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The History of Paratuberculosis 

Chiodini RJ 

3321 Jimmy Creek Rd, Fox, AR 72051, USA 

In the mid-1820’s, a debilitating intestinal disease of cattle was noticed with increasing frequency, but it was 
not well described and its cause was unknown. For 70 years, the disease was just considered one of many 
uncharacterized diseases of unknown etiology. In those 70 years however, the tubercle and “avian tubercle” 
bacillus had been identified and tuberculosis had become a familiar disease in humans and cattle. In 1894 
a cow from the Odenberg region of Germany was presented for post-mortem examination to Dr. H. A. 
Johne of the Veterinary Pathology Institute in Dresden as a suspected case of intestinal tuberculosis. 

Dr. Johne and his fellow, Dr. L. Frothingham from Boston, described the lesions of the disease, noting the 
abundant acid-fast bacilli in the intestinal tract.  The diagnosis of intestinal tuberculosis seemed possible, 
however the organism failed to grow and a sample of the infected tissue containing the organisms 
failed to cause disease in guinea pigs, thus eliminating tuberculosis as the cause. Johne and Frothingham 
suspected that the disease might be caused by the avian tubercle bacillus and proposed the name 
pseudotuberculous enteritis; in other words, sham or false tuberculosis. 

Following the description by Johne and Frothingham, reports from all over the world began to document just 
how widespread was the disease. The disease also caught the attention of Bang, who, after examination of 
tissues, concurred that it was not caused by the tubercle tuberculosis. Bang proposed the disease be called 
paratuberculosis; i.e., resembling tuberculosis. Bang also noted that infected animals failed to respond to 
tuberculin antigens (PPD), but did respond to similar preparations prepared from the avian tubercle bacillus. 
These observations were rapidly confirmed and the use of diagnostic tests emerged.  Within just 20 years 
of the first description of the disease by Johne and Frothingham, the disease was recognized throughout 
Europe and the United States. 

Just a few years later, in 1910, Twort succeeded in isolating the causative agent. This was not 
accomplished by any sort of planned laboratory experimentation, but rather in many respects through a 
laboratory accident. Twort proposed the name Mycobacterium enteriditis chronicae pseudotuberculosis 
bovis johne.  

Although Twort received full recognition for this achievement, another scientist also deserves much of the 
credit.  Holth succeeded in isolating the causative agent during the same year and completely independent 
of Twort. His achievement was by experimental design rather than by chance and was more attuned to the 
work of others. Holth recognized the work of Bang and others and shared the belief that this organism may 
not be a unique species. He simply called his isolate the paratuberculous bacillus. Unfortunately, Holth’s 
efforts and achievements were lost in history. 

With the isolation of the causative agent, and the extraction of its crude antigens, the gateway was open for 
a host of experiments into the biology and pathogenicity of this organism and the development of diagnostic 
assays including complement fixation, agglutination, skin testing, and others. In a series of transmission 
experiments, Vallee and Ringard in 1923 observed that subcutaneous inoculation did not result in disease. 
These findings rapidly led to the development of a subcutaneously inoculated vaccine. 

Also in 1923, the first edition of the Bergey’s Manual of Determinative Bacteriology was published and 
adapted the nomenclature of Bang and Holth, officially naming the disease paratuberculosis and its 
causative agent Mycobacterium paratuberculosis. 

In 1922, the scientific community started requesting that the disease be controlled and reported. By the 
mid-1920’s, it was well recognized that this disease was distributed worldwide, spreading rapidly, and 
something needed to be done to control it. Between 1922 and 1935, no fewer than a dozen countries were 
calling for some sort of control measures. Even the World Health Organization called for its classification 
and regulation as it had for brucellosis.  These outcries for control were essentially ignored, even though 
the disease was now being classified and referred to a “common” disease of cattle. 
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Throughout the 1930’s to the present, there have only been a few discoveries or reports that have had a 
major impact on paratuberculosis that this author considers of historical significance. This is not to detract 
from the tremendous efforts made during this period by numerous investigators and the contributions they 
have made to our understanding of this disease. It is the combined contributions of all these investigators 
that has had significance, rather than a single effort. 
 
During this time period, almost any conceivable experiment or observation was reported.  Every imaginable 
diagnostic test was exhaustively evaluated, control measures were defined and implemented, susceptibility 
of laboratory animals, transmission, vaccination, resistance, wildlife reservoirs, etc., were all extensively 
studied. In fact, anything you can imagine was evaluated in one form or another, particularly in the earlier 
years of the 1930’s and 1940’s. 
 
In 1939, a mycobactin-independent laboratory strain of M. paratuberculosis was deposited with the 
American Type Culture Collection as the working strain of this species and was designated ATCC 12227. 
This strain, also known as “strain 18” was widely used in paratuberculosis research and considered the 
“type strain” until 1968. Despite its withdrawal from the ATCC in 1968, it continued to be used in 
paratuberculosis research. It is now known that the infamous “strain 18” was a laboratory contaminant and 
is actually a strain of M. avium serovar 2. As a result, many studies and data presented between the period 
1920 (when strain 18 was first described) and through the 1970’s are simply invalid and serve to confuse 
and corrupt our knowledge of M. paratuberculosis. Strain 18 deserves a place in history for setting science 
back for many many years. 
 
As previously stated, there was a major boom to the paratuberculosis field starting in the 1920’s form which 
several conclusions may be drawn, namely: 
 
Diagnostic tests do not work. When evaluated in a clean environment, i.e., non-endemic areas, most 
diagnostic tests perform at acceptable levels, but when evaluated within an endemic area, like an infected 
herd, the tests fail miserably. That situation has not changed. Although in more recent years, statistics have 
been used to increase the specificity and sensitivity of diagnostic tests, they really do not work much better 
than they did 50 years ago. Furthermore, no currently used diagnostic test has been put through the 
rigorous and extensive evaluations of the past. History shows that diagnostic tests provide broad indications 
of infection in populations of animals and cannot reliably separate individual infected from non-infected 
animals within endemic areas. This is no different form the diagnostic expectations for tuberculosis and 
leprosy. 
 
Eradication/control programs do not work. Whether conducted on a state/country level or on an individual 
farm, paratuberculosis cannot be eliminated. Certainly there are exceptions and there might be some 
individual successes, but the resources of the past are not available today to conduct the type of 
experiments needed to truly and authoritatively document elimination. History shows that elimination, i.e., 
creation of a disease-free state, cannot be achieved once a herd becomes infected and the term “control” 
needs to be used in the broader context meaning simply to reduce infection and keep the disease “in 
check”. 
 
Things have changed little since then and what has been learned in the past has only been corroborated 
and expanded upon in more recent years. Certainly there has been a better understanding, some 
improvements, and overall progress, but few reports have created scientific landmarks. The few exceptions 
with long-lasting impact on the field are noted below. 
 
In June 1983, Richard Merkal of the National Animal Disease Center in Ames Iowa organized a meeting to 
bring together researchers from around the world involved in the study of paratuberculosis. This meeting 
was the first devoted exclusively to this disease and was called The International Colloquium on Research 
in Paratuberculosis. It was a small group but represented most of the major researchers in the field at the 
time. 
 
In 1984, M. paratuberculosis was isolated from human patients with Crohn’s disease providing the first 
physical evidence of a link between M. paratuberculosis in cattle and Crohn’s disease in humans. Although 
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similarities between these 2 diseases were noted as early as the mid 1800’s and, from time to time, reports 
appeared bringing forth those similarities, it took physical evidence to stir sufficient controversy to warrant a 
place in history. This controversy continues to this date, as it will likely for many years to come – the politics 
of science promises to ensure just that. 
 
In 1988, Marie Thorel and Dick Merkal organized a second meeting in Alfort France specifically devoted to 
research on paratuberculosis. This meeting, named the Second International Colloquium on 
Paratuberculosis, is where and when the concept of this association was envisioned and proposed.  In 
1989, the International Association was officially formed, incorporated, and began to solicit membership. 
 
Also in 1989, a species-specific insertion sequence of M. paratuberculosis, known as IS900, was identified 
by 2 independent groups. This discovery provided the first definitive, non-subjective, means for the 
identification of this organism.  It also led to improved diagnostics and means of identifying the species. 
 
In 1990, Marie Thorel and co-workers published their findings on a matrix analysis of M. paratuberculosis 
and several species of M. avium and concluded that M. paratuberculosis belonged to the M. avium 
complex. These authors proposed to rename M. paratuberculosis as a subspecies of M. avium, specifically 
M. avium subsp. paratuberculosis. With the publication of this proposed nomenclature in the International 
Journal of Systematic Bacteriology, M. avium subsp. paratuberculosis (commonly abbrevieated as MAP) 
became the official and formal name of the organism. Few understood (or understand) the politics of the 
International Working Group on Mycobacterial Taxonomy (IWGMT) and, although it took many years for the 
name MAP to gain wide acceptance, most investigators now use the official name M. avium subsp. 
paratuberculosis rather than the prior name, M. paratuberculosis. 
 
This author rejects the MAP nomenclature and, under rights provided by the International Committee on 
Systematics of Prokaryotes, never has and never will use the now accepted nomenclature or its 
abbreviation “MAP”. When the International Committee on Systematics of Prokaryotes and other taxonomic 
groups reject pathogenicity and phenotyes as criteria for speciation in other bacterial species, then and only 
then will this author accept M. avium subsp. paratuberculosis or MAP as the recognized and formal name of 
the causative agent of paratuberculosis, i.e., M. paratuberculosis. 
 
So, after 100 years and well over 3,000 publications, what can we learn and how can such information be 
used for the future? 
 
Control. The time for regulatory control has passed. The opportunity existed in the 1920’s, but this 
opportunity has been missed. The infection is far too widespread and endemic, and the costs too great, to 
even consider such an endeavor. It would be like trying to regulate mastitis. History documents that 
mandatory and voluntary control programs have all failed -the insidious and endemic nature of the disease 
ensures its ever-lasting presence. 
 
On an individual farm basis, control within the context of reducing overall infection is a worthwhile endeavor, 
but history shows that eradication is not a realistic goal. Like human leprosy, unless continuously treated 
the disease will eventually come back again. It is only a matter of time. Within that context, vaccination is a 
viable alternative. 
 
Although this author has opposed vaccination in the past, it now appears to be a realistic option. Although 
vaccination, within the context of available vaccines, does not lead to disease eradication, it does help with 
control of the infection. It is no better or worse than human BCG vaccination against tuberculosis. It is not a 
magic wand it is certainly not perfect, but it does help within endemic areas where there are few other 
realistic options. 
 
Diagnostics. History clearly documents that they simply cannot identify all infected animals. Looking back 
in history and trying to compare “apples-to-apples”, it appears that although diagnostic tests have improved 
over the years, the amount of improvement is not great.  More importantly, history shows that no diagnostic 
test for any infectious disease has ever worked in an endemic area, at least within the context of detecting 
sub-clinical infections. Enough already! 
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Certainly there is room for improvement, but with improvement comes increased cost and diminished use. 
Available diagnostic tests need to be used, and used exclusively, for their appropriate applications. Namely, 
identification of infection in non-endemic areas and identification of disease within endemic areas. Uses 
outside this limited scope of their application, is a never ending battle of futility. 
 
There is much to learn from history. It is there for us all to review and learn, learn from past achievements 
as well as failures. It is only up to you whether or not you choose to take advantage of it. 
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Vaccination strategies against human tuberculosis 

Andersen P 
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Tuberculosis is one of the biggest infectious disease killers worldwide, a situation worsened by the advent 
of the HIV epidemic and the emergence of multi-drug resistant strains of M. tuberculosis. Although the 
current TB vaccine (BCG) is efficient against severe childhood forms of tuberculosis, it has a limited effect 
on development of the predominant pulmonary form of the disease in adults. Therefore, for a number of 
years large resources have been invested in the identification of candidate molecules for a new generation 
of TB sub-unit vaccines. With the complete genome of M. tuberculosis available, antigen discovery has 
taken a leap forward and applies highly efficient post genomic approaches based on proteomics and 
antigen/epitope identification “in silico”. This has resulted in the identification of a large number of antigens 
within the last 6-8 years, many of them with potential in TB vaccines. Many of these molecules are encoded 
by genes within a few immuno-dominant gene families.  The multiple members within these families may 
serve as a source of antigen variation and result in pathogen escape from the host immunesystem. The 
next phase of this work has now started: putting the most relevant molecules back together as fusion 
molecules and cocktails. This requires careful monitoring of aspects such as immunodominance, 
recognition in different populations as well as the influence of different adjuvants and delivery systems. The 
establishment of these highly defined effective vaccines allows detailed studies of the optimal route, as well 
as prime-boost regimes for expression of immunity in the lung and enables further attempts to determine 
correlate markers of protection in TB. The most advanced of these vaccines such as the fusion between 
ESAT6 and Ag85B have been evaluated in a range of animal models including non-human primates and 
are now in the clinical trial pipeline. For these vaccines to be successfully implemented in future vaccination 
programmes it is necessary to understand the immunological background for the failure of BCG and 
optimize the vaccines for their ability to boost the immuneresponse primed by BCG, environmental 
mycobacteria or already established latent TB. 
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Recently, the so-called dormancy regulon of Mycobacterium tuberculosis was identified.  Comprised of 48 
genes, protein expression is noted in vitro during hypoxia and low-dose nitric oxide stimulation. Tubercle 
bacilli are thought to encounter these conditions in vivo during the onset of immune responses and during 
subsequent persistence in immune competent hosts. In this study, human immune responses to the 25 
most strongly induced dormancy regulon-encoded proteins or candidate latency antigens were assessed, 
using M. tuberculosis specific T cell lines and peripheral blood mononuclear cells (PBMC) from M. 
tuberculosis infected persons, including tuberculosis (TB) patients and latently infected individuals, as well 
as uninfected controls. Nineteen of the 25 tested antigens were recognized by PBMC from M. tuberculosis 
infected individuals, which demonstrates that the dormancy regulon is indeed expressed during natural M. 
tuberculosis infection in humans. Interestingly, IFN-γ production in response to the entire group of latency 
antigens was significantly higher in latently infected individuals than in TB patients (P < .01). In particular, 
four antigens were able to induce strong IFN- γ responses in latently infected individuals. Overall, latency 
antigens are preferentially recognized by T cells from individuals with latent M. tuberculosis infection 
suggesting that immune responses against these antigens contribute to controlling latent infection. 
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Use of risk analysis in the control of bovine tuberculosis and paratuberculosis 

Pfeiffer D 

The Royal Veterinary College, University of London, UK 

Effective control and prevention of infectious diseases requires an understanding of the relative importance 
of the different possible pathways of infection introduction and maintenance in a population. Risk analysis 
provides an appropriate framework for a structured and standardised approach for dealing with such 
problems. The methodology is defined in the OIE Animal Health Code as well as the Codex Alimentarius, 
and is widely used to deal with disease risks and their management in association with international trade of 
livestock and their products.  The risk analysis methodology consists of the components of hazard 
identification, risk assessment, risk management and risk communication. The hazard identification leads to 
a specific risk question, such as ‘what is the risk that a dairy herd currently free from MAP becoming 
endemically infected with MAP during a year’. The associated risk assessment should then be divided into 
release, exposure and consequence assessments. The emphasis throughout the whole process is on 
transparency and risk communication, and both can be enhanced by producing diagrammatical 
representations of the relevant risk pathways. The assessment can be performed using qualitative or 
quantitative approaches, the latter requiring specific quantitative information in order to be able to conduct 
simulation analyses. Risk management involves the development of control strategies influencing the most 
important or most easily modifiable pathways identified during the risk assessment. Risk communication 
should be applied throughout the whole process of risk analysis, and it includes communication with 
scientists, farmers, policy makers and other stakeholders. In fact, the impact of the whole process depends 
strongly on the effectiveness of the risk communication strategies employed.  A number of risk 
assessments have been conducted for TB and MAP. For example, the European Food Safety Authority 
conducted a risk assessment of the risk transmission of MAP through bovine semen (Anon 2004a). The risk 
of introduction of MAP into a dairy herd through infected rabbits has been assessed by Guitian et al 
(unpublished). A risk analysis of the impact of transmission of TB to cattle from badgers in the UK was 
conducted by Gallagher (2005). The risk analysis methodology is described in Anon (2004b, c). 
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ABSTRACT 

In 2004 the Animal Population Health Institute (APHI) at Colorado State University collaborated with the 
Swiss Federal Veterinary Office (SFVO) to devise scientifically sound methods for Johne’s disease (JD) 
surveillance and control in Switzerland. Herd level sensitivity, herd level specificity, and cost were modeled 
for the application of whole-herd ELISA, herd-subset ELISA, whole-herd fecal culture (FC), and pooled FC. 
The results of our model suggest that none of the testing strategies evaluated in this study could be used to 
accurately classify herds by their Mycobacterium avium subsp. paratuberculosis (MAP) infection status in 
Switzerland if the within herd prevalence of JD is equal or lower than 5%. Management strategies aimed at 
reducing the exposure of susceptible calves to contaminated manure would be more cost-effective at 
controlling the infection.  In herds with prevalence levels higher than 10%, intervention strategies based on 
fecal culture could be used to accurately classify MAP-infected herds. Pooled fecal culture is the least 
costly of the two culture-based intervention strategies evaluated in this study 

Key words: Johne’s disease, control program, herd sensitivity, herd specificity  

INTRODUCTION 

The prevalence of Johne’s disease (JD) in Switzerland is not well described. Although several small scale 
studies have attempted to assess its prevalence, especially in dairy cattle, the limited sample size (Ludi et 
al. 2004, Giacometti et al. 1995, Corti and Stephan 2002), inadequate geographic distribution of sampled 
cases, and the poor sensitivity and/or specificity of the methods used to detect infection (Meylan et al 1994, 
Meylan et al. 1995, Stark et al. 1997, Corti and Stephan 2002) have hampered efforts to estimate the 
national prevalence accurately.  

While it is mandatory to report clinical cases of JD, the low number of cases registered annually by the 
Swiss Federal Veterinary Office (SFVO) suggests that the disease might be under-reported.  An average of 
as few as seven cases per year was registered by the SFVO between 1995 and 2003. 

The objective of this study was to evaluate several testing strategies for the detection of MAP-infected dairy 
farms, and to provide recommendations for the testing strategies and/or management practices.  This 
model would form the basis for controlling JD in Switzerland. 

MATERIALS AND METHODS 

General Assumptions 
The Swiss dairy cattle population was categorized into three major groups according to the spectrum of 
infection that may be present. Group 1 herds included farms with apparently healthy animals and no 
records of clinical disease, Group 2 herds included farms from which at least one animal had available 
records from culture of tissues collected as part of a proposed abattoir survey, and Group 3 herds included 
farms for which at least one cow with clinical disease had been officially reported or detected by the owner.  
This study focused mainly on Group 1 herds. 
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All dairy herds were assumed to have 33 cattle, the median herd size in Switzerland (Ludi et al., 2004).  
Other general assumptions for this model were that the herds were closed (no cattle purchased from other 
farms), and that only cattle older than 36 months and in initial stages of infection or latent infection were 
included for testing.  The herd-level sensitivity (HSE) and herd-level specificity (HSP) for each testing 
strategy were calculated for three values of within-herd prevalence: 5%, 10% and 15%.   
Model assumptions related to the costs of testing were: (1) The cost of the veterinarian's visit without any 
intervention was €18.15 (28.58 CHF) (Weber et al. 2004) and, (2) The Euro vs. Swiss Francs (CHF) 
exchange rate was assumed to be €1 = 1.575 CHF. 
 All calculations were performed in Microsoft Office Excel 2003. 
 
