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Abstract

The longstanding assumption that calves of more than 6 months of age are more resistant to Mycobacterium avium
subspecies paratuberculosis (MAP) infection has recently been challenged. In order to elucidate this, a challenge
experiment was performed to evaluate age- and dose-dependent susceptibility to MAP infection in dairy calves.
Fifty-six calves from MAP-negative dams were randomly allocated to 10 MAP challenge groups (5 animals per
group) and a negative control group (6 calves). Calves were inoculated orally on 2 consecutive days at 5 ages: 2
weeks and 3, 6, 9 or 12 months. Within each age group 5 calves received either a high – or low – dose of 5 × 109

CFU or 5 × 107 CFU, respectively. All calves were euthanized at 17 months of age. Macroscopic and histological
lesions were assessed and bacterial culture was done on numerous tissue samples. Within all 5 age groups, calves
were successfully infected with either dose of MAP. Calves inoculated at < 6 months usually had more culture-
positive tissue locations and higher histological lesion scores. Furthermore, those infected with a high dose had
more severe scores for histologic and macroscopic lesions as well as more culture-positive tissue locations
compared to calves infected with a low dose. In conclusion, calves to 1 year of age were susceptible to MAP
infection and a high infection dose produced more severe lesions than a low dose.

Introduction
Paratuberculosis or Johne’s disease (JD) is a chronic en-
teritis of ruminants caused by Mycobacterium avium
subspecies paratuberculosis (MAP). Clinically affected
animals have chronic, non-treatable diarrhea and wasting
[1]. The major effects are reduced milk yield [2,3], prema-
ture culling and reduced slaughter value [4].
Johne’s disease in cattle has an incubation period ran-

ging from 2 to 10 years [5]. In most cases, MAP is trans-
mitted by the fecal-oral route [1]; in infected herds,
calves are likely exposed to manure from mature cattle
that shed the bacteria in their feces and to contaminated
water, feed, or milk [6]. In Eastern Canada and Maine,
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the prevalence of MAP infection was 16.1% based on a
systematic random sample of cattle at an abattoir [7].
Several studies claim cattle were infected as calves but

become more resistant to the infection as they get older
[8-11]. However, interpretation and comparison of the re-
sults of these studies is hindered by the low number of an-
imals per experiment, the variety of infection doses and
routes of infection used, incomplete information regarding
animal housing and the variation in diagnostics used to
confirm infection [12]. For this reason, proposed inter-
national guidelines were designed in order to standardize
and simplify interpretation of infection experiments [13].
It has also been suggested that calves become more re-

sistant as of 6 months of age [11,12]. As a result, current
herd level control strategies focus on reducing calf expos-
ure to all manure by recommending hygienic measures
such as removing young calves from their dams to prevent
transmission of MAP [6,12].
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The basis for this age-dependent susceptibility has not 
been well documented and was recently identified as an 
important knowledge gap [13]. Clearly, correct under­
standing of age-related resistance is critical for develop­
ment of effective control programs. 
Because this technique can identify infection earlier than 

any other diagnostic test, MAP culture from gastro­
intestinal tissues is considered to be the gold standard for 
detection of MAP infection [1] and was used to confirm 
infection status [14] in multiple studies. 
The objective of the present study was to evaluate age-

and dose-dependent susceptibility to MAP infection in 
dairy calves by the use of tissue culture and macroscopic 
and microscopic evaluation of tissues. 

Materials and methods 
Calves 
Fifty-six Holstein-Friesian bull calves were purchased 
from 16 Alberta (Canada) dairy farms. These 16 herds 
were selected from 24 southern Alberta dairy herds 
tested to estimate the prevalence of MAP infection. 
Fecal and serum samples were collected from all 2nd 
lactation and older cows and individual milk samples 
were obtained simultaneously with the fecal and serum 
sampling through the milk recording agency CanWest 
DHI (Guelph, ON, Canada). To minimize the risk of in­
cluding calves that had acquired intra-uterine MAP in­
fection, calves were collected only from the 16 herds 
that yielded negative pooled (n = 5) fecal samples 
(decontaminated and prepared for culture according to 
manufacturer’s instructions; para-JEM®, TREK Diagnos­
tic systems, OH, USA) and had a within-herd seropreva­
lence < 5% (IDEXX Paratuberculosis Ab Test; IDEXX 
Laboratories Inc, Westbrook, ME, USA). 
Only calves from heifers or second parity cows and 

born on-farm in the presence of the research team were 
included in the study; contact (licking, suckling …) with 
the dam or environment was prevented. Additional fecal 
and serum samples were collected from the dam within 
2 weeks after calving and tested with fecal culture and 
serum ELISA, respectively. Only calves from dams nega­
tive for both tests were included in the study. In 
addition, a precolostral serum sample was collected from 
each calf and tested for presence of Bovine Viral Diar­
rhea Virus which would indicate persistently infected 
calves (only calves with negative test results were used). 

