Dust was collected inside the dairy barn and in 

young stock housings. Chapter 4 shows the relation between the number of 

ELISA positive animals on a farm and the number of viable MAP positive dust 

samples collected in the dairy barn. Chapter 5 describes the effectiveness of 

2 different cleaning methods in dairy barns for the removal of MAP after the 

whole herd was culled. In Chapter 6 an infection study of calves with MAP via 

the respiratory tract is described. Calves were infected either by inhalation or 

by the transtracheal route as a proof of principle for disease transmission. 

Finally, in Chapter 7 the studies incorporated in this thesis are summarized 

and discussed with concluding remarks concerning the role of bioaerosols in 

the within-farm transmission of MAP. 
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ABSTRACT 

Environmental samples were collected to investigate the spatial and temporal 

spread of Mycobacterium avium subsp. paratuberculosis (MAP) in a dairy 

cattle barn before and after the introduction of two groups of MAP-shedding 

animals. Samples collected off the floor of the barn reflected the moment of 

sampling whereas samples collected by microfiber wipes at a minimal of 3m 

height contained the accumulated settled dust over a 3-week period. Samples 

were analyzed by IS900 qPCR for the presence of MAP DNA and by culture 

for viable MAP bacteria. MAP DNA was detected in a large number of sites 

both before and after introduction cattle. MAP DNA was detected inside the 

barn in floor and dust samples from cubicles and slatted floors and in settled 

dust samples located above the slatted floors and in the ventilation ridge 

opening. Outside the barn MAP DNA was detected by PCR in samples 

reflecting the walking path of the farmer despite hygiene measures. No viable 

MAP was detected before the introduction of shedder cattle. Three weeks later 

viable MAP was found inside the barn at 7/49 locations but not outside. Fifteen 

weeks later viable MAP was also detected in environmental samples outside 

the barn. In conclusion, introduction of MAP shedding cattle lead to 

widespread contamination of the internal and external environment of a dairy 

barn, including the presence of viable MAP in settled dust particles suggesting 

potential transmission of MAP infection through bioaerosols. 
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INTRODUCTION 

Mycobacterium avium subsp. paratuberculosis (MAP) causes chronic 

granulomatous enteritis in cattle, where infection is considered to occur by the 

fecal-oral route. Infection usually occurs in animals younger than a year but 

bacterial excretion and clinical disease (if it ensues) are not usually evident for 

some years. Infection with MAP causes production loss in dairy production 

around the world. In addition, the possible relation with Crohn’s disease in 

humans makes paratuberculosis in dairy herds a public health issue 

(Chamberlin et al., 2001; Naser et al., 2004; Schwartz et al., 2000). 

The true prevalence of MAP positive dairy farms is difficult to determine due to 

the low sensitivity of diagnostic tests. In the Netherlands herd prevalence was 

estimated to be between 31% and 71% (Muskens et al., 2000). Since 1942, 

bovine paratuberculosis eradication programs were introduced in the 

Netherlands based on different tests but all with the purpose of identifying and 

culling test-positive animals (Benedictus, 1984; Kalis et al., 1999). This 

strategy was unsuccessful because transmission of MAP is possible before 

the infection can be diagnosed with the available tests (Benedictus, 1984). 

Subsequently introduced vaccination schemes decreased the number of 

clinical cases but eradication was not achieved because of the continued 

shedding of MAP by vaccinates. In 2000 the Dutch voluntary ‘Paratuberculosis 

Program Netherlands’ (PPN) was implemented as supported by the JohnSSim 

model (Groenendaal et al., 2003). The crucial step of the PPN was to separate 

calves and adults as soon as possible after birth and to improve management 

measures in order to minimize contact between infectious and susceptible age 

groups on a farm. 

This practice was based upon two generally accepted assumptions. The first 

assumption was that the environment becomes contaminated by concurrent 

presence of fecal shedders. Secondly, it was assumed that the spatial 

separation of young livestock and adult cows, in combination with hygiene 

measures, would be sufficient to reduce contact of young stock with infectious 

feces. These assumptions were based on the belief that MAP organisms 

multiply and survive only in the tissue of susceptible animals, and that they do 

not survive for long outside the host. However, it has been shown that MAP 

can persist for several months in the environment after shedding (Jorgensen, 

1977; Whittington et al., 2004). With a long persistency in the environment, 

and continued shedding of bacteria, accumulation in the environment may 

occur. It has been demonstrated that dried feces can also become airborne 
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with the resultant dust containing viable bacteria, although this has until now 

not been demonstrated for MAP (Green et al., 2006; Predicala et al., 2002; 

Wilson et al., 2002). Corner et al. (2004) hypothesized that young calves could 

become infected by ingestion or even by inhalation of accumulated dust 

(Corner et al., 2004). This would require dust contaminated with viable MAP to 

accumulate in the farm environment and reach infective levels. The spatial 

distribution and level of contamination would determine the risk of exposure 

and infection of susceptible animals. This phenomenon could play a significant 

role in MAP transmission, including a decrease in efficacy of calf isolation to 

minimize exposure to MAP, but has so far received little attention. 

The first objective of this study was to detect and assess viability of MAP in 

environmental samples. The second objective was to study the environmental 

contamination over time after shedders were introduced into a cleaned dairy 

barn and thus provide information about the temporal and spatial spread of 

MAP on the farm. 

 

 

MATERIALS & METHODS 

Experimental farm. A Dutch dairy barn with 80 bed stalls in a loose housing 

system with 4 open water troughs, a central corridor with feed bunk and 

overhead ridge ventilation was selected. The farm was destocked for 10 days 

before the current experiment. MAP status of animals which left the farm 

before the experiment was unknown. All manure was immediately removed 

after destocking and the barn was cleaned with a high-pressure cleaner. The 

slurry pit was emptied. After high pressure cleaning surfaces were allowed to 

dry for 6 days before cows were introduced. In total 60 confirmed heavy and 

medium MAP shedders were identified on commercial dairy farms and 

purchased. A standard diagnostic absorbed ELISA (Pourquier-ELISA, Institut 

Pourquier, Montpellier, France) was used for identification of the MAP infected 

animals and MAP shedding was classified based on time-to-positive by the 

para-JEM® culture method with Ziehl Neelsen (ZN) stain and IS900 PCR 

confirmation by the Dutch Animal Health Service (GD, Deventer) following 

instructions as provided by the manufacturer (TREK Diagnostic Systems, 

Cleveland, OH, USA). The cows arrived in two groups. First 19 heavy and 

medium shedders were housed in one section of the barn (light grey area, 

Figure 1). Another 41 were introduced 3 weeks later to the remainder of the 

barn. Cows were non-lactating during the experiment. The use of animals was 
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approved by the Ethical Committee for Animal Experiments of 

Intervet/Schering-Plough Animal Health. 

On the farm a strict biosecurity protocol was maintained. The barn could only 

be entered through a hygiene barrier where boots and cotton coveralls were 

provided. A second hygiene barrier required a second layer of plastic 

coveralls, gloves, mouth protection and boots before the animal section with 

the slatted floors could be entered. 

 

Sampling procedures. The samples analyzed for this study were collected on 

three occasions-before the introduction of the first group of MAP shedders 

(T0), 3 weeks later immediately before the introduction of the second group of 

cows (T1) and 12 weeks later (T2). 

Samples were classified into 3 categories-inside floor dust (dust, saw dust or 

manure), inside settled dust (airborne dust well above animal level) and 

outside floor dust (ground or floor surface dust/debris outside the biosecurity 

entry points). All sampling locations were specified on a map of the farm to 

allow repeated sampling at the same locations. Samples were collected in 

triplicates unless specified. Inside floor dust samples were collected from the 

cubicles (Figure 1, locations 13-15), the slatted floors (Figure 1, locations 10-

12) and the corridor (Figure 1, locations 8/9). Samples were also collected 

from the water troughs at T1 and T2 (empty at T0). Outside the barn a range 

of locations on the concrete walking path taken by the farmer were sampled 

(Figure 1, locations 17-23). Initial floor dust samples (T0) were taken inside 

and outside with a vacuum cleaner (Miele De Luxe 246i, Gütersloh, Germany) 

using special single use vacuum bags (150mm x 73/38mm, micron rating 

25µm; article 12513139, Vacuum Bag, Allied Filter Fabrics PTY Limited) fitted 

inside the nozzle to minimize the risk of cross-contamination of samples. After 

dust collection at a spot the vacuum bag with contents was placed in a sterile 

50ml tube and stored at -20°C. 

After restocking with cows, samples from the cubicles (sawdust) and from the 

slatted floors (manure) were collected from the specified locations in 50ml 

tubes using a single disposable wooden spatula per location. Sample 

collection from the corridor and outside the barn was continued by vacuum 

cleaning. From each of the 4 water troughs, 1l of water was collected from the 

surface and dust and particulate matter were concentrated by centrifugation 

(10min at 2000xg). 
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Figure 1. Illustration of the experimental farm showing the different sampling locations (each 

consisting of 3 sample spots) inside and outside the barn. Arrows represent the air movement 

for ventilation. A: hygiene barriers; Inside settled dust samples: (1) air inlet left, (2) air inlet right, 

(3-6) above slatted floor (3m high), (7) ridge ventilation (10m high); Inside floor dust samples: 

(8/9) corridor, (10-12) slatted floors, (13-15) cubicles, (16) waterers; Outside floor dust samples: 

(17-18) yard, (19) barn entrance, (20) farm house entrance, (21) doormat, (22) silage pit wall 

(1m high) close to barn, (23) silage pit wall (1m high) far away from barn; sampling locations are 

represented by a hexagon for settled dust collection. The checked area represents the area 

where cows were present at T1. 

 

 

Accumulated settled dust samples were collected by electrostatic wipes 

(22cmx28cm, Zeeman, Alphen a/d Rhijn, The Netherlands) hanging for a 3-

week period inside the air inlets (Figure 1, locations 1/2), above the slatted 

floors (Figure 1, locations 3-6) and inside the ventilation ridge (Figure 1, 

location 7). Dust from the air inlet was collected by wiping 0.5m2 the air inlet 

opening at each side of the barn. Circular microfiber wipes (radius=7cm) in 

petri-dishes were placed at 3m height to collect dust above the slatted floors. 

Dust from the exhaust airflow was collected by a wipe, stretched on a wire 

frame, placed in the open ridge of the roof at 10m height. Samples collected 

above the slatted floors were collected in fourfold replicates.  

All samples were analyzed according to the diagnostic procedure shown in 

Figure 2 using techniques described below. 
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Samples for IS900 qPCR validation. Purified MAP DNA (316F) isolated from 

a liquid culture was used as a positive control and Milli-Q ultrapure water (Milli-

Q; Millipore Corporation, Billerica, MA, USA) was used as an analytical blank 

in the IS900 qPCR. 

The specificity of the IS900 qPCR was evaluated using 5 dust samples from a 

city house, 5 samples from clean packed saw dust, and 5 fecal samples from 

a certified paratuberculosis negative herd - Status 10, PPN - (Benedictus et 

al., 2000). In addition, IS900 qPCR products of 9 different positive 

environmental samples from the present study were sequenced and 

compared to the NCBI DNA data bank by ‘BLAST’ to confirm IS900 as the 

target of the primers (Altschul et al., 1997). 

The DNA detection limit for viable MAP was determined using a serial tenfold 

dilution of cultured MAP with concentrations of the equivalent of 109–101 

colony forming units (CFU). The detection limit for purified MAP DNA was 

determined using a serial tenfold dilution of pure MAP DNA with 

concentrations ranging from the equivalent of 109–101 CFU of viable MAP. 

The detection limit for MAP DNA IS900 qPCR when applied to fecal samples 

was determined using a fecal sample originating from a cow from a certified 

paratuberculosis negative herd which was spiked with cultured MAP bacteria. 

A serial tenfold dilution of cultured MAP with concentrations of the equivalent 

of 109–101CFU was added to 0.5g of feces. 

 

Sample preparation. All samples were stored at -20°C and processed within 

10 weeks according to a method described previously with slight modifications 

(Jaravata et al., 2006). A total of 35ml Milli-Q was added to 0.5g of a sample, 

either dust, manure, sawdust, soil, spiked feces or to a microfiber wipe. After 

vortexing, the samples were allowed to settle for 30min. The supernatant was 

transferred to a 50ml tube and centrifuged at 3400xg for 20min. The 

supernatant was discarded with the exception of 150µl and the pellet was 

resuspended by vortexing. The sample was pipetted in to a 2ml micro-

centrifuge tube and centrifuged at 14,000xg for 3min. The supernatant was 

discarded and the pellet was resuspended in 100µl Milli-Q. 30µl of this sample 

were used for DNA extraction, the other 70µl were used for MAP culturing. 

 

DNA extraction. DNA extraction was performed as described previously with 

slight modifications (Jaravata et al., 2006). In short, each dissolved sample 

was pipetted onto an Elute® microcard (Whatman, Clifton, NJ). The cards 
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were dried overnight in closed petri-dishes to avoid contamination by settled 

dust. Using a biopsy punch (4mm) 2 disks from each microcard were placed in 

a single 1.5ml microcentrifuge tube and processed according to the 

manufacturer’s instructions. The disks were vigorously washed twice for 5s in 

1.5ml of Milli-Q. After removing the wash water, 30µl Milli-Q was added and 

the micro-centrifuge tube was incubated in a heating block at 95°C for 30min. 

The samples were pulse vortexed after 15min and again at the end of the 

incubation period. The disks were removed immediately and 2µl of the eluate 

was used as a template in the IS900 qPCR (MiQ, Biorad®, Hercules, USA). 

 

IS900 qPCR. Primers targeting an internal sequence of the IS900 insertion 

element were used (Hruska, 2005). The described protocol was adapted to a 

real-time PCR protocol as follows: 10µl SYBR® Premix Ex TaqTM (TaKaRa 

Bio Inc., USA), 1µl P3N (GGG TGT GGC GTT TTC CTT CG), 1µl P4N (TCC 

TGG GCG CTG AGT TCC CT), 6µl Milli-Q and 2µl of sample template was 

added to a total 20µl/reaction. MyiQ 96-well single-color real-time PCR 

(Biorad®, Hercules, USA) plates were used. Samples were tested in duplicate 

wells. With each run a technical positive control (pure MAP DNA), a technical 

negative control (Milli-Q) and tenfold serial dilutions of a positive spiked fecal 

sample (ranging from 109 to 106 CFU/g feces) were tested. The PCR 

conditions were a hot start at 95°C for 3min, 45 cycles consisting of 

denaturation at 95°C for 10s, annealing at 64°C for 10s, and amplification at 

72°C for 10s. Fluorescence was recorded after each amplification step. A 

melting cycle consisted of heating to 95°C for 1min, 65°C for 1min and a 67 

times repeated increase of 0.5°C up to 98°C for 10s. The fluorescent signal 

was monitored up to 98°C. DNA with a melting peak of 93–94°C was accepted 

as consistent with standard MAP DNA IS900. This IS900 qPCR was used on 

all environmental samples (direct qPCR) and on culture media pre- and post-

incubation to check for the presence of viable MAP. 
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Figure 2. All environmental samples in this study were analyzed according to this diagnostic 

procedure scheme to distinguish between the presence of MAP DNA and viable MAP in the 

sample. 

 

 

para-JEM® MAP culturing. The protocol for para-JEM® automated MAP 

culturing provided by TREK Diagnostic Systems (Cleveland, OH, USA) was 

used with the following modifications. A 70µl aliquot of the washed sample 

was decontaminated overnight in 350µl of half-strength brain heart infusion 

(BHI) with 0.9% cetylpyridinium chloride (HPC) at 35°C. The next day, the 

microcentrifuge tube was centrifuged for 20min at 3000xg. The pellet was 

resuspended in 800µl of half-strength BHI after discarding the supernatant. 

The para-JEM® bottle was prepared according to the protocol provided by the 

manufacturer. Before the bottle was incubated a sample was taken for IS900 

qPCR analysis (pre-incubation IS900 qPCR). Following instructions provided 

by the manufacturer, all cultures were tested with IS900 qPCR to confirm 

growth of MAP. 
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Pilot specificity experiments with numbers of environmental samples from the 

test farm frequently yielded growth according to para-JEM® software but were 

confirmed negative for MAP on IS900 qPCR. As a result, the para-JEM® 

culturing with time-to-detection could not be used as a semi-quantitative 

method but was used as a binary viability indicator only. All samples were 

incubated for 42 days when all samples were checked with IS900 qPCR for 

MAP confirmation. Environmental samples were considered to be positive for 

viable MAP only if the pre-incubation IS900 qPCR was negative (i.e. MAP 

below the IS900 qPCR detection limit) and the post-incubation IS900 qPCR 

showed a positive signal with a specific melting peak consistent with MAP i.e. 

93–94°C. Note that originally a quantitative analysis of bacterial CFU based on 

time-to-positive was aimed for in this study. It turned out that it could only be 

used as a binary indicator (positive/negative) of viability at 42 days. 

 

Data analysis. Data were analyzed with the SPSS statistical software 

package (version 12.0.1). Analysis was performed for each sampling point. 

Threshold cycle (TC) values were considered as crude estimates of the 

amount of MAP in collected samples (Heid et al., 1996). The intra-plate 

variation (analytical error) was determined from the TC values of duplicate 

analyses at T2. TC values were corrected for inter-plate variation using the 

variation coefficient of the dilution series and the positive control. Sampling 

error of the environmental samples was determined on triplets per location at 

T2 and expressed as the coefficient of variation (CV=standard 

deviation/meanx100%). 

Spatial and temporal variation of MAP DNA concentration was analyzed using 

Cox proportional hazard regression to model a time to event dependent 

association (survival analysis). The PCR run was modeled as study time and 

the TC as the time at which an event occurred. The event was defined as the 

TC at which the fluorescence exceeded the threshold limit prior to 45 cycles 

and satisfied a melt peak between 93 and 94ºC. All samples without a specific 

PCR signal (event) were censored and were assigned to TC 45. The hazard 

ratio (HR) can be interpreted as the probability of a MAP DNA positive sample 

in the environment at T1 or T2 relative to a reference environment, defined as 

T0 for temporal analysis and varying locations for spatial analysis. Difference 

in viable MAP proportions between T0, T1 and T2 was tested by McNemar’s 

χ2. Samples from the water trough (location 16) were only used to investigate 
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the spatial variation at T1 and T2 because they contained no water prior to the 

arrival of the cattle. 

 

 

RESULTS 

Specificity and detection limit of the IS900 qPCR. The dust samples from a 

city house, samples from clean packed saw dust, and fecal samples from a 

certified paratuberculosis negative herd were all negative in the IS900 qPCR, 

indicating high specificity. Sequence analyses of all 9 PCR products of IS900 

qPCR positive environmental samples confirmed the specific amplification of 

the intended MAP IS900 fragment. 

The IS900 qPCR had a detection limit of approximately 105CFU-equivalents of 

MAP/g feces (Figure 3) whereas for MAP DNA and MAP bacteria dilutions the 

detection limit was equivalent to 101CFU of MAP/ml of culture (results not 

shown). 

 

 
Figure 3. IS900 qPCR results of serial tenfold dilution of M. paratuberculosis spiked feces. The 

detection limit of the IS900 qPCR was 10
5
CFU/g feces. From left to right 10

9
–10

5
CFU/g feces. 

The threshold was set at 100. The event was defined as TC at the fluorescence exceeded the 

threshold limit less than 45 cycles with a melt peak between 93 and 94ºC. 