Test Strategies and specific assumptions 
The type of testing strategy proposed varied depending upon the cattle group.  For Group 1, herd sensitivity 
and specificity, practicality, and cost of testing were evaluated for each of four testing strategies: (1) Herd 
Subset Testing with serum ELISA (2) Whole Herd Testing using serum ELISA, (3) Whole Herd Testing 
using Fecal Culture (FC) and (4) Pooled FC Testing.  
 
The assumptions for each testing strategy were: 
 
(1) Herd Subset testing with ELISA: (a)  Cattle subset tested: n=16 (50 % of the herd), (b) Sensitivity (SE) of 
ELISA in this group: 10 % (Weber et al. 2004),  (c) Specificity (SP) of ELISA in this group: 98.9% (Whitlock 
et al. 2000 (f) Cost of the test: 25 CHF per sample tested (g) Cost of veterinarian: € 2.27/animal (3.575 
CHF/animal) Weber et al. (2004).   
 
(2)  Whole Herd testing with ELISA: (a) SE of ELISA in this population = 10% (Weber et al. 2004), (b) SP of 
ELISA in this population = 98.9% (Whitlock et al. 2000), (c) Cost of the test: Purquier Kit 25 CHF per 
sample run in duplicates (Dr Wittenbrink, personal communication, Zurich, 2004), (d) Cost of veterinarian: € 
2.27/animal (3.575 CHF/animal). Weber et al. (2004)  
 
(3)  Whole herd testing by FC: (a) SE of fecal culture in this population = 40% (Wells et al. 2002), (b) SP of 
fecal culture in this population = 99.9% , (c) Testing costs: 35 CHF/sample (Zurich JD reference Laboratory, 
Dr Wittenbrink, personal communication, 2004), (d) Cost of veterinarian: €2.27/animal (3.575 CHF/animal) 
Weber et al 2004 
 
(4)  Pooled FC from the whole herd:(a) Fecal pools are conformed by pooling feces from 5 cows of similar 
age/lactation number group. If the pool is positive, all individual samples are re-tested (van Shaik et al, 
2003; Weber et al. 2004), (b) SE of pooled fecal culture in this population = 36% (Weber et al. 2004), (c) SP 
of fecal culture in this population = 99.9%, (d) Cost of the test: 35 CHF/pool, (e) Cost of veterinarian: 
Collection of feces and pooling €2.72/animal (4.28 CHF/animal) (Weber et al. 2004). 
 
Calculation of HSE and HSP in Group 1 Herds 
HSE, or the probability that an infected herd yielded at least one positive test result, was calculated for each 
of the four testing strategies listed above. A herd was considered MAP-infected if at least one cow tested 
positive. The procedure used to calculate HSE depended on whether the whole herd or a herd subset was 
tested.  
 
(a) Calculating HSE when Testing a Herd Subset 
For testing with herd subsets, HSE was calculated as the sum of the probability of detecting false negatives 
in the sample (true positive individuals that go undetected) plus the probability of detecting uninfected 
animals that test positive (false positives).  That is,  
HSE = [P (selecting n truly infected animals) * P( truly infected animals test positive)] + [P( selecting n 
uninfected animals) * P(uninfected individuals test positive)] 
The hypergeometric distribution function was used to calculate the probability of selecting n truly infected 
individuals from a sample withdrawn without replacement (Berry and Lindgren 1996). This approach 
allowed incorporates both the probability of detecting a test positive cow in the herd and the probability that 
an infected cow was selected in the sample.   
 
(b) Calculating HSE when Testing the Whole Herd 
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If the whole herd was tested, HSE was calculated according to the following equation: 
HSE = 1-(1- AP)number of individuals tested  
Where AP or apparent prevalence = (1-Sp) + (Se + Sp -1)* True Prevalence.  

 
Calculation of HSP  
HSP was defined as the probability that all animals in a non-infected herd test negative, and was calculated 
with the following equation: 

 HSP = Spn  , where n = number of tests 
 
The total probability of detecting a positive reactor among non-infected cattle (false positive rate) was 
calculated as (1 – HSP). 
 
Test Strategies for Classification of Infection Status in Group 2 Herds 
One proposed strategy to increase information about national level prevalence of JD in Switzerland was a 
proposal to collect three tissue samples from randomly selected adult cattle at the main abattoirs in 
Switzerland.  These tissues would be cultured isolate MAP, and if isolates were made, the farm of origin 
would be classified as infected.  
 
Farms with at least one animal participating in the abattoir survey with tissue culture information were 
included in Group 2. Farms in which MAP was not detected after culture of tissues from cattle sent to 
abattoir would be included in Group 1 (unless there are cattle with clinical disease in the operation, in which 
case the herd will be classified as Group 3).  
 
Test Strategies for Infection Status Classification in Group 3 Herds 
Group 3 would consist of herds with at least one clinical case compatible with JD reported by private 
veterinarians or owners. Few herds would be expected to participate in this category mainly due to under-
reporting of clinical cases of JD. Briefly, a herd with at least one animal with clinical signs compatible with 
JD would be classified as infected if MAP were isolated from the clinically affected animal after two 
attempts. Even In the absence of MAP isolation the affected animal/s would be slaughtered. Culture of 
tissues from the affected animal/s would attempt to confirm MAP infection.  If the results of tissue culture 
were negative the herd would be monitored for a period of two years before it could be certified as infection-
free. Herd monitoring would include screening for infection twice a year. 
 

Table 1. HSE, HSP and costs of four test strategies for classificaiton of herd status i Group 1 herds 
Testing 
Strategy 

Prevalence HSE 
Hypergeometric 
distribution 

HSE 
1-(1-AP)

n
 

HSP Cost in CHF 

5% 0.20 n/a 0.84 
10 % 0.29 n/a 0.84 

ELISA Herd 
Subset

1
  

15% 0.32 n/a 0.84 

457.2
1
 

5% 0.40 0.40 0.69 
10 % 0.55 0.48 0.69 

Whole Herd 
ELISA 

15% 0.61 0.56 0.69 

971.56 

5% 0.43 0.50 0.96 
10 % 0.81 0.75 0.96 

Whole Herd 
Fecal Culture 

15% 0.90 0.87 0.96 

1301.56 

5% 0.39 0.47 0.96 
10 % 0.77 0.71 0.96 

Pooled Fecal 
Culture

3
 

15% 0.86 0.84 0.96 

414.95
4
 

1
This assumes that only 16 animals out of a herd of 33 are tested; 

2
 This assumes laboratory costs 

of testing plus veterinarians fee for bleeding 16 cattle; 
3
 This assumes 6 pools of 5 cows and 1 pool 

of 3 cows for the 33 cow herd; 
4
 This cost relates to detecting infection in one pool; additional costs 

apply to detecting infection in individual animals. 
 



Theme 1: Prevention and Control – National Level Proceedings of 8ICP 2005  

 12 

RESULTS 

Group 1 Herds 
HSE, HSP, and costs of each test strategy proposed for Group 1 herds are shown in Table 1. 
 

 
Group 2 Herds 
The cost of tissue culture is estimated to be 35 CHF per tissue.  Thus the total cost for classification of 
infection status of a Group 2 herd could be as low as 105 CHF, i.e. the cost of culturing tissues from one 
animal collected at abattoir. 
 
To our knowledge the sensitivity (Se) of tissue culture for isolation of MAP has not been reported in the 
literature.  However, it has been suggested that the Se of tissue culture is higher than the SE of FC, 
especially if there are granulomatous lesions compatible with JD (Dr. Wittenbrink, personal communication).  
The Sp of tissue culture is estimated to be close to 100%. 
 
Group 3 Herds 
The proposed strategy for these herds with at least one clinically affected animal includes two attempts to 
isolate the bacteria through fecal culture from the sick animal(s).  The sensitivity of fecal culture from 
clinically infected animals has been reported to be as high as 75% to 80% with almost complete specificity 
(99.9%-100%) (Whitlock et al.2000). 
 
The costs associated with classification of MAP infection status in Group 3 herds could be as low as the 
cost of culturing one fecal sample (35 CHF). Assuming a within-herd prevalence of 5% or less, the cost 
could include the testing and slaughter of one clinically infected cow (and its replacement), the expense of 
tissue culture for isolation of MAP (105 CHF), and the expense of herd monitoring for a two year period with 
one of the testing strategies described for Group 1 herds.  

DISCUSSION 

This study modeled different testing strategies that might be used if Switzerland were to undertake a JD 
certification and control program.  Major emphasis was given to the detection of MAP infection in herds with 
apparently healthy cattle (Group 1).  
 
The probability of correctly classifying a herd as infected by using ELISA on a herd subset (n=16) was less 
than 32% for all three hypothetical prevalence levels, suggesting that this strategy is ineffective for small 
herds of apparently healthy cattle.  The low Se of the ELISA in the first stages of infection (10-15%) 
explains the poor ability of this strategy to correctly detect herds in initial stages of MAP infection.  While it 
is expected that the HSE would be higher when the test is applied to highly infectious cattle or continuous 
shedders, this scenario is unlikely for the majority of the Swiss dairy farms. Although low cost and short 
turnaround time are significant advantages of this test, its low HSE and HSP make it unsuitable for a 
program in Group 1 herds. 
   
The ELISA test of a whole herd almost doubled the probability of infection detection when compared with 
testing a herd subset.  Nevertheless, the HSE of this strategy in the most likely prevalence scenario for 
Switzerland, i.e. 5% prevalence or less, is still low (40%) with a high rate of false positive test results.  
Although practical and rapid, whole herd ELISA surveillance is inadequate for a herd certification program 
under Swiss dairy production conditions. Because of the small size of the Swiss herds and the expected 
low prevalence of JD, testing strategies such as serology, characterized by low sensitivity and imperfect 
specificity, will not succeed in accurately classifying herds by their MAP-infection status in Switzerland. 
 
Strategies based on fecal culture, instead, might provide a better classification of herd status in 
geographical areas where the disease clusters at high prevalence levels.  When comparing the model’s 
results for individual FC and pooled FC from the whole herd, the HSEs were similar at 5%, 10% and 15% 
prevalence levels.  However, but the cost of individual IF is almost 4 times higher than that of pooled fecal 
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culture.   The HSE of both culture-based tests reaches values between 70% to 80% at prevalence levels of 
10% and 15%.  One major advantage of fecal culture, both from individual and pooled feces, is the almost 
perfect specificity of the test (low false positive rate).  Nevertheless, the long turnaround time of fecal 
culture testing poses a serious drawback in the implementation of a plan for control for the disease.  Rapid 
testing techniques for detection of MAP, such as PCR of fecal pools or environmental samples could be 
used as a first line of screening while culture results are pending.  In this way, effective management 
strategies such as prompt separation of shedders from the rest of the herd could be implemented to prevent 
infection transmission to susceptible animals. 
 
 Management strategies that lead to preventing the fecal-oral transmission of MAP to young susceptible 
animals, such as pasteurization of colostrums or milk administered to young animals, are also valuable for 
the control of other fecal pathogens such as Salmonella and E. coli.  
 
The accurate classification of the MAP infection status of herds from which at least one animal was 
confirmed infected by either culture of feces or tissues depends on the sensitivity of the culture technique. 
The sensitivity of fecal culture varies depending upon the stage of disease and the bacterial load present in 
the sample (Whitlock et al. 2000). Although the sensitivity of tissue culture has not been widely reported, a 
personal communication with a microbiologist from the JD reference laboratory in Zurich (Dr. Wittenbrink) 
leads us to think that is higher than that of fecal culture. Long turnaround time for test results is one of the 
major issues associated with the use of culture-based detection methods.  Rapid turnaround time for test 
results makes molecular tests for detection of MAP in clinical specimens a suitable alternative for 
confirmation of infection status in Group 3 herds. 

CONCLUSIONS  

For herds where the prevalence of JD is 5% or less, as is expected to be the case for the majority of herds 
in Switzerland, none of the aforementioned testing strategies in this model proved to be cost-effective for 
the accurate classification of herds by infection status.  Control methods based on preventing the infection 
of susceptible young animals would be more effective than testing and culling test-positive adults.  
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ABSTRACT 

As in many other countries Mycobacterium avium subsp. paratuberculosis (MAP) infection is present in 
Dutch cattle. The government together with the livestock industry are working to control the infection. The 
control program is based on existing knowledge about the pathogen plus epidemiological and economical 
modelling of different intervention scenarios’ costs vs. benefits. 
A new control program will be introduced in the Netherlands, based on individual ELISA on blood and milk. 
The program’s key control issues are preventive measures and biosecurity. The aim of the new program is 
to reduce MAP contamination in milk. An overview of the Dutch approach is given.  
 
Key words: Paratuberculosis, cattle, dairy, control program, ELISA, biosecurity, prevention, milk. 

INTRODUCTION 

As in many other countries Mycobacterium avium subsp. paratuberculosis (MAP) is present in cattle in the 
Netherlands. The prevalence at herd level is estimated at about 30%. Of 46,000 herds, 24,000 are dairy 
operations milking 1.6 million cows with an average annual production of 7,800 kg.  To control Johne’s 
disease and its drain on farm profitability, in 2000 the national Dutch Paratuberculosis Program was started. 
The livestock industry and the Government worked together on this program as outlined in Fig. 1.  

 
Fig. 1. Management structure for the Dutch Paratuberculosis Program (PPN) 
 
The steering committee consists of representatives of the Ministry of Agriculture, 
Nature Management and Fisheries, the Ministry of Human Health, The Commodity Board, The 
National Dairy Organisation (NZO), the Animal Health Organisation and the Dutch farmers 
organisation (LTO) with this last providing the chairman. The Animal Health Service (Dutch abbreviation, 
GD) is responsible for executing the program. 
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The program includes research projects, herd certification and control activities for infected herds. As an 
important preventive tool, the program offers dairy farmers “Paraplanner”, a risk assessment plan that 
includes the guidelines for prevention of MAP infection.  
 
Effective communication is important and as such has its own place and budget in the program. The costs 
of the program for activities such as certification, control and Paraplanner are directly charged to the farmer. 
There is public funding for the project management, communication and research.  
Experience gained since the start of the program emphasises the importance of infection prevention. 

 
Fig. 2. Effects of preventive measures to limit within herd transmission (Groenendaal et al. 2003) 
 
In the Dutch program, preventive management methods (Paraplanner) and certification of infection-free 
herds are tools used to minimize transmission of paratuberculosis within and between herds.  
New ideas for controlling paratuberculosis, based on research results, have enabled the PPN steering 
committee to open the way for a new, cost effective and user friendly program. 
 
New program techniques 
In a new approach, the program’s aim is to limit the concentration of MAP in dairy products of which, 
economically, milk is the most important product. Diagnostic tests are used to monitor levels of infection in 
the herd. The objective is to reduce the MAP bacterial count in the bulk milk tank. The target is fewer than 
103 MAP bacteria per kg milk in the tank. Pasteurisation eliminates up to 106 MAP per kg milk and thus 
should be able to eliminate the target concentration with a large margin of safety.  To encourage farmers to 
take part, the program has to be cost effective and farmer friendly. Thirty six different scenarios for herd 
testing have been compared. Variables were: herd diagnostics at intake (ELISA or faecal culture), 
surveillance (ELISA or faecal culture, every one or two years), control schemes for infected herds (ELISA or 
faecal culture, different frequency), open vs. closed herds, no or improved preventive management 
methods. The optimal choice was an ELISA-based program using individual blood or milk samples. Dairy 
farmers with cattle that test positive have the choice to use either individual blood ELISA or individual faecal 
culture to detect infected cattle (especially heavy shedders of MAP).  Culling these animals, and putting in 
place good preventive measures, limits transmission of the infection within the herd.  
 
Three component program (classification, surveillance for test-negative herds, control for test-positive 
herds) 
The program consists of three diagnostic screenings: the first test is for the classification of the herd, the 
second is for surveillance of the negative testing herds and the third for the control of herds that test 
positive.   
 
Component 1: The classification of herds is based on individual blood ELISA of all animals over 3 years of 
age or individual milk ELISA on all lactating animals.  Assuming a prevalence of paratuberculosis in 30% of 
herds at the start of the new program, the range in MAP bacteria concentration in the bulk milk tank is 
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shown in Fig. 3. The serostatus of a herd is related to the number of MAP in bulk tank milk; a small 
proportion of herds test false negative or false positive. 
 

 
Fig. 3  Test positive vs. test negative herds at intake by the number of MAP organisms/liter in the bulk milk 
tank (Weber et al. 2005) 
 
 

 
 
 
 
Fig. 4. Expected herd status after 8 years of program (van Roermund et al. 2005) 
 
 
Component 2: Monitoring of test negative herds is based on individual blood ELISA every 2 years on all 
animals over 3 years old. Individual milk ELISA for all lactating animals, once every 2 years, is also an 
option. In the future, even more user-friendly options like bulk milk ELISAs may be developed.  
 
Component 3: For infection control in herds that test positive, there are three options: 
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no preventive 
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§ individual blood ELISA on all animals of over 3 years, once a year 
§ individual milk ELISA on all lactating cows, once a year 
§ individual faecal culture, once every two years, on all animals over 2 years of age.  
A particular objective is to detect animals that contribute substantially to the contamination of the 
environment and milk and to cull these animals and their lastborn calves.  

DISCUSSION 

The new Dutch Paratuberculosis Program is expected to stabilize the number of infected herds if the ELISA 
testing scheme is combined with preventive management. In open herds paratuberculosis will almost 
certainly occur regardless of the test and cull methods.  In this program, an intake testing scheme based on 
faecal culture did not perform significantly better in reducing prevalence than did ELISA-based intake 
schemes. Fig. 4 shows the expected infection status of the national herd 8 years after the start of the 
program. 
 
 
Fig. 5 clearly shows that herds testing negative at intake with closed herd management can achieve <~103 
MAP per litre. The costs to achieve this vary from € 0,001 to € 0,007 per litre, depending on whether or not 
prevention measures are taken. Preventive management is more expensive than no prevention but 
improves biosecurity for other herd health problems as well.  
 

 
Fig. 5. Costs and expected results of control program (van Roermund et al. 2005) 

CONCLUSION 

The serostatus of the herd and the concentration of MAP in the bulk milk tank are correlated. ELISA 
screening (individual blood or milk samples) is a practical tool for monitoring the herd status for 
paratuberculosis. The models show that the new Dutch ELISA-based Paratuberculosis program leads to a 
stabilisation of the number of test-negative herds if it is combined with control measures, closing the herd 
as much as possible and culling infected cows and their lastborn calves. A closed herd is necessary to 
reduce MAP concentration to <~103  per litre. The costs of the program range from € 0.001 to € 0.007 per 
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litre milk and rely upon the effectiveness of herd management. The program has four major advantages: it 
is cost effective, farmer friendly, simple to manage and easy to communicate. In all of the models, the 
importance of preventive management measures is clearly demonstrated.  
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ABSTRACT 

Australia’s Johne’s disease program has largely focused on voluntary herd/flock certification, on the 
regulatory control of infected herds and flocks and on restrictions on movements.  

The national program has now developed new approaches that should eventually involve most livestock 
producers in managing Johne’s disease. These aim to be more equitable and to encourage disease 
prevention and management. 