Nutrition, health and husbandry 
The calves were transported to the research facility and 
fed 6 L of gamma-irradiated colostrum (collected from 
fecal culture- and ELISA-negative herds) within 6 h after 
birth. To ensure colostrum would not contain any live 
MAP bacteria, this colostrum was treated with gamma 
irradiation with a minimum dose of 10 kGy per pail 
(containing 17 L of colostrum) using a Co-60 source 
(McMaster Nuclear Reactor, Hamilton, ON, Canada) 
[15]. This was followed by milk replacer and calf starter 
grain without antimicrobial additives and high-quality 
hay, as Eisenberg et al. described [16]. After weaning at 
7 weeks of age, calves were fed ad libitum hay and water 
and supplemented with concentrates to guarantee a bal­
anced diet. 
Calves were dehorned under local anesthesia using a 

cauterizing iron and they were surgically castrated after 
administration of sedation and local anesthesia. Calves 
were monitored for 17 months, after which they were 
euthanized and necropsied. 
The calves were housed in a biosecurity level 2 hous­

ing facility. This facility included 33 individual custom 
built housing units with waterproof liners to contain any 
leakage. One individual housing unit consisted of the 
pen containing the calf and a marked zone, in which a 
dedicated boot dip, boots, coveralls and gloves were pro­
vided for each individual housing unit. Calves were 
contained in small pens until 4 months of age after 
which they were individually transferred to a large ani­
mal facility – maintaining the individual housing unit set 
up. Personnel were trained in strict biosafety and isola­
tion protocols to avoid transmitting MAP between 
calves and health status was monitored and recorded 
daily by clinical inspection. Animal care protocols 
M09083 and M09050 were approved by the Animal Care 
Committee of the University of Calgary. 

Study design 
The 56 calves were randomly allocated to 5 age groups 
and 2 dose groups within each age group. Calves were 
inoculated with MAP at 5 ages (2 weeks, 3 months, 6 
months, 9 months and 12 months). Six calves housed in 
the same conditions were not inoculated (negative con­
trols). Within each of the 5 age groups containing 10 
calves, 5 calves were infected with a high dose (HD) of 
MAP and 5 with a low dose (LD) of MAP. 
The research facility allowed housing a maximum of 

33 calves individually at a time. Consequently, the first 
33 calves equally representing all age and dose groups, 
as well as 3 controls were included. The experiment was 
then repeated with 23 calves, including 3 control calves, 
also equally representing all age and dose groups. 

Inoculum 
A virulent cattle type MAP strain isolated from a clinical 
Alberta JD case (Cow 69) was used for inoculation. This 
isolate has an identical BamHI, PvuII and PstI IS900 – 
RFLP profile to the reference strain K10 (data not 
shown), the strain type recommended for experimental 
infection trials [13]. Two doses of inoculum were used, a 
HD of 5 × 109 CFU given on 2 consecutive days (= 5 
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times the recommended standard bovine challenge dose 
[13]) and a LD of 5 × 107 CFU also given on 2 conse­
cutive days (=10 times higher than the lowest confirmed 
and consistent infectious dose for young calves [14]). 
Inoculum was prepared and cultured in 7H9 broth 

and quantified using the pelleted wet weight method, as 
well as qPCR as described by Eisenberg et al. [16]. Be­
fore each inoculation, one tube containing an identical 
aliquot of MAP cells was taken out of the −802 °C 
freezer and resuspended in 350 mL of 7H9 broth. The 
culture was incubated for exactly 7 days at 37 °C in a 
shaking incubator. In this period, the inoculum was 
tested for contamination. Right before inoculation, a 50 
mL volume was prepared for the HD inoculation group 
and a 100-fold dilution was created for the LD inocula­
tion group. The inoculum was placed in a syringe and 
expelled at the root of the tongue. 