 

 

Detection of MAP specific DNA in environmental samples (direct 

qPCR).The analytical and sampling CV’s were 26% and 20% respectively. 

The difference between duplicates and between sample spots per location 

was less than 1 TC. Note that TC values are expressed on a negative 

logarithmic scale where reducing the TC by 1 represents a doubling of CFU-
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equivalents i.e. a lower TC value represents a greater amount of MAP DNA in 

the initial sample. 

The percentage of positive concordant duplicate tests performed on samples 

was highest at T2 whereas the percentage of discordant samples at T2 was 

lowest for inside settled dust samples.  

A high proportion of T0 tests on inside floor (59%) and inside settled dust 

(79%) and a low proportion of outside floor dust tests (21%) were positive for 

MAP DNA in the direct IS900 qPCR (Table 1). 

Analysis of TC values showed significant decreases in TC values (higher DNA 

concentration) inside the barn than outside the barn at all time points (p<0.05; 

HR: T0 3.6; T1 8.5; T2 5.1; data not shown). At locations 1 and 2 significantly 

lower TC values were found between T0 and T2 (p<0.05; HR 14.7; Figure 4). 

At locations 3-7 no temporal changes in concentration were observed (Figure 

4). Inside floor dust samples showed a strong tendency to decreasing TC 

values at T1 compared to T0 (p=0.065; HR 1.6) and T2 (p<0.05; HR 2.6) 

compared to T0. The concentrations of MAP DNA in outside floor dust did not 

change significantly over time. 

At T1 there were no significant differences observed between the wipes 

hanging above the cows and those hanging above the unstocked part of the 

barn (results not shown). In contrast, the floor samples showed a significant 

difference between stocked and unstocked sections of the barn (p<0.05; HR 

3.3). At T1 all water samples were MAP DNA negative; three out of 4 watering 

troughs (sample 16) contained MAP DNA at T2. 

 

Viability of map in environmental samples. For environmental samples at 

T0, T1 and T2 the pre-incubation IS900 qPCR on the culture medium with 

added sample was negative. Viable MAP was detected in culture medium 

after 42 days of incubation from inside floor and settled dust samples only at 

T1 and T2, after animals shedding MAP were introduced to the farm (Table 2). 

Cultures were viable MAP positive from outside floor samples only at T2. One 

water trough contained viable MAP at T1 while all 4 water troughs contained 

viable MAP at T2. 

Detection frequencies of viable MAP by culture for all sites combined 

increased significantly from T0 (0%) to T2 (63/66 spots positive, 95%; Figure 

5). At T1, 8% inside settled dust and 21% inside floor sampling spots, located 

on both sides of the barn, were culture positive, indicating viable MAP. Viable 
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MAP detection from the inside floor samples at T1 (21%) differed significantly 

from T0 (0%). 
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Figure 4. The spatial and temporal spread of MAP DNA expressed as mean threshold cycles 

±SD detected in environmental samples by direct IS900 qPCR. Dotted bars: T0, blank bars: T1, 

black bars: T2. At T0 no cows, at T1 19 cows and at T2 61 cows were present at the farm. NS: 

no samples collected. b: Significant difference (p<0.05) between time point T0 and T2. Note that 

a lower TC value represents a greater amount of MAP DNA in the initial sample. 
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Figure 5. The spatial and temporal spread of viable MAP expressed as proportions of viable 

MAP positive samples. Dotted bars: T0, blank bars: T1, black bars: T2. At T0 no cows were 

present at the farm. At T1 19 cows were present at the farm. At T2 61 cows were present at the 

farm. NS: no samples collected. a: Significant (p<0.05) difference between time point T0 and 

T1; b: significant difference (p<0.05) between time point T0 and T2; c: significant difference 

(p<0.05) between time point T1 and T2. 
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Table 1. Overview of number of cows present at the different sampling times, the number of 

locations and spots sampled the results of the environmental samples analyzed by direct IS900 

qPCR and the descriptive statistics of the TC values. Samples 1-2 and 3-7 of the settled dust 

were analyzed separately because of non-sampling of 3-7 at T0. 

 

 
Inside settled 

dust 
Inside floor dust 

Outside floor 

dust Sampling 

 T0 T1 T2  T0 T1 T2  T0 T1 T2 

Number of 

cows present 
 0 19 60  0 19 60  0 19 60 

Number of 

locations 

sampled 

 2 7 7  8 8 8  7 7 7 

Number of 

spots sampled 
 6 25 23

a
  24 24 24  19 19 19 

Total Tests 

(samples tested 

in duplicate) 

 12 50 46  48 48 48  38 38 38 

% Positive 

(number) 
 

58 

(7) 

82 

(41) 

76 

(35) 
 

79 

(38) 

71 

(34) 

79 

(38) 
 

21 

(8) 

18  

(7) 

29 

(11) 

IS900 qPCR 

Duplicates of  

spots 

        

% Positive 

concordant 
 

50 

(3) 

68 

(17) 

74 

(17) 
 

75 

(18) 

63 

(15) 

75 

(18) 
 

11 

(2) 

6 

(1) 

16 

(3) 

% Negative 

concordant 
 

33 

(2) 

4 

(1) 

22 

(5) 
 

17 

(4) 

20 

(5) 

17 

(4) 
 

68 

(13) 

68 

(13) 

58 

(11) 

% Discordant  
17 

(1) 

28 

(7) 

4 

(1) 
 

8 

(2) 

17 

(4) 

8 

(2) 
 

21 

(4) 

26 

(5) 

26 

(5) 

IS900 qPCR Test 

Results 
 

Inside settled 

dust 
 Inside floor dust  Outside floor dust 

Sampling Loc. T0 T1 T2  T0 T1 T2  T0 T1 T2 

Descriptive 

statistics TC values 
            

Mean TC 1-2 39 39 33  39 36 33  43 44 42 

 3-7 - 35 35         

SD TC 1-2 5 5 1 
 

 
6 6 7  4 3 6 

 3-7 - 5 7 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

loc.: sampling locations; -: no samples collected; 
a
: wipes of 2 spots were blown away. 
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Direct IS900 qPCR (MAP DNA) and viable MAP culture were not in agreement 

for all samples (Table 2). At T1 MAP presence was detected more often by 

direct IS900 qPCR than in para-JEM® culture medium after 42 days of 

incubation. The numbers of concordant and discordant results are shown in 

Table 2b. Overall, 27% positive concordant, 22% negative concordant and 

61% discordant (40% MAP DNA positive/viable MAP negative; 21% MAP DNA 

negative/viable MAP positive) samples were detected. 

At T1 viable MAP was also detected in the water samples at the stocked side 

of the barn whereas the direct IS900 qPCR was negative. At T2, 19 (79%) 

inside floor spots, 18 (78%) inside settled spots and 6 (32%) outside floor 

spots were positive in both test systems (Table 2b). Viable MAP detection at 

T2 differed significantly from T0 and T1 at all locations (Figure 5). 



  

Table 2. Comparison of direct IS900 qPCR results and viable MAP cultured in para-JEM® medium on environmental samples. 

 

 Inside settled dust Inside floor dust Outside floor dust 
Sampling T0 T1 T2  T0 T1 T2  T0 T1 T2 

No. of 
locations 
sampled 

2 7 7  8 8 8  7 7 7 

No. of spots 
sampled 

6 25 23
$
  24 24 24  19 19 19 

No. of spots 
culture 
positive (%) 

0(0) 2 (8) 
23 

(100) 
 0 (0) 5 (21) 

24 
(100) 

 0 (0) 0 (0) 
16 

(84) 

No. of spots 
IS900 qPCR 
positive (%) 

4 (67) 24 (96) 18 (78)  20 (83) 19 (79) 19 (79)  6 (32) 5 (26) 8 (42) 

Agreement between IS900 qPCR and para-JEM
® 

per spot sampled 
PCR and 
culture 
positive 

0 % 8% 78%  0% 17% 79%  0% 0% 32% 

Culture 
positive only 

0% 0% 22%  0% 4% 21%  0% 0% 53% 

IS900 qPCR 
positive only 

67% 88% 0%  83% 63% 0%  32% 26% 11% 

IS900 qPCR 
and culture 
negative 

33% 4% 0%  17% 17% 0%  68% 74% 5% 

$ wipes of 2 spots were blown away 



Spread of MAP through bioaerosols 

 31 

DISCUSSION 

The findings in the present study are the first to indicate that viable MAP can 

become airborne and may spread through dust. We used settled dust samples 

to detect MAP on a farm containing verified MAP-shedding animals. Until now 

MAP has only been measured in environmental samples directly contaminated 

by cattle feces such as manure pit, soil and lagoon samples (Berghaus et al., 

2006; Lombard et al., 2006; Raizman et al., 2004). In the present study viable 

MAP was detected in settled dust samples 3m above the cows and in exhaust 

air near the ventilation ridge at 10m height. Viable MAP was also detected 

outside the barn following the introduction of fecal shedders on the farm, 

despite strict hygiene protocols. 

In this study the experimental farm was destocked and cleaned with a high-

pressure cleaner before the baseline measurement. However, more than 50% 

of samples inside as well as >20% outside the barn were still detected positive 

for MAP DNA by direct IS900 qPCR after cleaning. No sampling was 

undertaken prior to cleaning; hence the baseline contamination level was not 

determined. It remains unclear whether there had been viable MAP present 

immediately before cleaning or whether the DNA was long standing in the 

absence of viable MAP. No samples at T0 showed any growth during 

culturing, so it is likely that the signal was caused by the presence of residual 

DNA, either from intact but non-viable MAP or from DNA liberated after cell 

breakdown. High pressure cleaning with cold water probably led to decreased 

numbers of viable bacteria by mechanical removal and dilution. However, it is 

also possible that it has some direct bactericidal activity due to osmotic or 

mechanical effects. Another explanation for the presence of DNA could be the 

degradation of MAP by DNases from other organisms which are also present 

in the environment (Whittington et al., 2004). The continued presence of MAP 

DNA illustrates the difficulties in achieving perfect cleaning of the barn before 

restocking. High pressure cleaning, while not routinely carried out in most 

commercial dairy farms, may be a useful addition to current hygiene measures 

in reducing viable MAP burden of dairy barns. 

The IS900 qPCR, detecting a specific repetitive DNA sequence for MAP 

(Collins et al., 1989; Green et al., 1989) was, as expected, highly sensitive 

(equivalent to 10CFU) using MAP DNA as a template. Sensitivity in spiked 

fecal samples was markedly less (105CFU/g). This was assumed to be similar 

to many of the environmental samples tested although the DNA sensitivity in 

dust samples may well be higher in the absence of fecal organic material. 
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Interference by PCR inhibiting factors in the presence of organic material has 

been reported to lower sensitivity of the PCR on DNA isolated from spiked 

feces (Wilde et al., 1990; Wilson, 1997). Direct IS900 qPCR and culture were 

as expected not always concordant. In many samples MAP DNA was found 

without a positive culture result. The environmental concentration of MAP 

CFU-equivalents in many samplings was probably close to the detection limit 

of the direct IS900 qPCR which can be concluded from the percentage of 

discordant duplicate results at T0 and T1 (inside samples) and also at T2 

(outside samples). The presumed lower sensitivity of the direct IS900 qPCR 

on environmental samples compared to pure DNA samples may have lead to 

underestimation of the number of true MAP positive samples at T0 and T1. 

The trend to increasing number of positive concordant samples over time (for 

both DNA and culture) can be interpreted as an increase of MAP DNA and 

viable MAP concentrations caused by the increased number of shedders. 

Since MAP can survive several months in the environment, accumulation of 

MAP by continuous shedding could also play a role (Jorgensen, 1977; 

Whittington et al., 2004). Since only viable MAP in the environment can play a 

role in paratuberculosis infection of young cattle the use of culture to identify 

viability of the bacteria is essential. 

It was expected that MAP would be found preferentially where cows were 

present, in particular when the barn was partly stocked. Results indicated an 

increased likelihood of MAP DNA positive samples from cubicles and slatted 

floor in stocked areas compared to unstocked areas. In contrast, no significant 

difference could be found in the number of MAP DNA positive microfiber wipes 

hanging above the slatted floors at the empty side compared to the wipes 

hanging at the stocked side of the barn. Viable MAP was detected both at the 

stocked and unstocked side. When the barn was completely stocked with MAP 

shedders the probability of finding a MAP DNA positive floor dust location 

inside increased significantly compared to T0 and all inside samples contained 

viable MAP. 

The presence of viable MAP in the water troughs can be explained by fecal 

contamination or by settling of dust on the water surface. Such contamination 

could lead to a spread of infection via water consumption. 

The results of the environmental samples collected outside showed an 

increase in number of positive concordant direct IS900 qPCR samples and a 

significant increase in the number of viable MAP positive samples over time. 

MAP is known to survive best in shaded and moist conditions but in this study 
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the outside sampling locations were not in the shade nor moist (Whittington et 

al., 2004). Viable MAP positive samples were located at the barn entrance, at 

the entrance of the house and the doormat (results not shown), despite the 

standard twofold change of footwear and clothing when entering/leaving the 

barn. The distribution of viable MAP positive samples seemed related to the 

activity patterns of the farmer and movement of farm equipment. At time point 

T2 viable MAP was found in almost all sampling locations collected outside 

the barn. The proportion of sampling sites that were viable MAP positive 

decreased with distance away from the barn, which could indicate that the 

barn acted as point source of airborne MAP for the farm environment. Airborne 

spread of viable MAP leaving the barn through the ridge ventilation could 

therefore be a plausible explanation as well. Most likely a combination of all 

routes of dispersion occurred. 

Since not only MAP DNA but also viable MAP could be detected in settled 

dust inside the barn these findings confirm that viable MAP can become 

airborne and spread with dust particles through the barn. The finding of MAP 

DNA and viable MAP outside the barn shows that even with a strict hygiene 

barrier as used on this farm, it is difficult to prevent MAP from spreading to the 

surroundings. To assess the role of viable MAP in dust in transmission of MAP 

infections more knowledge on MAP concentrations in dust and infective 

dosages for susceptible animals is needed. It should be determined if a single 

high dose is necessary for infection or if repeated ingestion of a low 

concentration of viable MAP can also lead to infection. A consequence of 

airborne spread of MAP may be that general hygiene measures and 

separation of dam and calf might be less effective in preventing new MAP 

infections than is commonly supposed. 
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ABSTRACT 

Mycobacterium avium subsp. paratuberculosis (MAP), the causative agent of 

Johne’s disease in cattle, was identified in settled dust samples of Dutch 

commercial dairy farms, both in the dairy barn and in the young stock housing. 

Bioaerosols may play a role in within-farm MAP transmission. 
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Paratuberculosis is an infectious enteric disease caused by Mycobacterium 

avium subsp. paratuberculosis (MAP) leading to economic losses in dairy 

cattle globally (Benedictus et al., 1987; Ott et al., 1999). The main 

transmission route is the fecal-oral route from infectious adult cattle to 

susceptible calves (Sweeney, 1996). 

Preventive calf management was a key point in model studies (Groenendaal 

et al., 2002), but 20-year implementation did not lead to farm-level eradication, 

suggesting uncontrolled routes of transmission (Benedictus et al., 2008; 

Groenendaal et al., 2002).  

Environmental samples were used to classify commercial dairy herds 

(Berghaus et al., 2006; Lombard et al., 2006; Raizman et al., 2004), based on 

long-term survival of MAP in the environment (Whittington et al., 2004). 

Recently, bioaerosols containing viable MAP were identified in an 

experimental setting with 100% MAP prevalence (Eisenberg et al., 2010) and 

may thus be a mode of transmission. Dust MAP might be ingested or inhaled 

by calves (Corner et al., 2004). Experimental MAP challenge studies in sheep 

successfully used inhalation (Kluge et al., 1968). These transmission routes 

could hamper current control programs. Our objective was to study whether 

MAP could be detected in bioaerosols on commercial Dutch dairy farms.  

Dairy herds in three Dutch veterinary practices were sampled in 2009. All 

farms participated in a Dutch MAP monitoring program in 2008, either the 

Dutch Paratuberculosis Program (PPN; n=2) or the Dutch Bulk Milk Quality 

Assurance Program (BMQAP; n=22) (Weber et al., 2008). Both PPN herds 

were certified MAP free. Herds corresponding to the BMQAP had at least one 

positive animal identified by enzyme-linked immuno sorbent assay (ELISA) 

(Pourquier ELISA; Institut Pourquier, France). Farms were grouped into three 

MAP test prevalence levels (control, zero positive animals; group A, one 

positive animal; group B, two or more positive animals; Table 1). 

Farms were visited twice during the housing period. Sampling locations were 

above the animal level inside the barn. At the first visit (sampling 1 [S1]), 

settled dust was collected with wipes and a short management questionnaire 

was taken. At the same time, five to seven electrostatic dust collectors (EDC; 

Zeeman, Alphen a/d Rhijn, Netherlands) were installed and collected after 4 

weeks (sampling 2 [S2]) (6). Settled dust samples were processed according 

to a previously described method (6). Results are presented as proportions of 

positive locations. McNemar’s χ2 test was performed to investigate whether 

S1 differed from S2.  
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Table 1. Overview of the results of the questionnaire about relevant M. avium subsp. 

paratuberculosis MAP management practices 
a
. 

 

 Value for group
b
 

 Control Group A Group B 

 (n=2) (n=8) (n=14) 

Herd size (sd) 69 (15) 67 (19) 102 (26) 

Median number of ELISA-positive 

cows (maximum) 
0 (0) 1 (1) 3 (10) 

    

Number of farms with:    

Cow brush in barn 2 5 13 

Cow barn cleaned in summer 

with high pressure cleaner 
0 6 4 

Dry cows in young stock 

housing 
0 3 3 

Young stock housed separately 1 7 8 

Young stock housing empty in 

summer 
0 0 0 

Young stock housing cleaned 

with high pressure cleaner 
0 6 1 

a
 Results of the questionnaire about relevant MAP management practices in 24 Dutch farms 

enrolled in this study with 0 (control),1 (group A), or ≥2 (group B) ELISA-positive animals.  
b
 n: number of farms.  

 

 

No MAP was detected by real-time PCR in any of the settled dust samples at 

control farms (Figure 1). MAP DNA was detected in dust samples at S1 and 

S2 in more than 50% of the group A and B farms, with seven farms 

consistently positive. MAP DNA was detected in the young stock area in 3/6 

(S1) and 2/6 (S2) farms of group B with single-barn housing. MAP DNA was 

also detected in settled dust samples from separate young stock housings in 

three farms, of which two cohoused dry cows. 
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Figure 1. Proportions of farms with M. avium subsp. paratuberculosis DNA detected in settled 

dust samples collected at samplings 1 and 2. Black bar, control (n=2); checked bar, group A 

(n=8); white bar, group B (n =14). 

 

 

Table 2. Detection of M. avium subsp. paratuberculosis (MAP) DNA or viable MAP in 5 to 7 

settled dust samples collected at sampling 1 or 2. 