Different livestock industries have taken varied approaches to controlling paratuberculosis. In the sheep 
industry, the Assurance Based Credits scheme is based on a formal quantitative risk assessment. All flocks 
and consignments of sheep may be scored between 0 and 10 depending on the background prevalence of 
infection in the region, test results and vaccination history. The dairy industry has applied a herd scoring 
system from 0 to 10, the Dairy Assurance Score,  based on the results of herd testing and zone 
classification. In the two schemes, progeny can achieve higher scores through vaccination and calf rearing 
management respectively. Paratuberculosis is endemic in these industries, so herds or flocks that do not 
take action to manage paratuberculosis are given a low score. The schemes also provide pathways for 
improving scores by controlling infection. The goat industry is also developing a scoring system. 

In contrast, Johne’s disease is rare in beef cattle and alpaca herds in Australia. New approaches in these 
industries classify herds that have had little or no contact with dairy cattle or other high-risk animals as Beef 
Only and Q-Alpaca. Herd owners are encouraged to manage their biosecurity to protect the advantageous 
trading positions enjoyed by these low-risk statuses.  

Owners of herds and flocks with these scores or statuses are now declaring them in writing at the point of 
sale on nationally standardised animal health statements. Compliance is being monitored by audit. 

Keywords: Johne’s disease, paratuberculosis, risk, assurance, declaration. 

INTRODUCTION 

Control of Johne’s disease (JD) in Australia has been based on zoning areas according to disease 
prevalence and risk, market assurance of tested negative herds and flocks and regulatory controls on 
known infected and suspect herds and flocks. The development and implementation of Australian Johne’s 
Disease Market Assurance programs have been described at a previous colloquium (Allworth and Kennedy 
1999; Kennedy and Allworth 1999). These programs are based on a high level of biosecurity, negative herd 
testing and audit. The regulatory control of known infected herds and flocks has been largely based on 
quarantine agreements requiring on-farm control of disease and movements. These strategies have been 
generally successful in protecting the zones that have little or no JD and have allowed individuals to find 
replacement animals with high confidence that they are free of infection. In the alpaca industry, aggressive 
control of an initial outbreak has resulted in no further cases for several years. In contrast, in 2003 OJD was 
found to have been established in sheep flocks in the previously OJD (ovine JD or OJD) Free Zone and in 
2000 BJD (bovine JD or BJD) was found to be spreading in the red deer industry. In the dairy and sheep 
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industries, JD caused by cattle- and sheep-type strains of MAP has continued to spread in south-eastern 
Australia.  

Animal Health Australia conducted comprehensive reviews of the strategies with the respective industry 
and government stakeholders between 2002 and 2004.  This input resulted in new approaches for most 
affected species (Kennedy et al.2002b). At that time large numbers of dairy herds and sheep flocks were 
suspected of being infected but were not involved in managing JD and in fact were spreading it. Unwitting 
buyers had no means of determining if flocks or herds were infected and were often unaware that a non-
assessed herd was a potential risk for infection.  

One of the main recommendations of the reviews was to involve all producers in the management of 
Johne's disease. The great majority of producers are located in the endemic regions, and while they have 
herds and flocks not known to be infected, they have been encouraged to manage the risk of JD spreading 
to their herds and flocks. A minority of risk-averse producers had already implemented additional 
management practices and had joined the Market Assurance Programs while another minority were the 
managers of herds and flocks that were known to be infected.  

Principles of assurance based trading  
Assurance based trading encompasses the elements of risk analysis at the herd and flock level. 

· Risk assessments include the history and background prevalence of infection in the region or
sector of the industry and testing. 

· Risk management in the herd or flock includes farm biosecurity management and specific
disease prevention activities such as vaccination and calf/lamb rearing. 

· The infectious risk that animals from the herd or flock represent is communicated through a
written and signed declaration of an assurance score either for the whole herd or flock or for groups 
of animals within it. This is supported by broader education in the respective industries.  

Assurance Based Credits for sheep 
The “ABC” scheme for sheep, implemented in 2004, is based on a quantitative assessment of the risk that 
sheep will spread OJD (Sergeant et al., 2003). Sheep flocks are eligible for credits under two categories 
(background prevalence of infection in the area and flock testing) and groups of sheep within the flock can 
gain additional credits through vaccination and further testing to a total maximum of 10 (Figure 1). 

Much of the data and tools used in the ABC scheme were developed during the six-year National OJD 
Control and Evaluation Program (Allworth et al.2002a). Surveillance of slaughter sheep at abattoirs is 
funded by the Australian sheep industry and the results of applying a standardised inspection and 
histological procedure (Allworth et al.2002b) are used to model the area prevalence of infection (Sergeant 
and Baldock, 2002). Where a sufficiently large representative sample of sheep from the flock is examined 
by abattoir surveillance and found negative, the flock is eligible to claim credits for 12 months. Pooled faecal 
culture of 350 sheep, in pools of 50, is now the standard flock test used in the Market Assurance Program 
Australia and for assessment of non-MAP flocks (Whittington et al.2000). This testing method gives 98% 
confidence of detecting a 2% prevalence of OJD in a flock. Controlled trials in three heavily infected flocks 
have demonstrated that vaccination with a killed, oil-adjuvanted vaccine (Gudair®, CZV Spain) have shown 
that it is highly effective in preventing clinical disease and reducing shedding of MAP in infected sheep 
flocks (Eppleston et al. 2005). 
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Figure 1. The Assurance Based Credit Scheme for Australian sheep flocks, 2004. 
Note: explanatory notes are on the reverse side of the form. For details, see Animal Health Australia’s 
website: www.animalhealthaustralia.com.au. 

Dairy BJD Assurance Score 
Under the CattleMAP and national rules for control of BJD, there are several existing herd statuses based 
on whether the herds have tested negative, are in low-risk zones or are known to be infected and have 
progressed in disease control programs. These have been consolidated into the herd score, with 10 being 
the highest level of assurance for herds at the top level of the CattleMAP or in Free Zone. Scores 1 to 6 are 
for herds with a history of infection that are undertaking increasingly successful control as evidenced by the 
seroprevalence at herd tests. Calves reared under audited calf rearing programs are entitled to additional 
credits and the industry is currently considering whether the herd score can also be advanced by 
compliance with long-term calf rearing management. Acknowledging that BJD is common in the dairy 
industry of the south-east, plans are underway to demote untested (non-assessed) herds from an interim 
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score 3 to zero once an inexpensive bulk herd test becomes available. This reinforces the concept that non-
assessed populations of animals provide little or no assurance of JD-free animals in infected regions. 

Beef Only 
Surveillance of the beef industry in Australia has detected very little BJD in beef herds that do not have 
contact with dairy herds in south-eastern Australia (Table 1). Most of the known infection has been related 
to dairy contact although some notable purebred beef herds have been endemically infected and have sold 
infected cattle to others. The generally low-risk nature of the beef sector was recognised in 2004 by a new 
assurance category based on biosecurity alone. Owners of herds in which cattle are electronically identified 
under the National Livestock Identification Scheme and that have no recent contact with dairy cattle (unless 
they are from MAP assured herds) can declare their cattle to be Beef Only. This status allows cattle from 
the endemic south-east access to some markets and assured herds without the need for testing. 

Table 1. The prevalence of known infected cattle herds in Australia by Zone and State, June 
2004 (source: Animal Health Australia) 

Dairy herds Beef herds Zone State 
Number Apparent 

prevalence % 
Estimated 

number 
Apparent 

prevalence % 
Free Western Australia 311 0 4,500 0 

Protected Northern Territory 0 0 500 0 
Queensland 966 0.1 50,000 0 
New South Wales 879 2.5 68,000 0.01 
South Australia 0 0 200 0 
Flinders I. 
Tasmania 

0 0 100 0 

SubTotal 1,845 1.2 118,800 0.008 

Control New South Wales 335 17.9 11,000 0.24 
South Australia 447 8.5 9,800 0.08 
Victoria 6,340 16.3 30,000 0.29 
SubTotal 7,122 15.9 50,800 0.24 

Residual Tasmania 564 3.9 2,000 0.35 
AUSTRALIA Total 9,842 11.9 176,100 0.08 

Q-Alpaca 

The success of infection control efforts and the AlpacaMAP in the 1990’s, plus the subsequent absence of 
confirmed infection for the past eight years, has placed the alpaca industry in a good position of biosecurity. 
The Australian Alpaca Association’s Q-Alpaca program is based on individual animal identification, 
movement records and herd biosecurity. Any animal over 12 months of age that dies or is euthanased and 
any cria under 12 months of age with emaciation or diarrhoea that dies or is euthanased are examined 
post-mortem by an approved veterinarian with a standard range of tissues submitted for laboratory 
examination.  

DISCUSSION 

These assurance schemes have been developed to broaden the involvement of livestock owners in the 
assessment and management of the risk associated with Johne’s disease, mainly in the infected regions of 
Australia.  This is a complex task requiring widespread and effective communication.  A prevalent 
perception is that Johne’s disease is a problem only for owners of herds / flocks that are known to be 
infected and as a threat to owners of pedigree herds and flocks whose livelihoods depend on unrestricted 
access to markets for breeder replacements. Hence the majority of owners have avoided confronting their 
own situation and many have unwittingly continued to spread infection through selling animals from their 
non-assessed herds. Unfortunately, most animal buyers have not appreciated the risks associated with 
buying animals from non-assessed herds and flocks in infected regions. The emphasis on communicating 
risk of infection relies on everyone having a explicit infection status or score, and that doing nothing in 
infected regions is considered to be relatively “high risk”. 
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Some States have declared that an assurance score or category is mandatory in order to sell sheep; South 
Australia mandates declaration of the Dairy BJD Score. While this approach increases awareness quickly, it 
relies on government commitment to audit compliance and on occasion prosecute recalcitrant offenders. 
Continued awareness and understanding of the control programs must be encouraged by industry 
leadership to create the environment wherein declarations are not exceptional but instead part of the 
normal spectrum of animal biosecurity and product assurance. Current advances in lifetime individual 
animal identification in Australia and in declaring animal health status favour this approach, as long as 
producers are not overburdened with complex paperwork.  

Declaration of a single score that reflects risk removes some of the biological complexity inherent in the 
control programs. The other purpose of epidemiologically sound scoring systems is that they outline 
pathways along which producers can advance their score that are seen to be fair. This progress is achieved 
by preventing new infections and reducing disease (e.g. by vaccination or improved calf/lamb rearing 
methods) and by objectively assessing their herd or flock status. Because of the impact of a positive test on 
a herd’s or flock’s trading position in the past, most producers are still reluctant to test. This is being 
overcome by industry levies to subsidise testing as available and by the opportunity to gain a better 
infection risk score through infection control management which, in some cases, is also subsidised. 

Although governments currently might mandate declaration and industries provide subsidies, in the end, the 
market must be the major driver seeking assurance from these schemes. This will require continued 
communication and auditing systems that not only detect problems but also educate users and confirm the 
market’s confidence in the schemes.  

CONCLUSION 

Australia’s recent development and ongoing implementation of risk-based assurance schemes is a bold 
step in changing the culture of detecting and controlling Johne’s disease. The prior largely regulatory model 
has not been successful in infected regions and is no longer sustainable. The cultural shift requires 
recognition that the disease is a problem for the industry as a whole.  Control can be successfully managed 
only by widespread application of biosecurity and risk assessment at the front gates of most livestock 
properties.  
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ABSTRACT 

The Israel control program for Johne's disease was initiated in 2003. This voluntary program aims to detect 
infected herds and provide management approaches for the reduction or prevention of herd infection. 
During 2003 and 2004 88 dairy herds were tested (17400 cows).  The mean withIn herd seroprevalence 
mean was 2.7% (min 0%, max 9%).  Sixty-one percent of the herds were found to be infected with 
paratuberculosis (54.5% of these had clinical cases in the last 3 years and in 6.5% MAP was isolated from 
fecal cultures). In 20% of the herds, the infection could not be confirmed despite a more than 0 and up to 
4% seropositivity.  19% didn't show any signs of infection (0% seroprevalence without clinical cases).   
A seroprevalence cutoff of 4% had 95% positive predictive value for the prediction of true infection of the 
herd (at least one positive culture or clinical case). The relative risk for true infection was 1.84 higher in 
herds which numbered more than 80 cows (p=0.02), and 1.5 higher in open herds (which purchased cows 
in the last 5 years) (p=0.021).  
Despite the high number of infected herds the in herd serological prevalence do not reach high. 
Implementing a proper management practices without introducing new cows into the herd and testing with 
smart selection may result reducing prevalence while maintaining economical and healthy herds.   

Keywords: control program, Paratuberculosis, Johne's disease, Israel. 

INTRODUCTION 

The Israeli dairy industry consists of 1083 dairy herds with 100,000 dairy cows producing 1146 million liters 
of milk per year. Milk production is planned by quotas. 
Johne's disease is a well-known and recognized disease in Israel. Its routine diagnosis is based on clinical 
signs and laboratory tests, primarily fecal smear (acid-fast stained), microscopically examined for 
mycobacteria and serological (ELISA) tests.  
In the past, the primary way of dealing with the disease was culling the clinically affected cows. Little was 
done to prevent new infections by changing management practices. However, animal trade was controlled 
by requiring that all cattle moving from one herd to another must be tested for Johne's disease by ELISA in 
advance. Only seronegative cows are permitted to be moved.  The herd prevalence was not taken in 
consideration when moving individual cows. 

In 2003 a voluntary control program was established and dairy farms were asked to participate. 
The objectives of the program were to evaluate the within and across herd prevalence of Johne's disease 
nationally. In addition, a risk assessment was completed to develop management practices that would 
improve biosecurity.  

Control program design 
The ensuing stages of the program are as follows: 
1. Farm risk assessment focused on 5 management practices: maternity pen, colostrum and waste milk

usage, suckling replacement calves, weaned replacement calves and replacement strategy (closed or 
open herd). A mark (0 to 5 scale) was given to each risk area and a total mark calculated to every 
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management practice. The evaluation of all 88 herds was done by the same person in order to reduce 
the subjectivity of the evaluation.  

2. The herd owner was required to complete a management plan.  
3. Whole adult herd testing by ELISA. 
4. Fecal samples from ELISA positive cows using Harrold's media.  
5. Herds were classified between 1 and 8 depending on clinical and serological prevalence and fecal 

cultures as follows (scheme 1)  
 

 
6. A herd safety mark is calculated (0-100% scale) using the risk assessments results, diagnostic testing 

results and clinical prevalence. 
7. A management program is devised to reduce the risk of infection in herd and from outside sources 

incorporating these recommendations:  
a.  Farms must use a clean dry maternity pen for calving of one cow only at a time.  
b. Colostrum or waste milk from seronegative cows only or milk must be pasteurized or milk replacer 

must be used.  
c. Different or cleaned tools in the young livestock pens.  
d. Fecal shedders are culled, and seropositive cows are marked and subsequent culling based on 

milking and other health factors.   
e. Herd replacemtents may be introduced into the herd only from herds classified at a lower risk of 

infection than the farm buying and after permission of the "program field coordinator". 

STATISTICAL ANALYSES 

The serologic cut-off point for prediction of true infection was analyzed using ROC curve.  Management 
practices were analyzed by chi square.     

RESULTS 

The results shown here include 88 dairy herds with 17,400 cows evaluated in 2003 and 2004. 
Herd size averaged 198 cows (minimum 28, maximum 890). Cows were Israeli Holstein in their first to 
seventh lactations and included both milking and dry cows. 
"Truly infected herds" were herds defined as containing at least one cow with clinical signs of Johne’s 
disease or one fecal culture positive cow within the last 5 years. Sixty-one percent of the herds were found 

 

NO YES 

No seropositive cows = 
class 1, 2 or 3 

Herd seroprevalence is 5% 
or less = class 7 

Seroprevalence 2%> without  
positive fecal culture = class 4 

Herd seroprevalence is over  
5% = class 8 

Seroprevalence 2-5% or positive  
fecal culture ) = class 5 

Seroprevalence 5%< with or  
without fecal culture = class 6 

Scheme 1 Classification of dairy herds by clinical or serological 
prevalence or by fecal culture 
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to be "truly infected" with MAP (54.5% with clinical cases and 6.5% with fecal culture (Figure 1). These 
herds showed positive serologic prevalences ranging from 0 to 8% (Figure 2). Thirty nine percent of the 
herds were "not confirmed as infected" (20% of these had positive serologic results ranging from 0.2% and 
6% of the herd; 19% were seronegative). 
 

 
Fig. 1. Johne’s disease prevalence by laboratory diagnosis 

 

 
Fig. 2. Seroprevalence in “truly infected herds” with Clinical cases or MAP isoloation and “herds not 
confirmed as infected” 
 
The ROC curve demonstrated a seroprevalence cutoff of 4% for prediction of true infection of the herd 
(PPV=95%, NPV=50%). 
Three of the risk areas were statistically associated with herd prevalence: herd size, replacement purchase 
policy and maternity pen management.  Herds milking 80 cows or more had a relative risk of being infected 
that was 1.84 times higher than herds milking fewer cows. (p=0.02, OR=1.84).  Herds that purchased at 
least one cow in the last 5 years (open herds) had a relative risk 1.5 higher then those that were closed 
during the same time period (p=0.02, OR= 1.5). 
The association between maternity pen practices and true infection of the herd with MAP was not significant 
statistically. However, herds that used a separate clean and dry maternity pen were more likely to 
seropositive rates less than 4% of the herd (p=0.02, OR= 0.7). 

DISCUSSION 

Classification of herds with a clinical history of Johne's disease or culture of MAP is a useful method with a 
minimal risk of misclassification. If serologic results are available, herds may be classified as positive with 
95% confidence if the seroprevalence reaches 4% or higher (PPV=95%). Classification of herds with a 
lower prevalence  as "negative" may lead to high proportion of false negative herds (NPV=50%).  
The control program’s management practices are being adopted by the farmers because they understand 
the disease and routes of transmission and because diagnostic testing costs have been subsidized.  
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Even though the connection between some of the management practices and infection with MAP could not 
be proved (i.e., the association between the practice and prevalence was not statistically significant) the 
farmers have continued with all aspects of their management programs.    

CONCLUSIONS 

A large proportion (61%) of Israeli dairy herds are infected with MAP but within herd prevalence remains 
below 8% even in herds considered to have suboptimal management practices. Implantation of a control 
program integrating education for management practices (mainly clean maternity pens, separation of adult 
cows from young livestock and maintaining closed herds),  testing (ELISA and fecal culture) and a culling 
strategy that incorporates the risk of transmission may reduce the number of new MAP infections and 
preserve economic milk production for the future. 
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ABSTRACT 

Paratuberculosis is a rapidly spreading, costly disease gaining an increasing importance for Italian dairy 
herds. An area in the Alpine part of Lombardia with an overall sero-prevalence among adult animals of 19% 
was selected. A pilot voluntary control program was developed to gradually decrease the prevalence of the 
disease in participating herds. The program was designed to be affordable both in cost and labour. The 
program starts with a risk assessment evaluation, and then farmers are invited to implement management 
strategies to prevent transmission of infection. A total of 1429 samples (1300 blood and 129 faeces) were 
obtained from 45 dairy herds in 2004-05.  The pilot program was implemented in 37 herds. Animals were 
tested before parturition by a commercial ELISA and test-positives were scheduled for culling.  Cows with 
suspect and weak-negative results were tested after parturition by real-time PCR. The preliminary results 
showed that after 6 months test-positive ELISAs decreased and the number of test-negatives increased. 
The real-time PCR positive samples were 28% of the faecal samples taken post-partum from ELISA weak-
negative and suspect cows. The program was well accepted by the farmers.  These preliminary data 
suggest that the program could be efficacious in controlling paratuberculosis. 

 

Keywords: paratuberculosis, dairy herd, control program, diagnosis. 