Necropsies 
Calves were euthanized at 17 months of age by intra­
venous injection of barbiturate (Euthanyl Forte®, DIN 
00241326, Bimeda-MTC Animal Health Inc., ON, 
Canada) and necropsies were performed immediately. 
No other ruminants were allowed in the pathology 
room during necropsies and the necropsy room and ta­
bles were thoroughly cleaned and disinfected before 
and after each necropsy. 
Twenty-one tissue samples were collected from each 

calf. For each tissue sample, a new set of disinfected in­
struments and clean gloves were used (to prevent cross 
contamination). Intestinal tissue sample locations were 
marked and isolated (zip ties) to prevent movement of 
intestinal contents. Lymph nodes (LN) were sampled be­
fore opening and sampling intestinal tissue to prevent 
cross contamination. 
Macroscopic lesions were assessed at necropsy by a 

veterinary pathologist, who was blinded to the inocu­
lation status of the calves. Macroscopic lesions were 
scored, based on previous studies [1,17-22], to the fol­
lowing categories: 0 = no macroscopic changes; 1 = one 
enlarged or edematous LN of the small intestine or liver; 
2 = multiple enlarged and edematous mesenteric LN 
and/or hyperemia of the ileocaecal valve; 3 = enlarged 
mesenteric LN and/or mild to moderate thickening of 
ileal or jejunal mucosa; and 4 = enlarged mesenteric LN 
and severe thickening and corrugation of the ileal, je­
junal and colon mucosa. 
Gastro-intestinal tissue samples were collected from 

the duodenum, jejunum (mid and distal), ileum (prox­
imal, mid and distal), ileocaecal valve, caecum, colon 
(spiral colon and transverse colon) and rectum. Lymph 
nodes were sampled on locations corresponding with 
the gastro-intestinal tract samples (except for the spiral 
colon, transverse colon and rectum). Additionally, the 
hepatic LN, tonsil, retropharyngeal LN and the superfi­
cial inguinal LN were sampled. From the 23 calves in­
cluded in the second replicate, additional samples were 
collected (kidney, liver and spleen). Special consideration 
was given to evaluation of a specific subset of sampling lo­
cations: ileocaecal valve, ileocaecal LN and distal ileum. 
These tissue sites were considered particularly important 
because these were previously described as the most reli­
able sampling sites for MAP diagnosis [18,23,24] and these 
sites would provide the most reliable detection of success­
ful infection. 
From 4 specific tissue sites (ileocaecal valve, ileocaecal 

LN, ileal LN and distal ileum), samples were placed in a 
labeled cassette, immersed in 10% neutral buffered for­
malin solution (VWR International, Inc., Edmonton, AB, 
Canada) and routinely processed for histological assess­
ment. Samples were embedded in paraffin, sectioned 
and stained with Hematoxylin-Eosin (HE) as well as 
Ziehl-Neelsen (ZN) by Prairie Diagnostic Services (Sas­
katoon, SK, Canada). Slides were examined by light mi­
croscopy and scored for paratuberculosis-associated 
histological lesions according to González et al. [25] (0 = 
no lesions; 1 = focal lesions; 2 = multifocal lesions; and 
3 = diffuse lymphocytic, multibacillary or intermediate 
lesions) by an experienced veterinary pathologist who 
was blinded to the inoculation status of the calves. 
Intestinal samples were rinsed with PBS to remove in­

testinal content and the mucosa was scraped off the in­
testinal wall using microscope slides. Fat was trimmed 
from the LN and these were homogenized in a Stom­
acher® (Stomacher® 80 Biomaster, Seward Laboratory 
Systems Inc., Bohemia, NY, USA) and stored at −80 °C 
until cultured. 
Tissue culture 
From each tissue sample, 2 g was added to a sterile poly­
ethylene stomacher bag with 5 mL of PBS and homoge­
nized in a Stomacher®. The sample was then added to 20 
mL of 0.6% hexadecylpyridinium chloride (HPC) in half 
strength Brain Heart Infusion (BHI). After incubation (3 h 
at 37 °C), tubes were centrifuged at 1700 × g for 20 min. 
Further processing was performed according to manufac­
turer’s recommendations (para-JEM®, TREK Diagnostic 
Systems). Tissue culture results were assessed in categor­
ies. Calves were assigned to the following categories: 0 = 
no positive tissues; 1 = 1–3 tissues positive; 2 = 4–6 tissues
positive and 3 = more than 6 tissues positive. 
DNA extraction and real-time qPCR using F57 
From these liquid tissue cultures, DNA was extracted as 
described by Forde et al. [26]. Next, real-time PCR 
targeting the F57 region was performed as described by 
Slana et al. [27] and based on Forde et al. [28]. Samples 
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with amplification curves with a threshold cycle (Ct) 
below 40 were considered positive. 