 

 

 
Number of farms with: 

 MAP DNA  Viable MAP 

Control 

n=2 

Group A 

n=8 

Group B 

n=14 
 

Control 

n=2 

Group A 

n=8 

Group B 

n=14 

 

Number of 

positive 

dust samples 
S1 S2 S1 S2 S1 S2  S1 S2 S1 S2 S1 S2 

0 2 2 4 3 4 5  2 2 8 5 8 6 

1   3 4 4 6     1 2 4 

2     4 3     1 1 2 

3   1 1 1 1     1 1 2 

4     1       2  

n=number of farms 

 

 

At control farms, no viable MAP was detected in any of the collected dust 

samples (Figure 2). Viable MAP was detected in 6 B farms at S1. At S2, viable 
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bacteria were present in 3 A farms and in the majority of B farms (Table 2). On 

five farms in group B, viable MAP was detected at both samplings. Viable 

MAP was detected in the young stock housing in 4 and 3 farms of group B 

with single barn housing at S1 and S2, respectively. No viable MAP was 

detected in separate young stock housings. 
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Figure 2. Proportions of farms with viable M. avium subsp. paratuberculosis detected in settled 

dust samples collected at samplings 1 and 2. Black bar, control (n=2); checked bar, group A (n 

=8); white bar, group B (n=14). 

 

 

To our knowledge, this study is the first to confirm the presence of MAP DNA 

as well as viable MAP in settled dust samples of commercial dairy farms. MAP 

dispersion by bioaerosols under experimental conditions was already 

described (Eisenberg et al., 2010). These findings support the concept of dust-

based environmental dispersion of MAP within farms. 

The relatively small number of farms and the convenience sampling are 

limitations of this study that could have introduced bias. However, this study is 

a proof of principle that viable MAP can be detected in settled dust samples on 

farms with a low MAP prevalence. The environmental method also seems 

specific for MAP, since no MAP could be detected in any samples of known 

MAP-free herds. Paratuberculosis control measures aim to prevent fecal-oral 

contact between infectious shedding adults and susceptible calves as the 
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main transmission route of MAP. Several studies showed that “calf hygiene 

improvement” decreased prevalence but did not eliminate the disease 

(Benedictus et al., 2008; Groenendaal et al., 2002; van Roermund, 2002), 

suggesting the existence of other transmission routes. In utero transmission, 

transmission via milk, and calf-to-calf transmission have been described 

previously (Benedictus et al., 2008; Sweeney, 1996; van Roermund et al., 

2007). Additionally, infection via ingestion and/or inhalation of bioaerosols may 

be possible (Corner et al., 2004; Kluge et al., 1968). 

Twenty-three of 24 herds were housed in free stalls with one tie-stall herd. 

Most farmers (n=15) separated young stock from adult cattle as standard 

procedure. However, six of these farmers cohoused dry cows in the young 

stock housing occasionally, indicating the difficulties of consequently 

implementing management advice. Three farmers did not raise young stock on 

their farms. In almost all barns, cow brushes were present, as they were 

recommended to enhance cow well-being in group housings (DeVries et al., 

2007), but at the same time they contribute to aerosolization of dust. Animal 

movement on slatted floors also contributes to dust formation, especially 

during the winter housing period. 

Most farmers from group A farms, compared to only a few from group B farms, 

intended to clean their barns yearly, but only 50% met this aim. Young stock 

housings were never totally empty, but high-pressure cleaning was 

occasionally performed at 6/8 farms of group A and at 1 of group B. The 

numbers of farms in this study precluded statistical testing, but the difference 

in cleaning attitude seemed remarkable. 

Comparison of the two methods of dust collection showed no statistical 

difference. No MAP, neither DNA nor viable MAP, could be detected on known 

negative farms, whereas on farms of groups A and B, MAP DNA was present 

in comparable numbers of locations. Viable MAP was present only in group B 

farms at S1 and in both group A and B farms at S2. It seems that MAP can 

survive in dust for some time. Besides having a possible role in MAP 

transmission, dust might also be a useful predictor of MAP presence or MAP 

introduction on dairy farms, even on farms with low MAP prevalence. 

In conclusion, this study showed that dust on farms with a low MAP 

seroprevalence contained viable MAP, which indicates a role in MAP 

transmission. Further research is needed to study if and how infection with 

MAP contaminated dust is possible. Additionally, dust sampling may be an 

alternative tool to monitor MAP status in control programs. 
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ABSTRACT 

The objective of this longitudinal study was to assess a potential relationship 

between the number of cows positive for Mycobacterium avium subspecies 

paratuberculosis (MAP) antibodies in milk samples and the number of 

environmental settled dust samples containing viable MAP on commercial 

dairy farms. Eight farms with endemic MAP infection were enrolled in the 

study. Individual milk samples were tested by ELISA every four weeks for a 16 

month period. Settled dust samples were collected at four week intervals at six 

fixed locations per farm including young stock and dairy housings before milk 

sampling. Dust samples were tested for the presence of viable MAP by liquid 

culture. ELISA positive cows and MAP culture positive settled dust samples 

were found to be related for different time lapses. Between farms, a moderate 

positive correlation was found between the average farm MAP prevalence and 

presence of viable MAP in dust. This was mainly caused by farms with 

consistently high and low MAP prevalence. Within-farm analysis corrected for 

repeated measures showed that the probability of finding viable MAP in dust 

increased (odds ratio=4.5) when dust was collected in the same barn where 

dairy cows were housed, but it was only slightly influenced by variation in MAP 

prevalence. 

Results suggest that exposure of young stock to viable MAP in settled dust 

would not decrease directly when ELISA positive animals are removed from a 

dairy herd. Separating young stock from dairy cows on the other hand might 

be more effective to decrease exposure. The impact of MAP-containing dust 

on transmission of infection and efficacy of control programs requires further 

investigation. 
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INTRODUCTION 

Infection of cattle with Mycobacterium avium subsp. paratuberculosis (MAP) 

may cause chronic granulomatous enteritis leading to a decrease in milk 

production, severe diarrhea and extensive weight loss (Sweeney, 1996). It is 

generally accepted that transmission in a herd occurs via ingestion of infected 

fecal material by susceptible young animals, whereas disease does not 

become apparent until an age of 3-5 years. Disease has been divided into 3 

stages, stage 1 and 2 both subclinical and stage 3 defined as the clinical 

phase of the disease (Cocito et al., 1994). Animals in stage 1 probably 

contribute only little to the contamination of the environment. Stage 2 animals 

which are still subclinical but start to excrete Mycobacteria in feces together 

with stage 3 animals are more important for contamination of the environment. 

Antibodies also start to rise in stage 2, although the order in which these 

events occur exactly is not known. It is known, however, that bacterial 

shedding and antibody titers are positively correlated (Nielsen and Ersboll, 

2006; Nielsen et al., 2002). 

MAP infection occurs in dairy herds around the world (Collins et al., 1994; 

Hirst et al., 2004; Sorensen et al., 2003), and in the Netherlands, herd 

prevalence has been estimated between 31 and 71% (Muskens et al., 2000). 

MAP causes considerable economic losses in the dairy industry (Benedictus 

et al., 1987; Ott et al., 1999; Raizman et al., 2009). Additionally, there is 

ongoing discussion about a possible link between MAP infection of dairy 

products and Crohn’s disease in humans (Feller et al., 2007). The potential 

zoonotic threat and the existing economic impact of MAP infection for dairy 

producers has lead to the development of control programs (Benedictus and 

Kalis, 2003). 

Dust in animal housings consists of bedding, excretions, skin, hair and feed 

particles (Collins and Algers, 1986). Fecal bacteria have been found in dust 

(Wilson et al., 2002), indicating that viable MAP organisms in dust originate 

from feces shed by infected cows in the herd. Identification of those MAP 

shedders can be performed by fecal culture. Since fecal culture is a labor 

intensive, time costly and expensive detection method, other detection 

methods have been proposed in control programs (Collins et al., 2005). ELISA 

tests are quicker and cheaper, especially when performed on test day milk, 

but are less effective in identifying animals in early disease status as 

described earlier (Whitlock et al., 2000). However, as the contribution of high 

shedders or supershedders to environmental contamination may supersede 
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that of low intermittent shedders, the effect of removing ELISA positive high 

shedders may be substantial. Recently it was shown that dust samples 

collected on commercial dairy farms showed a tendency to be MAP positive 

more often when more ELISA positive animals were present (Eisenberg et al., 

2010a) indicating that milk ELISA results might be useful for predicting the 

environmental burden of MAP. 

The aim of the present study was to study the relationship between numbers 

of milk ELISA positive animals present on a farm and numbers of settled dust 

samples (bioaerosols) containing viable MAP by simultaneously collecting milk 

and settled dust samples. It was hypothesized that the fact that the process of 

fecal material turning into dust takes an unknown amount of time, a delay in 

detectable changes in viable MAP will be observed. Similarly it was 

hypothesized that, since it is not known exactly when animals start shedding 

MAP in relation to increase of MAP antibodies in milk, this may also influence 

the time until changes in viable MAP are detectable. 

 

 

MATERIALS & METHODS 

Farms. In the summer of 2009, 20 farmers situated in the northern part of The 

Netherlands were selected by their veterinarians based on a history of 

endemic paratuberculosis infection on their farm. Farmers were invited to 

participate in the study and eight farmers volunteered. Paratuberculosis status 

of those farms was established using the results of either the Intensive 

Paratuberculosis Program (n=3) or the Bulk Milk Quality Assurance Program 

(BMQAP; n=5) (Weber et al., 2004; Weber et al., 2008). All 8 farms were 

classified as high MAP prevalent farms. Information about the farm layout and 

basic farm characteristics was collected. Farms were visited every 4 weeks for 

a period of 16 months. 

 

Milk samples. Test day (TD) milk samples were collected routinely by CRV 

(Arnhem, The Netherlands), transported to the Faculty of Veterinary Medicine 

(Utrecht, The Netherlands) and stored at -20°C until processed within 3 

weeks. The Pourquier ELISA (IDEXX Europe B.V., Hoofddorp, The 

Netherlands) was performed according to the manufacturer’s manual. To 

determine the number of milk ELISA positive animals, a sample-to-positive 

(S/P) ratio of 40 was used as a cutoff value as per manufacturer’s instructions. 
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Dust samples. During the first farm visit, sockets for electrostatic dust 

collectors (EDC) were installed at six locations in the dairy and young stock 

barns. In the buildings housing dairy cows, dry cows and young stock, 

electrostatic microfiber wipes (Zeeman, Alphen a/d Rijn, The Netherlands) 

were used as EDC. Sampling locations were chosen at 2m height to make 

sure settled dust was collected, to prevent destruction by cows, and to avoid 

interference with the management routine of the farmer. 

EDC were harvested and replaced prior to each milk sampling. Dust was 

allowed to settle during the four week interval between sample collections. 

EDC were replaced in the same week as the TD milk sampling took place. All 

settled dust samples were processed according to the method described 

previously (Eisenberg et al., 2010b). 

The protocol for para-JEM® automated MAP culturing provided by TREK 

Diagnostic Systems (Cleveland, OH, USA) was used, however all samples 

were incubated for 42 days regardless of a positive signal before day 42. All 

samples were tested by IS900 real-time PCR after 42 days and they were 

designated “viable MAP positive” if the PCR showed a positive signal with a 

specific melting peak (Eisenberg et al., 2010b). 

 

Statistical analysis. Descriptive statistics were performed with the SPSS 

statistical software package (version 16.0.1). Further analyses were performed 

using R statistical software version 2.12.2 (R Development Core Team, 2011). 

A mixed model for binomial data (Bates et al., 2011) was used with EDC as 

binary outcome (viable MAP present yes or no) with farm and time within farm 

as random effects to take the correlation between the observations into 

account. The repeated S/P ratios per cow (cut off value ≥40) and location of 

the EDC (in- or outside dairy cow barn) were used as explanatory variables. 

The analysis was also performed with a time lag for cow S/P ratio 1 and 2 

units of time both before and after the moment of EDC observation to test 

different biological hypotheses on the temporal relation between the number of 

milk ELISA positive cows and the number of viable MAP positive settled dust 

samples (figure 1).  



Chapter 4 

52 

 
Figure 1. Different relations tested between the ELISA results and the number of positive EDCs 

(Electrostatic dust collector) to investigate whether the number of milk ELISA positive cows per 

test day sampling (TD) changes before or after the change in culture positive EDCs. Hypothesis 

1: The number of milk ELISA positive cows and the number of culture positive EDCs change 

during the same period; Hypothesis 2: The number of culture positive EDCs changes 4 weeks 

before the number of milk ELISA positive cows changes; Hypothesis 3: Same as 2 only the 

number of positive EDCs changes 8 weeks before the number of positive cows changes; 

Hypothesis 4: The number of culture positive EDCs changes in the 4 week period following the 

change in number of milk ELISA positive cows. Hypothesis 5: Same as 4 only the change 

occurs 8 weeks after the number of positive cows changes. 
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The model was used to test different biological hypotheses regarding the 

temporal relationship between the development of viable MAP containing dust 

and the start of MAP shedding in milk ELISA positive cows by shifting dust 

results forward and backward in time linking them to ELISA outcomes from 

previous or later test days. The different hypotheses tested are shown in figure 

1 and can be described as follows. Part 1 represents the hypothesis that MAP 

burden in dust changes in the same period as the number of milk ELISA 

positive cows changes. Parts 2 and 3 represent the hypotheses that when 

MAP shedding changes, a change in dust contamination can be detected 4 

(part 2) or 8 weeks (part 3) before antibodies against MAP can be detected in 

milk. Parts 4 and 5 of figure 1 display the hypotheses that MAP shedding and 

MAP burden in dust changes 4 (part 4) or 8 weeks (part 5) after the number of 

milk ELISA positive cows changes. 

 

 

RESULTS 

Dairy barn floor plans as well as the number of separate buildings differed 

between the farms. On two farms, all age groups were housed within one 

barn. On six farms young stock and dairy cows were housed in different 

buildings. Of those six farms, two had the youngest age group housed inside 

the dairy barn whereas the older young stock were housed separately. 
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Table 1. Characteristics of the 8 participating herds. 

 

Rolling year averages 

 

Farm 
Herd 

size 

305 

day 

Kg 

milk 

/cow 

Age 

(years) 

Median 

number of 

cows tested 

(min;max) 

Median of 

milk ELISA 

positive cows 

(min;max) 

Median of 

MAP culture 

positive EDC 

(min;max) 

Number of 

EDC in 

barn of 

dairy cows 

A 122 7028 4.09 
111 

(103;116) 

9 

(3;16) 

2 

(0;4) 
5 

B 91 8773 4.07 
80 

(68;84) 

5 

(2;9) 

0 

(0;1) 
6 

C 97 8465 4.03 83 (76;101) 
13 

(10;17) 

2 

(0;5) 
5 

D 101 9736 4.07 
86 

(78;92) 

8 

(6;12) 

1 

(0;4) 
6 

E 114 9364 4.03 96 (88;101) 
0 

(0;3) 

0 

(0;1) 
4 

F 153 7156 5 
138 

(129;161) 

7 

(2;13) 

1 

(0;3) 
2 

G 98 10354 4.1 83 (62;103) 
7 

(2;13) 

0 

(0;2) 
4 (2)* 

H 120 8965 4.02 
104 

(85;113) 

5 

(0;9) 

1 

(0;2) 
2 

*farm moved to another location halfway during the study. 

 

 

Five farmers kept their dairy cattle inside during summer, whereas three 

farmers had their cows graze in the day during summer, occupying the barn 

only during milking and at night. Farm characteristics, milk ELISA and dust 

culture results are summarized in table 1. Milk ELISA data were reported to 

the farmers on a monthly basis. Farmers were free to make management 

decisions based on these data but were only obliged to remove positive cows 

if the BMQAP sampling data which ran independent of the current 

measurements dictated. Longitudinal milk ELISA results for all 16 

measurements are shown in figure 2. No seasonal effect was observed. A 

decrease in the number of ELISA positive animals is caused by obligatory 

removal of BMQAP test positive animals. 
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Figure 2. Number of milk ELISA positive cows detected per farm per Test Day Sampling. As a 

cut off value an OD value ≥40 was used.  

 

 

Longitudinal dust MAP culture results (percentage EDCs/farm) are shown in 

figure 3. No seasonal effect was observed. Even summer grazing did not lead 

to a decrease in the percentage of culture positive dust samples (farms A, E 

and F). A decrease in the percentage of culture positive EDCs occurred during 

the second winter season in all farms. 

Partial correlations between mean S/P ratio per farm and culture positive 

EDCs are shown in table 2a and b. Partial correlations performed with all 

culture positive EDCs per farm are higher compared to the subset using only 

those which were collected in the same barn as the dairy cows. Linking milk 

ELISA results and dust culture results according to hypotheses 1 and 2 

resulted in the highest correlations, suggesting that an increase in viable MAP 

in bioaerosols occurs simultaneous with or within the period 4 weeks prior to a 

change in the number of milk ELISA positive cows. 
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Table 2a. Partial correlations between the mean S/P ratio per farm and percentage culture 

positive EDC. 2b Correlations between the mean S/P ratio per farm and percentage culture 

positive EDCs in the same barn as the dairy cows. (all P-values< 0.01) 

 

Hypothesis  
Partial 

correlation 
 Hypothesis  

Partial 

correlation 

1  0.471  1  0.464 

2  0.473  2  0.457 

3  0.429  3  0.384 

4  0.404  4  0.389 

5  0.426  5  0.373 

2a.     2b. 
Hypothesis 1-5 have been described in figure 1 
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Figure 3. Percentage of MAP culture positive EDCs detected per farm per TD. 

 

 

Plotting the mean S/P value per farm over all TD against the mean percentage 

of MAP culture positive EDCs per farm over all TD showed that the correlation 

is mainly determined by the presence of consistently high and consistently low 

prevalent farms (Figure 4). The correlation in mid-range farms is more 

variable. 

The mixed model showed that within farm apparent prevalence did not predict 

the outcome of EDCs. Location of EDC was found to be the only important 

predictor in the model. When dust was collected in the same barn as where 

dairy cows were housed, the probability of finding viable MAP positive EDCs 
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increased significantly (OR 4.5 [CI 4.07-4.75]). Shifting dust results in time 

always resulted in non-significant relations with apparent MAP prevalence and 

a significant positive relation for location in the dairy barn. 

 

 

 
Figure 4. Mean S/P value of all 16 TD per farm plotted against mean % of MAP culture positive 

EDCs with standard deviation. Consistently high and consistently low prevalent farms are 

responsible for the moderate positive partial correlation between farms. 

 

 

DISCUSSION 

This study is the first to describe the longitudinal relationship between the 

number of milk ELISA positive cows present on a farm and the concomitant 

probability of detecting MAP in dust samples. Between farms, a moderate 

positive correlation was found between apparent prevalence of MAP detected 

by milk ELISA and viable MAP positive dust samples. Within farms this 

correlation could not be detected. 

Two factors were considered when correlations of milk and dust data were 

hypothesized: the timeframe of shed feces turning into dust in the environment 

and at what time fecal shedding of MAP is increased relative to becoming milk 

ELISA positive. Both factors were presumed to influence the time until MAP in 

the environment could be detected in dust. To address these questions, dust 

samples were correlated using a lag function on dust samples. Dust samples 

collected during the four week period before TD sampling showed a moderate 

partial correlation. Correlating TD sampling results with later or with earlier 

dust collections did not lead to important changes in partial correlations. 
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Additionally, results of the mixed model did not change when analyzed 

according to the different hypotheses, indicating that environmental burden of 

MAP between farms differed in relation to apparent prevalence but changes in 

apparent prevalence within a farm over time did not lead to measurable 

changes. 