INTRODUCTION 

Paratuberculosis is a chronic granulomatous enteritis which affects ruminants causing weight loss, 
emaciation and in some species untreatable diarrhoea. The causative agent of the disease is M. avium 
subsp. paratuberculosis (MAP) an acid-fast slow-growing bacillus. Paratuberculosis was first described in 
1894 by Frothingham and Johne (cf. Harris and Barletta, 2001). As early as 1913 MAP was proposed as a 
possible causative agent in Crohn’s disease (cf. Kennedy and Benedictus, 2001), an inflammatory bowel 
disease affecting humans but it was only in 1984 when Chiodini et al. (1984) first isolated MAP from a 
patient with Crohn’s disease. The importance of MAP in public health needs further evaluation. On the other 
hand, the economic impact of paratuberculosis for domestic agriculture is a fact. The disease is present 
virtually worldwide. Herd prevalence in Europe has been estimated between 7% and 55% (Manning and 
Collins, 2001) and in Italy, regional data indicates a herd prevalence of 27% (Robbi, 2002).  

Paratuberculosis costs dairy herds up to US$1.5 billion per year in the USA while costs for individual 
animals are estimated to be US$100 per year per animal in moderately infected herds and more than 
US$200 per year per animal in heavily infected herds (Kennedy and Benedictus, 2001). While farmers may 
measure loss only as culling of clinical animals, this direct cost represents just a small part of the problem. 
Direct costs are due to premature culling of clinical animals, reduction of milk production, 14.6%-19.5% in 
clinical animals and 6%-16% in subclinical animals, decline of body condition leading to lower slaughter 
value, poor feed conversion, higher rates of mastitis and infertility, longer calving intervals and greater 
susceptibility to other diseases (Benedictus et al., 1987; Wilson et al., 1996, Johnson-Ifearulundu et al., 
1996). Indirect losses occur with an increase in infection control costs, veterinary services, diagnostic tests 
and management changes.  

The high costs of the disease, its widespread occurrence and the possible zoonotic role of MAP justify 
measures to limit the spread of the infection within and among dairy herds. However, the development of 
control programs has to overcome two major problems. The first is related to technical aspects such as the 
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low diagnostic test sensitivity and long and invisible incubation period of the infection. The other problem is 
related to farmers’ response and relatively poor understanding of the economic importance of the disease. 

A preliminary field study in the Northern area of the Lombardia region showed that the seroprevalence of 
MAP was 19.5 % in multiple lactation cows, 8.4% in first lactation cows and 4.5% in heifers (Liandris et al., 
2004). Therefore, a control program (Fig. 1) to eradicate the disease has been developed. The program 
was designed to be help farmers participate by permitting sampling throughout the year and by utilizing less 
expensive diagnostic tools such as ELISA vs. PCR and culture. 

MATERIALS AND METHODS  

Herd enrolment 

Farmers wishing to enter the control program were contacted by a trained practitioner who assisted them to 
fill in a risk factor questionnaire for their herd. Four risk areas were reviewed: calving, pre-weaned calves, 
post-weaned calves/heifers and adult animals. In farms where data on the presence of infection was not 
available, sampling to identify sero-positive animals was completed.  

 

Sampling procedure 
This screening consisted of testing 15 randomly selected animals more than two years old by a commercial 
ELISA (Svanovir, Svanova, Sweden). Samples were obtained from animals at about 30 days before 
parturition, and the samples were tested by a commercial ELISA. Faeces of weak negative and suspect 
animals were tested at about 15 days after parturition using a commercial Real-Time PCR. For the real-time 
PCR, faeces were collected directly from the rectum and were transported to the laboratory under 
refrigeration temperature and conserved at 4°C till they were processed (no more than 4 days). 

 

Diagnostic test  
Animals were subdivided into five groups based on S/P values: negative, weak negative, suspect, weak 
positive and positive. Blood was collected in vacuum tubes left to coagulate at room temperature and then 
transported in laboratory under refrigeration where it was centrifuged and kept at 4°C until processed (no 
more than 3 days). For the ELISA, the manufacturer’s instructions were followed. 

For the extraction and purification of the DNA from the faeces the Adiapure® kit (Adiagene, France) was 
used. Briefly, 1 g of faeces was placed in a 50 ml tube containing 20 ml sterile deionised water and 
vortexed well to create a homogeneous suspension. The sample was left to settle for 20 minutes and 300 µl 
of the supernatant were placed in a 1.5 ml tube containing 300mg of glass beads and 300 µl of lysis buffer 
1. The sample was treated in a mixer mill (MM301, Retsch, Germany) for 10 minutes at 30Hz and 
centrifuged at 7500 x g per 5 minutes. The supernatant (300 µl) was loaded into a filter on a vacuum 
manifold assembly to eliminate cellular fragments.  The sample was loaded on a second filter to eliminate 
lipids, proteins and oligonucleotides.  The purified DNA was stored at –20°C. 

For the amplification of extracted DNA the Adiavetâ paratb PCR Real Time kit (Adiagene, France) was 
used. The kit contains an internal control. The amplification reaction contained 25µl of master mix and 2µl 
of extracted DNA. Amplification took place in an Opticon 2 (Bio-Rad, USA) machine. Samples were heated 
at 52°C for 2 minutes, 95°C per 15 minutes and then followed 45 cycles at 95°C for 15 sec and 60°C for 60 
sec.  

RESULTS 

A total of 1429 samples (1300 blood and 129 faeces) were obtained from 45 dairy herds in 2004-05. In 21 
of the herds, no prior data on MAP presence were available and therefore the sampling procedure 
described above was completed. In the other 24 herds, previous testing showed that MAP infection had 
been detected and therefore they were enrolled in the program without further screening. 
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Among the 21 herds subjected to screening, only 8 were classified as test-negative for MAP and were not 
enrolled in the control program.  Among the blood samples 590 were collected for herd-screening purposes, 
while the others were collected in herds following the control program (516 pre-calving, 149 post-calving 
and 45 on request).  
The control program (Fig. 1) starts with ELISA testing of cows during drying-off period. If the ELISA test 
gives a positive or suspect result the farmer should discard the colostrum. If the result is positive, the cow 
should not be bred and the animal should be culled at the end of lactation. Colostrum from cows with 
negative or weak-negative ELISA results can be given to the calf.  Cows with weak-negative and suspect 
ELISA results are tested by real-time PCR 2 weeks after calving and, based on the results, the described 
recommendation are applied. 
 
The overall distribution of ELISA S/P values and the distribution of ELISA results by type of sampling are 
reported in Fig. 2 and Table 1, respectively. In screening and pre-calving sampling, about 70% of samples 
were negative or weak negative. The number of positive and weak positive samples was higher among the 
post-partum samples (25% of the results), while suspect results were 8% and 23% respectively in pre- and 
post- partum samples. 

 

Table 1. Distribution of ELISA results classified by type of collection. 

Collection type Negative 
Weak 

negative 
Suspect 

Weak 
positive 

Positive 

Screening (590 samples) 54.7 20.0 10.7 9.8 4.7 
Pre-partum (513 samples) 57.3 15.4 8.12 13.6 5.5 
Post-partum (86 samples) 24.4 26.7 23.3 15.1 10.5 
Other (44 samples) 50.00 13.6 6.1 27.3 2.3 

 

 
Fig. 1. Control program. 
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Fig. 2. Distribution of S/P values among 1300 blood samples taken in 45 dairy herds 
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Fig. 3: Distribution of frequency of ELISA results (negative, weak negative and suspect) during the control 
program. 
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Fig. 4: Frequency of ELISA results (weak positive and positive) during the control program 

 

A frequency trend in ELISA results was also observed by month in control program (Fig. 3). Negative 
samples increased greatly after the 6th month of the program, while weak negative and suspect results 
stayed more stable at 20% and 10% respectively. The frequency of positive samples (Fig. 4) decreased 
from 15% (1st month) to 5% (12th month). Weak positive samples ranged widely over the follow-up period, 
but some decrease could be observed. The values ranged from 15-30% at the beginning of the control 
program vs. 10-20% at the end of the follow-up period. 
 
Table 2 reports the comparison of ELISA and real-time PCR. While the number of paired samples 
processed to date is relatively few, cows with negative and weak negative ELISAs were PCR-positive 11-
14% of the time, suggesting that the number of ELISA false-negatives could be relatively low.  Faeces from 
cows with ELISA results in the suspect range were PCR-positive in 44% of the cases. 
 

Table 2. Correspondence between ELISA results and Real-Time PCR results 

 Real-time PCR Result % 
ELISA result category Negative Positive 
Negative (9 samples) 89.0 11.0 
Weak negative (21 samples) 85.7 14.3 
Suspect (18 samples) 55.6 44.4 
Weak positive (11 samples) 81.8 18.2 
Positive (5 samples) 60.0 40.0 
No ELISA (65 samples) 75.4 24.6 
 

Table 3. Correspondence between ELISA results and Real-Time PCR results by timing of sample collection 

Real-time PCR Result % 
Sample type  

Negative Positive 
Pre-Partum (31 samples) 83.9 16.1 
Post-partum (93 samples) 72.0 28.0 
Other (5 samples) 66.7 33.3 
 
When real-time PCR data were analyzed by timing of sample collection (Table 3), some differences were 
observed. Pre-partum samples were positive in 16% of the cases, while 28% of post-partum samples were 
positive. 
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DISCUSSION 

The program was designed to be sustainable for farmers both from a practical and an economic point of 
view, and it should also be effective in reducing the spread of infection within the herd. These 
considerations were the rationale for selecting the program’s particular diagnostic tests and protocols. 

The serologic test used is characterized by a higher sensitivity and a lower specificity in comparison to 
other ELISA tests (Böttcher and Gangl, 2004). The approach and the diagnostic tests applied imply that 
colostrum (and milk) from test-negative cows only should be fed to calves. Even if some of the samples are 
false-positive, this approach could reduce the risk of spreading the infection through colostrum and milk.  

A reduction in the frequency of ELISA positive tests over time and the relatively low number of real-time-
PCR positive faecal samples in absence of clinical cases suggest that the program could be effective in 
reducing the risk of infection. The control program was well accepted by the farmers who had to take blood 
and faecal samples and to change the management of cows and calves as recommended. The most 
significant management changes were banning the use of colostrum and milk produced by “non-negative” 
cows and the priority given replacing test-positive cows. However, once explained, these changes too, were 
put in place by farmers. 

Once this pilot study is completed, and if confirmed to be effective, it would be a useful test to enlarge this 
program to other herds in Italy. 
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ABSTRACT 

Critical to the implementation of the United States’ Johne’s disease control program is education and 
certification of regulatory and local veterinarians.  A basic national curriculum was determined, but states 
were responsible for conducting their own training.  The result was a variety of training programs, ranging 
from two hours to three days.   
 
It became evident the US needed an educational program to provide a uniform base of knowledge and 
deliver a consistent message about Johne’s disease diagnosis and control.  Local action was also required 
to allow for state-specific practices, policies, and procedures.  Proof of participation, verification of 
proficiency and records for the veterinarian and the state would be needed as well as the capability to 
educate unlimited numbers of veterinarians at their convenience. Web-based education could accomplish 
all of these objectives.  
 
With Johne’s experts across the country, we developed the certificate program in a modular format: four 
basic information modules and two modules with national and state program information for a total of six 
hours of continuing education.  The last two modules could be customized for each state, if needed.  
Administratively, we adapted a “learning portal” to simplify management and access for program 
administrators and participating veterinarians.   
 
This successful online program has, so far, been adopted by 35 states, and the US Department of 
Agriculture.  Since it’s inauguration in February 2004, the Online Johne’s Disease Veterinary Certificate 
Program has trained over 450 veterinarians with over 2700 credit hours of continuing education.  
Development of virtual farm visits, a required refresher course, and virtual seminars are currently in 
progress. We are intrigued with the idea of expanding the program to other countries.   
  
Key words:  online education, continuing education, national education program  

INTRODUCTION 

In 2002, the US Department of Agriculture (USDA) created a national control program for Johne’s disease.  
USDA recognized that veterinarians are the advisors most trusted by producers, and therefore the best 
candidates to deliver Johne’s disease education.  Therefore, in order to expand the veterinarians’ 
knowledge of Johne’s disease, and to ensure a consistent message, the USDA mandated that veterinarians 
in each state must be educated and certified to implement the control program.   National standards and 
rules regulating the program were established, with each state able to implement the program as it wished, 
adding state-specific rules and policies more stringent than the national standards if desired.  Each state 
was to hire a Designated Johne’s Coordinator (DJC) in charge of that state’s control program.   
 
Funds were allocated to states in 2003 to train vets and enroll herds. In order to enroll in the program, the 
farm had to be evaluated by a Johne’s-certified veterinarian who would conduct a risk assessment and 
develop a herd management plan for that farm. The number of enrolled farms is directly related to the 
number of veterinarians trained and certified to complete risk assessments.   Future funding for states was 
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to be contingent on the number of farms or ranches enrolled in the control program in the prior year.  In 
October 2003, at the National Johne’s Working Group meeting, a core curriculum was outlined for certifying 
veterinarians.  How the veterinarians were to be trained and certified was a matter for each state to decide 
and accomplish.  Therefore, fifty states and Puerto Rico were each faced with training and certifying local 
veterinarians to implement the national control program.  What resulted was a variety of training programs 
that ranged from two hours to three days.   
 
As a large dairy state, the Wisconsin Department of Agriculture, Trade, and Consumer Protection (DATCP) 
received a significant percentage of the funds dedicated for Johne’s disease.  It also had the needed to 
educate numerous veterinarians.  DATCP turned to the University of Wisconsin, School of Veterinary 
Medicine, and UW-Madison’s Wisconsin Technology Resource for Educating Care-providers (WisTREC).  It 
was decided that web-based education could address the program’s needs to: 

· Provide a uniform base of knowledge and practice about Johne’s disease to veterinarians; 
· Deliver a consistent message about Johne’s disease diagnosis and control; 
· Allow customization of the content for state-specific information about the local program; 
· Amplify a variety of experts’ knowledge and expertise; 
· Be easily updated and enhanced; 
· Provide education that could be used and delivered in a variety of ways; 
· Educate an unlimited number of veterinarians at their convenience; 
· Verifiy proficiency and participation for the veterinarian and the state; and 
· Grant continuing education credit as well as certification. 

 
Although Wisconsin was using its funds to develop the program, the broader goal was to make a product 
that could be used by all states and easily customized for their use.  Time was of the essence because the 
more veterinarians that were certified, the more farms that could be enrolled in the Johne’s control program.  
Also, the more farms enrolled in the control program, the more USDA money dedicated to Johne’s disease 
control the state would receive.   

METHODS 

Development 
Fundamentally we had two tasks.  One was to develop a high quality, standardized yet flexible certification 
program for individual states.  The other was to create a structure that allowed states to administer their 
own programs using standardized courses.   
 
First we considered our audience of large animal veterinarians.  As evidenced by the dairy industry listserv, 
Dairy-L, and the listserve for the American Association of Bovine Practitioners (over 1600 subscribers), a 
large and increasing number of these veterinarians were using the Internet for professional purposes.  
However, we realized that many would not have high speed Internet access; therefore we needed to design 
for education delivery by modem.  We needed a program that veterinarians could use at their own pace and 
at any location.  Self-learning programs also avoided the high cost on instructor-led training.  
 
We started with a certificate program for Wisconsin veterinarians, while keeping in mind its potential use as 
a national certificate program.  Using the curriculum laid out by the National Johne’s Working Group and 
approved by the US Animal Health Association, we outlined a certificate program consisting of 6 modules:  
four basic modules that would provide generic information needed by all veterinarians across the country 
and two modules with programmatic information (“Introduction” module and “Rules and Regulations”) that 
could be customized for each state, if needed.  Each module was developed as a narrated PowerPoint 
presentation with case examples, finished off with a quiz to verify completion of the module.  We introduced 
the concept for the education plan at the National Johne’s Working Group meeting in October 2003 with an 
anticipated delivery date of January 1, 2004.   
 
We included experts from across the country to provide content, review, edit, add perspectives, and help 
narrate the modules.  One of the editor/narrators we used was the National Johne’s Disease Control 
Program Coordinator, Dr. Michael Carter.  Wisconsin’s Designated Johne’s Coordinator (DJC), Dr. Beth 
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Patton, was the content expert for the “Introduction” and the “Rules and Regulations” modules for 
Wisconsin’s program.  Nebraska also developed its own state-specific certificate program.  Using 
Wisconsin’s two state-specific modules as a template, Nebraska’s DJC edited the modules to include 
Nebraska information and then narrated the new presentation.  Similarly, Colorado is creating its own state-
specific program.  
 
We used software from SoftTV (www.SoftTV.com) called ShowandTell.  This program had the advantage of 
capturing audio while playing a PowerPoint presentation as well as allowing editing of individual slides.  
This made it easy to work with content experts across the country.  They could each narrate their slides, 
send the digital audio files and then we could patch the segments into the PowerPoint show.  ShowandTell 
also provided a way to present the slides, audio, and text as well as other resources such as handouts and 
links, thereby providing web accessibility.  It is a relatively low-tech solution that the content experts were 
able to use on their own without training. 
 
By the middle of December 2004 we had 3 modules ready for piloting by 12 Wisconsin state veterinarians.  
Once the modules were ready, all the state DJCs were asked for their review.  The main request by other 
state DJCs was to develop generic modules for the “Introduction” and “Rules and Regulations” modules 
following the national guidelines, since many states were just adapting those modules and therefore 
wouldn’t need state-specific modules.  With funds from USDA, we subsequently developed two modules 
with national program information and added them to the four basic modules.  This Standard Online 
Johne’s Disease Veterinary Certificate Program may be used in states that adopt the national control rules 
and regulations as written. (http://vetmedce.vetmed.wisc.edu/JDVCP)   States could then decide if and how 
they wanted to use the online certification program, using all six generic modules or customizing some of 
them for their own state.  
  
Implementation 
The second task was an administrative and technological challenge.  We needed a vehicle that would 
provide access to the veterinarians, allow them to pay either by credit card or by providing a pre-paid 
access code, test them and present them with completion certificates, be able to award continuing 
education credits, and keep records of the completed modules for the veterinarians and the state regulatory 
agency.  We also wanted to allow states to administer their own programs.  We adopted a continuing 
education portal offered by Netkeva (http://Netkeva.com) and created the online continuing veterinary 
medical education site, http://VetMedCE.org.  Netkeva worked with us to incorporate the changes and 
additional functionalities to facilitate administration and access by states and their veterinarians.  Figuring 
out what we needed the portal to accomplish and then getting it to work proved to be the biggest challenge.  
State veterinarians and Wisconsin veterinary practitioners provided valuable input that improved the 
educational content, delivery, and administration of the program.  Important modifications included: 

· Provision of access codes so states could buy registrations for their veterinarians; 
· Clustering of modules into “programs” so the veterinarians could register just once for all modules of 

interest; 
· Module hierarchies so the learners were forced to finish one module before proceeding to the next.  

(This was especially important when we wanted to assure veterinarians had completed the six 
modules before proceeding to on-farm risk assessment training); 

· Randomization of test questions and the ability to retake tests if they didn’t pass; 
· Creation of “sub-portals” so each state could have its own identity and program ownership; 
· Access for state officials to its own state registration and module completion data. 

 
During testing of the modules we learned a number of lessons about the delivery of the content.  Our 
biggest challenge stemmed from our commitment to making this program available to people on modem 
connections.  Most, if not all, of our modifications had to do with this limitation.  From our experiences we 
have the following insights to offer: 

· While it is additional work, we ended up providing the content in three formats:  RealPlayer, 
Windows Media Player, and a No-audio version.  Evaluations show that 23% of users in the United 
States use RealPlayer, 35% use Windows Media Player, and 39% use the No-audio version. 