Data analyses 
Differences in distributions of tissue culture results, macro­
scopic and microscopic lesions between age and dose 
groups were evaluated using Chi-square and Fisher’s exact 
tests. For comparisons between the HD and LD groups or 
between specific age groups, one-sided testing was used. 
Agreement between the three diagnostics used was cal­
culated with a linearly weighted kappa coefficient [29]. 
Analyses were performed using STATA 11.0 (StataCorp LP, 
College Station, TX, USA). A P-value ≤ 0.05 was consi­
dered significant. 

Results 
Tissue culture 
Twenty-eight of the 50 (56%) inoculated calves had at 
least one MAP-positive tissue (Table 1). One control calf 
had one culture-positive tissue (duodenal LN), whereas 
another control calf had two culture-positive tissues 
(ileal LN and ileocaecal LN). 
Positive tissue culture results were present in calves of 

all age and dose groups. The proportion of calves with at 
least one MAP-positive tissue culture, was equal (14 calves 
of 25; 56%) between the LD and the HD calves (P = 1.00).
However, all 5 calves with ≥ 4 culture-positive tissues were 
inoculated with a HD (P = 0.03). The proportion of calves 
with at least one culture-positive tissue was similar in the 
5 age groups, ranging from 40-70% (P = 0.82) and the pro­
portion of tissue culture-positive calves did not decrease 
with increasing age at inoculation (Table 1). However, all 5 
calves with ≥ 4 culture-positive tissues were inoculated 
at ≤ 6 months of age (P = 0.07).  

Tissue locations 
All tissue locations were MAP culture-positive in at least 
one calf, except for the kidney, although no location was 
MAP culture-positive in all inoculated calves (Figure 1). 
The proportion of positive tissue sites ranged from 0% 
(kidney) to 16% (mid ileum and ileocaecal valve); most 
sampling sites in this trial were culture-positive in < 10% 
of the MAP- inoculated calves (Figure 1). 
Table 1 Detection of MAP in calves by culture of tissues per a

Tissue culture Control Low dose 
category* 2 weeks 3 months 6 months 9 months 1

0 4 4 2 2 1 

1 2 1 3 3 4 

2 

3 

*0 = no tissue locations culture-positive; 1 = 1–3 tissue locations culture-positive; 2 
A minimum of 10 tissue locations was necessary to 
identify all culture-positive calves. Any extra samples did 
not increase the number of calves detected (Figure 2). 
Using the subset of tissue locations most frequently used 
to diagnose MAP infection, ileocaecal valve, ileocaecal 
LN and distal ileum, 8 (31%) of the 26 calves with at 
least one MAP-positive tissue culture were detected. All 
of these 8 calves were MAP culture-positive for the 
ileocaecal valve and from these, 4 also had a positive cul­
ture for the distal ileum, whereas 3 had a positive culture 
for the ileocaecal LN. 
By the end of the trial, two HD calves inoculated at 2 

weeks of age had clinical symptoms of JD; these calves 
both had 18 of 24 culture-positive tissue locations. 

Macroscopic lesions 
Macroscopic lesions were present in calves in all age and 
dose groups (Table 2). Thirty-one (62%) of 50 inoculated 
calves had macroscopic lesions, whereas no gross lesions 
were detected in the control calves (P = 0.005). Of the 
25 calves inoculated with a HD, 16 (64%) of 25 had a 
macroscopic lesion score > 2 compared to 9 (36%) of the 
25 LD calves (P = 0.04). The proportion of calves with 
macroscopic lesions differed among age groups (Table 2; 
P = 0.03). However, more calves inoculated at 12 months 
of age had macroscopic lesions compared to 9-months 
inoculated calves (P = 0.03). 
Both of the 2 HD calves inoculated at 2 weeks of age 

that had clinical symptoms of JD had severe (category 4) 
macroscopic lesions. 