MAP detected in dust samples has to be shed by adult dairy cattle and 

therefore the hypothesis was raised that dust collected closer to the source, 

which was defined as ‘dust collection within the same barn as the dairy cows’, 

would be important in predicting viable MAP positive dust samples. The mixed 

model supported the hypothesis by showing that within a paratuberculosis 

ELISA positive herd, the important predictor for viable MAP in dust is EDC 

location within same barn as dairy cows. Considering the positive correlation 

of antibody titers and fecal shedding in infected animals (Nielsen and Ersboll, 

2006; Nielsen et al., 2002), removal of ELISA positive animals might lead to a 

decrease in environmental MAP burden and potentially lower transmission of 

infection to susceptible young stock. Our data indicate that the effect may be 

only limited due to prolonged contribution of shedding animals to 

environmental contamination via bioaerosols especially when susceptible 

young stock are housed in the same barn as the dairy cattle.  

Milk ELISA positive animals detected at each sampling varied but no seasonal 

effect in antibody titer was observed which is in agreement with literature 

(Strickland et al., 2005). Since seroconversion and MAP shedding are 

correlated, no seasonal effect in the number of viable MAP positive dust 

samples over the 16 month period was expected either. Positive cows were 

not consistently removed from the herd during the first year of sampling. 

Numbers of positive animals varied mainly due to cows seroconverting 

between 2 measurements and cows entering the dry period. Dry cows were 

not identified by milk ELISA but were still able to contribute to environmental 

contamination by shedding MAP. 

Since dust production in animal housings is related to movement and feeding 

of the animals, a reduction of dust and bacteria might be possible during 

summer when animals are kept outside grazing (Collins and Algers, 1986). Of 

the 8 farms participating in this study, only 3 had summer grazing incorporated 

in their management, so numbers in this study were too small to identify a 

seasonal difference due to management systems if present. Additionally, on 

both farms cows entered the barn during milking time and at night, so barns 
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were still occupied several hours each day with a high degree of animal 

movement. 

The absence of a relation between monthly variation in seroprevalence within 

a dairy farm and the presence of viable MAP in bioaerosols indicates a 

prolonged contribution of MAP shed in feces to environmental contamination. 

Relatively small changes in within farm seroprevalence do not substantially 

influence the environmental contamination on a short time scale. However, 

comparison of different levels of between farm seroprevalence on the 

presence of viable MAP in bioaerosols does indicate an effect of the level of 

seroprevalence on the level of environmental contamination. A major finding of 

this study was that in ELISA positive herds, viable MAP is predominantly 

present in bioaerosols in the building where dairy cows are housed. To 

prevent contact of susceptible animals with MAP, young stock should be 

housed in separate buildings directly after birth. 
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ABSTRACT 

Settled dust samples were collected on a commercial dairy farm in the 

Netherlands with a high prevalence of Mycobacterium avium subspecies 

paratuberculosis (MAP) (barn A) and on a Dutch experimental cattle farm 

(barn B) stocked with cattle confirmed to be MAP shedders. Barns were 

sampled while animals were present, after both barns were destocked and 

cleaned by cold high-pressure cleaning, and after being kept empty for two 

weeks (barn A) or after additional disinfection (barn B). MAP DNA was 

detected by IS900 real-time PCR and viable MAP were detected by liquid 

culture. MAP DNA was detected in 78% of samples from barn A and 86% of 

samples from barn B collected while animals were still present. Viable MAP 

was detected in six of nine samples from barn A and in three of seven 

samples from barn B. After cold high-pressure cleaning, viable MAP could be 

detected in only two samples from each barn. After leaving barn A empty for 

two weeks, and following additional disinfection of barn B, no viable MAP 

could be detected in any settled dust sample. 
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INTRODUCTION 

Paratuberculosis, or Johne’s disease, is a chronic wasting disease of cattle 

characterized by diarrhea and weight loss in clinical cases. It is caused by 

Mycobacterium avium subspecies paratuberculosis (MAP) and is mainly 

transmitted directly by the fecal-oral route from adult cattle shedding the 

pathogen to susceptible calves, or indirectly via contaminated colostrum, milk 

and roughage (Sweeney, 1996). To prevent direct contact of susceptible 

animals with infective material, preventive management measures such as 

hygiene, cleaning and separation of different age groups are advised. 

Sensitivity analysis in a simulation study showed that these recommendations 

are a crucial component of the paratuberculosis control program in the 

Netherlands (Groenendaal et al., 2003). 

However, few data are available to support the assumption that these 

management measures effectively reduce or prevent exposure of susceptible 

animals to MAP in the environment of dairy barns. The effect of these 

management practices on the seroprevalence of paratuberculosis on dairy 

farms has been previously evaluated in field studies. For example, comparison 

of seropositive and seronegative herds in the Netherlands showed that no 

association could be established between the results of serological tests and 

the application of preventive management measures on dairy farms (Muskens 

et al., 2003). In California, USA, a study involving 21 dairy herds supported the 

importance of not feeding unsellable milk to calves and preventing exposure of 

susceptible animals to the manure of adult cows in order to maintain a low 

MAP prevalence, but no influence of calf rearing on the prevalence of MAP 

could be detected (Tavornpanich et al., 2008). Another study in Michigan, 

USA, identified cleaning calf hutches after each use as a protective measure 

against paratuberculosis transmission, but other calf-rearing practices were 

not found to be important (Johnson-Ifearulundu and Kaneene, 1998). The 

effect of commonly recommended management practices on MAP 

seroprevalence in those studies varied, suggesting that the transmission route 

of paratuberculosis is still not completely understood. Additionally, it is known 

that MAP can survive for several months in the environment and that it can 

spread by bioaerosols on dairy farms (Eisenberg et al., 2010b; Whittington et 

al., 2004). These data suggest that the environment may play a role in MAP 

transmission and that cleaning of the environment in barns should therefore 

involve more steps than simply removing feces and contaminated litter. 
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Little is known about the effectiveness of cleaning and disinfection of 

commercial dairy barns in decreasing the environmental burden of MAP. It is 

rare for dairy barns in the Netherlands to be completely empty due to the year-

round ongoing milk production cycle. This paper describes the situation of two 

MAP-infected dairy herds –a commercial dairy herd and an experimental 

herd– that were culled and restocked. Both events occurred independently, so 

sampling methods were not standardized, but in both cases, dust was 

collected before the animals were removed, after high-pressure cleaning of 

the barn and before the introduction of new cattle. The effect of two different 

cleaning methods on the reduction of MAP in settled dust in the cattle barns is 

reported. The efficacy of cleaning was determined by IS900 real-time PCR 

and by liquid culture of settled dust samples. 

 

 

MATERIALS & METHODS 

Farms. The barns on the commercial dairy farm (barn A) and the experimental 

farm (barn B) were similar Dutch dairy free-stall barns with cubicles, open 

water troughs and a central corridor with a feed bunk and ridge ventilation. 

Barn A housed 130 dairy cows with a high prevalence (30%) of MAP 

shedders, as determined by liquid culture by the Dutch Animal Health Service 

(GD, Deventer). During this study, the entire herd A was culled due to low 

performance and high disease incidence. After culling, the farmer removed 

feces and bedding material from the barn, cubicles, slatted floors and corridor. 

Next, the floors, walls and roof beams that could be reached from the ground 

were high-pressure washed with water by the farmer. Following cleaning, the 

barn was kept empty and allowed to dry for two weeks.  

In barn B, 45 non-lactating cows that were confirmed MAP shedders (100% 

prevalence, determined by liquid culture by GD, Deventer) were housed over 

a period of 12 months. During these 12 months, cows that developed clinical 

paratuberculosis, as defined by diarrhea, extensive weight loss and edema, 

were culled. At the end of the 12-month period, the barn was destocked. The 

experiment was approved by the Ethical Committee for Animal Experiments of 

Intervet/Schering-Plough Animal Health, Boxmeer, The Netherlands. After 

destocking, the farmer removed all fecal material and bedding from the barn, 

cubicles, slatted floors and corridor. Subsequently, all surfaces including the 

walls, air inlets and roof beams that could be reached from the ground were 

high-pressure washed with water. Following high-pressure cleaning, the barn 
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was disinfected by a professional cleaning agency with a commercial 

disinfectant containing didecyldimethylammonium chloride, glutaraldehyde 

and formaldehyde (Halacid; Veip). 

 

Sample collection and preparation. All sampling locations were specified on 

a map of the farm to allow repeated sampling of the same locations. Sampling 

locations were at least 2.5m above the floor, and sampling was performed 

three times during the summer. The method of collection of settled dust 

samples was as previously described in detail by Eisenberg and others 

(Eisenberg et al., 2010b), with slight modifications in barn A.  

In barn A, samples were collected on roof beams located above the slatted 

floors, the cubicles and the corridor, distributed evenly throughout the whole 

barn to cover the entire area (nine locations) (figure 1). These locations were 

included in the cleaning process after removal of the cows. At the first 

sampling, settled dust was collected by wiping the defined location of the roof 

beams with electrostatic dust collectors (EDC) (Zeeman) while the cows were 

still present (sampling A1). Three days after removal of all dairy cows and 

high-pressure cleaning of the barn (including the sampling locations), the farm 

was visited again. The sampling locations were clean on the basis of visual 

inspection. The sampling locations were wiped with EDCs to collect the 

second sample (A2) and clean EDCs were then placed on the locations to 

collect settling dust. After two weeks, the EDCs with the accumulated settled 

dust were collected, and this constituted the third sampling (A3). 

In barn B, samplers were placed in the air inlets, above the slatted floors and 

in the ventilation ridge (seven locations) (figure 2). EDCs for the first 

measurement (sampling B1) were placed three weeks before the animals 

were culled, and were exchanged for clean EDCs after the animals had been 

removed and high-pressure cleaning had been done. Three weeks after high-

pressure cleaning, the EDCs were collected (B2). EDCs for the third sampling 

were placed before disinfection of the barn, when the locations were clean on 

visual inspection, and collected four weeks later (B3). 

All settled dust samples were processed according to the method described 

by Eisenberg and others (Eisenberg et al., 2010b). Briefly, the dust in the EDC 

was washed out using ultrapure water (Milli-Q; Millipore). After settling, the 

ultrapure water was removed into a clean 50ml tube and the particles were 

accumulated by centrifugation. The supernatant was discarded and the pellet 

was resuspended in 100µl ultrapure water, of which 40µl was used for DNA 
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extraction and 60µl was used for MAP culture. For DNA extraction, Elute® 

microcards (Whatman, Clifton, NJ) were used. The cards were dried overnight 

and two punch biopsies (4mm) were collected into a microcentrifuge tube and 

processed according to the manufacturer’s instructions. A 2µl aliquot of the 

eluate was used as a template for the real-time PCR (MiQ; Bio-rad®, 

Hercules, USA). 

 

Sample analysis. Real-time PCR targeting an internal sequence of the IS900 

gene was used as previously described by Eisenberg and others (Eisenberg 

et al., 2010b). The results were assessed as a binominal outcome (MAP DNA 

present: yes or no). A technical positive control (purified MAP DNA) and a 

technical negative control (ultrapure water) were included in each run. 

Evidence of a specific melting peak between 93 and 94°C was a positive 

indicator of MAP DNA. The real-time PCR was used directly on all 

environmental samples to detect MAP DNA and was also used to confirm the 

presence of viable MAP in culture medium after the 42-day incubation period. 

The protocol for para-JEM® automated MAP culturing provided by TREK 

Diagnostic Systems was used to prepare the dust samples for liquid culture, 

and all the samples were incubated for 42 days. Following incubation, all 

culture samples were tested by real-time PCR for the presence of MAP as 

previously described (Eisenberg et al., 2010b). Growth of MAP in culture 

medium was confirmed if the PCR showed a positive signal with a specific 

melting peak, and these samples were interpreted as viable MAP-positive. 

 

Statistical analysis. Due to the semi quantitative nature of the analytical tests 

used in this case report, data were assessed as a binominal outcome (MAP 

detected: yes or no) and are presented as proportions of positive locations. 

Due to the differences in sampling on the two farms, intervention effects could 

be compared only within and not between farms. Findings at samplings A2 

and A3 were compared with the situation at A1 by the Cochran test, and 

similarly, findings at samplings B2 and B3 were compared with the situation at 

B1. Differences with P<0.05 were considered significant. 

 

 

RESULTS 

Figures 1 and 2 show the results of analysis of the samples collected in barns 

A and B while the cows were present, after high-pressure cleaning, and after 
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leaving the barn empty without and with disinfection, respectively. Before any 

intervention in barn A, seven of nine dust samples were positive for MAP DNA, 

while six of seven samples from barn B were positive. In these samples, viable 

MAP was present in six of nine and three of seven samples, respectively.  
 
 

 
Figure 1. Schematic map of commercial dairy barn A with all sampling locations for 

Mycobacterium avium subspecies paratuberculosis (MAP) indicated. Samples were collected 

while cows were present in the barn (A1), after high-pressure cleaning (A2) and after the barn 

had been left empty for 14 days (A3). 1 Feeding corridor, 2 Cubicles, 3 Slatted floors, 4 Inside 

roofing above the milking parlor.  =Water troughs,  = MAP DNA detected,  = no MAP 

DNA detected,  = viable MAP detected,  = no viable MAP detected.  

 

 

After high-pressure cleaning, the number of MAP DNA-positive dust samples 

decreased in barn A to five of nine, but in barn B all seven samples were MAP 

DNA positive. Viable MAP could still be detected in both barns, at two 

locations. The reduction after high-pressure cleaning in viable MAP positive 

locations in barn A was significant (P<0.05). After barn A had been left empty 

for two weeks, the number of MAP DNA-positive locations decreased 

significantly to two positive locations (P<0.05). Leaving the barn empty 

combined with an additional disinfection step also significantly reduced the 

number of MAP DNA-positive locations in barn B (P<0.05): MAP DNA was no 

longer detected at any location in barn B. The number of viable MAP positive 

locations decreased significantly after the third intervention in both barns, to 

zero in each barn (P<0.05). 
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Figure 2. Schematic map of experimental barn B with all sampling locations for Mycobacterium 

avium subspecies paratuberculosis (MAP) indicated. Samples were collected while cows were 

present in the barn (B1), after high-pressure cleaning (B2) and after the barn had been left 

empty after additional disinfection (B3). 1 Feeding corridor, 2 Cubicles, 3 Slatted floors.  

=Water troughs,  = MAP DNA detected,  = no MAP DNA detected,  = viable MAP 

detected,  = no viable MAP detected.  

 

 

DISCUSSION 

Little information has been published about the efficacy of cleaning and 

disinfection on dairy farms in general, and even fewer data are available about 

its efficacy in decreasing the environmental burden of MAP caused by 

bioaerosols on commercial dairy farms. Over the past decade, several authors 

have presented evidence that MAP can be found in the environment of dairy 

farms (Berghaus et al., 2006; Raizman et al., 2004) and that it can survive for 

a prolonged period of time in the environment (Berghaus et al., 2006). The 

authors recently reported that MAP is detectable in bioaerosols on dairy farms 

(Eisenberg et al., 2010a; Eisenberg et al., 2010b). These facts indicate that in 

order to reduce the environmental burden of MAP, removal of manure as well 

as effective cleaning and disinfection of the environment may be needed. 

The main route of transmission of MAP between infectious cattle and 

susceptible calves is via the direct uptake of fecal material. Infection studies 

have shown that oral inoculation is very effective. Preventing direct contact 

between calves and adult cattle reduces the prevalence of MAP on a farm but 

does not lead to elimination of the disease, indicating that there are other 

uncontrolled modes of transmission (Benedictus et al., 2008). Transmission 
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via bioaerosols might be a possible route, considering the presence of viable 

MAP in dust (Eisenberg et al., 2010a) and the presence of MAP in 

tracheobroncheal and retropharyngeal lymph nodes (Pavlik et al., 2000). Dust 

is continuously produced in animal housing by movement of the animals, and 

consists of skin, hair, dried fecal material, feed and bedding material that can 

spread throughout the barn by air movements (Collins and Algers, 1986; 

Eisenberg et al., 2010b). 

Real-time IS900 PCR is a quick method for detecting MAP DNA, but some 

limitations of this method have to be considered. The IS900 insertion element 

has been detected in other mycobacteria, which decreases the specificity of 

the test (Englund et al., 2002). The specificity of this real-time PCR for 

environmental samples has been verified, however, by sequencing positive 

samples (Eisenberg et al., 2010b). Furthermore, detection of DNA does not 

give information about the number of viable bacteria in bioaerosols, since DNA 

of inactivated MAP might be detected as well. Only viable MAP in bioaerosols 

would be able to play a role in transmission. Culture does identify viable 

bacteria, and the specificity of culture has been estimated to be 100% at 

individual animal level (Nielsen and Toft, 2008). The liquid culture system used 

detects bacterial growth on the basis of metabolic activity and not exclusively 

on bacterial replication, as is the case for conventional plating on solid media. 

Quantification of samples in terms of the numbers of viable cells is therefore 

not as straightforward as for culture on solid media. In addition, the standard 

culture period of six weeks in liquid systems is considerably shorter than the 

12 to 16 weeks required for solid media. With low numbers of bacteria, the 

liquid culture system is likely to be less sensitive than culture on solid media. 

This is indicated by positive PCR results on culture medium at the end of the 

standard culture period in the absence of a positive growth signal from the 

automated liquid culture system. 

In farms with a low MAP prevalence, MAP could be detected in settled dust 

samples when two locations in the dairy barn were sampled (Eisenberg et al., 

2010a). In the present study, which focused on the possibility of removal of 

MAP from dust in dairy barns, seven or nine locations were sampled in the 

dairy barns only as a point of comparison for before and after the intervention. 

A significant reduction in MAP DNA-positive and viable MAP-positive locations 

could be detected, indicating adequate sample size. Samplings A1 and B1 

were used as the reference for each farm; between-farm comparison was not 

deemed appropriate. At barn B, settled dust was always collected for a period 



Chapter 5 

72 

of three weeks, whereas at barn A, accumulated dust was collected. At the 

first sampling in barn A, this dust had probably been settling on these 

locations for longer than three weeks because no cleaning had been 

performed on farm A to remove dust in the environment before the cows were 

culled. High-pressure cleaning had some effect in reducing the presence of 

MAP DNA in barn A; in contrast, the number of MAP-positive locations in barn 

B (in which the animals had an extremely high prevalence of MAP) increased 

after high-pressure cleaning. This increase in MAP DNA-positive locations at 

sampling B2, to 100%, could be explained by the possibility that the high-

pressure cleaner disseminated MAP DNA from the cubicles and the slatted 

floors throughout the whole barn in aerosols (Böhm, 1998; Elchos et al., 

2008). However, high-pressure cleaning reduced the number of viable MAP 

positive locations in both barns. Using water to remove feces and dust in the 

barns may have led to dilution of the amount of viable bacteria in the 

environment. In addition, the high-pressure cleaner might have caused 

mechanical damage to the bacteria and reduced their viability. No viable MAP 

could be detected in either barn after it had been kept empty for 14 days or 

had been additionally disinfected; however, in barn A, MAP DNA was still 

detectable. Incorporation of a disinfection step for the whole barn might be an 

expensive additional step for dairy farmers to take, but leaving the barn empty 

for some time after cleaning in the summer should be manageable. This study 

shows that it is difficult to remove viable MAP containing dust completely from 

the environment of cattle barns. 