· Large files and elements can be a problem.  We compress the pictures as best we can and we also 
compress the PowerPoint presentation and audio as much as possible. 
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· We added a short “flash” presentation at the beginning of the program to teach learners how to 
navigate and manipulate the presentations.  It is required viewing before taking the first module.  
This step has cut down considerably on the number of technical support requests.  At some point, 
however, it may become voluntary. 

· Even with all our efforts to provide low web bandwidth options, we have had a number of requests 
for a CD version or downloadable version.  There are significant drawbacks to CDs: instant updating 
and improving the products is not possible and it is too easy for others to “borrow” the intellectual 
property and incorporate it into other, perhaps inaccurate, teaching resources. 

 
Once the Standard program was ready, we gave states three options: 

1. Use the Standard Johne’s Disease Veterinary Certificate Program without modification. 
Veterinarians would simply go to the VetMedCE.org website, register for and take the standard 
Johne’s disease program.  They would receive 6 continuing education (CE) credits and a Standard 
Johne’s Disease Veterinary Certificate that they would then need to submit to their state’s DJC for 
verification.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

2. Modify the generic modules to create their own state’s certification program. 
Modifications would include: 

a. A customized web page with the state’s logo and background information. 
b. Access to the state’s certificate program from the list of choices, i.e. “New Mexico Johne’s 

Disease Veterinary Certificate Program”. 
c. Receipt of 6 CE credits and a certificate from “New Mexico” with the agency’s logo, 

signature, etc. to each veterinary participant. 
d. State official access to the VetMedCE database to verify activity in their program.  These 

records can be downloaded to an Excel or Access program for analysis and can also be 
printed.   

3. Customize the generic modules to include their own state-specific rules and regulations. 
In addition to all the features of Option 2 above, two of the six modules could be revised and re-
produced specifically for the specific state.  We would help the state’s DJC edit, create, and narrate 
the PowerPoint presentations for the Introductory module and the Rules and Regulations module.  
They could also create a seventh module to explain how veterinarians should proceed to get the on-
farm risk assessment training, if required.   

CONCLUSION 

The Online Johne’s Disease Veterinary Certificate Program was inaugurated on February 6, 2004.  To date, 
20 states are using the Standard certificate program without modifications (Option 1), 12 states have their 
“own” program using the generic modules (Option 2), and 3 states have customized the modules with state-
specific information (Option 3) for a total of 35 participating states.  In addition, USDA has incorporated the 
Standard program in their annual training of the Designated Johne’s Coordinators and State Veterinarians.  
As of August 1, 2005, 752 veterinarians have been trained and 3932 credit hours of continuing education 
have been provided.  Development of virtual farm visits (as possible replacements to on-farm visits), a 
required refresher course, and virtual seminars are currently in progress. 
 
This model for providing high quality, consistent education while providing flexibility and customization has 
proven to be useful and effective.  We are currently pursuing the use of this model for nationalization in two 
other arenas:  an aquatic veterinarian certification program and a national distribution of a women’s health 
series for breast and cervical cancer screening. 
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LINKS 

SoftTV (www.SoftTV.com) 
Netkeva (http://Netkeva.com).          
Standard Online Johne’s Disease Veterinary Certificate Program (http://vetmedce.vetmed.wisc.edu/JDVCP) 
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ABSTRACT 

This paper documents the evolution of the OJD control and management program in Victoria, a state in 
south - eastern Australia. It follows on from previous papers delivered at the Sixth and Seventh International 
Colloquia on Paratburculosis in 1998 and 2001 respectively. 
 
Progress since 2002 has demonstrated that it is possible to build industry ownership and engagement in an 
effective disease control program. Since its inception in 1996, the Victorian program has moved from a 
largely government sponsored effort heavily reliant on bureaucratic administrative processes to an industry 
sponsored program supported by government.  The program’s goal is now infection management, not  
eradication.  
 
This paper outlines the progress made since 2002 and identifies the factors that contributed to a program 
that now enjoys a greater degree of confidence and support from the sheep industry.  A key factor to the 
success of the ovine Johne’s disease (OJD) management program in Victoria from 2002 to 2005 was the 
appointment of a representative industry ministerial advisory committee whose chairman enjoyed excellent 
credibility with sheep farmers in the management and control program. Subsequently, the industry advisory 
committee developed a financial assistance package to assist farmers whose properties were under trading 
restrictions for OJD. Underpinning committee’s work was an extensive and ongoing communication 
process, a collaborative working relationship with the Department of Primary Industries’ animal health staff, 
and the creation of a social support mechanism for affected producers. 
 
Appointment of an independent and broadly based representative industry ministerial advisory committee 
The report of the OJD ministerial advisory committee in 2001, headed by a former judge, made it clear that 
major changes were needed to the program for the effective management and control of ovine Johne’s 
disease in Victoria.1 In particular, the report identified the need for greater industry involvement in the 
decision making process. It also emphasised that if any future program was to enjoy support from the 
sheep industry, that program needed more effective communication and the building of relationships 
between key stakeholders from both industry and government. 
 
With this in mind, a subsequent Minister for Agriculture appointed a second OJD advisory committee in 
2002. Its role was to advise the Minister on developments in relation to OJD that might affect policies and 
procedures in Victoria, and the nation, for disease control, communication, financial assistance and social 
support.  
 
In establishing this committee the Minister had called for expressions of interest from all interested and 
affected groups in Victoria.2 Thus, when the committee was appointed it had representatives from all 
sectors of the sheep industry: breeders, veterinarians, stock agents, OJD lobby groups, the Victorian 
Farmers’ Federation (VFF) and the Department of Natural Resources and Environment (NRE)3. The 
intention was for the committee to provide a forum for an open and transparent discussion of the issues so 
that decisions about the future management of the disease in Victoria would be made with the involvement 
of all industry sectors. This would increase the level of ownership and commitment to the implementation of 
any future program. 

                                                 
1
 Fogarty, John, ‘Advice to Minister for Agriculture, Hon, Keith Hamilton’, July 2001 

2   Advertisement in ‘The Weekly Times’ newspaper, April, 2002  
3 NRE was disbanded in 2003 and two departments created - Dept of Primary Industries & Dept Sustainability & Environment. 
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The composition of the committee was as follows: 
· a person representing the broader sheep industry; 
· a person representing merino sheep breeders;   
· a person representing meat sheep breeders; 
· a person representing private veterinary practitioners with expertise in sheep; 
· a person representing stock agents; 
· a social scientist with rural experience; 
· a person representing the Secretary of the Department  
· the President of the VFF Pastoral Group or nominee; 
· the President of the OJD Action Group or nominee. 
 
The selection of the chairperson was a crucial decision.  The committee voted to select its own chair and 
chose a sheep producer who had been directly affected by the previous program, Frank Tobin.  After 
Tobin’s property was destocked he initiated a campaign to stop the policy of eradication by forming a lobby 
group called the OJD Action Group. The efforts of this group met with success when a newly elected State 
government stopped the eradication scheme in 1999. Tobin now sat on the new advisory committee as the 
representative of the OJD Action Group who had also fought hard for the interests of sheep producers 
affected by the restrictions of the management program post 1999. Subsequently, the OJD Action Group 
lobbied for a new program that, whilst science-based, would be more sympathetic to the needs of farmers. 
In particular, they were keen to explore ways that would eventually allow owners of infected flocks access 
to sheep trading as a reward for any actions taken to control OJD on their properties. It was clear that 
engaging sheep producers who had the disease on their property was critical to controlling the spread of 
the disease. The appointment of Frank Tobin as Chairman of the new committee clearly signalled this new 
approach.  
 
All industry representatives on the committee had one vote. The Department of Primary Industries' 
representation was limited to one vote to be exercised by the Secretary’s representative, the Executive 
Director of Biosecurity Victoria. A number of other Departmental staff were to support the committee by 
providing expert technical advice, including the two most senior veterinarians, the Chief Veterinary Officer 
and the Manager of Animal Health Operations. The committee was also to be supported through the 
creation within the Department of a communications and support officer to assist with the writing and 
implementation of an effective communication strategy and also to create a support structure for producers 
in the control and management program.4 
 
From the first meeting, it was evident that all representatives on the committee came with a willingness to 
work collectively for the interests of the sheep industry. Whereas the previous program had clearly been 
divisive, there was now a desire and expectation that a new approach could be devised. 
 
The committee was appointed for a two-year term and was given sufficient resources to accomplish its 
tasks. The Minister later extended its term for an extra year5.  
 
Financial assistance package devised by industry advisory committee 
One of the first actions of the new advisory committee was to devise a financial assistance package for 
properties that were infected with OJD. Previous financial assistance had taken the form of compensation 
for destocking infected farms.  The new package provided incentives for owners of infected flocks to 
actively manage the disease.6 It was also hoped that the package would encourage a number of producers 
whose flocks were suspected of being infected (‘suspect’ status) to undertake testing to determine whether 
the disease was present, and if so at what prevalence.7 
 

                                                 
4 This position formally titled OJD Support Program Coordinator was not filled until December, 2002 
5 The committee’s  term ran from August 2002 – October 2005 
6 These properties had an ‘infected’ status where it had been proven by laboratory testing that the flock had been exposed to OJD 
bacteria. 
7 Suspect flocks were assessed by departmental animal health staff as having significant risk   of exposure to  
OJD bacteria either through the purchase of sheep from an infected flock, or as neighbours to an infected flock. Both ‘infected’ and 
‘suspect’ flocks were prevented from trading sheep. Sheep leaving these properties went directly to slaughter. 
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The assistance package encouraged producers to seek technical advice to enable them to make informed 
choices about the control of OJD on their farms. Either government animal health advisers or private 
consultants could provide this expert technical advice. Furthermore, the type of advice was not limited to 
veterinary advice, as producers were able to consult other professionals, such as an accountant or 
agricultural consultant with expertise in whole farm management. 
 
The financial assistance measures were funded by the sheep industry through the Sheep and Goat 
Compensation Fund, raised by a levy of 12c per sheep sold in Victorian saleyards. 
 
Specifically, the package involved: 
§ a subsidy of up to $3000 for professional advice to affected producers, to allow informed decisions 

about the management of OJD on their property; 
§ a subsidy of $50 per test-pool for undertaking an infected flock profile using pooled faecal testing (PFC) 
§ financial assistance of $20 per head to cull sheep considered to pose a high OJD risk (identified through 

flock profile testing), up to a maximum of $10,000; 
§ subsidisation of OJD vaccine (50% of purchase price) for vaccination of: 

 - ewe lambs (other than slaughter lambs) each year for 3 years; or 
 - 50% of the whole flock in the first year. 
In an average flock of 4,000 sheep, the assistance measures were likely to amount to around A$20,000. 
 
Initially, the response to the package was slow. However, over time it gained increasing favour, especially 
following: 
§ face-to-face communication by committee members at meetings held across the state8 
§ on-farm activities run by support groups formed under the communications and support project, 
§ a decrease in the stigma attached to the presence of the disease on a farm as more properties were 

confirmed as being infected and the impact of the disease on farm profitability became more clearly 
defined.9 

 
The assistance package was reviewed at regular intervals in response to feedback from producers about 
the usefulness of each of its components. In particular, significant changes were made following a state - 
wide ‘tour’ by the advisory committee in mid-2003.  
 These changes included: 

· A subsidy of up to $500 provided to owners of ‘Suspect’ flocks for professional advice from an 
accredited veterinarian to allow for informed decision-making concerning testing and vaccination 
strategies.10 

 

· Access to the vaccine subsidy for flocks considered ‘at risk’ of infection following the introduction of 
sheep from an infected flock, even if the at risk flock returned a negative test.  

 

· Increasing the vaccine subsidy so that it provided 50% of the purchase price of vaccine for vaccinating 
all lambs (other than slaughter lambs) over a three-year period.  

 

This rapid response to feedback from affected sheep producers continued to build the credibility of the 
advisory committee with the sheep industry. 

 

Extensive and ongoing communication 
In order to gain the support of the sheep producers for the financial assistance package, and later to seek 
input, plus gain support for a national risk-based sheep trading scheme (the Assurance Based Credit, or 
ABC scheme11), it was crucial to establish effective and ongoing communication with key stakeholders. 

                                                 
8 To support this communications effort one of the veterinarians from private practice sitting on the committee gave15 technical 
presentations in 2003 and 17 technical presentations in 2004. 
9 Number of infected properties rose from 45 in December 2002 to 337 in March 2005. 
10

 If these suspect flocks tested positive then they were only eligible for $2500 of the available  
$3000 under the financial assistance package. 
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A flexible communication strategy was devised with the following characteristics: 
EXTERNAL AUDIENCES 
§ Feedback was sought from all sectors of industry. This allowed modification of both the communication 

strategy and in the OJD control program. A good example of this flexibility was the adjustment to the 
financial assistance package described above. The main method of seeking feedback was through 
public meetings held across Victoria in 2003 and 2004.12 An initial round of meetings was held with 
producers directly involved in the control program early in 2003. The main focus was to listen to their 
concerns. In mid-2003 a second round of meetings involving all sheep producers was conducted to 
seek input into a new national OJD control and management program. The final round of meetings 
conducted in 2004 was held to explain the ABC sheep trading scheme to industry13. All rounds of 
meetings allowed producers to meet with the advisory committee, regionally based animal health staff, 
and the support program coordinator. The meetings used a mix of formal presentations, small group 
discussions and a question and answer forum. Anonymous feedback forms were provided at every 
meeting so that those present could comment on any aspect of the meeting, the current OJD program, 
or the proposed future national program.  

§ Access to all committee members, key departmental animal health staff, and the support program 
coordinator was encouraged by circulating their names and phone numbers widely. 

 
INTERNAL AUDIENCES 
§ A great deal of effort was made to include all departmental staff in the communications strategy by 

sharing information between key providers of the Victorian program - the representatives on the 
advisory committee, animal health staff and the support program coordinator. Discussion was 
encouraged within these circles and commitment sought on key decisions such as changes to tracing of 
infected and suspect properties, the setting up of the OJD Newsletter, adjustments to the financial 
assistance package, and Victorian responses to developments at an interstate level to name a few. The 
inclusive nature of these internal communications ensured ownership of, and commitment to, the 
Victorian program. In comparison with the pre-2002 program, a key feature was the integration of the 
key stakeholders in the decision making process and the relative harmonious nature of their 
relationships. As time went by and central features of the approach met with industry approval and 
acceptance, the level of trust and sense of team work grew thereby further enhancing the commitment 
of stakeholders to the new program. 

 
Social support mechanism for producers in the control program 
An essential recommendation of the former advisory committee was the creation of a support program 
coordinator to provide assistance to producers who were affected by the regulations of the OJD control 
program.14  This position was filled in December 2002. The coordinator sat on the Advisory Committee as a 
non-voting member and was a departmental employee. Within the Department the position was put at a 
distance from the animal health operations branch so that the coordinator would be seen by producers as 
an independent figure able to advocate and work for their interests. The position was set up as a separate 
project with its own budget and time frame. It was expected however that the coordinator would work 
closely with the animal health staff and the advisory committee. 
 
The selection criteria for the position had emphasized that the coordinator have experience and skills in 
communication. It was not seen as necessary for the coordinator to have any technical skills on OJD or 
experience and knowledge of the sheep industry. The appointee came with a background in education and 
communication and had been raised on a sheep property in Victoria.  
 

                                                                                                                                                                                
11 The ABC scheme encourages producers to purchase and market sheep under a point score indicating the quality assurance of 
the sheep to be purchased. It caters for the needs of both affected producers (infected or suspect properties) and unaffected 
producers because the points system and its supporting Animal Health Statement (AHS) enable a purchaser to gauge the risk of 
introducing sheep with a lower score to their sheep flock. The seller of the sheep also benefits from the scheme as the AHS attests 
to the actions taken (e.g testing, vaccination, abattoir surveillance) to improve the quality of the sale sheep. The ABC scheme is a 
significant departure from the regulatory approach of the past where ownership and decision making about the disease was largely 
outside the control of producers. 
12 An effort was made to run a number of meetings in remote locations as well as more centralised regional town centres.  
13 See Appendix A 
14 Fogarty John, op cit, July 2001, pp19 - 22 
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The main elements of the support program were as follows: 
§ The formation of support groups across the state 
§ An OJD newsletter 
§ Delivery of a three day communication module for departmental animal health staff to enhance their 

skills in working with producers  
§ Communication advice and support to the advisory committee 
 
Support groups 
Support groups were set up across the state and were formed by producers who wanted to increase the 
level of knowledge of the disease within their communities. The philosophy behind the group concept was 
to give the control and ownership of the issue to the group. Each group was therefore provided with its own 
budget and given the freedom to choose a group coordinator from within their community. This person, paid 
from their group budget, became the organiser and with the group’s input decided on what activities to run 
for the group’s benefit. The backgrounds of the coordinators were varied,15 as were the activities run by the 
groups.16 The support groups took a leading role in educating their group members about the ABC scheme 
and worked closely with department animal health staff to ensure producers had relevant and accurate 
information that informed their decision making about the disease and the management program. This 
collaborative approach helped to take much of the stigma and negativity out of having the disease 
diagnosed on properties.  
 
 OJD Newsletter. 
The objectives of the newsletter were: 
§ To increase the level of producer knowledge about OJD and the control and management program 
§ To promote success stories 
§ To minimise the fear and drama about the disease through the dissemination of information, and 
§ To enhance the communication networks between key stakeholders.  
 
Six editions have been produced since March 2003. Contributors have been diverse with a significant 
number of articles written by producers, veterinarians and department animal health staff. 
 
Communication module for animal health staff 
The brief for the module was written by the support program coordinator and delivered by an external 
consultant. It was designed to enhance the communication competencies of staff to better equip them for 
their role in assisting farmers to make informed decisions for the management of OJD on their property. 
The module had a “people focus” component and “self management” focus component.17 
Communication advice and support to the advisory committee. 
The support program coordinator worked closely with the committee on all significant communications and 
was present at all rounds of meetings in 2003 and 2004. Organisation, collation and distribution of all 
feedback from all meetings were the responsibility of the coordinator. 
The Department of Primary Industries has undertaken an independent evaluation of the support project to 
understand what worked and how well the project met the needs of affected producers.18 

CONCLUSION 

The successful engagement of the sheep industry in the decision making and implementation processes for 
the control and management of OJD has been a crucial factor in contributing to a more producer-oriented 
program in Victoria. A more representative sheep industry advisory committee has been important in 
bringing about significant change to the program, especially regarding sheep producers’ attitudes towards 
working with government. 