Histology 
Histological lesions in samples of the ileocaecal valve, 
ileocaecal LN, ileal LN and distal ileum were present in 
calves in all age and dose groups (Table 3). Forty-two 
(84%) of 50 MAP-inoculated calves had histological le­
sions which, with the exception of 2 animals, were clas­
sified as mild and focal within affected tissues. Subtle 
and focal lesions (occasional tiny clusters of epithelioid 
ZN-negative macrophages) were also detected in 4 of 6 
control calves. Twenty (80%) calves in the LD and 22 
(88%) calves in the HD groups had lesions (P = 0.35). 
Six (12%) of 50 inoculated calves had extensive histo­

logical lesions (scores 2 or 3; Table 3). These extensive 
ge and dose group 

High dose 

2 months 2 weeks 3 months 6 months 9 months 12 months 

2 1 2 4 3 1 

3 1 2 2 4 

1 1 1 

2 

= 4–6 tissue locations culture-positive; 3 = > 6 tissues culture-positive. 
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Figure 1 Detection of MAP infection in calves by culture of tissues per tissue location. The y-axis displays the proportion that one 
particular tissue is positive over all calves and the x-axis each tissue location sampled. LN = lymph node. 
histological lesions were only present in calves in the 2­
weeks group and 3-months group (P = 0.002), but not in 
the other age groups. Also, most calves (5 of 6) with 
histology score 2 or 3 were inoculated with a HD. The 6 
calves with extensive histological lesions were also the 
only calves that were ZN-positive. The 2 calves in the 3­
months HD group had lesions in 3 of 4 tissues; both 
were positive in the ileal LN with the ZN stain. The two 
non-clinical 2-weeks calves had lesions in 3 of 4 tissues; 
one had a ZN-positive ileocaecal valve, and the second 
calf was ZN-positive in 3 of 4 tissues. 
Both HD calves inoculated at 2 weeks of age that had 

clinical symptoms of JD had severe histological lesions in 
all 4 tissues and were strongly ZN-positive in all 4 tissues. 

Tissue culture, macroscopy and histology combined 
Forty-three (86%) of 50 MAP-inoculated calves were posi­
tive on at least one diagnostic test, represented in all age 
and dose groups (Table 4), whereas 2 control calves were 
Figure 2 Number of calves detected as MAP culture-positive per add
x-axis starting with the location that detected the most MAP-infected calve
positive. LN = lymph node. 
also positive on one of the 3 tests (with a histology score ≥ 2 
considered positive). Twenty-two (44%) calves in the LD 
and 21 (42%) in the HD groups were identified with either 
tissue culture, histology (score > 2) or macroscopy (P = 
1.00). All 5 age groups had calves positive on at least one of 
3 tests, ranging from 70 to 100% (P = 0.12). 

Association between tissue culture, macroscopic lesions 
and histology 
The highest agreement was between histopathology find­
ings and tissue culture (80%) (Table 5), but kappa values 
were all <0.2 indicating slight agreement between the 3 
diagnostic methods. 

Discussion 
In all age and dose groups at least one calf had a positive 
sample for tissue culture, macroscopic lesions or histology. 
Calves inoculated at a younger age had higher scores for 
histology and tissue culture, while calves inoculated at an 
itional tissue location sampled. Tissue locations are ordered on the 
s (y-axis) to the tissue location that yielded the least number of calves 
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Table 2 Macroscopic lesions of MAP infection in calves (according to age and dose groups) 

Macroscopic Control Low dose High dose 
lesions* 2 weeks 3 months 6 months 9 months 12 months 2 weeks 3 months 6 months 9 months 12 months 

0 6 1 1 3 5 2 1 2 3 1 

1 1 1 1 1 

2 1 1 

3 3 2 1 3 2 4 2 2 4 

4 2 

*0 = no macroscopic changes; 1 = one enlarged or edematous lymph node of the small intestine or liver; 2 = multiple enlarged and edematous mesenteric lymph 
nodes and/or hyperemia of the ileocaecal valve; 3 = enlarged mesenteric lymph node(s) and/or mild to moderate thickening of ileal or jejunal mucosa; 
4 = enlarged mesenteric lymph node(s) and severe thickening and corrugation of the ileal, jejunal and colon mucosa. 
older age were more severely affected macroscopically. 
Also, only a slight agreement was present between the 
three diagnostic methods used. Furthermore, a low pro­
portion of tissue sites was culture-positive and multiple 
tissues were needed to identify a calf as infected. 
Based on a previous study [12], the proportion of 