Both types of thorough hygienic measures, high-pressure cleaning combined 

with disinfection or keeping the barn empty for two weeks, could achieve 

removal of viable MAP. However, on dairy farms, cleaning is performed less 

thoroughly due to the continuous presence of young stock and cattle on the 

farm. When asked, dairy farmers stated that they aimed to completely clean 

the barn using a high-pressure cleaner once a year or every two years; 

however, they admitted to not often meeting this goal (Eisenberg et al., 

2010a). This is in contrast to pig and poultry farming, where an all-in/all-out 

system with a cleaning and disinfection protocol is maintained and strictly 

regulated by the Product Boards for Livestock, Meat and Eggs, Zoetermeer, 

the Netherlands, because a clean environment is considered important in 

reducing disease transmission between batches (Gast et al., 2004; Proux et 

al., 2001). 
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In the present study, the MAP situation in the cubicles and slatted floors was 

not investigated. Assuming that the bacterial load of surfaces with direct fecal 

contact would be much higher, it would be even more difficult to achieve an 

effective reduction of bacteria and prevent the formation of new infective 

bioaerosols at the time of restocking. 

 

In conclusion, this study suggests that the environmental burden of MAP can 

be effectively reduced by additional disinfection or by leaving the barn empty 

for two weeks beyond what is common in current Dutch dairy farming practice. 
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ABSTRACT 

A challenge experiment was performed to investigate whether administration 

of Mycobacterium avium subsp. paratuberculosis (MAP) via the respiratory 

route leads to MAP infection in calves. Eighteen calves from test negative 

dams were randomly allocated to four groups. Six calves were challenged with 

MAP nasally and six calves were challenged by transtracheal injection; three 

orally challenged calves served as positive controls, and three non-challenged 

calves as negative controls. The challenge was performed as a nine-fold 

trickle dose, 107 CFU in total. Blood and fecal samples were collected 

frequently. Calves were euthanized three months post-challenge and 

extensively sampled. Blood samples were tested for presence of antibodies 

and interferon gamma producing cells by ELISA. Fecal and tissue samples 

were cultured in a liquid culture system and the presence of MAP was 

confirmed by IS900 real-time PCR. Fourteen out of fifteen calves had no MAP 

antibody response. The negative controls remained negative; all positive 

controls became infected. Two nasally challenged calves showed a PPDA 

specific interferon gamma response. In all nasally challenged calves MAP 

positive intestinal samples were detected. In three calves of the nasal group 

MAP positive retropharyngeal lymph nodes or tonsils were detected. In all 

calves of the transtracheal group MAP positive intestinal tissues were 

detected as well and three had a MAP positive tracheobronchial lymph node. 

These findings indicate that inhalation of MAP aerosols can result in infection. 

These experimental results may be relevant for transmission under field 

conditions since viable MAP has been detected in dust on commercial dairy 

farms. 
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INTRODUCTION 

Paratuberculosis or Johne’s disease (JD) is a chronic enteritis of ruminants 

caused by Mycobacterium avium subspecies paratuberculosis (MAP). The 

well-accepted transmission route of MAP is the oral uptake of bacteria by 

susceptible calves via colostrum, milk, water or food contaminated with feces 

from MAP-shedding cattle (Sweeney, 1996). In addition, intra-uterine 

transmission has been described (Sweeney et al., 1992). Due to limited 

effectiveness of control programs and the fact that eradication could not be 

achieved, other non-identified transmission routes have been suggested 

(Benedictus et al., 2008; Corner et al., 2004; Schukken et al., 2009). 

Recently, MAP has been identified in settled dust samples collected on dairy 

farms under experimental and field conditions (Eisenberg et al., 2010a; 

Eisenberg et al., 2010b). Currently, JD prevention programs do not include 

management practices to reduce dust production, spread of dust or exposure 

of susceptible calves to dust. All existing recommendations to decrease the 

risk of new infections of MAP in dairy operations are directly aimed at reducing 

the infection rate in calves by decreasing the contact with feces of adult cows 

(Benedictus and Kalis, 2003; McKenna et al., 2006). MAP containing dust may 

cause infection in susceptible calves via ingestion due to normal calf behavior 

(exploring the environment by licking and suckling). In addition, inhalation of 

MAP-containing dust may also represent a route of transmission. In sheep, 

experimental intra-tracheal infection has been successful in the past (Kluge et 

al., 1968). However, inhalation of MAP by cattle has only been hypothesized 

as a possible route of transmission (Corner et al., 2004). 

The current study was designed as a proof of principle experiment to 

investigate whether inhalation of MAP can establish infection in dairy calves. 

Particle size of dust determines how deep particles can penetrate into the 

lungs. In humans it has been determined that inhaled particles >5µm will be 

cleared by the mucociliary system of the respiratory tract and subsequently 

ingested (inhalable dust). Most particles <5µm can reach the alveoli and are 

called respirable dust (Pearson and Sharples, 1995). A similar deposition and 

clearing pattern of aerosols was found in lungs of calves (Davies and Webster, 

1987). Therefore, influence of particle size on clearing in the respiratory tract 

of calves was assumed to be similar to humans. Two inoculation routes were 

tested in this study, intratracheal inoculation mimicking the uptake of 

respirable dust and aerosolized MAP mimicking the uptake of inhalable dust 

particles. In early MAP infection (<13 weeks) humoral immune responses as 
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well as macroscopic and histological lesions are unlikely to occur (Waters et 

al., 2003; Whitlock and Buergelt, 1996). After experimental MAP inoculation in 

calves, specific cellular immune responses could be detected early by 

interferon gamma assays and tissue culture could confirm infection status 

(Stabel and Robbe-Austerman, 2011; Sweeney et al., 2006; Wu et al., 2007). 

Therefore, colonization of tissue determined by culture was used to confirm 

successful intestinal infection. 

 

 

MATERIALS & METHODS 

Animals. Fourteen newborn Holstein Friesian male calves, one male twin and 

one male/female twin (total of 18) were obtained from nine dairy farms located 

around Calgary, Alberta, over a period of five weeks. Donor-herds were 

identified as low MAP prevalent (<5%) in a MAP prevalence study in 2009 by 

testing individual fecal, serum and milk samples of cows over 36 months of 

age. Fecal samples were cultured by para-JEM automated MAP culturing 

(para-JEM®, TREK Diagnostic Systems, Cleveland, OH, USA) and serum and 

milk samples were analyzed for MAP antibodies by Pourquier ELISA (IDEXX 

Laboratories, Inc, Westbrook, Maine, USA). Only calves of first and second 

lactation cows were included in the study. Fecal and serum samples of dams 

were collected at the day of parturition to confirm individual animal negative 

MAP status by both liquid culture and ELISA. All samples of dams tested 

negative. Calves were separated from their dam directly after birth and a pre-

colostral serum sample was collected and used to check for BVD carriers. The 

calves were transported to the research facility and fed 6L of gamma-

irradiated colostrum (Hamilton McMaster Nuclear Reactor, Ontario, Canada) 

within 6 hours, followed by milk replacer and calf starter grain without 

antimicrobial additives. 

Calves were housed individually on sawdust bedding in a biosecurity level 2 

barn. The barn was heated and the temperature was maintained at a minimum 

of 14°C for the duration of the trial. The health status was monitored on a daily 

base by clinical inspection. The protocol was approved by the Health Sciences 

Animal Care Committee (M09083) at the University of Calgary and performed 

according to Canadian Council of Animal Care regulations. 

 

Inoculum. A virulent cattle type MAP strain isolated from a clinical JD case in 

Alberta (Cow 69), with an IS900 – RFLP profile identical to the K10 reference 
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strain recommended in the literature was used (Hines et al., 2007). To mimic 

field conditions the dosage chosen was close to one of the lowest described to 

be infective when administered orally (Sweeney et al., 2006) which was also 

plausible for uptake through respiration. Data about dust concentrations in 

cattle housing (Spaan et al., 2006; Takai et al., 1998) and the tidal volume of 

calves (8ml/kg bodyweight) were used to estimate that a calf approximately 

inhales 700mg of dust in the first 3 months of life via respiration alone 

excluding exploratory licking and suckling behavior. It was shown that 105CFU 

of viable MAP/mg dust can be detected in dust samples on commercial dairy 

farms (Eisenberg et al., 2010b). The challenge dose was 8x105CFU/dose 

administered on 3 consecutive days for 3 weeks in a row (trickle dose) leading 

to exposure of calves to approximately 1x107CFU which is one of the lowest 

dosages described to cause infection after oral inoculation (Sweeney et al., 

2006). 

MAP colonies were grown in 7H9/mycobactin/glycerol/OADC broth at 37°C 

shaking at 100RPM. The inoculum was tested for contamination with Gram 

staining and subculture to blood agar. The inoculum was vortexed with 3-4 

1mm glass beads to eliminate clumps and checked for viability using a 

fluorescent Live/Dead® BacLight™ Bacterial Viability kit (Invitrogen, 

Burlington, ON, Canada). Subsequently, MAP was quantified using the 

‘pelleted wet weight method’ as previously described, where the pelleted wet 

weight averaged approximately 1x107CFU/mg (Hines et al., 2007). Aliquots of 

1.7mg of MAP/tube were frozen at -80°C to be used as inoculum for each 

inoculation series. A separate aliquot of MAP was used for each week of 

inoculation. 



 

Table 1. Overview of the samples collected. Frequencies and time points of collection and tests used for analysis during the 12 week trial are 

described. Additionally, the reason for sampling is indicated. F=fecal sample, PI= post inoculation, T-tracheal= transtracheal. 

 

Type of 

sample 

Total Frequency Pool Analysis Reason 

F0; 

before inoculation 

3 calves per pool: 

1: oral;2: no challenge; 

3a&b: T-tracheal; 4a&b: Nasal 

Fecal MAP shedding 

before infection 

Week 1 F1-3 PI 

Week 2 F4-6 PI 

Week 3 F7-9 PI; 

Each of 3 days following 

weekly inoculation. 

3 samples of 2 calves per pool: 

1a&b: oral; 2a&b: no challenge 

3a,b&c: T-tracheal; 4a,b&c: Nasal 

Passive fecal MAP 

shedding after inoculation 

Week 6 F10 PI 3 calves per pool: 

1: oral ; 2: no challenge 

3a&b: T-tracheal; 4a&b: Nasal 

Week 9 F11 PI Individually 

Fecal MAP Shedding 

Feces 13 per calf 

Week 12 F12 PI Individually 

Liquid MAP culture 

with confirmation 

IS900 PCR 

Fecal MAP Shedding 

Dust 18; at 

each stall 

Week 11 PI Individually Liquid MAP culture 

with confirmation 

IS900 PCR 

Environmental 

contamination with MAP 

Serum 2 per calf Week 0 PI 

Week 12 PI 

Individually Commercial JD-

ELISA 

B-cell activation& 

seroconversion 

Whole 

blood 

1 per calf Week 12 PI Individually Bovigam® interferon 

gamma essay 

T-cell sensitization 

Tissue 18 (19*) 

per calf 

W 12 PI Individually Liquid MAP culture 

with confirmation 

IS900 PCR 

Tissue colonization with 

MAP 

*an additional piece of lung was sampled for one calf. 
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Prior to each inoculation, a tube was thawed and inoculated in 100ml of 

7H9/mycobactin/glycerol/OADC medium at 37°C shaking at 100RPM for 5 

days. MAP dose per ml was assessed using an in-house quantitative real-time 

PCR with a standard curve based on the 16s rRNA gene of Mycobacterium 

smegmatis confirming the presence and the quantity of the 16s rRNA gene 

using primers p882 (5’-AGGATTAGATACCCTGGTAG-3’) and p1100 (5’-

gctgacgacatccatgc-3’). The inoculum was diluted to achieve the desired 

concentration of 8x105CFU/ml and was stored at 4°C until just prior to the 

inoculation for a maximum of three days. 

 

Study design. Calves were assigned randomly to one of the four groups. Six 

calves were inoculated by transtracheal inoculation, six by nasal aspiration of 

aerosolized MAP, three were inoculated orally, and three did not receive a 

MAP challenge and served as negative control. Transtracheal inoculation with 

5ml of inoculum was performed using a technique described in literature for 

the collection of bronchoalveolar fluid in calves without sedation (Angen et al., 

2009). Aerosolized inoculums (5ml) with a variable size (>5µm) were 

administered using a nasal spray pump during inspiration of the calf directly 

into the nostril (Newman et al., 1987). Oral inoculation was performed to prove 

pathogenicity of the administered strain at the dosage used for the other 

challenge routes by allowing calves to suckle a syringe containing 5ml of MAP 

suspension. Negative controls were used to support the negative status of the 

collected calves and to detect unexpected MAP transmission during the trial. 

In addition, dust samples were collected with an electrostatic dust collector 

(EDC) to detect unexpected environmental contamination with MAP. 

An overview of all samples collected during the trial is given in table 1. At week 

12 after the first challenge euthanasia was performed using intravenous 

injection of barbiturate (pentobarbital sodium 540 mg/ml, Euthanyl Forte®, DIN 

00241326, Bimeda-MTC Animal Health, Cambridge, Ontario, Canada) and 

necropsy was performed immediately afterwards. 

 

Necropsies. During necropsies no other ruminants were allowed in the 

necropsy room. One calf was opened at a time. At post-mortem, a total of 18 

tissue samples was collected per calf with separate sterile instruments for 

each sample. Three parts of the ileum were sampled with adjacent lymph 

nodes (ileo-caecal valve, middle and proximal parts of the ileum) as well as 

four parts of the jejunum with adjacent lymph nodes (0.5, 1, 1.5 and 2m 
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proximal from the proximal ileum). Additionally, the tonsils, the retropharyngeal 

lymph nodes and right cranioventral lobe of the lung with tracheobroncheal 

lymph nodes were collected. In case of macroscopic lung pathology the 

abnormal lung tissue was sampled additionally. To minimize cross 

contamination, samples were collected in the following order: tonsils, 

retropharyngeal lymph nodes and lung tissue were collected first, then parts of 

interest of the intestinal tract were identified, marked and adjacent lymph 

nodes were collected before opening and sampling the intestinal tissue. 

Equipment and the necropsy room were cleaned and disinfected between 

necropsies. 

 

Sample analysis. Serum samples of the calves were analyzed for MAP 

specific antibodies using Pourquier ELISA (IDEXX Laboratories, Inc., Main, 

USA), following the manufacturer’s instructions. Results were expressed as 

sample to positive ratio (S/P-ratio) using the kit positive control to correct for 

interplate variation as per manufacturers instruction. 

Whole blood was analyzed by Bovigam® (Prionics, Lavista, USA) to detect T-

cell sensitization. Samples were stimulated within 8 hours after blood 

collection in a 24-well tissue culture plate. Commercial available specific 

antigen PPDA (Purified Protein Derivative Avian) (Prionics), a positive control 

PMT (Pokeweed mitogen) (Sigma Aldrich, Oakville, Ontario) and PBS (pH 7.4) 

as a negative control were used to incubate cells. The supernatant was stored 

at -20° C until analysis according to manufacturer’s instructions. Results were 

expressed as the S/N ratio using the PBS stimulated sample to correct as per 

manufacturers instruction. 

Fecal samples of calves were analyzed as described in table 1 and dust 

samples were tested individually. Dust samples were decontaminated and 

prepared as described previously (Eisenberg et al., 2010b). All fecal samples 

were decontaminated and prepared for culturing in liquid medium (TREK para-

JEM®) according to the instructions provided by the manufacturer. 

Intestinal samples (4x4cm) were rinsed in PBS to remove intestinal contents 

and the mucosa was scraped off the intestinal wall using slides. The tissue 

was put into 50ml tubes prefilled with 20ml of ½ strength Brain Heart Infusion 

(BHI) containing 0.9% hexadecylpyridinium.(HPC) The lymph nodes (2g) and 

pieces of lung were cut open and put into stomacher bags with 5ml of NaCl. 

Samples were homogenized with a Stomacher® (Stomacher® 80 Biomaster, 

Seward Laboratory Systems Inc., Bohemia, New York, United States) for 1min 
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at high speed. Fluid containing debris was poured into a 50ml tube containing 

20ml ½ strength BHI with 0.9% HPC. Samples were incubated overnight at 

35°C. The next day, tubes were centrifuged at 1700g for 20min, the 

supernatant was discarded, the pellet was resuspended in 1ml ½ strength BHI 

containing antibiotics (vancomycin and naladixic acid 100µg/ml, amphotericin 

50µg/ml) and incubated overnight. 

After these initial decontamination and preparation steps fecal, dust and tissue 

samples were incubated at 35°C for 42 days in para-JEM® liquid culture 

medium. MAP presence was confirmed by IS900 real-time PCR on culture 

medium as previously described (Eisenberg et al., 2010b). Culture results 

were considered as a binominal outcome (MAP detected / not detected). 

 

Data analysis. Interferon gamma results were analyzed by ANOVA analysis 

comparing the S/N-ratios of the 4 experimental groups. The number of positive 

tissue cultures per calf was recorded and presented per location. An 

inoculation route was considered to be successful if at least one calf per group 

had at least one culture positive intestinal tissue. 

 

 

RESULTS  

Clinical findings. During the study no severe clinical abnormalities were 

detected. Several calves had a dry cough throughout the experimental period. 

It occurred in all groups before and also several weeks after inoculation. Slight 

diarrhea was detected in 3 calves; in one diarrhea occurred before inoculation, 

and in the other 2 in week 6 PI. 

Calves showed no reaction after nasal inoculation. Some calves inoculated 

transtracheally reacted with a slight cough to the injection of fluid into the 

trachea. Twice traces of blood were detected in the nostrils after transtracheal 

injection. 

 

Immune parameters. Serum samples of calves at day 3 of life and D82 after 

inoculation were negative for MAP specific antibodies in the ELISA with the 

exception of one calf of the oral inoculation group. 

Interferon gamma production of cells stimulated with PBS was negligible. 

Stimulation with PMT showed a clear interferon gamma response. After 

stimulation with PPDA the interferon gamma production was comparably low 

in the negative control, the positive control and the transtracheal inoculated 
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group (Figure 1). In the nasal inoculation group, two of six animals showed a 

high S/N-ratio. A significant (p=0.002) difference was found between the nasal 

inoculated and the positive control group. 

 

 

no challe
nge

oral
nasal

tra
cheal

0.0

2.5

5.0

7.5

10.0

12.5

S
/N

 r
a
ti
o

no challe
nge

oral
nasal

tra
cheal

0.0

2.5

5.0

7.5

10.0

12.5

S
/N

 r
a
ti
o

no challe
nge

oral
nasal

tra
cheal

0.0

2.5

5.0

7.5

10.0

12.5

S
/N

 r
a
ti
o

*

PBS PMT PPDA
A B C

no challe
nge

oral
nasal

tra
cheal

0.0

2.5

5.0

7.5

10.0

12.5

S
/N

 r
a
ti
o

no challe
nge

oral
nasal

tra
cheal

0.0

2.5

5.0

7.5

10.0

12.5

S
/N

 r
a
ti
o

no challe
nge

oral
nasal

tra
cheal

0.0

2.5

5.0

7.5

10.0

12.5

S
/N

 r
a
ti
o

*

PBS PMT PPDA
no challe

nge
oral

nasal

tra
cheal

0.0

2.5

5.0

7.5

10.0

12.5

S
/N

 r
a
ti
o

no challe
nge

oral
nasal

tra
cheal

0.0

2.5

5.0

7.5

10.0

12.5

S
/N

 r
a
ti
o

no challe
nge

oral
nasal

tra
cheal

0.0

2.5

5.0

7.5

10.0

12.5

S
/N

 r
a
ti
o

*

no challe
nge

oral
nasal

tra
cheal

0.0

2.5

5.0

7.5

10.0

12.5

S
/N

 r
a
ti
o

no challe
nge

oral
nasal

tra
cheal

0.0

2.5

5.0

7.5

10.0

12.5

S
/N

 r
a
ti
o

no challe
nge

oral
nasal

tra
cheal

0.0

2.5

5.0

7.5

10.0

12.5

S
/N

 r
a
ti
o

*

PBS PMT PPDA
A B C  

Figure 1. Interferon gamma results of blood samples collected at day 82 after inoculation 

expressed as S/N ratio. IFN-γ secretion was measured in non stimulated cells (A), in cells 

stimulated with PMT (Pokeweed mitogen) (B) and in cells stimulated with Purified Protein 

Derivative Avian (PPDA) (C). *=significant difference (P<0.05) between nasal and oral 

inoculated group. 