                                                 
15  Examples: A veterinarian, sheep producers, an agricultural consultant, an assistant in a veterinary practice, a stock agent 
16 Examples: Post mortem of infected tissues, pathways to trade ABC scheme, vaccination demonstration 
17

 “People focus” sought to increase knowledge of how people learn, assimilate and process information to understand their world. 
The self management focus sought to increase staff awareness of how to monitor and challenge their own negative emotions such 
as anxiety and to learn a more optimistic explanatory style. 
18 See Appendix B  
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The work of the advisory committee was enhanced through an extensive communications with the sheep 
industry, especially with affected producers in the management program.  
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VACCINATION 

For the period 1 July 2004 to the present time:  
 
Number of infected property requests 411 
Number of Suspect property requests 82 
Number of MAP requests 92 
Number of Nil Assurance requests 470 
Total doses 1,052,761 
Number of application’s for vaccine from flocks not known to be infected illustrates that more non affected 
flocks are now developing preventative management strategies. 
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Appendix A 
 

Total numbers participating in public meetings to explain the Assurance Based Credit 
Scheme (producers only) 

Benalla 66 
Edenhope 22 
Hamilton 36 
Kyneton 46 
Sale 26 
Pyramid Hill 20 
Seymour 46 
Skipton 62 
Swifts Creek 29 

TOTAL 353 
Information here does not include: a) meetings with stock agents, post July 2004; b) meetings with 
producers conducted by local Dept. Primary Industries animal health staff  

 
 

Feedback sheet analysis 

Location Total no. of 
respondents 

Outstanding 
rating 

Very good 
rating 

Good rating Fair 
rating 

Benalla 22 5 13 4  
Edenhope 16 3 11 2  
Hamilton 22 7 13 2  
Kyneton 26 7 14 5  
Sale 15 4 9 1 1 
Skipton 42 7 28 6 1 
Swifts Creek 15 4 10 1  
Pyramid Hill No data     
Seymour No data     

Total 158 37 98 21 2 
%  23% 62% 13% 1.2% 

 
Analysis of questions asked during and after the presentations 
Tracing 8 
Testing 15 
Vaccine and vaccine safety 56 
Animal Health Statement & scoring 45 
Financial assistance 2 
Terminal lambs 4 
Tags 18 
Abattoir surveillance 2 
Saleyards 1 
Other (e.g SheepMAP, prevalence levels, road movements, spread of 
the disease, policing of AHS) 

17 
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Appendix B 
 

Edited summary of the OJD support project evaluation conducted by Dr Lucia Boxelaar, University of 
Melbourne, August 2005. 

The Communication and Support Project aimed to: 
§ Improve the information available to farmers 
§ Improve the capacity of animal health staff to support farmers 
§ Improve farmers' control over the decision making process with respect to OJD’  
 
Evaluation approach 
1. Semi-structured telephone interviews  
A total of 18 semi-structured telephone interviews were conducted to explore the perspectives of a range of 
stakeholders in the project. These included: 
- Interviews with 11 farmers involved with the support groups 
- Interviews with three senior veterinary officers of the Department of Primary Industries 
- Interviews with three of the five support group coordinators, to obtain their perspective on the role of the 

support groups in assisting farmers dealing with OJD 
- One interview with a representative of the Victorian OJD Advisory Committee 
 
2. Self-administered questionnaire mailed out to farmers 
 
3. Email questionnaire with Department of Primary Industries animal health staff  
 
4. Group interview with the Victorian OJD Advisory Committee 
 
 
The outcomes achieved by the project 
§ Increased capacity of farmers to deal with OJD 
§ Increased capacity of AH staff to support farmers 
§ Farmers taking responsibility for OJD 
§ De-stigmatisation of the issue 
§ Improved uptake of the ABC Scheme 
§ Improved networks, relationships and trust between farmers, within communities and with DPI staff. 
 
Five success factors were identified: 
§ The group approach 
§ The emphasis on communication 
§ The one-on-one support provided to farmers where necessary 
§ Farmer ownership of the groups 
§ The fact that the coordinator was an 'outsider' and 'newcomer' with strong communication skills, who 

was able to act effectively as a broker of relationships and information. 
 
‘It must be noted here that the evaluation has focused on identifying the logic of the project, i.e. what 
outcomes were achieved and how. While the data provides some insight into the extent to which these 
outcomes were achieved, definitive statements about this cannot be made without further empirical 
investigation.’ 
 
 
Increased capacity of farmers to deal with OJD 

‘Analysis of evaluation data suggests that the project helped farmers in managing the disease in a number 
of ways. Firstly, it raised their understanding of the disease itself, the way in which it spreads and how it 
manifests itself in sheep. It also made farmers aware of control strategies, particularly vaccination; and 
finally, it helped farmers to develop the necessary skills to manage OJD, including diagnosis of OJD and 
vaccination skills.’ 

Increased capacity of AH staff to support farmers 
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‘Interviewees and email questionnaire respondents suggest that the Winning Through Woolly Thinking 
course increased staff's awareness of their communication style and staff report they have developed 
communication skills that allow them to interact with farmers more effectively’ 

Farmers taking responsibility for OJD 

‘Another outcome of the Communication and Support project that is reported by several interviewees is that 
the group approach facilitated a process whereby farmers were able to take responsibility for managing the 
OJD issue’ 

De-stigmatisation of the issue 

‘Several interviewees suggest that through the support groups, people started talking more openly about 
their issues in a supported environment. This openness assisted in taking away some of the fear and 
ignorance about the disease, which in turn helped the spread of accurate information about it’ 

Improved uptake of the ABC Scheme 

‘Interviewee responses suggest that another outcome of the support group has been that they have helped 
the introduction of the ABC Scheme and enhanced levels of acceptance of this scheme’ 

Improved networks, relationships and trust  
‘Interview data suggests that one very important outcome of the Communication and Support project is the 
improved relationships, networks and trust between farmers and DPI staff. This was an especially salient 
theme in the interviews, with 57 references made to this outcome in 18 interviews’. 
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Appendix C 
 

Quotes from farmers involved in communications activities (from OJD support project evaluation conducted 
by Dr Lucia Boxelaar, University of Melbourne, August 2005. 

 

‘As far as I’m concerned it made me, by talking over things with people about how they cope 
and how they handled the whole thing, it encouraged me to test and find out my status and 
move on. I am still waiting on the results of that but I am quite confident, I am not at all 
worried about it if I do get it. Through being part of this group I am quite confident that I will 
handle the situation a lot better (Farmer).’ p24 

 
‘I do know as a result of the group who has got it and where the hotspots are, and I know 
now … as a result of the group meetings that it is not as big an issue… When someone 
comes up and tells me he has OJD, I say, Oh, yes.  What am I going to do about it now? I 
am not going to tear my hair out (Farmer)’p24 

 
‘It has taken away the alienation, the whispers that they have something terrible. It has been 
people stepping forward and supporting one another rather than pushing them to the 
periphery (Support Group coordinator).’p.27 
 
‘It was a great help for us all to meet, to discuss how we felt about it and to be able to talk to 
other farmers who had it, it relieved you of that stigma (Farmer).’p.27 
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ABSTRACT 

A new surveillance program was modelled that focuses on limiting the concentration of Mycobacterium 
avium subsp. paratuberculosis (MAP) to a certain maximum number of bacteria per litre of bulk milk. In this 
new program dairy herds are distinguished in two categories, ‘Green’ and ‘Red’, where Green stands for the 
pool of certified herds that produce milk with a MAP concentration of <1,000 litre and Red herds with milk 
concentrations > 1,000 litre.  The program is based on 3 parts: (1) an intake procedure (certification), (2) a 
surveillance procedure to monitor Green herds, and (3) infection control procedures for Red herds. Models 
were developed to predict the progress over time of Green and Red herds for certain herd factors (size, 
prevalence, MAP in bulk milk). Data from several test regimens based on blood or faecal tests were 
combined with information on herd sanitation measures and animal purchase policies. Results of 
epidemiological models were used in an economic decision analyses.  
 
Keywords: Certification, surveillance, control, modelling, Mycobacterium avium subsp. paratuberculosis. 

INTRODUCTION 

In the Netherlands a certification and surveillance program for Mycobacterium avium subsp. 
paratuberculosis (MAP) has been developed, aiming at eradication of MAP at the herd level. In the 
program, herds can obtain a MAP ‘free’ status following five annual herd examinations, provided all faecal 
culture results are negative. The first herd examination is done by ELISA and faecal culture of ELISA-
positive animals; the 2nd through 5th by pooled faecal culture (Benedictus et al., 1999). A program such as 
this that aims at eradication of MAP at the herd level is inherently expensive and there are no incentives for 
farmers to participate. Therefore, few farmers participate. However, the most important goal from a food 
safety point of view is to reduce the number of MAP bacteria per litre of bulk milk. Thus, an important 
research question is can we design a new program that limits the number of MAP bacteria per litre of bulk 
milk? Can the program be simple, cheap and give farmers enough incentives to join and stay with the 
program for many years? 
In the present study a new certification and surveillance program was developed for farms with ‘low-risk’ or 
‘low-MAP’ bulk milk. These farms will guarantee a certain component of their bulk milk, that is, to contain 
fewer than a preset number of MAP bacteria per litre. In the certification and surveillance program dairy 
herds are distinguished in two categories, ‘Green’ and ‘Red’, where Green stands for the certified herds that 
guarantee milk with MAP concentration below the preset quantity. An intake diagnostic test scheme 
determines which farms will receive a Green or Red status. Green herds are monitored regularly with a 
surveillance test scheme. Management improvements and trade restriction may help to improve the milk 
quality in the Green pool, and may help Green herds retain their Green status in the future (vs. moving to 
the pool of Red herds). A control program assists Red herds to progress to receive a Green status (perhaps 
again) after a certain time. The control program consists of test and cull of positive animals, whether or not 
combined with management improvements (step 1, 2 and 3 of PPN, the Paratuberculosis Program in the 
Netherlands, see Groenendaal et al., 2002 and 2003) and/or trade restrictions (here: purchase of live 
animals from Green farms only).  
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MATERIALS AND METHODS 

Various alternative programs for certification-and-surveillance-and-control of MAP on low-prevalence Dutch 
dairy herds were evaluated in this study, assuming an initial herd-level prevalence in the country of 30%, 
i.e. at the start (before the intake procedure) we assume that 30% of the dairy herds is infected with MAP, 
and 70% is free from MAP. This prevalence was recently found in the Netherlands (van Weering et al., 
2004). 
 
Evaluated test schemes are based on sampling individual animals for blood or faeces (individual faeces 
test, pooled faeces test, serum ELISA). Testing of bulk milk samples for MAP on a large scale is not yet 
possible, so this test method was not evaluated. Through modeling we make the step from the number of 
test-positive animals in a herd to the number of MAP bacteria in milk. To evaluate the effectiveness of the 
various programs three models were used in this study: 
 
(1) The simulation model JohneSSim for within-herd transmission of MAP in a closed herd. This is a 
stochastic and dynamic simulation model that simulates (a) the herd dynamics, (b) the disease dynamics 
within the herd, (c) the control of Johne’s disease and (d) the economic consequences at the herd level. 
Details and input parameter values can be found in Groenendaal et al. (2002) and in Weber et al. (2005). 
With this model the effectiveness of the intake and surveillance procedures in closed herds were 
determined, as well as the infection control procedures in Red herds. The economic and epidemiologic 
output of this simulation model served as input for the other two models (see below).  
 
Preventive management in the simulated herds was set to reflect management practices in the Dutch dairy 
industry (background management, see Groenendaal et al., 2002). An additional simulation assumed that 
all herds took the following preventive management measures: improved hygiene around birth (step 1 of 
PPN), colostrum from own dam only, and feeding of milk replacer only (step 2), and effective separation of 
young stock from adult cows from birth to the end of the first year (step 3). Because these measures also 
affect other animal diseases, only 50 % of all costs of these management measures were attributed to the 
control of paratuberculosis in this study. Some of these input parameters were updated in Febuary 2004 
and are presented in van Roermund et al. (2004) and Weber et al. (2005). 
 
The expected number of MAP bacteria per quantity of bulk milk was the sum of MAP shed directly into milk, 
and the numbers added through contamination of milk by faeces from faecal shedders. Faecal 
contamination of milk was estimated to amount on average to 40 mg per litre (Stadhouders and Jørgensen, 
1990. For an extensive overview of MAP bacteria and/or CFU’s in milk and in faeces, see van Roermund et 
al., 2004). Based on these data, assumptions were made on the on-farm MAP contamination of bulk milk 
(Table 1). Faecal contamination was considered the prime source of MAP in milk. The expected 
concentration CMap of MAP bacteria in bulk milk was approximated by the average concentration of MAP in 
milk in all animals in the herd. 
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Table 1. Assumed concentration of MAP bacteria in milk for each stage of the infection-and-disease process in adult 
cattle. 

Stage Proportion 
of animals 

Direct shedding of 
MAP in milk 
(bacteria per litre) 

Faecal 
contaminati
on of milk 
(g per litre) 

MAP 
concentration in 
faeces (bacteria 
per gram) 

MAP in milk 
through faecal 
contamination 
(bacteria per litre) 

Total MAP in 
milk 
(bacteria per 
litre) 

Latent 
infected 

 0 0.04 0 0 0 

Lowly 
infectious 

0.8 0 0.04 0 0 0 

 0.2 0 0.04 10
2
 4 4 

Highly 
infectious 

0.6 10
2
 0.04 10

2
 4 104 

Highly 
infectious 

0.24 10
2
 0.04 10

4
 400 500 

Highly 
infectious 

0.16 10
2
 0.04 10

7
 400 4.001x10

5
 

Clinical 
disease 

 10
4
 0.04 10

9
 4x10

6
 4.001x10

7
 

 
What may be considered an acceptable concentration of MAP bacteria in on-farm bulk milk is not known. In 
the present study a maximum concentration of 1000 MAP bacteria per litre bulk milk was decided as 
acceptable by experts from Dutch dairy organisations (NZO/NIZO), based on their knowledge of the effect 
of pasteurisation.  
 
Intake, surveillance and control schemes were first studied separately and then integrated in simulations 
with JohneSSim. Those selected can be found in Table 2. In the integrated simulations, herds were 
permitted to migrate between the statuses Green and Red. At intake, test-negative herds were designated 
as Green while test-positive herds were designated as Red. Thereafter, Green herds were re-classified as 
Red if a test-positive animal was found in the herd during surveillance. Red herds were re-classified as 
Green following the required number of annual test-negative herd examinations, as determined in the 
separate analyses of the intake and control schemes. 
 

Table 2. Intake and surveillance of Green herds and control in Red herds simulated with the JohneSSim 
model. A positive result of the ELISA or pooled faecal culture (PFC) during intake and surveillance was 
confirmed by individual faecal culture (IFC). During Control in Red herds IFC-positive animals and their 
lastborn calf were culled. However, results of ELISA during control in Red herds were not confirmed by 
another test; ELISA-positive individuals and their lastborn calf in Red herds were culled.  
Scheme Intake Surveillance  Control 
  Test  Animals  Test Interval Animals   Test Interval Animals 
i1-s1-c1 i1 ELISA All, ³3yr s1 ELISA 1 yr All, ³3 yr c1 ELISA 1 yr All, ³3 yr 
i1-s1-c7 i1 ELISA All, ³3yr s1 ELISA 1 yr All, ³3 yr c7 IFC 2 yr All, ³2 yr 
i1-s2-c1 i1 ELISA All, ³3yr s2 ELISA 2 yr All, ³3 yr c1 ELISA 1 yr All, ³3 yr 
i1-s2-c7 i1 ELISA All, ³3yr s2 ELISA 2 yr All, ³3 yr c7 IFC 2 yr All, ³2 yr 
i5-s1-c1 i5 PFC All, ³2yr s1 ELISA 1 yr All, ³3 yr c1 ELISA 1 yr All, ³3 yr 
i5-s1-c7 i5 PFC All, ³2yr s1 ELISA 1 yr All, ³3 yr c7 IFC 2 yr All, ³2 yr 
i5-s2-c1 i5 PFC All, ³2yr s2 ELISA 2 yr All, ³3 yr c1 ELISA 1 yr All, ³3 yr 
i5-s2-c7 i5 PFC All, ³2yr s2 ELISA 2 yr All, ³3 yr c7 IFC 2 yr All, ³2 yr 
i5-s5-c7 i5 PFC All, ³2yr s5 PFC 2 yr All, ³2 yr c7 IFC 2 yr All, ³2 yr 

 
(2) The analytical model. For the total population of dairy herds that interact with each other by trade of 
living animals, a new model was developed. This mathematical model describes a large group of herds 
(divided in Green herds and Red herds). The model is deterministic, and variation among herds is modelled 
by statistical distributions. Input parameters of this model were aligned with those used in JohneSSim, such 
as the distribution of initial infection prevalences within herds, life expectancy of animals (infected or not), 
relative infectiousness in various stages of infection, test sensitivity in various stages of infection, and the 
within-herd transmission rate of MAP. For the within-herd dynamics of paratuberculosis in each herd, the 
transmission is described by one parameter (beta), with a default value based on simulation results with 
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JohneSSim. This mathematical model was used to study the progress in time of the group of Green herds 
and of the group of Red herds (pool size, prevalences in the two pools, MAP in bulk milk etc).  
 
Animal trade, i.e. here purchase of live animals from Green herds, is based on actual data of the 
Netherlands of the year 2000. In that year 37% of all dairy herds purchased cattle, and 63% did not. The 
average number of purchased life animals by open cattle herds was 7 per herd per year (Velthuis, 2004). In 
the model for the ‘open herds’ scenario (animal trade allowed), 63 % of the herds was treated as closed, 
and 37 % of the herds purchased animals (7 per herd per year). Of course for the ‘closed herds’ scenario 
(no animal trade), no animals were purchased by any herds. 
 
(3) The economic decision analysis determines the preferred decision for a farmer: should I join the new 
program or not? The decision of an individual farmer whether to join the program or not will be based on 
many different aspects (e.g. former experiences with other programs, the amount of labour, the time it will 
take, the yearly costs, the investments, the benefits and the chances of receiving these benefits, beliefs, 
etc.). A way to determine the economically preferred decision of a farmer, given the set of alternatives he 
has, is by analysing a decision tree. A decision tree includes three aspects of the decision making process, 
namely the costs, the benefits and the risks. In a decision tree all alternative actions available for the 
decision maker and the outcomes determined by chance are structured in a chronological order. The 
producer’s goal that drives a decision is the highest Expected Monetary Value (EMV). More background 
information on decision analysis and decision trees can be found in Hardaker et al (2004), Clemen (1991) 
and TreeAge (1999). 
 
The decision tree analysis models the costs, losses and the probabilities to change status: Green to Red or 
Red to Green. The decision tree weighs the economic elements with the risks and shows the preferred 
decision based on this. When the preferred decision is not to join the program the decision tree estimates 
the milk price differentiation for Green farms that is needed to change the preferred decision to joining the 
program. This milk price differentiation serves as an incentive for farmers to join the program. 
 
A decision tree has three elements: 1) decisions to make; 2) outcomes based on probabilities, and 3) the 
value of the specific outcomes. Each element is explained below. A farmer has to make several decisions in 
time considering a new MAP program: (1) Should I join the program at the start? (2) Should I continue the 
program given the test results of the intake procedure?, (3) Should I continue the program during 
surveillance given the test results of the jth test round ? (This decision can be repeated for each test round). 
It is assumed that a farmer has no prior information on the true infection status of his herd. After the intake 
procedure a farmer knows more about the infection status of the herd and uses this information when the 
next decision is made. This new information is also considered in the decision tree. Another scenario that 
has been modelled is that once he has decided to join, it is not possible for a farmer to leave the program 
before the sixth test round,  
The uncertain events within the MAP program included in the decision analysis as probabilities are: (1) the 
chance that the farm is infected with MAP at the start of the program, (2) the chance of being classified as 
Green at the intake given that the farm is infected with MAP, (3) the chance of being classified as Green at 
the intake given that the farm is free of MAP, (4) the chance of becoming free of MAP within the period 
between two tests given that the farm is infected at the start of this period, and (5) the chance of becoming 
infected with MAP within the period between two tests given that the farm is free at the start of the period. 
The input for the decision analysis (probabilities) is the output of JohneSSim and of the analytical model.  
 