successfully infected calves was expected to be 75% in 
calves < 6 months of age, 50% of calves 6 to 12 
months of age, and 20% of cattle > 12 months of age. 
Based on that study, it would only be possible to suc­
cessfully infect older calves with a HD [12]. In the 
present study, in all age groups, inoculated from 2 
weeks to 12 months, a high proportion of animals be­
came infected, even with a LD. Similarly, when 1 to 
2-year-old cattle grazed on pasture previously grazed 
by MAP-infected cattle, these yearlings also became 
MAP-infected [30]. Susceptibility of adult animals 
might have been missed in a previous trial, as adults 
were not included due to their expected resistance to 
MAP infection [31]. 
Calves inoculated at 6 months or younger had more 

culture-positive tissue locations and slightly more prom­
inent histological lesions. The follow-up period of calves 
inoculated at 12 months of age was 5 months, whereas 
calves inoculated at 2 weeks were necropsied 16.5 
months after inoculation. The observed difference in se­
verity could, therefore, also be due to differences among 
groups in follow-up. As expected, calves infected with a 
HD had higher histological and macroscopic lesion 
scores, as well as more culture-positive tissue locations 
compared to calves infected with a LD. 
Table 3 Number of calves per histology category in each age

Low dose 

Histology* Control 2 weeks 3 months 6 months 9 months 12

0 2 1 1 3 

1 4 3 4 5 2 

2 1 

3 

*0 = no lesions; 1 = focal lesions; 2 = multifocal lesions; 3 = diffuse lymphocytic, mu
No age-dependent susceptibility to MAP infection was 
detected in a small ruminant study [32]. The resulting 
guidelines for small ruminant control programs prag­
matically suggest to “keep in mind that while young 
animals are the most susceptible to infection, small ru­
minants can be infected as adults and may succumb to 
JD at any age”. This is in agreement with findings in deer 
[33], and it can be concluded that older ruminants are 
still susceptible to MAP infection. 
In the absence of an absolute age-related resistance, 

other mechanisms should be considered that explain 
the observed variability in individual host response to 
MAP infection. In cattle, genetic susceptibility markers 
have been identified [34-38]. Consequently, marker-
assisted breeding might be implemented in JD preven­
tion and control strategies [38]. Genetic susceptibility 
traits have also been found in deer; some breeds of red 
deer vary in resistance/susceptibility [39]. Based on 
these previous findings, we speculated that the genetic 
variation related to the regulation of the cellular im­
mune response could be responsible for observed dif­
ferences in host responses. 
Remarkably, calves at all ages were successfully infected 

with either a HD or a LD of MAP. However, calves 
given a HD of MAP had more culture-positive tissue 
locations as well as slightly more prominent macro­
scopic and microscopic lesions. Furthermore, it was 
noteworthy that the two calves with the highest num­
ber of positive tissue locations and the highest scoring 
histological and macroscopical lesions were inoculated 
with a HD. This dose dependency, also reported in 
 and dose group 

High dose 

 months 2 weeks 3 months 6 months 9 months 12 months 

2 1 

5 2 3 5 3 4 

1 2 

2 

ltibacillary or intermediate lesions. 
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Table 4 Number of calves positive on either MAP tissue culture, histology or macroscopy in each age and dose group 

Low dose High dose 
Positive* Control 

2 weeks 3 months 6 months 9 months 12 months 2 weeks 3 months 6 months 9 months 12 months 

0 4 1 1 1 2 2 

1 2 4 5 4 4 5 5 5 3 3 5 

*Tissue culture or histology (score >2) or macroscopic score. 
sheep [40], emphasizes the importance of keeping the 
infection pressure low-to minimize transmission. 
In this study, tissue culture, histology and gross lesions 

results did not always match on an individual animal 
level. However, there was a positive association between 
tissue culture and the relative severity of histological 
findings consistent with a previous study [41]. Also, deer 
as well as cattle with macroscopic lesions generally have 
a higher likelihood of culture-positive tissue, but MAP 
infection could still be detected in animals with macro­
scopically normal tissues [41-43], as was also the case in 
the present study. If tissue culture is combined with 
histopathology, detection of MAP infection is improved 
[41]. Furthermore, tissue culture was a far superior diag­
nostic tool to the use of ZN acid fast stain, as previously 
described [44]. However, in contrast to Brady et al. [21], 
MAP was not detected in all grossly affected tissues in 
this study, nor was MAP detected in all tissues with 
histological lesions. That MAP was absent in gross and 
histological lesions could have been due to a lesion not 
caused by MAP, or too few MAP were present in that 
site and hence not successfully cultured, or cure could 
have occurred. 
Dissemination of MAP is usually not expected until the 