 

 

Necropsy. No macroscopic intestinal lesions were observed in any of the 

calves at necropsy. One calf in the nasal group showed a few pleural 

adhesions. This calf was treated for pneumonia in the first week of life before 

inoculation. No MAP could be detected in an additionally piece of lung tissue 

collected underneath the adhesions. 

 

Culture results. All fecal samples of the calves collected throughout the trial 

were culture negative. All 18 dust samples collected 8 weeks after the last 

inoculation were also culture negative. 

Culture results of tissue samples are summarized in table 2. No MAP could be 

detected in tissue of the negative control group. Intestinal MAP infection 

occurred in all inoculated calves. 

Nasal inoculated calves showed up to 6 MAP positive intestinal tissue 

samples; whereas transtracheal inoculated calves had a maximum of 4 

positive intestinal tissue samples. Nasal inoculation led to the presence of 

MAP in the tonsils of 1 calf and in the retropharyngeal lymph node in 2 other 

calves. Transtracheal application of MAP resulted in 3 calves with a positive 

tracheobronchial lymph node. 

 



 

Table 2. Summary of tissue culture results. MAP presence in tissue was confirmed by IS900 real-time PCR on liquid culture medium. Neg.: no 

challenge, TT: transtracheal; CaeV=iliocaecal valves, ln= lymp node, Il= ileum, Je= jejunum, Lu= lung, TB= tracheobroncheal lymph node, 

Re=retropharyngeal lymph node, To=tonsils. 

 

Group 

Total no. 

Positive 

out of 18 

CaeV 

 

CaeV 

ln 

Il1 

 

Il1 

ln 

Il2 

 

Il2 

ln 

Je1 

 

Je1 

ln 

Je2 

 

Je2 

ln 

Je3 

 

Je3 

ln 

Je4 

 

Je4 

ln 

Lu1 

 

TB 

 

Re 

 

To 

 

Neg 0                   

Neg 0                   

Neg 0                   

Oral 1          +         

Oral 2          + +        

Oral 1 +                  

Nasal 7   + + + + +     +     +  

Nasal 1    +               

Nasal 1       +            

Nasal 3      +        +    + 

Nasal 1      +             

Nasal 4     +       +  +   +  

TT 4         +  +  + +     

TT 2       +         +   

TT 2        +        +   

TT 4    +   + +        +   

TT 3         + +  +       

TT 2           +  +      
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DISCUSSION 

This study supports the hypothesis that MAP might be transmitted via 

bioaerosols since a low trickle dose administered via the nasal and 

transtracheal route could establish MAP infection in all inoculated calves. Both 

respiratory routes caused infection of intestinal tissue and intestinal lymph 

nodes. 

In sheep intra-tracheal MAP exposure has been previously described as a 

potential route of infection (Kluge et al., 1968). The number of calves used in 

this study was too small to statistically compare results for tissue locations 

between groups, but the goal was a proof of principle. Presence of MAP in 

cultured intestinal tissue and lymph node samples of all challenged calves 

(table 2) supports that MAP uptake via the respiratory tract can induce MAP 

infection in susceptible calves. Recent detection of MAP in bioaerosols on 

commercial dairy farms indicates that this route has to be considered as a 

possible route of transmission (Eisenberg et al., 2010a). 

Intermittent fecal shedding due to infection has been described in 

experimental trials as early as 146 days post challenge (Waters et al., 2003). 

Since calves in this study were inoculated with a lower dose per inoculation 

day compared to literature and were euthanatized before 12 weeks post 

inoculation, no presence of MAP in any fecal sample was expected. In early 

MAP infection, no macroscopic lesions occur and histological lesions 

containing acid-fast bacteria can be detected sporadically if at all (Waters et 

al., 2003; Whitlock and Buergelt, 1996). Therefore in this study, confirmation 

of MAP infection in tissue samples was performed by MAP culture. 

The detection of seroconversion against MAP using commercially available 

ELISA tests has occurred earlier in experimental infection studies than in 

naturally infected cattle, but not before 406 days after inoculation (Collins, 

1996; Koets et al., 2006; Waters et al., 2003). The absence of MAP specific 

antibodies shortly after birth showed absence of maternal antibodies in 

colostrum administered to the calves. Not detecting antibodies in 14 out of 15 

challenged calves in week 12 after inoculation is in agreement with published 

studies indicating seroconversion so early after challenge to be a rare event. 
The interferon gamma assay detects cellular immune responses and was 

deemed useful for early paratuberculosis detection in cattle (Stabel and 

Robbe-Austerman, 2011; Stewart et al., 2007). In experimental studies in 

calves, interferon gamma production has been detected as early as day 7 

after intraperitoneal inoculation (Stabel and Robbe-Austerman, 2011). 
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However, after oral inoculation (4 times of 1-2 x1010 CFU/dose) interferon 

gamma production did not increase before day 90 post-inoculation and was 

considered a robust measure only after 6 months of age (Stabel and Robbe-

Austerman, 2011). In the present study, calves were inoculated with a 

considerably lower dose and were euthanized before 90 days post inoculation 

explaining the low interferon gamma response in the oral inoculation group. 

On the other hand, two calves inoculated through the nasal route showed a 

clear interferon gamma response as early as 12 weeks post inoculation 

indicating an efficient sensitization of peripheral blood mononuclear cells after 

nasal uptake. 

Fecal-oral transmission of MAP is believed to be the most common route of 

transmission under field conditions (Cocito et al., 1994; Sweeney, 1996). In 

addition, this route of inoculation has been frequently confirmed to be effective 

in experiments (Hines et al., 2007). Therefore, the positive control group was 

inoculated orally with the same inoculation scheme and dose as the 

experimental groups. All 3 positive control calves became infected  (table 2), 

although the total dose (1x107 CFU/dose) and the dose given per inoculation 

day (8x105 CFU/dose) was low (Hines et al., 2007). A dose of 1.5x106 

CFU/dose for 2 consecutive days reliably induced detectable infection, 

whereas a dose of 2x105 CFU/dose did not (Sweeney et al., 2006). In this 

study the daily oral dosage was lower than 106 CFU/dose and probably only 

led to an infection because it was administered several times as a trickle dose 

adding up to a total dose around 107 CFU. 

In humans, aerosol routing after aspiration has been described to be 

dependent on droplet size (Hatch, 1961; Pearson and Sharples, 1995). Similar 

estimates for particle penetration into the respiratory tract have been 

performed in calves (Davies and Webster, 1987). To mimic aerosol infection 

by droplets via the upper respiratory tract a device was used to administer the 

inoculum in the nasal group which was designed for intranasal application in 

humans. It produced aerosols with a variable size (>5µm) which were mainly 

trapped in the mucociliary system (Newman et al., 1987). Thus, most MAP 

would have reached only the nasal cavity passing the nasal associated 

lymphoid tissue (NALT) before being cleared by the mucociliary system. NALT 

contains M-cells which have been shown to facilitate MAP uptake in Peyers 

patches after oral uptake (Momotani et al., 1988; Schuh and Oliphant, 1992). 

After nasal inoculation, MAP would come into direct contact with NALT and 

thus with M cells; it would also pass by the palatine tonsils before being 
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swallowed and diluted by saliva. Therefore, when presented to M cells in 

NALT, uptake of MAP might occur via a similar mechanism to that which 

occurs during oral infection; respiratory uptake may be even more efficient 

since in this case MAP is not diluted in intestinal contents before reaching the 

target tissue. In addition, when inhaled, surplus MAP will be swallowed and M-

cells in the Peyers patches subsequently will be exposed. Confirmation of 

MAP in retropharyngeal lymph nodes and in tonsils of calves of the nasal 

inoculation group supports that the nose can act as a portal of entry for MAP. 

Transtracheal application of MAP was performed mimicking the scenario of 

MAP attached to respirable dust. Particles and bacteria entering alveoli will be 

taken up by pulmonary-alveolar macrophages and removed by the mucociliary 

system, passing the tonsils before being swallowed: alternatively they could 

pass the mucosal epithelial barrier (Cohen and Gold, 1975; Davies and 

Webster, 1987; Lillie and Thomson, 1972). M-cells in bronchus-associated 

lymphoid tissue (BALT) have been described as portal of entry for 

Mycobacterium bovis in mice (Teitelbaum et al., 1999). BALT is not present in 

the neonatal bovine lung, but can be detected after 4 months of age 

(Anderson et al., 1986) indicating that BALT could play a role in MAP uptake 

in older young stock but not in the present study. In this study MAP was 

possibly cleared by pulmonary-alveolar macrophages and partially passed the 

mucosal epithelial barrier indicated by confirmed positive tracheobroncheal 

lymph nodes in 3 calves of the transtracheal group. These findings support 

that the lung can act as a portal of entry for MAP. 

After oral inoculation and uptake by M-cells of the Peyers patches, 

macrophages are the target cells since MAP is capable of interfering with 

bactericidal mechanisms of these cells (Sigurethardottir et al., 2004). Within 

macrophages, MAP migrates to the regional lymph nodes (Whitlock and 

Buergelt, 1996) and in later stages of disease the whole body is colonized 

(Ayele et al., 2004; Herthnek et al., 2006; Mutharia et al., 2010). Older oral 

infection studies detected MAP in lymphoid tissue of the pharyngeal area 

shortly after inoculation, followed later on by the intestinal tract and other 

organs indicating dissemination via the reticuloendothelial system to reach the 

intestinal tissue (Payne and Rankin, 1961; Payne et al., 1960). This theory 

was supported by the finding that instillation of MAP in tonsils of calves’ leads 

to infected intestinal tissue (Waters et al., 2003). In addition, intraperitoneal 

inoculation proved to be effective for inducing infection (Stabel et al., 2009). In 

this study MAP lymph nodes close to the inoculation site were positive, as well 
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as intestinal tissue and lymph nodes, indicating that migration occurred as 

well. Intestinal colonization when inoculated orally, intraperitoneally and 

directly into the tonsils and now also nasally and transtracheally supports that 

migration of MAP has to occur once it has passed the epithelial barrier (Stabel 

et al., 2009; Sweeney et al., 2006; Waters et al., 2006). 

 

In conclusion, intestinal MAP infection can be induced via the respiratory route 

when administered into the nose or the trachea of young calves. Since MAP 

has been described in bioaerosols on dairy farms, the transmission of MAP by 

bioaerosols will need to be considered in MAP control programs in addition to 

the fecal-oral route. 
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The studies presented in this thesis aimed to determine whether viable 

Mycobacterium avium subsp. paratuberculosis (MAP) can spread within dairy 

farms through bioaerosols and therefore whether bioaerosols can contribute to 

transmission of infection. Bioaerosols were considered to be dust particles 

originating among other things from fecal material which become airborne by 

animal movement and settle somewhere in the environment. 

 

To address this question, four main topics were studied. First, a method was 

developed to detect both viable MAP and MAP DNA in dust samples under 

experimental conditions (100% MAP prevalence) by collecting floor dust and 

settled dust samples. Secondly, the collection of settled dust was further 

validated on commercial dairy farms (<10% MAP ELISA seroprevalence). 

Thirdly, the relationship between ELISA seroprevalence and the level of 

environmental contamination via MAP containing bioaerosols was 

investigated. Finally, an experimental infection trial was performed to 

investigate whether bioaerosols can function as a transmission route for MAP 

and thus provide proof of concept which would warrant infectious bioaerosols 

to be considered in the development in future control programs. 

 

 

DETECTION OF MAP IN BIOAEROSOLS 

In Chapter 2 a study is presented to adapt a previously described method 

using electrostatic dust collectors (EDC) (Noss et al., 2008) for collection of 

bioaerosols in an experimental cattle barn with known MAP shedders (100% 

prevalence) to detect presence and assess viability of MAP in dust. Samples 

were analyzed by PCR to identify MAP DNA and by liquid culture to identify 

viable MAP bacteria. Repeated sampling was undertaken to gain insight into 

the temporal and spatial variability of the MAP concentration in the 

environment. MAP DNA and viable MAP were detected in settled dust 

samples collected in areas just above animal level, showing that bioaerosols 

can transport MAP throughout the barn and that bacteria can remain viable in 

dust. Aerosolized MAP dispersion could be demonstrated inside the barn, as 

was shown when MAP was detected in the entire barn whilst only part of it 

was stocked. Despite strict biosafety precautionary measures for materials 

and personnel, viable MAP was not only found in dust inside the barn, but also 

on different locations outside the barn, decreasing with increasing distance to 

the barn. 
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Viable MAP was detected in settled dust samples using a method with a high 

detection limit (105 CFU/gr). This implies that a substantial amount of MAP is 

present, despite the fact that it was not possible to accurately quantify MAP 

CFU present in dust samples. 

 

 

MAP IN BIOAEROSOLS ON COMMERCIAL DAIRY FARMS 

MAP could be detected in settled dust samples throughout a cattle barn under 

experimental conditions, characterized by 100% MAP prevalence. The MAP 

prevalence on commercial dairy farms in the Netherlands is lower; and has 

been estimated at 2.7-6.9% (Muskens et al., 2000). A probably 14 to 35 fold 

lower MAP prevalence in commercial herds compared to the experimental 

situation may not be picked up by environmental measurements as described 

in Chapter 2. However, collection of dust samples involves accumulation of 

dust over a 4 week period. This might increase the likelihood to pick up on 

MAP when present in the herd.  

 

Hence, in Chapter 3, dust collection was used on commercial dairy farms to 

investigate whether MAP detection was possible despite the relatively high 

detection limit of the method. Twenty-two farms infected with paratuberculosis 

were selected and grouped according to the estimated prevalence. Moreover, 

because environmental Mycobacteria containing IS900-like sequences may 

be present on dairy farms leading to false positive PCR results (Cousins et al., 

1999), two farms considered MAP-free according to the method proposed by 

Weber et al. (2004), were included. Control farms were MAP DNA and viable 

MAP negative, which supports specificity of this method. Farms were visited 

twice with a 4 week interval to collect dust present at the first visit and dust 

which had settled on EDCs during the following 4 week period. MAP DNA and 

viable MAP were found in the majority of farms in at least one dust sample. 

Since no statistical difference between both methods was found dust collected 

at any farm visit can be used for MAP detection. This indicates that if MAP is 

present in dust it is consistently present and can be detected for a longer 

period of time. MAP positive dust samples were only found in the barn where 

dairy cows were present. 

On commercial dairy farms MAP eradication could not be established using 

methods that eliminate or reduce transmission through known infection routes. 

However, spread of MAP through dust is not taken into account in current 
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eradication programs. Thus it is likely that this is an uncontrolled route for 

transmission of infection. The findings presented in Chapter 3 indicate that 

separate buildings to house and raise young stock may be required to prevent 

contact between young stock and MAP infected animals. 

 

In Chapter 4 the relationship between the prevalence of ELISA positive 

animals and the detection of viable MAP positive dust samples was 

investigated. Milk samples were collected every four weeks and dust samples 

were collected with EDCs over the four weeks preceding each milk sampling, 

during 16 months. Milk was tested for the presence of MAP-specific antibodies 

as a proxy for MAP-shedding and a measure of MAP prevalence. Dust 

containing viable MAP has to originate from feces of MAP shedding cows. The 

kinetics of how fecal material transforms into dust particulates are not totally 

clear but there is probably a delay between shedding and dispersion of MAP 

in the environment. Secondly, it is not known when MAP shedding exactly 

occurs in relation to seroconversion. Different hypotheses of temporal aspects 

of environmental contamination in relation to seropositive cows were 

investigated by shifting the results of MAP presence in dust samples forward 

and backward in time compared to milk ELISA results.  

Between and within farm variation was studied. Average farm prevalence was 

associated with the presence of MAP in dust. Further analysis showed that 

this association was mainly driven by the presence of consistently high and 

consistently low prevalent farms. Within farms no temporal correlation could 

be detected between prevalence and MAP presence in dust samples. Only 

location of EDC was shown to be important to predict detection of viable MAP 

in an analysis in which an adjustment was made for autocorrelation. Location 

within the dairy barn, was associated with viable MAP positive settled dust 

samples (OR 4.5). These findings confirm that young stock housed within 

dairy barns containing paratuberculosis positive herds are at risk to be in 

contact with MAP. 

 

In Chapter 5 the effect of cleaning on the presence of MAP in bioaerosols was 

determined, since risk assessment had pointed out that calf management and 

hygiene improvement are the most important risk factors for disease 

transmission (Goodger et al., 1996; Johnson-Ifearulundu and Kaneene, 1998; 

Muskens et al., 2003; Tavornpanich et al., 2008). A commercial dairy barn with 

a high prevalence of MAP was completely destocked, high pressure cleaned 
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and kept empty for 14 days before it was re-stocked again. When combining 

cleaning with keeping the barn empty for 14 days no viable MAP could be 

detected in bioaerosols. MAP DNA only could still be detected in a limited 

number of samples (2 out of 9). Contact surfaces such as cubicles and slatted 

floors were not included in this study and may still present an exposure risk. 

MAP load on these surfaces is likely to be high. Removing viable bacteria 

might be harder compared to surfaces which are only contaminated by dust. 

Nonetheless, a reduction of MAP in the environment can be achieved when 

high pressure cleaning on a regular basis is incorporated into current Dutch 

dairy farming practice. 

 

 

BIOAEROSOLS AS A MAP TRANSMISSION ROUTE 

The well-established transmission route of MAP is the oral uptake of the 

bacteria by susceptible calves (Sweeney, 1996). As mentioned earlier, results 

of follow-up studies of control programs confirmed that MAP prevalence could 

be reduced but not eradicated (Benedictus et al., 2008; Collins et al., 2010; 

Wells et al., 2008). Bioaerosols containing viable MAP as described in 

Chapters 2 and 3 represent a plausible infection route via ingestion after 

inhalation and ingestion because the environment is explored by licking and 

suckling. Per respiration only a small amount of dust can be taken up, 

however, due to continuous exposure it might amount to an infective dose. In 

sheep, experimental intra-tracheal infection has been successful (Kluge et al., 

1968) however, in calves inhalation had previously only been hypothesized as 

a possible route of infection (Corner et al., 2004). 