These two elements, that is decisions and chances, influence the value of the specific outcome (pay-off 
function): profit, costs and losses. The values of the specific outcomes are calculated in a profit function that 
includes the net present value (i.e. the value in today’s prices) of the following costs and benefits: (1) yearly 
program costs, (2) test costs, (3) costs for management improvements, (4) losses due to MAP, and (5) milk 
price differential between Green farms and all other farms. The higher price per litre of milk produced by 
Green farms compared to other farms is a premium that serves as an incentive to encourage farmers to 
comply with the program and to compensate them for the costs incurred to earn a “Green” status.  
 
The 36 alternative scenarios for paratuberculosis that have been evaluated in this study are the 9 test 
schemes of Table 2, each with and without management measures and with and without animal trade 
(9x2x2).  



Proceedings of 8ICP 2005 Theme 1: Prevention and Control – National Level 

 55 

RESULTS 

Epidemiology. We assumed an initial overall prevalence of paratuberculosis in participating herds of 30%, 
i.e. 30% of the herds were considered infected and 70% were considered to be free. As a result, 90% and 
83% of the herds receive a Green status after intake I1 (ELISA) and I5 (faecal culture) respectively. After 
that, the number of Green herds drops during the first 10 years. This is due to the Green status but truly 
infected herds that are detected later and reclassified as Red herds. Only with management measures can 
increase in number of Green herds can be seen, as control methods (C1=ELISA or C7=faecal culture) 
permit Red herds to reach Green status. As an example the percentage of Green herds after 8 years is 
given in Table 3 (recall that there were 90% at the start in Year 0 after Intake I1). (For codes I, S and C, see 
Table 2.) 
 
As noted, the pool of Green herds decreases during the first years. As Green herds found to be infected are 
removed from the pool, the prevalence of infected animals and the MAP bacteria per litre bulk milk in the 
pool of Green herds falls, showing an improvement in Green herds’ milk quality in time (not shown here; 
see van Roermund et al, 2004). 
 
Immediately after the intake procedure, the PVN (predictive value negative) is very high: about 97.8% and 
99.7% of the Green herds produces milk with MAP<1000 bacteria/litre after intake I1 (ELISA) and I5 (faecal 
culture) respectively. However, the small fraction of Green herds producing milk with MAP>1000 
bacteria/litre have a significant effect on the average MAP content of milk of all Green herds combined, 
keeping the overall concentration above the limit. The MAP concentration is above the limit for the first 5 
years when ELISA is used as the intake assay (I1). This is due to the very skewed distribution of MAP 
bacteria in milk per herd. After intake procedure I5 (faecal culture) however, the average MAP content of 
milk in the pool of Green herds drops immediately to the level of 1000 bacteria/litre (see van Roermund et 
al, 2004). 

 

 
Figure 1. MAP bacteria per litre bulk milk in the pool of Green herds versus fraction of farms in the Green 
pool, 8 years after the start of the program. Open dots or squares represent open farms, closed dots or 
squares represent closed farms. Squares represent farms with management measures (=step123), dots 
represent farms without management measures. 
 
Figure 1 shows MAP bacteria in bulk milk for Green herds in year 8.  The best programs are in the lower-
right corner of this figure: these programs result in a higher fraction of participating herds receiving a Green 
designation, and a low average bulk milk MAP content (after 8 years). From this figure it becomes clear that 
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acquiring replacements outside of the home herd (purchase from Green herds; open farms: open dots) has 
a strong negative effect on both outputs. Programs with better outcomes are in the lower-right corner (I5-
S1-C7, I1-S1-C7, I5-S2-C7, I1-S2-C7, and I5-S5-C7); they all require management measures and a closed 
herd.  Just one test scheme permits an open herd and does not require management measures yet still 
keeps the average Green herd MAP concentration below the limit.  This scheme is I5-S5-C7, the only one 
using only faecal culture for all three program components: intake, surveillance and control.  
 

Tabel 3. Percentage Green herds after 8 years. 
Test scheme 
Intake-Surva.-Control 

Management: yes 
Herd: closed 

Management: no 
Herd: closed 

Management: yes 
Herd: open 

Management: no 
Herd: open 

I1-S1-C1 77 73 57 31 
I1-S2-C1 81 77 70 35 
I1-S2-C7 85 74 69 34 

 
 
The intake procedure (I) and the surveillance procedures (S) appear to have less effect than the type of 
control procedure on Red herds (all faecal culture C7), and the presence of management measures plus 
the absence of animal trade. With the fecal culture control scheme C7 Red herds go back to the pool of 
Green herds sooner (after two negative test rounds) than C1 (ELISA control), explaining the larger size of 
that pool. In the absence of animal trade, the effect of management measures seems relatively minor 
(compare closed squares with closed circles), but this may be due to the short analysis period of 8 years.  
 
When found test-positive, a Green herd shifts to the pool of Red herds and is treated as if it had never been 
classified otherwise (i.e. status is based on the PVN value discussed above). For the pool of Red herds it 
was found that 6 ELISA or 2 faecal culture test-negative herd examinations are needed to reach a PVN 
value of 97.8-99.7% (depending on intake I1 or I5).  
 
For the Red herds management measures are very important (see van Roermund et al., 2004) in 
controlling the percent of infected animals and MAP content of milk. Animal trade is less important for a Red 
herd, since purchase of an infected animal has a marginal effect on the prevalence of an already infected 
herd.  Except for a short time immediately after culling faecal culture-positive animals (control C7) when 
management measures are applied on the farm, the average MAP content of milk in the group of Red herds 
is always above 1000 bacteria/litre. In fact within one year of culling the MAP content rises to at least 7000 
bacteria/litre (see van Roermund et al., 2004).  
 
Decision analysis. The model predicts that without the milk price incentive, farmers will not join the 
program. A farmer will drop out if classified as a Red herd (at the intake procedure or after a test round 
during the surveillance procedure) even if the milk price differentiation is € 0.01 per litre milk. Higher milk 
price differentiations were not studied here. The one exception is program I1-S1-C7 (without management 
measures). For this program the optimal decision for a Red farm after testing positive at intake procedure is 
to join the control procedure for another test round (at a milk price differentiation of at least € 0.003). If the 
herd tested positive again, the optimal economic decision is to quit the program.  
 
The minimal milk price differentiation needed to change the decision from ‘no’ to ‘yes’ to join the intake-
procedure is between € 0.0005 and € 0.0051. If a program is designed in such a way that a farmer cannot 
stop joining the program before the 6th test round of the surveillance procedure, the milk price differentiation 
is higher and should be between € 0.0009 and € 0.0080, depending the program. The higher milk price 
differentiation is needed to balance the higher program costs during 6 test periods. The programs I1-S2-C1, 
I1-S1-C1 and I1-S2-C7 (without management measures) have the lowest costs for participants. The 
average yearly costs for Green and for Red farms are € 388 and € 1065 for program I1-S2-C1, € 609 and € 
1085 for program I1-S1-C1 and € 386 and € 1647 for program I1-S2-C7. With management measures 
these costs are much higher: € 2110 and € 2538 for program I1-S2-C1, € 2332 and € 2529 for program I1 -
S1-C1 and € 2007 and € 3183 for program I1-S2-C7. For a more extensive overview and for benefits, see 
van Roermund et al. (2004).  
 
A cost-effectiveness analysis is presented in Figure 2. In this figure the milk price differentiation between 
Green and Red farms (needed to give a farmer enough incentive to join a quality assurance program 
voluntarily) is set out against the fraction of participating farmers that will have a Green status after 8 years. 
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Two clusters can be distinguished in this figure: the programs with management measures (step123, right 
upper corner) and the programs without management measures (left). This shows that management 
measures results in a higher milk price differentiation and in a more effective program (defined here as the 
percent of herds classified as Green). The difference in the upper and lower end of each line indicates the 
effect of animal trade. All programs perform better when no trade is allowed. However, the ban on trade has 
a greater impact when no management measures are included. The ‘cheapest’ programs that are most 
effective (where the fraction is higher than 70%) require closed herds but do not require management 
measures.  
 

 
Figure 2. Milk price differentiation needed to give a farmer enough incentive to join a quality assurance 
program voluntarily vs. the fraction of participating herds that will have a Green status after 8 years. The 
milk price differentiation is based on the assumption that a farmer joins the program for the intake 
procedure and remains for at least 6 infection control. The upper end of each line (closed dots or 
squares) represents closed farms in a program where no trade is allowed, whereas the lower end (open 
dots or squares) represents open farms where trading is allowed. 
 
The average concentration of MAP bacteria per litre of Green herd milk is given in Figure 3 in relation to the 
milk price differentiation. As in Figure 2 two clusters can be seen: the programs with management 
measures (step123, to the right) and the programs without management measures (to the left).  
 
In setting a target concentration level of less than 1000 MAP bacteria per litre for Green farms on average, 
the models show that open herds and no management measures are not optimal with one exception (as 
mentioned above for the scenario that a farmer remains in the program before the sixth test round of the 
surveillance and control procedures). When management measures are applied almost all programs (with 
or without animal trade) are provide milk that meets or is below the MAP target concentration.  
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Figure 3. Milk price differentiation needed to give a farmer enough incentive to join a quality assurance 
program voluntarily for MAP vs. the average number of MAP per litre of milk of Green farms per year. The 
milk price differentiation is based on the assumption that a farmer joins the program for the intake 
procedure and remains for at least 6 test rounds during the control procedure. The lower end of each line 
(closed dots or squares) represents closed farms in a program where no trade is allowed, whereas the 
upper end (open dots or squares) represents open farms where trading is allowed. 

 
Management improvements on farms can be costly, and based on this study are less important than 
reducing animal trade (see Figure 2). However, the positive effect of management measures increases if 
animal trade is allowed. Furthermore, management measures are important on Red farms, and if they are 
not taken, the pool of Green farms will never increase in size. 

DISCUSSION AND CONCLUSIONS 

According to the models, Green herds must be closed to animal trade. The choice of intake and 
surveillance policies themselves is less important than the effect of animal trade and of management 
measures. Management measures have less effect when animal trade is restricted (during the first 8 years), 
but are always very important on Red herds. The control component C7 (individual faecal culture) for Red 
herds increases the number of herds in Green herd pool due to the shorter lag time of becoming Green 
again (2 negative test rounds), and C7 is effective at lowering the concentration of MAP in Red herd milk. If 
there is no milk price differentiation for milk produced by Green farms the preferred decision for a farmer is 
not to join any program. If a milk price differentiatial is introduced, the Green farms will join. The majority of 
all dairy farms in the Netherlands will be certified as Green. When a farmer receives a Red status (at the 
intake procedure or after a test round during the surveillance procedure) the preferred decision is to stop 
the program immediately even if the milk price differentiation is € 0.01 per litre milk. This will happen with 
10-14% of initially participating farms. 
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As for any modelling study, the reliability of results depends on the accuracy of the model’s assumptions. 
The most uncertainty in these models concerns the lack of data on the amount of MAP bacteria in milk and 
the effect of management measures on the within-herd transmission of the infection. Both factors’ 
assumptions were tested in a sensitivity analysis (see van Roermund et al., 2004 and Weber et al., 2005). 
In the models MAP in milk is contributed by a small fraction of highly infectious animals plus by the clinical 
animals (see Table 1). This skewed distribution shown by the model should be verified in the field. It is also 
important to realise that prevalence impacts of management measures in the program are still based on 
expert opinions (see Groenendaal et al., 2002) that have yet to be proven. They are now being studied on 
17 heavily infected farms in the Netherlands during 2001-2005.  
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ABSTRACT 

A bulk milk quality assurance programme for Mycobacterium avium subsp. paratuberculosis (MAP) in dairy 
herds was simulated with a stochastic simulation model (JohneSSim). Herds were certified as ‘low-MAP 
bulk milk’ if, with a certain probability, the concentration of MAP in bulk milk did not exceed a maximum 
acceptable concentration (MAC). The MAC, less than 103 MAP per litre, was based on pasteurisation 
studies. The programme starts with an intake procedure; test-negative herds enter a surveillance procedure 
and test-positive herds enter a control procedure. The aim of this study was to simulate combinations of 
various intake, surveillance and control procedures to evaluate their epidemiological and economic effects 
in a population of closed Dutch dairy herds.  

The results showed that herd examinations by ELISA for intake and surveillance effectively ensure the 
quality of ‘low-MAP bulk milk’: >96% of simulated certified herds were below the MAC. Preventive 
management measures had little influence on the MAP bulk milk concentration in herds certified as ‘low-
MAP bulk milk’, but had an important positive effect on the number of certified herds. Culling of test-positive 
animals based on biennial faecal culture was more effective than culling based on annual ELISA. Average 
total discounted costs for 20-year participation in a programme consisting of intake by ELISA, surveillance 
by biennial ELISA and control by biennial faecal culture were €6×103 per herd. On average, additional 
preventive measures increased these costs to €40×103 per herd. 

This study showed that a bulk milk quality assurance programme based on MAP concentrations for closed 
Dutch dairy herds is feasible and provided decision-makers with information on the cost-effectiveness of 
different programmes. 

Keywords: cattle, paratuberculosis, stochastic simulation model, certification, surveillance. 

INTRODUCTION 

Mycobacterium avium subsp. paratuberculosis (MAP) infections in cattle are of concern to the dairy industry 
in part due to the as-yet-unresolved issue of its potential role in Crohn’s disease in humans (Anon. 2000, 
Chacon et al. 2004, Herrewegh et al 2004). If MAP is causally implicated, then milk is a possible vehicle by 
which humans may acquire the infection, because MAP has been detected in raw milk and may not be 
effectively inactivated by pasteurisation (Sweeney et al., 1992b, Streeter et al. 1995, Grant et al. 1996, 
Millar 1996, Sung and Collins 1998, Grant et al. 1999, Giese and Ahrens 2000, Corti and Stephan 2002, 
Gao et al. 2002, Grant et al. 2002a & b, MacDonald et al. 2002, Pillai and Jayaro 2002, Sevilla et al. 2002, 
Rademaker (NIZO food research, the Netherlands) personal communication 2004). A milk quality 
assurance programme for paratuberculosis in dairy herds may reduce the potential risk of MAP 
transmission to humans through consumption of milk and milk products. 

Certification-and-surveillance programmes for MAP-free herds have been developed in several countries 
(Kennedy et al. 2001). These programmes generally aim at providing buyers with a low risk of acquiring the 
infection through trade of cattle. In the Netherlands, a certification-and-surveillance programme has been 
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developed in which herds can obtain ‘MAP-free’ status following five negative annual herd examinations 
(the first herd examination by ELISA and faecal culture of ELISA-positive animals, the 2nd through 5th 
examination by pooled faecal culture; Benedictus et al., 1999). Control programmes for MAP-infected herds 
generally aim at its elimination.  These certification, surveillance and control programmes are inherently 
expensive and participation is often restricted to a minority of herds. By July 1st, 2005, only 473 of 
approximately 23.000 Dutch dairy herds had obtained ‘MAP-free’ status. An alternative control approach is 
to develop a milk quality assurance programme that focuses on reducing the concentration of MAP in bulk 
milk rather than eradication of MAP infection from cattle. Herds in a milk quality assurance programme can 
be certified as ‘low-MAP bulk milk’ if, with a certain probability, the concentration of MAP in bulk milk does 
not exceed a pre-set maximum acceptable concentration. This does not necessarily mean that the herd is 
free of MAP infection. Thus, such a milk quality assurance programme might possibly be run at 
considerably lower costs than the current Dutch certification, surveillance and control programme. 
Therefore, the aim of this study was to simulate different milk quality assurance programmes to evaluate 
their epidemiological effects and economic consequences for a population of closed Dutch dairy herds. 

A milk quality assurance programme was simulated, starting with an intake testing procedure.  Test-
negative herds enter a surveillance program and test-positive herds enter a control program. Herds that are 
found to be test positive during surveillance shift to the control program. The control program aims to 
suppress the infection in the herds, such that the milk quality can be guaranteed and the herd can move to 
the surveillance program. Different milk quality assurance programmes were simulated with a stochastic 
model JohneSSim (Groenendaal et al. 2002). Varied alternative test schemes based on herd examinations 
by serology (ELISA) or individual faecal culture (IFC) were simulated. All programmes were simulated with 
and without preventive management measures taken by all participating herds.  The simulation assumed all 
herds were closed. 

MATERIALS AND METHODS 

The JohneSSim model. The JohneSSim model is a stochastic and dynamic simulation model that 
simulates (a) herd dynamics, (b) disease dynamics within the herd, (c) control of Johne’s disease and (d) 
economic consequences at the herd level. The herd dynamics of a typical Dutch dairy herd and the 
infection and disease process in a 20-year period are simulated. The model and its use to study certification 
and surveillance programmes have been described in detail (Groenendaal et al. 2002, Weber et al. 2004). 
Repeated runs of the model provide insight into the variation in outcome at the farm level. Results at a 
higher aggregation level (e.g. national level) are obtained by simulating different types of dairy herds and 
aggregating the results according to their relative abundance. Both infected and non-infected herds are 
simulated.  
Assumptions in JohneSSim model for present study. All herds were assumed to be closed (i.e. no 
purchase of animals and no new introductions of MAP). Herd size was assumed to be 65 adults (³ 2 yr.) 
initially, and to increase by 5% per annum. Eighty to 100% of heifer calves were raised in the herd, while a 
surplus of heifers was sold shortly before 1st calving. Mean annual milk production was 8000 kg. Initial herd-
level true prevalence was assumed to be 0.30, based on a recent study in the Netherlands (van Weering 
(AHS, the Netherlands), personal communication, 2004). The assumed distribution of the initial within-herd 
true prevalence in infected herds is shown in Fig 1. Economic assumptions on losses caused by infection 
with MAP, costs of participation in the quality assurance programme and costs of preventive management 
measures were updated (Tables 1-3). All costs were discounted at a real interest rate (approximated by 
interest rate minus inflation rate) of 5% per year. Assumptions on test characteristics are shown in Table 4. 
Preventive management in the simulated herds was set to reflect the distribution of management practices 
in the Dutch dairy industry (‘background’ management; Groenendaal et al. 2002). Assumptions on 
effectiveness of additional preventive management measures, imposed on the ‘background’ management, 
have been described in detail previously (Groenendaal et al. 2002). By default, effective separation of 
young stock from adult cattle was assumed to reduce incidence through faecal contamination of the 
environment by 90%. 
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Fig. 1. Assumed starting distribution of within-herd true prevalence in infected herds. 

Table 1. Assumptions on losses caused by infection with MAP. Losses did not include effects of a potential 
reduction in milk consumption due to consumer concerns. 
Category Costs (Euro) 
Milk production Reduction depends on infection state: 5% (early) to 20% (clinical) 0.08 / kg 
Treatment Treatment of clinical case 30 
Reduced slaughter 
value 

Standard slaughter value (per cow)  
Reduction depends on infection state (early 5%, infectious 10%, 
clinical 100%) 

448.75 

Missed future income Retention Pay Off (depending on parity, month in lactation and 
production level assuming no alternative use of production factors) 

- 111.63 to 
1431.23 

Table 2. Variable costs (Euro) of participation in the bulk milk quality assurance programme. Subscription costs 
were 90 Euro per year. Costs do not include Value Added Tax (VAT for subscription and laboratory tests = 6%; 
VAT on other costs 19%). 
Test / action Costs : veterinarian Transport Lab / submission Lab  /  test 
Veterinarians’ visit 22 per visit 
IFC 2.75 per animal 10 7.80 30.00 per animal 
ELISA 2.75 per animal 10 7.80 6.15 per animal 

Table 3. Assumed costs (Euro) of preventive management measures (including labour at 18.21 Euro per hour). Fifty 
percent of the costs of additional preventive management measures imposed on the ‘background’ management 
(Groenendaal et al. 2002) were attributed to the control of paratuberculosis. 