clinical stage [45]; however MAP was distributed in clinic­
ally normal animals [21]. Consequently, it was suggested 
that restricting tissue sampling to the ileum and ileocaecal 
LN would decrease detection of many infected animals 
[46] and routine culture should be extended from the GI 
tract to other LN and tissues [47]. Furthermore, Buergelt 
et al. [18] and Condron et al. [48] both suggested that 
MAP was disseminated in subclinical infections [46] and 
we concluded that dissemination of MAP soon after infec­
tion (during the subclinical stage) might be much more 
widespread than commonly believed. 
Although tissue culture is considered the gold standard 

and capable of detecting a MAP-infected animal before 
Table 5 Linearly weighted kappa coefficients between 
histology, macroscopic lesions and MAP tissue culture 

Agreement Kappa 95% CI of kappa 

Macroscopy – tissue culture 66% 0.08 −0.06 - 0.14
 

Macroscopy – histology 70% 0.17 0.13 - 0.24
 

Histology – tissue culture 80% 0.19 −0.11 - 0.27
 

CI = Confidence interval. 
other diagnostic tests [1], only half (56%) of challenged 
calves were tissue culture-positive in this study. There are 
other reports of low detection rates of MAP in infected 
tissues [46], especially when the number of tissue samples 
is limited. This low detection rate of infected animals may 
lead to underestimation of the true prevalence of MAP in­
fection as well as underestimation of test agreement when 
using tissue culture as a gold standard. Furthermore, 
restricting tissue samples to ileum and ileocaecal LN will 
also underestimate the number of infected animals not yet 
expressing clinical signs [46,47]. 
Statistical analyses could have been more meaningful 

if a logistic regression with interaction between dose and 
age could have been performed for each diagnostic test 
used. However, even though this was a study of consid­
erable size, the number of calves in each category was 
too low to make this analysis possible. Another asset 
that would have added to this study is quantification of 
MAP-bacteria in the tissues by means of the time-to­
positive signals. However, this was not done because the 
interpretation of the pressure curves by the liquid cul­
ture system is optimized for fecal culture and failed to 
perform well on cultured tissues. 
Two of 6 non-inoculated calves had positive tissue cul­

ture results and 4 control calves had focal histological 
lesions. Perhaps presence of one focal lesion was a non­
specific inflammatory response not due to MAP infec­
tion, and may correspond to a small clusters of what are 
known as “garbage” macrophages [25], especially be­
cause these lesions were found in the paracortex of the 
LN only. In one control calf, MAP was detected from 
the 2 LN that contained focal lesions microscopically, 
whereas another calf with a focal lesion in the ileocaecal 
LN was shedding at 3 time points during the trial as 
well, suggesting a true infection. A false-positive PCR re­
sult is unlikely as the MAP-specific F57 target was used 
[27]. Even though all calves in this study were housed in­
dividually, and strict biosecurity measures were applied 
to avoid cross-contamination, perhaps MAP was trans­
ferred from the infected calves to the control calves. 
Recently, dust has been suggested as a means of trans­
mission for MAP [49-52]. Although the hay fed to the 
calves may have been contaminated with MAP, this was 
considered unlikely, as the hay was fed harvested from 
fields not grazed by cattle for several years. In utero in­
fection is a possibility [53], despite considerable efforts 
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to use calves with the lowest probability of an intrauter­
ine infection. Although every effort was done to prevent 
contamination from calf to calf, it is also possible that 
these calves acquired MAP infection during the experi­
ment. Due to insufficient DNA present after F57 PCR, it 
was unfortunately not possible to genotype the isolates 
from control calves and gain knowledge on the source of 
infection. If more stringent criteria were used to deter­
mine infection status using tissue culture and histology 
based on the results from the control animals, only 
calves infected at or < 6 months of age with a high dose 
were successfully infected with MAP (Tables 1 and 3). 
However, the shorter follow-up period of the 9 and 12 
months infection group might lead to an underestima­
tion of infection in these animals. 
Based on the results of the present study, we conclude 

that JD prevention and control programs should em­
phasize lowering MAP infection pressure, as it was proven 
that a lower infection dose resulted in less severe lesions. 
Furthermore, since cattle up to at least 1 year of age are 
susceptible to MAP infection, prevention of infection 
should include calves of all ages. 
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