 

In Chapter 6 an infection trial in calves is described which was designed as a 

‘proof of concept’ for infection following aerosol exposure. Calves inhaled 

aerosolized MAP mimicking uptake of inhalable dust particles, or inoculated 

transtracheally, mimicking uptake of respirable dust particles, while an orally 

inoculated group acted as a positive control. All inoculation methods were 

performed as a 9-fold trickle dose. Three calves were not challenged and used 

as negative controls. Twelve weeks after first inoculation calves were 

euthanized and tissues were extensively sampled. No MAP was detected in 

negative controls. MAP infection was established by tissue culture of intestinal 

tissue and lymph nodes in all exposed calves irrespective of inoculation route. 

Orally inoculated calves showed a maximum of two positive intestinal tissues. 
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Calves of the nasal and transtracheal group had a maximum of 6 respectively 

4 intestinal samples confirmed positive. For the alimentary route MAP has 

been described to pass the mucosal epithelial barrier via M-cells to cause 

infection. M cells are present in Peyers patches and belong to the gut 

associated lymphoid tissue (GALT). After passing the mucosal epithelial 

barrier MAP is taken up by macrophages which are colonizing the gut and 

local lymph nodes (Whitlock and Buergelt, 1996). Similar tissue is present in 

the nasal associated lymphoid tissue (NALT) (Lugton, 1999). Two calves with 

positive retropharyngeal lymph nodes and one calf with positive tonsils 

support the hypothesis that infection was established in this way. MAP is 

probably ingested by alveolar macrophages and cleared via the mucociliary 

system after reaching the alveoli (Green and Kass, 1964). Only a small part is 

transported to the tracheobroncheal lymph nodes. Three calves in the 

transtracheal inoculated group showed a colonized tracheobronchial lymph 

node, substantiating this theory. Once the mucosal epithelial barrier has been 

passed, the reticulo-endothelial system can be used for dissemination in a 

similar way for the aerosol route as has been proposed for the oral route to 

establish intestinal infection. The fact that MAP could be detected 12 weeks 

after inoculation in intestinal tissue of all calves indicates the respiratory tract 

is an effective route of infection under experimental conditions. 

 

 

BIOAEROSOL EXPOSURE AND MAP PATHOGENESIS 

MAP has been described to enter the calf via M cells present in Peyers 

patches in gut associated lymphoid tissue (GALT) (Momotani et al., 1988), 

followed by colonization of the gut and later the local lymph nodes. Since M 

cells are also present in the nasal associated lymphoid tissue (NALT) (Lugton, 

1999), a similar mechanism could be considered when nasal inoculation is 

performed. When MAP is introduced to NALT, exposure of bacteria to the 

lymphoid tissue might be more direct compared to GALT since inoculum does 

not get diluted by saliva and ingesta before reaching the lymphoid tissue. 

Additionally, bacteria which are not taken up by NALT will be removed by the 

mucociliary system of the nose to the pharynx, and mucus containing bacteria 

is swallowed contributing to an alimentary transmission (Schuh and Oliphant, 

1992). 

In the lung MAP is probably taken up by the alveolar macrophages, since 

these are the first line of defense against inhaled bacteria (Hocking and Golde, 
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1979). In mice it has been shown that alveolar macrophages migrate to the 

mucociliary stream after taking up bacteria. They are than eliminated from the 

lung (Green and Kass, 1964). A similar mechanism might occur in calves. 

Clearance of particles after alveolar disposition by the mucociliary system has 

been described in calves for radioactive aerosols and bacteria (Davies and 

Webster, 1987; Lillie and Thomson, 1972). After clearing by the mucociliary 

system, alveolar macrophages containing MAP will be swallowed and will 

contribute to the alimentary infection route. Since bacteria can be detected in 

the regional lymphnodes of the lung, as has been shown in Chapter 6, some 

bacteria seem to be able to pass the epithelial mucosal barrier. 

Under experimental conditions, intra-peritoneal and intravenous inoculation 

(Kluge et al., 1968; Stabel et al., 2009) and instillation in tonsils (Waters et al., 

2003) led to infection of intestinal tissue and regional lymph nodes indicating 

systemic spread of MAP after the epithelial mucosal barrier was passed. After 

oral uptake dissemination in the calf through the reticulo-endothelial system 

within macrophages has been postulated (Whitlock and Buergelt, 1996). This 

route of migration possibly occurs also after inoculation via the respiratory tract 

and after other experimentally used inoculation routes such as intra-peritoneal 

and intravenous. While the latter routes are unlikely to occur under field 

conditions the respiratory tract is likely involved in MAP transmission. 

 

 

IMPLICATIONS OF FINDINGS 

MAP control programs have been developed in several countries. Modeling of 

disease dynamics incorporating known transmission routes has shown that 

the crucial steps for control are separation of calves and adult cattle as soon 

as possible after birth, and improvement of management measures in order to 

minimize contact between infectious and susceptible age groups on a farm 

(Groenendaal et al., 2002).  Additionally, it was shown in longitudinal studies 

on dairy farms participating in control programs that MAP prevalence did 

decrease, but disease was not eradicated (Benedictus et al., 2008; Collins et 

al., 2010). Other routes of transmission than the oral route have been 

suggested and inhalation of bioaerosols has been hypothesized as a potential 

candidate (Corner et al., 2004; Schukken et al., 2009). So far, several 

observations indicate that this route should be considered when future control 

programs are developed. 
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Lymphoid tissue which is said to be responsible for MAP uptake in the gut is 

also present in the nose, indicating that nasal uptake seems potentially similar 

(Lugton, 1999; Momotani et al., 1988; Whitlock and Buergelt, 1996). MAP 

infection has been postulated to start in retropharyngeal lymph nodes and 

tonsils and disseminate to the intestinal tract via the reticulo-endothelial 

system later on in disease even when uptake occurred orally under 

experimental conditions (Payne and Rankin, 1961). This is a likely mechanism 

when the respiratory tract is the portal of entry 

When present in the air of calf housings, MAP containing aerosols will be 

aspirated continuously for 24 hours each day whereas in this study MAP was 

administered only 9 times. Oral uptake seems to be dependent on cumulative 

probabilities, like shedding of MAP by an infected cow, at the time the calf is 

susceptible and present, and the likelihood of actual ingestion of MAP infected 

fecal material before infection can occur. On the other hand the continuous 

exposure to infective dust might cause infection even more efficient. 

Data collected on the commercial dairy farms, either twice or longitudinally for 

over a year, indicated that whenever calves are housed in different buildings 

than dairy cows, no exposure to infected bioaerosols could be detected. 

However, this might still occur but below detection levels. Although the level 

this transmission route contributes to disease prevalence is unknown, a 

practical advice to decrease the risk of MAP infection via bioaerosols is 

housing young stock in separate buildings directly after birth. 

 

 

FUTURE RESEARCH 

This thesis showed that bioaerosols on dairy farms can contain viable MAP 

and that bioaerosols can lead to intestinal infection of MAP under 

experimental conditions. It seems plausible that this infection route occurs 

under field conditions but future research should confirm this hypothesis. For 

confirmation spiked dust or dust collected at a MAP positive farm might be 

used to inoculate calves to induce MAP infection. A transmission study with 

clinical cows infecting the environment for susceptible calves without direct 

contact might be designed as well. These studies will give more insight in the 

question whether bioaerosol transmission actually occurs on dairy farms. 

An example of such an experiment has been described by van Roermund and 

others where calves were housed in boxes close to MAP shedding cows for a 

period of 3 months without any direct contact (van Roermund et al., 2007). 
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MAP infection was confirmed in 9 of 10 calves. Oral uptake of fecal sputters as 

route of transmission during the experiment was hypothesized by the authors. 

As shown in this thesis, aspiration of bioaerosols may have caused infection in 

these calves. Model fit improved in a study modeling MAP transmission within 

infected herds when incorporating the possibility of calf-to-calf transmission in 

addition to cow-to-calf transmission (van Roermund, 2002). Adding an 

environmental component to the model which acts as a consistent source of 

infection not directly influenced by the number of infected cows present at the 

farm might improve the fit of the model even further. 

Knowing that bio-aerosol transmission can occur, it might be interesting to be 

able to quantify MAP present in dust samples on commercial farms. This might 

be achieved by optimizing the real-time PCR and culture procedure used in 

this study. Additionally, it would be interesting to determine the minimal 

infective dose which causes infection in calves. Information about the dosage 

of MAP present in the environment of cattle farms and about the dose needed 

to establish infection would help to assess the risk of transmission via this 

route and quantify its impact on herd prevalence. In addition, it would help to 

asses which precautions would be useful to control transmission. 

On animal level it would be interesting to look more closely how MAP migrates 

through the animal once it passed the mucosal epithelial barrier. This would 

lead to a better understanding of disease pathogenesis and might help to 

develop new tests for early infection detection. 

 

Awaiting these studies, this thesis has confirmed earlier suspicions about the 

presence of unknown and therefore uncontrolled transmission routes and 

indicated uptake of viable MAP containing bioaerosols via the respiratory tract 

as a possible candidate. 
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INTRODUCTIE 

Paratuberculose bij runderen is een bacteriële infectie van het maag-

darmkanaal en wordt veroorzaakt door Mycobacterium avium subsp. 

paratuberculosis (MAP). De bacterie wordt in grote aantallen uitgescheiden 

door volwassen koeien in een gevorderd stadium van de ziekte. De overdracht 

vindt hoofdzakelijk plaats van koe naar kalf door orale opname van besmette 

mest rond de geboorte. Naast de orale opname van besmette mest kan de 

ziekte ook via besmette melk en intra-uterien worden overgedragen. 

De bacterie verblijft een aantal jaar onopgemerkt en een deel van de kalveren 

zal na 3 tot 5 jaar als volwassen dier ziekteverschijnselen zoals waterige 

diarree en vermageren gaan vertonen. Er is geen behandeling tegen deze 

ziekte. Omdat dieren die klinische verschijnselen vertonen extreem veel 

bacteriën via de mest uitscheiden, verminderde melkproductie hebben, op den 

duur ernstig vermageren en uiteindelijk zullen sterven is voorkomen van de 

infectie bij kalveren van belang. In Nederland, andere Europese landen en in 

Amerika wordt geschat dat paratuberculose op 30 tot 70% van de melkvee 

bedrijven aanwezig is. Deze grote aantallen zorgen voor grote economische 

verliezen op besmette melkveebedrijven door verminderde melkgift, 

vervroegde uitval van melkkoeien en verminderde slachtopbrengst.  

 

Onderzoek heeft aangetoond dat jonge kalveren het gevoeligst zijn voor 

infectie en de infectiegevoeligheid met toenemende leeftijd afneemt. Met 

behulp van computermodellen is de invloed van adviezen op de prevalentie 

van paratuberculose op bedrijven beoordeeld. Daarbij werd duidelijk dat 

hygiëne maatregelen rond het afkalven, het scheiden van kalveren van hun 

moeders kort na de geboorte en gescheiden kalveropfok van belang zijn om 

de ziekte terug te dringen. Langdurig toepassen van deze maatregelen op 

bedrijven liet zien dat de prevalentie wel afneemt maar de ziekte uiteindelijk 

toch niet wordt uitgeroeid. Daarom wordt vermoed dat er nog andere 

manieren van overdracht van de bacteriën zijn die tot op heden niet bekend 

zijn en daarom niet in adviezen verwerkt zijn. Een tot op heden onbekende 

manier van overdracht zou via met MAP besmet stof kunnen zijn. Stof ontstaat 

uit opgedroogde mest, huidschilfers, haar en voer door dierbewegingen in 

stallen en deze bioaerosolen kunnen vrij door de ruimte bewegen. De afstand 

die stof kan afleggen binnen de stal is afhankelijk van de luchtbeweging en de 

partikelgrootte. Op plaatsen waar het stof weer neer slaat zouden kalveren het 

kunnen oplikken en op die manier oraal opnemen. Daarnaast is er ook de 
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mogelijkheid dat kalveren het stof inademen. De kleinere stofdeeltjes komen 

tot diep in de longen, de grotere stofdeeltjes worden opgevangen in de 

voorste luchtwegen. 

 

In dit proefschrift is de rol van bioaerosolen in de verspreiding van MAP op 

melkvee bedrijven bestudeerd. Als eerste werd gekeken of het mogelijk was 

om onder experimentele omstandigheden MAP in stof te detecteren. Daarna 

werd de detectiemethode in het veld toegepast. Vervolgens is de relatie 

tussen het aantal MAP geïnfecteerde koeien en de mate van de besmetting 

van de omgeving bestudeerd. Als laatste is een infectie studie uitgevoerd om 

vast te stellen of het toedienen van MAP via de neus of de trachea in jonge 

kalveren tot MAP infectie leidt om vast te stellen of bioaerosolen daadwerkelijk 

een aanvullende route van infectie kunnen vormen. 

 

 

DETECTIE VAN MAP IN BIOAEROSOLEN 

In Hoofdstuk 2 is een eerder beschreven methode, die gebruik maakt van 

elektrostatische doekjes (EDC) voor het verzamelen van huisstof, aangepast 

om stofmonsters in een koeienstal te verzamelen. De monsters werden op 

een experimenteel bedrijf verzameld waar voor onderzoeksdoeleinden 

uitsluitend bevestigde MAP uitscheiders stonden (100% MAP prevalentie). De 

stofmonsters werden met behulp van PCR onderzocht om de aanwezigheid 

van DNA materiaal aan te tonen. Daarnaast werd met bacteriologisch 

onderzoek (BO) vastgesteld of er levende MAP kiemen in de stofmonsters 

aanwezig waren. 

In stofmonsters van locaties verspreid door de hele stal zijn zowel MAP DNA 

als levende kiemen gevonden. Ook in stofmonsters die op 2 meter hoogte 

verzameld waren, toen nog maar de helft van de stal bezet was met koeien, 

werd MAP gevonden. Deze studie liet zien dat bioaerosolen MAP bevatten en 

dat de kiem zich via bioaerosolen door de hele stal kan verspreiden zonder 

dat er direct diercontact nodig is. Ondanks dat er op dit bedrijf strenge hygiëne 

maatregelen waren genomen werd de kiem ook in stofmonsters buiten de stal 

aangetroffen. 

De test die gebruikt werd om MAP in stof aan te tonen was niet heel gevoelig 

(105 kolonie vormende eenheden/g) maar desalniettemin was het wel mogelijk 

MAP aan te tonen. Dit geeft aan dat er aanzienlijke hoeveelheden MAP in het 

stof aanwezig waren. 
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In Hoofdstuk 3 werd de methode uit Hoofdstuk 2 op praktijkbedrijven 

toegepast. Deze bedrijven hadden een duidelijk lagere MAP prevalentie 

(<10%) vergeleken met het experimentele bedrijf waardoor de 

omgevingsbesmetting waarschijnlijk lager was. 

Tijdens deze studie werden tweeëntwintig paratuberculose positieve bedrijven 

bemonsterd. Daarnaast werden 2 paratuberculose vrije bedrijven bemonsterd 

om valspositieve resultaten uit te sluiten. De monsters verzameld op de 

paratuberculose vrije bedrijven waren zowel MAP DNA als BO negatief. Dit 

gaf aan dat de gebruikte methode specifiek was. De paratuberculose positieve 

bedrijven werden 2 keer bezocht. Bij het eerste bezoek werd reeds aanwezig 

stof verzameld en werden EDCs geplaatst om 4 weken lang stof te 

verzamelen. MAP DNA en levende MAP bacteriën werden op bijna alle 

bedrijven in ten minste 1 stof monster gevonden. Er was statistisch gezien 

geen verschil tussen beide methoden wat aangeeft dat voor het nemen van 

stof monsters ten behoeve van MAP detectie een enkele bemonstering 

voldoende is. MAP werd alleen gevonden in EDCs die geplaatst waren in 

stallen waar melkkoeien gehuisvest waren. 

 

Hoofdstuk 4 beschrijft het onderzoek naar de relatie tussen het aantal MAP 

antilichaam positieve dieren en het aantal positieve EDCs op een bedrijf. In 

deze studie zijn 8 bedrijven 16 maanden gevolgd waarbij elke 4 weken 

melkmonsters van alle lacterende dieren (MPR) met behulp van een ELISA op 

MAP antilichamen onderzocht zijn. De ELISA uitslag werd gebruikt om de 

MAP prevalentie te bepalen en als een afgeleide voor MAP uitscheiding via de 

feces. Stofmonsters werden verzameld in de 4 weekse periode voorafgaand 

aan de MPR en onderzocht met behulp van BO op de aanwezigheid van 

levende MAP bacteriën. Omdat het niet bekend is hoe lang het duurt tot 

uitgescheiden mest stof wordt en het ook niet bekend is wanneer precies de 

uitscheiding van MAP via de mest toeneemt in relatie tot de stijging van de 

antilichamen zijn de resultaten van de stofanalyse verschoven ten opzichte 

van de ELISA resultaten.  

Tussen de 8 bedrijven was de bedrijfsprevalentie gecorreleerd met het aantal 

MAP positieve EDCs. Deze correlatie bleek vooral veroorzaakt te worden 

doordat een aantal bedrijven continue hoog en een andere groep continue 

laag prevalent bleef. Binnen het bedrijf was er geen duidelijke correlatie 

tussen de seroprevalentie en het aantal MAP positieve EDCs. Binnen het 

bedrijf was alleen de aanwezigheid van melkkoeien in de ruimte waar de EDC 
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hing van belang om de aanwezigheid van MAP bacteriën op de EDC te 

voorspellen (OR 4.5). Hieruit bleek dat kalveren die in dezelfde stal stonden 

als paratuberculose positieve melkkoeien een hogere kans hadden via 

bioaerosolen aan paratuberculose blootgesteld te worden. 

 

In de literatuur wordt veelvuldig aangegeven, dat hygiëne maatregelen en het 

verbeteren van kalvermanagement helpen om MAP verspreiding op 

melkveebedrijven tegen te gaan. Daarom is in Hoofdstuk 5 gekeken naar het 

effect van schoonmaken op de aanwezigheid van levende MAP bacteriën in 

bioaerosolen. Een melkveebedrijf met een hoge MAP prevalentie werd 3 keer 

bemonsterd. Eerst terwijl de koeien aanwezig waren, vervolgens nadat alle 

dieren geruimd waren en de stal met de hogedruk reiniger schoongemaakt 

was en tenslotte nadat hij 14 dagen leeg gestaan had. Toen de koeien nog 

aanwezig waren werden de meeste monsters met levende kiemen gevonden 

maar na schoonmaken en leegstand werd alleen nog MAP DNA op 2 locaties 

aangetroffen. Op dit bedrijf werd alleen stof verzameld op plekken > 2 meter 

boven dierniveau. Waarschijnlijk zal op de roosters en de ligboxen het aantal 

kiemen veel hoger zijn dus het effectief reinigen van deze oppervlaktes is 

waarschijnlijk moeilijker dan het reinigen oppervlaktes die alleen door 

bioaerosolen verontreinigd zijn. Toch blijkt uit deze studie dat reinigen met de 

hogedruk spuit en korte leegstand zou kunnen helpen om MAP contaminatie 

van de stal te verminderen. 

 

BIOAEROSOLEN ALS TRANSMISSIE ROUTE VAN MAP 

Tot op heden wordt aangenomen dat MAP infectie ontstaat na orale opname 

van de kiem uit mest en melk. De bioaerosolen beschreven in de voorgaande 

hoofdstukken blijven maar beperkt in de lucht en kunnen ophopen op plaatsen 

met minder luchtbeweging. Kalveren hebben van nature een grote 

zuigbehoefte en onderzoeken hun omgeving door aan voorwerpen te zuigen 

en te likken. Op deze manier zouden de neergeslagen bioaerosolen 

opgenomen kunnen worden. 

Een andere mogelijkheid is dat kalveren de bioaerosolen opnemen via de 

ademhaling. De hoeveelheid opgenomen stof per ademhaling zal laag zijn 

maar door de continue ademhaling zou op den duur een infectieuze 

hoeveelheid MAP opgenomen kunnen worden. Experimenteel heeft men 

schapen kunnen infecteren via de trachea wat leidde tot besmetting van het 
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maag-darmkanaal. In kalveren was deze route tot op heden alleen als 

hypothese geformuleerd. 

 

In Hoofdstuk 6 is een infectiestudie beschreven waarin kalveren via de neus 

of via de trachea met MAP zijn geïnfecteerd. Grotere stofdeeltjes (≥5µm) 

zullen in de neus gefilterd worden en al dan niet na blootstelling aan het 

lymfoïde weefsel in de neus via het mucociliaire system naar de keel worden 

getransporteerd en uiteindelijk worden ingeslikt. Kleine stofdeeltjes (<5µm) 

kunnen tot in de diepere luchtwegen komen. Deze kleine stofdeeltjes worden 

door longmacrofagen opgenomen en deels via het mucociliaire systeem naar 

de keel getransporteerd en ingeslikt en deels naar een locale bronchiale 

lymfknoop getransporteerd. 

Zes kalveren werden via de neus besmet, 6 kalveren transtracheaal en 3 

kalveren oraal als positieve controles. Drie dieren werden niet besmet en 

dienden als negatieve controles. Twaalf weken na de eerste inoculatie werden 

alle kalveren geëuthanaseerd, waarna weefselmonsters met behulp van BO 

onderzocht zijn op MAP. 

In de negatieve controle kalveren werd geen MAP gevonden, terwijl in alle 

geïnoculeerde kalveren MAP positieve darmweefsels en darmlymfeknopen 

zijn gevonden. 

Na orale inoculatie is beschreven dat MAP wordt opgenomen door M-cellen in 

het ileum. M-cellen zijn ook aanwezig in de neus dus een soortgelijke opname 

van MAP via de neus zou mogelijk kunnen zijn. Deze directe opname via de 

neus lijkt aannemelijk, omdat in de nasale groep MAP gevonden is in de 

tonsillen (1x) en de retropharyngeale lymfeknoop (2x). In de alveoli kunnen de 

kiemen opgenomen worden door longmacrofagen. Deze zorgen deels voor de 

verwijdering van de kiem via de mucociliaire lift. Een deel van de bacteriën 

kan waarschijnlijk de epitheel barrière passeren. Deze route is aannemelijk 

aangezien MAP in de retropharyngeale lymfknopen van 3 kalveren van de 

transtracheale infectie groep werd aangetoond. Nadat MAP de epitheel 

barrière is gepasseerd kan verspreiding via het reticulo-endotheliale system 

plaatsvinden zoals ook beschreven wordt na orale inoculatie. 

Aangezien MAP in alle geïnoculeerde kalveren gedetecteerd werd kan 

geconcludeerd worden dat ook het respiratieapparaat een efficiënte route is 

voor de infectie met MAP onder experimentele omstandigheden. 
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CONCLUSIE 

In dit proefschrift is aangetoond dat zowel MAP DNA alsook levende MAP 

bacteriën in stof kunnen worden gedetecteerd. Dit bleek niet alleen mogelijk in 

stallen met grote aantallen MAP positieve dieren maar ook op melkvee 

bedrijven met lage MAP prevalentie. Verder is beschreven dat de opname van 

MAP via de neus of de trachea leidt tot MAP infectie in kalveren. Aangezien 

de lokaal drainerende lymfeknopen van de neus en de long positief werden is 

het aannemelijk dat MAP de epitheel barrière in de neus en de long kan 

passeren. Bovendien zal na transport via het mucociliaire systeem MAP 

ingeslikt worden en direct in de darm terecht komen. 

Dit proefschrift heeft bevestigd dat MAP transmissie via bioaerosolen op een 

paratuberculose geïnfecteerd bedrijf aannemelijk is. Het huisvesten van 

gevoelige jonge kalveren in ruimtes waar (besmette) melkkoeien aanwezig zijn 

leidt tot een aanzienlijk hoger risico dat de kalveren blootgesteld worden aan 

infectieus stof. Bioaerosolen zouden daarmee één van de tot op heden 

onbekende en daarom ongecontroleerde transmissieroutes van MAP op 

melkveebedrijven kunnen zijn.  Verder onderzoek zal moeten uitwijzen in 

welke mate bioaerosolen onder praktijkomstandigheden een rol spelen en wat 

de consequentie daarvan is op bestaande bestrijdingsprogramma’s en 

management adviezen. 
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EINLEITUNG 

Paratuberkulose des Rindes ist eine weltweite auftretende infektiöse  

Erkrankung die durch  Mycobacterium avium subspecies paratuberculosis 

(MAP) verursacht wird. MAP führt zu einer chronische Infektion des 

Dünndarmes, welche im klinischen Stadium chronischen Durchfall verursacht. 

Die Erkrankung führt zu kontinuierlichem Gewichtsverlust und schließlich zum 

Tod des betroffenen Tieres. 

Übertragung von MAP findet vor allem über den Kot infizierter Kühe bzw. über 

kontaminierte Milch statt, wobei vor allem junge Kälber anfällig für eine 

Infektion sind. Auch wird über intrauterine Übertragung von Paratuberkulose 

von der Mutter auf das Kalb berichtet. Die Inkubationszeit der Paratuberkulose 

wird mit zwei bis fünf Jahren angegeben. Darüber hinaus werden nur ein Teil 

der infizierten Tiere klinisch krank. Ein wesentliches Problem stellt die 

Diagnostik der Paratuberkulose vor allem bei infizierten aber klinisch (noch) 

unauffälligen Tieren dar, da diese Tiere wesentlich zur Übertragung der 

Paratuberkulose beitragen. Da derzeit keine Therapie bekannt ist, liegt der 

Schwerpunkt der Paratuberkulose in Rinderbeständen vor allem auf der 

Prävention der Übertragung. 

Die Herdenprävalenz der Paratuberkulose in Milchviehbetrieben wird in den 

Niederlanden wie auch in anderen europäischen Ländern sowie den 

Vereinigten Staaten mit zwischen 20% und 70% angegeben. In der 

Milchwirtschaft ist MAP durch Beeinträchtigung der Milchleistung und eine 

verkürzte Lebensdauer befallener Tiere von wirtschaftlicher Bedeutung. Seit 

einigen Jahren wird MAP auch im Zusammenhang mit Morbus Crohn beim 

Menschen diskutiert. 

 

Wie bereits erwähnt, sind junge Kälber am anfälligsten für die Infektion, wobei 

das Infektionsrisiko mit zunehmendem Alter abnimmt. Diese so genannte 

Altersresistenz machen sich Paratuberkulose- Bekämpfungs- Programme zu 

Nutze. An Hand von Computermodellen konnte gezeigt werden, dass Hygiene 

beim Kalben und Trennung von Mutter und Kalb unmittelbar nach der Geburt 

sich positiv auf die Reduktion der Prävalenz auswirken. Langfristige 

Anwendungen dieser Maßnahmen führen jedoch lediglich zu einer Reduktion 

der Prävalenz, nicht aber zu einer vollständigen Sanierung der Betriebe. Diese 

Erkenntnis legt den Schluss nahe, dass es noch weitere bisher nicht 
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berücksichtigte Möglichkeiten der Verbreitung der Paratuberkulose gibt. Mit 

MAP kontaminierter Staub könnte bei der Übertragung eine Rolle spielen, da 

Staub in Stallanlagen hauptsächlich aus getrocknetem Mist und Haut-, Fell- 

und Futter- Partikeln besteht, die sich als Bioaerosole durch die Luft verbreiten 

können und bisher nicht kontrolliert wird. Kälber haben einen ausgeprägten 

Drang zum Saugen und erkunden ihre Umgebung vielfach mit Hilfe von Nase 

und Zunge. Staub im Tierbereich dürfte somit mit großer Wahrscheinlichkeit 

von Kälbern aufgenommen werden.  

 

Um die Rolle der Bioaerosole bei der Verbreitung von MAP zu erforschen, 

wurden in vorliegender Arbeit folgende Fragenstellungen bearbeitet. Zuerst 

wurde untersucht ob MAP in Staubproben eines Rinderbetriebes mit 100% 

Paratuberkulose-Prävalenz nachgewiesen werden kann. In einer Folgestudie 

wurde diese Untersuchung auf kommerzielle Milchviehbetriebe ausgeweitet. 

Darüber hinaus wurde in einer Langzeitstudie untersucht, ob eine Beziehung 

zwischen der Anzahl MAP-infizierter Kühe und der Anzahl MAP-positiver 

Staubproben besteht. Abschließend werden die Ergebnisse einer 

Infektionsstudie präsentiert deren Ziel es war die Infektionmöglichkeit von 

Kälbern  durch intranasale bzw. intratracheale Inokulation mit MAP, zu 

untersuchen. 

 

 

IDENTIFIKATION VON MAP IN BIOAEROSOLEN 

Kapitel 2 stellt eine Studie vor, in welcher mit Hilfe von elektrostatischen 

Staubtüchern (EDC) Staubproben in einem experimentellen Rinderbetrieb 

gesammelt wurden, in dem zu Forschungszwecken nur an Paratuberkulose 

erkrankte Tiere aufgestallt waren. Mit Hilfe eines PCR wurden die 

Staubproben auf MAP DNS untersucht und mit kultureller Untersuchung 

wurde die Anwesenheit lebender MAP Bakterien untersucht. 

Sowohl MAP DNS als auch lebende Bakterien wurden in Staubproben in allen 

Bereichen des Stalles gefunden, selbst zu dem Zeitpunkt als der Stall erst zur 

Hälfte belegt war. Diese Ergebnisse legen den Schluss nahe, dass 

Bioaerosole MAP enthalten können und dass MAP sich mit Bioaerosolen frei 

durch den Stall bewegen kann. Die hohe Zahl positiver Proben trotz der 

geringen Sensitivität des angewandten Tests, der eine minimale Menge von 
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105 Kolonie formender Einheiten/Gram erforderlich macht, um zu einem 

positiven Ergebnis zu kommen, lässt darüber hinaus vermuten, dass MAP im 

Staub in erheblichen Konzentrationen vorhanden sein kann.  

 

In Kapitel 3 werden Ergebnisse präsentiert welche mit der zuvor 

beschriebenen  Methode der Staubprobengewinnung auf kommerziellen 

Milchviehbetrieben erhalten wurden. Die Paratuberkulose-Prävalenz der 

untersuchten Betriebe war bedeutend geringer (<10%) was eine deutlich 

weniger mit MAP kontaminierte Umgebung vermuten ließ.  

In 22 Paratuberkulose-positiven sowie in zwei Paratuberkulose-freien 

Milchviehbetrieben wurden während zwei Besuchen Staubproben genommen. 

In keiner der Proben der freien Betriebe konnte MAP oder MAP DNS 

nachgewiesen werden, was für die Spezifität der angewandten Methode 

spricht. Beim ersten Besuch wurde bereits vorhandener Staub beprobt und 

EDCs angebracht auf denen 4 Wochen Staub gesammelt wurde, bevor sie 

wieder entfernt wurden. MAP DNS und lebende Bakterien wurden in allen 

Betrieben in mindestens einer Staubprobe festgestellt. Es gab keinen 

statistisch signifikanten Unterschied in der Anzahl MAP positiver EDCs 

zwischen dem beim ersten oder beim zweiten Besuch genommenen Proben, 

was darauf hin deutet, dass ein Besuch ausreichend ist, um MAP in 

Staubproben festzustellen. MAP wurde nur in Proben gefunden die im 

Stallgebäude der Milchkühe genommen worden waren.  

 

In Kapitel 4 werden Ergebnisse einer Studie präsentiert die den 

Zusammenhang  zwischen der Anzahl MAP-positiver Milchkühe und der 

Anzahl der MAP-positiven EDCs in Milchviehbetrieben untersuchte. Insgesamt 

wurden in 8 Milchviehbetrieben 16-mal mit 4 wöchigem Abstand Milchproben 

aller laktierender Rinder auf MAP Antikörper untersucht, um die 

Paratuberkulose -Prävalenz zu schätzen. Staubproben wurden jeweils in den 

4 Wochen, vor der Milchprobennahme gesammelt und mittels Bakterienkultur 

auf MAP untersucht. Da nicht genau bekannt ist, wie lange es dauert bis Kot 

zu Staub wird bzw. wann die fäkale MAP Ausscheidung relativ zum Anstieg 

der MAP Antikörper in der Milch zunimmt, wurden die Resultate der 

Staubproben relativ zu den Milchproben zeitlich sowohl vor als auch zurück 

geschoben. 
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Beim Vergleich der Betriebe untereinander war die Betriebs-Prävalenz positiv 

korreliert mit der Anzahl der MAP positiven Staubproben. Beim Vergleich der 

16 Messungen innerhalb eines Betriebes wurde keine Korrelation zwischen 

der Anzahl der positiven Kühe und der Anzahl der positiven Staubproben 

festgestellt. Die Anzahl MAP positiver Staubtücher im Milchviehstall war auf 

allen Betrieben signifikant höher als im baulich getrennten Jungviehstall. 

Wenn aber Kälber im selben Stall wie die Milchkühe gehalten wurden, ist eine 

Übertragung von MAP über kontaminierter Bioaerosole in den Kälberbereich 

auch ohne direkten Tierkontakt möglich. 

 

In der Literatur werden oft strengere Hygienemaßnahmen und Optimierung 

des Kälbermanagements empfohlen, um die Verbreitung von Paratuberkulose 

einzuschränken. In Kapitel 5 wurde in einem Betrieb mit hoher MAP 

Prävalenz der Effekt des Reinigens eines Stalles auf die Kontamination von 

Bioaerosolen mit MAP untersucht. In diesem Milchviehbetrieb wurden 

Staubproben vor der Räumung des Stalles sowie nach Räumung und 

Reinigung des Stallgebäudes mittels Hochdruckreinigers entnommen. Eine 

weitere Beprobung erfolgte nachdem das Gebäude, 2 Wochen leer gestanden 

hatte. Die Staubproben wurden jeweils über dem Milchviehbereich 

gesammelt. Während die überwiegende Anzahl der Staubproben die im 

belegten Stall gesammelt wurden sowohl MAP DNS als auch lebende 

Bakterien enthielten wurden nach Reinigung bzw. zwei wöchigem Leerstand 

keine lebenden MAP Bakterien gefunden. MAP DNS wurde lediglich in 2 von 

9 Proben nachgewiesen. Die Ergebnisse dieser Studie belegen, dass die 

Kontamination der Bioaerosole im Stallbereich durch Reinigung mittels 

Hochdruckreinigers erheblich reduziert werden kann. 

 

 

BIOAEROSOLE UND IHRE ROLLE BEI DER VERBREITUNG VON MAP 

Gegenwärtig wird davon ausgegangen, dass Infektionen auf oralem Weg 

durch Aufnahme von MAP über Milch oder Kot entstehen. Ein anderer, bisher 

nicht berücksichtigter Infektionsweg wäre die orale Aufnahme oder die 

Inhalation von mit MAP kontaminierten Bioaerosolen. Während bei Schafen 

die Infektion mit MAP nach intratrachealer Inokulation experimentell 
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beschrieben wurde, ist diese Übertragungsmöglichkeit bei Kälbern bisher nicht 

untersucht worden. 

 

In Kapitel 6 wird eine Infektionsstudie beschrieben, in welcher Kälber mit 

MAP haltigem Aerosol intranasal bzw. intratracheal inokuliert wurden. Diese 

Inokulationswege wurden gewählt, da größere Staubpartikel (>5µm) in der 

Nase aus der Atemluft gefiltert werden, dann mit intranasalem Lymphgewebe 

in Kontakt kommen und danach durch mukoziliäre Aktivität aus dem 

Nasenraum entfernt werden. Kleinere Staubpartikel hingegen (<5µm) können 

bis in die Alveolen gelangen wo sie von Alveolarmakrophagen aufgenommen 

und dann zum Teil durch die Mukozilien zurück in den Rachen transportiert 

und heruntergeschluckt werden. Ein Teil der Bakterien gelangt außerdem 

nach Phagozytose zu den regionalen Lymphknoten des Lungengewebes. 

Sechs Kälber wurden intranasal und 6 Kälber intratracheal 9-mal mit einer 

niedrigen Dosierung MAP inokuliert. Darüber hinaus wurden 3 positive 

Kontrollkälber oral infiziert während 3 negative Kontrollkälber nicht inokuliert 

wurden. Zwölf Wochen nach der ersten Inokulation wurden die Tiere 

euthanasiert und Gewebeproben zur kulturellen Untersuchung entnommen. 

Während in den Gewebeproben der negativen Kontrollkälber kein MAP 

nachgewiesen wurde, wurde MAP in Darmgewebe und Darmlymphknoten bei 

allen inokulierten Kälbern nachgewiesen.  

Nach gegenwärtigem Verständnis wird MAP nach oraler Aufnahme von 

sogenannten M-Zellen im Ilium aufgenommen. Da im nasalen Lymphgewebe 

ähnliche M-Zellen zu finden sind, ist eine Infektion direkt über die 

Nasenschleimhaut vorstellbar. Die Möglichkeit einer solchen aerogenen 

Infektion würde auch den Nachweis von MAP in Tonsillen und 

retropharyngealen Lymphknoten einzelner Probanden erklären. Direkte 

Aufnahme von MAP über die Alveolen ist wahrscheinlich ebenfalls möglich, da 

bei Kälbern nach transtrachealer Inokulation auch MAP in tracheobronchealen 

Lymphknoten nachgewiesen wurde. Wenn MAP die Epithelbarriere in der 

Nase oder in den Alveolen durchbrochen hat, kann es sich über das reticulo-

endotheliale System im Körper ausbreiten und den Dünndarm erreichen. 

Da MAP in Gewebeproben aller Kälber nachgewiesen wurde ist davon 

auszugehen, dass auch die Atemwege einen effizienten Weg zur MAP- 

Infektion darstellen. 
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SCHLUSSFOLGERUNGEN 

Anhand mehrerer Studien konnte gezeigt werden das in Paratuberkulose 

positiven Beständen, selbst bei niedriger MAP Prävalenz Stallstaub lebende 

MAP Bakterien in beträchtlichen Mengen enthalten kann. Darüber hinaus 

konnte anhand einer Infektionsstudie nachgewiesen werden, dass eine 

Paratuberkuloseinfektion bei Kälbern auf aerogenem Weg möglich ist. Hieraus 

wird geschlossen, dass die Verbreitung von MAP durch Bioaerosole in einem 

mit Paratuberkulose infizierten Milchviehbetrieb möglich ist. Bioaerosole 

könnten demnach als bisher nicht berücksichtigter Weg der Verbreitung von 

Paratuberkulose in Milchviehbetrieben in Betracht kommen. Zukünftige 

Studien müssen zeigen, inwieweit Bioaerosole in kommerziellen 

Milchviehbetrieben tatsächlich eine Rolle bei der Paratuberkulose-Verbreitung 

spielen und welche Konsequenzen dies für Paratuberkulose-  Bekämpfungs- 

Programme hat. 
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