Category Loss or costs 
Calving Costs of cleaning per year € 100 per year 

Extra labour (hygiene, milking own dam) per calving  Own dam colostrum of € 9.11 
Milk replacer 280 litres of artificial milk, 8 litre of milk replacer per 

kg milkpowder, costs of milkpowder € 1.30 per kg, 
value of bulkmilk €0.20 per litre. 

42 litre vs. rest milk = € 6.83 
238 litre vs. bulkmilk = - € 9.11 
Total = - € 2.28 

Hygiene barrier Between adult stock and young stock € 726.71 per year (including labour) 
Roughage Better quality roughage, straw during housing in 

summer season only. 
€ 39.03 for calves 0 – 6 months 

Housing Separate housing of animals 0 – 70 days (initially 5 
animals) 

€ 487.5 per year; 5% increment per year 

Separate housing of animals 70 – 180 days (initially 
7 animals) 

€ 682.5 per year; 5% increment per year 

Separate housing of animals 180 – 360 days (initially 
9 animals) 

€ 877.5 per year; 5% increment per year 
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Table 4. Assumptions on sensitivity (Se) and specificity (Sp) of individual faecal culture (IFC) 
and serum ELISA. 
 Stage of infection IFC ELISA 

Early, minimal shedding 0 0.01 
Low level shedding 0.40 0.10 
Heavy shedding 0.95 0.60 

Se 

Clinical disease  0.90 0.80 
Sp Not infected 1 

(a)
 0.997 

(b)
 

(a)
 Reinders (1963); 

(b) 
van Maanen et al. (2002). 

 
Shedding of MAP in milk. The assumptions made on shedding of MAP in milk depended on the stage of 
infection are shown in Table 5. These assumptions were based on the available quantitative data on direct 
shedding of MAP in milk, faecal contamination of milk and shedding of MAP in faeces (Chiodini et al 1984, 
Stadhouders and Jørgensen 1990, van der Giessen et al. 1992, Sweeney et al. 1992a & b, Streeter et al. 
1995, Millar 1996, Rossiter and Burhans 1996, Nauta and van der Giessen 1998, Giese and Ahrens 2000, 
Pearce et al. 2001, Corti and Stephan 2002, MacDonald et al. 2002, Grant et al 2002a, Grant et al. 2002b, 
Pillai and Jayaro 2002, Sevilla et al 2002, Rademaker (NIZO food research, the Netherlands), personal 
communication 2004, Stehman (Cornell University, USA), personal communication, 2004). 
 
Acceptable concentration of MAP-organisms in milk. The concentration of MAP organisms in on-farm 
bulk milk that can be considered acceptable for eventual human consumption after pasteurization is 
unknown. Firstly, no quantitative data on exposure to MAP (either alive or dead organisms) are available 
and the probability of human disease is unknown. In the present study, we assumed that no viable MAP 
organisms should be present after commercial pasteurisation. Secondly, the results of pasteurisation 
studies seem to be inconsistent. Stabel et al. (1997) found pasteurisation in a test tube to be ineffective, but 
found complete killing using spiked milk samples with a lab-scale pasteuriser with a turbulent flow of milk 
during pasteurisation. Similarly, MAP cells could not be recovered in milk samples that were spiked with 
approximately 106 MAP cells, after disruption of cell clumps, if high-temperature short-time (HTST) 
pasteurisation was performed at   72°C with holding times   10 s (Rademaker et al, 2002). HTST 
pasteurisation is expected to give a 5 to 6 log10 reduction in numbers of viable MAP in milk (Grant et al. 
1996, Grant et al. 1999, Gao et al. 2002). However, surviving MAP cells were detected in 19 of 33 (55%) 
spiked milk samples pasteurised by HTST when MAP was initially present in a concentration of 104 CFU 
per ml (Grant et al 1996). Furthermore, MAP was found to survive HTST pasteurisation in milk from 2 
infected herds (Grant et al 2002a). Sung and Collins (1998) concluded that MAP may survive HTST 
pasteurisation when the initial organism concentration is greater than 103 cells per litre. Therefore, in the 
present study, we considered a concentration of MAP organisms in milk less than 103 per litre acceptable. 
 

Table 5. Assumed concentration of MAP in milk for each stage of the infection in adult cattle (Total MAP in 

milk = direct shedding + faecal contamination * MAP in faeces). 
Stage Proportion 

of animals 
by stage 

Direct shedding of 
MAP in milk 
(organisms/L) 

Faecal 
contaminatio
n of milk (g/L) 

MAP in faeces 
(organisms per 
gram) 

Total MAP in 
milk (organisms 
per litre) 

Early stage 
infection 

0 0 0.04 0 0 

Low shedder  0.8 0 0.04 0 0 
 0.2 0 0.04 10

2
 4 

Heavy 
shedder 

0.6 10
2
 0.04 10

2
 10

2
 

 0.24 10
2
 0.04 10

4
 5 ×10

2
 

 0.16 10
2
 0.04 10

7
 4 ×10

5
 

Clinical 
disease 

0 10
4
 0.04 10

9
 4 ×10

7
 

 
Bulk milk quality assurance programmes. In our simulations, certified ‘low-MAP bulk milk’ dairy herds 
were assigned a status ‘green’, while other dairy herds were assigned a status ‘red’. Thus, ‘green’ herds 
were herds with a high probability that the concentration of MAP in bulk milk was <103 per litre. The intake 
procedure was done two years after the start of the simulations. Initial assignment of a status to a herd was 
based on the results of the intake: test negative herds were classified as ‘green’ and test-positive herds as 
‘red’. Thereafter, ‘green’ herds were regularly monitored in a surveillance scheme; if a herd converted to a 
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test-positive status, it was moved to the pool of ‘red’ herds. An infection control scheme was applied to ‘red’ 
herds. Test-positive cattle and their last-born offspring were culled.  
Various alternative test schemes for intake (i), surveillance (s) and control (c) were simulated (Table 6). The 
number of negative herd examinations required for a ‘red’ herd to move to the pool of ‘green’ herds was 
determined by the probability that the concentration of MAP in bulk milk was <103 per litre. A test-negative 
‘red’ herd became ‘green’ if this probability was equal to, or higher than, the probability for a ‘green’ herd to 
have <103 MAP per litre immediately after the intake procedure.  
All programmes were simulated with and without additional preventive management measures imposed by 
all participating herds on their ‘background’ management. When applied, the preventive measures were: 
improved hygiene around birth, colostrum from own dam only, feeding of artificial milk replacer only, and 
effective separation of young stock from adult cows from birth to the end of the first year. 

 
Model output. In the present study, relevant herd-level outcomes over time were the within-herd true 
prevalence, test prevalence, concentration of MAP in bulk milk, and costs spent on the quality assurance 
programme. Relevant aggregate level outcomes over time included the proportion of herds initially 
categorized as ‘green’, the average concentration of MAP in bulk milk from ‘green’ herds, the proportion of 
‘green’ herds with <103 MAP organisms per litre of bulk milk and costs spent on the bulk milk quality 
assurance programme (including herd examinations, subscription costs, preventive measures and cull of 
infected animals). 
 

Table 6. Simulated test schemes for intake (i), surveillance (s) and control (c) for cattle. In the 
intake and surveillance procedure, a positive ELISA result was confirmed by individual faecal 
culture (IFC); IFC positive cattle and their lastborn calf were culled. In the control procedure, all 
ELISA or IFC positive cattle were culled. 
Scheme Intake Surveillance Control 
 Test (once) Animals Test Interval Animals Test Interval Animals 
i1-s1-c1 ELISA  All, ³3 yr ELISA 1 yr All, ³3 yr ELISA 1 yr All, ³3 yr 
i1-s1-c7 ELISA  All, ³3 yr ELISA 1 yr All, ³3 yr IFC 2 yr All, ³2 yr 
i1-s2-c1 ELISA  All, ³3 yr ELISA 2 yr All, ³3 yr ELISA 1 yr All, ³3 yr 
i1-s2-c7 ELISA  All, ³3 yr ELISA 2 yr All, ³3 yr IFC 2 yr All, ³2 yr 

 
Sensitivity analyses. The influence of various input parameters on the study results was analysed by 
changing one parameter at the time. These sensitivity analyses were performed with test scheme i1_s1_c1, 
with or without additional preventive management measures taken in the herds. Two possible values were 
assessed for each of four scenarios: (1) The default numbers of MAP bacteria in milk (Table 5, last column) 
were multiplied by 104 and 106 respectively to study the effect of altering the value of this uncertain 
parameter. (2) The model’s default effect of preventive management measures was to reduce the 
probability of infection through the environment by 90%.  An alternative assumption was tested whereby the 
reduction was only 50%. (3) By default, the initial herd-level true prevalence was 0.30. Alternatively, a 
prevalence of 0.56 was simulated. (4) By default, multiple negative herd-examinations were required for a 
‘red’ herd to become ‘green’ (based on the probability for such herd to have <103 MAP per litre of bulk milk). 
The effects on the model of requiring only one negative herd-examination to receive a ‘green’ status was 
tested. 

RESULTS 

Simulated bulk milk quality assurance programmes. At intake (scheme i1: ELISA, all cattle ³3 yr, ELISA 
positive confirmed by IFC), 90% of all herds were test-negative and classified as ‘green’. The remaining 
10% of herds were test-positive (i.e. ~35% of the infected herds at that time, and none of the non-infected 
herds) and therefore classified as ‘red’. The assumed within-herd prevalence of adult cattle in ‘green’ and 
‘red’ herds at the intake is shown in Fig. 2A. The concomitant distribution of the concentration of MAP in 
bulk milk is shown in Fig. 2B. Immediately after the intake procedure (with scheme i1), 98% of ‘green’ herds 
had a concentration of MAP in bulk milk <103 per litre. During control in ‘red’ herds, two consecutive 
negative herd-examinations by IFC or six consecutive negative herd-examinations by ELISA were required 
to reach the same probability of having <103 MAP per litre milk. Therefore, by default, ‘red’ herds were re-
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classified as ‘green’ only after two consecutive negative herd-examinations by IFC, or six consecutive 
negative herd-examinations by ELISA. 
 

 

 
Fig. 2. Estimated within-herd prevalence in adult cattle (A) and estimated number of MAP organisms per 
litre of bulk milk (B) immediately after intake in simulated herds that were test-positive (‘red’) and test-
negative (‘green’) at intake, using intake scheme i1 (ELISA, all cattle ³3 yr). 
 
The proportion of herds classified as ‘green’ decreased over time if no preventive measures were taken 
(Fig. 3A). However, if preventive management measures were taken, this proportion first decreased, but, 
thereafter, increased towards 86% - 99%, depending on the test scheme used (Fig. 3B). Preventive 
measures were pivotal for ‘red’ herds to become ‘green’.  Furthermore, these measures reduced the 
proportion of ‘green’ herds that lost their status. If preventive measures were taken, culling based on IFC 
was more effective than culling based on ELISA. 
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Fig. 3. Proportion of herds that are classified as ‘green’ over time, assuming a population of closed herds 
with an initial herd-level true prevalence of 30%. (A) Without additional preventive measures, (B) with 
additional preventive measures. Test schemes are defined in Table 4. 
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Figure 4. Logarithm (log10) of the average number of MAP bacteria per litre of bulk milk from ‘green’ herds 
(A) without preventive management measures, (B) with preventive measures. Test schemes are defined in 
table 4. The dashed horizontal line indicates the threshold of 103 MAP bacteria per litre of bulk milk. Test 
schemes are defined in Table 4. 
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Fig. 5. Proportion of ‘green’ herds with <103 MAP per litre of bulk milk (A) without additional preventive 
measures. (B) with additional preventive measures. Test schemes are defined in Table 4. 
 
Depending on the scheme used and whether or not additional preventive measures were taken, the 
estimated average concentration of MAP bacteria per litre of bulk milk in ‘green’ herds did not decrease 
below 103 before year 8 to 15 (Fig. 4). The proportion of ‘green’ herds with <103 MAP per litre of bulk milk 
increased towards 100% in year 20 (Fig. 5). 
 
The median cumulative discounted costs during the 20 simulated years for schemes without additional 
preventive measures ranged from 6,000 to 10,000 Euro (Fig 6). For schemes with additional preventive 
measures these costs were higher, ranging from 40,000 to 44,000 Euro. However, the 90% range of costs 
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was much broader if no preventive measures were taken; therefore, for some schemes, the 95% percentile 
of costs were higher if no preventive measures were taken than if preventive measures were taken.  
 

 
Fig. 6. Median cumulative discounted costs per herd up to year 20 (averaged over all ‘green’ and ‘red’ 
herds). Error bars indicate the 5% to 95% range. Test schemes are defined in Table 4. 
 
Sensitivity analyses. When control of environmental transmission through preventive measures was 
assumed to be 50% vs. 90% effective, the number of “green” herds after 8 years was increased by only 5% 
(81% vs. 86%).  If no preventive measures were taken, the number of herds certified as “green” dropped to 
75%.  Changing the value of the environmental contamination control variable in the model had no effect on 
the proportion of ‘green’ herds with <103 MAP per litre bulk milk.  
 
If the default level of contamination of milk with MAP was multiplied by 104 or 106, the proportion of ‘green’ 
herds with <103 MAP per litre bulk milk was reduced by up to 10% during the first years after intake. 
However, beyond approximately year 10 (i.e. 8 years after intake), this effect was very small (Fig. 7). 
 
If a higher initial herd-level prevalence was assumed (0.56 instead of 0.30), the proportion of ‘green’ herds 
in year 20 was reduced by 21% (54% instead of 75% without additional preventive management measures; 
75% instead of 86% with additional preventive measures). The proportion of ‘green’ herds with <103 MAP 
per litre of bulk milk during the first years of the simulations was decreased by up to 2%, but this decrease 
was small beyond year 10. Effects on the cumulative discounted costs up to year 20 were negligible. 
 
Changing the assumption about the number of negative herd examinations by ELISA that were required for 
a ‘red’ herd to be re-classified as ‘green’ has a strong effect.  When the model assumed that only one, vs. 
six, negative tests were required, over 99% of herds were classified as ‘green’ in year 20 (instead of 86%), 
if additional preventive management measures were taken. The reason is, of course, that ‘red’ herds move 
to the pool of ‘green’ herds sooner. If no additional preventive measures were taken, there was only a minor 
effect on the proportion of ‘green’ herds. However, the bulk milk ‘quality’ of these ‘green’ herds was lower: 
the proportion of ‘green’ herds with <103 MAP/l was reduced by up to 2% if only one negative herd 
examination by ELISA was required instead of six. 
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Fig. 7. Sensitivity analysis for the effect of contamination of milk with MAP, using scheme i1_s1_c1. Default 
concentrations of MAP bacteria in milk are given in Table 5. Alternatively, these concentrations were 
multiplied by 104 and 106. Proportion of ‘green’ herds with <103 MAP per litre of bulkmilk, (A) without 
additional preventive measures, (B) with additional preventive measures being taken.  

 

DISCUSSION 

To our knowledge, this is the first modelling study of a bulk milk quality assurance programme for 
paratuberculosis in dairy herds. By aiming to reduce MAP concentration in the bulk tank, a milk quality 
assurance programme can be run at considerably lower costs than certification, surveillance and control 
programmes that attempt to establish low infection risk trade of cattle and eliminate MAP at the herd-level. 
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Key elements in a successful bulk milk MAP quality assurance programme are (1) preventive measures to 
reduce the risk of introduction of MAP in participating herds (including trade restrictions), (2) preventive 
management measures to reduce the risk of within-herd spread of MAP, and (3) effective intake, 
surveillance, and control procedures. The present study was restricted to closed herds. Effects of animal 
trade were analysed separately using a mathematical model (van Roermund et al. 2005). In the present 
study, additional preventive management measures beyond test-and-cull to reduce within-herd spread of 
MAP were found to have a major effect on the proportion of herds that can be certified as ‘low-MAP bulk 
milk’ (i.e. ‘green’ in this study). These management measures were pivotal for test-positive (‘red’) herds to 
move to certification as ‘low-map bulk milk’ (‘green’). However, these measures only had a minor effect on 
the actual bulk milk quality of ‘low-MAP bulk Milk’ herds (‘green’). 
 
It would be optimal to base the intake, surveillance and control procedures on accurate measurement of the 
concentration of MAP organisms in bulk milk. However, to our knowledge, techniques to routinely quantify 
MAP in large numbers of bulk milk samples are not yet available. Therefore, we simulated intake, 
surveillance and control procedures based on tests at the animal-level (ELISA, faecal culture). The results 
showed that herd examinations by ELISA for intake and surveillance effectively ensure the quality of ‘low-
MAP bulk milk’: >96% of simulated certified herds (increasing to >99% after 10 years) were below the <103 
MAP/l. However, culling of test-positive animals and their last-born offspring based on biennial faecal 
culture was more effective than culling based on annual ELISA. 
 
While fundamental assumptions were made in the present study, the impact of those considered to be most 
critical were evaluated through our sensitivity analyses. Due to deficiencies in the current methodology, it 
has so far been impossible to accurately quantify MAP organisms in milk from a dairy herd with 
paratuberculosis (Dundee et al, 2001; Grant et al, 2002a). For instance, colony forming units can not simply 
be translated to concentrations of MAP organisms, because of clumping of MAP in specimens and 
insensitivity of culture, while quantitative PCR results are estimates only of the total number of both viable 
and dead MAP organisms. Our sensitivity analyses showed that a 106 fold increase in the assumed 
concentration of MAP in milk from infected animals would initially decrease by 10% the number of certified 
‘low-MAP bulk milk’ (‘green’) herds with <103 MAP per litre. However, such high concentrations of MAP in 
milk are probably not biologically plausible (for example, a clinical animal would have to be shedding 4×1012 
MAP/litre of milk). Even if this occurred, the effects of such an increase in MAP in milk from infected 
animals on the bulk milk quality of ‘green’ herds were very small beyond year 10 (i.e. 8 years after the 
intake procedure). 
 
It is concluded that a bulk milk quality assurance programme for paratuberculosis in closed dairy herds is 
feasible. Preventive management measures should be recommended to participants given that they 
considerably increase the probability of obtaining and keeping a ‘low-MAP bulk milk’ status in the long term. 
Serology is sufficient for intake and surveillance in the programme. However, for control in test-positive 
herds, culling based on faecal culture results is more effective than culling based on ELISA results. The 
present study provided decision-makers with information on the cost-effectiveness of different programmes. 
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Control of paratuberculosis in live cattle and semen imported to Sweden 
1995-2004 

A Holmström, S Stenlund 

Abstract 

Objective: This presentation describes measures taken to prevent paratuberculosis from 
entering into and spreading in Sweden. Materials and Methods: Sweden has a favourable 
situation with a very low prevalence of paratuberculosis. Therefore, when Sweden joined the EU 
in 1995 the Ministry of Agriculture applied for additional guarantees regarding paratuberculosis. 
While this application is under consideration the Swedish Board of Agriculture (SBA) has decided 
that all imported animals must be tested in quarantine for paratuberculosis. A control 
programme in beef herds, financed by the SBA, has been in place since 1998. This programme 
prohibits purchase of animals from non-tested herds. A voluntary import control, the Swedish 
Farmers´ Disease Control Programme, which is run by the Swedish Animal Health Service, 
advises farmers to import semen or embryos instead of live animals and recommends that 
imported animals come from tested herds. In addition, a policy in the dairy industry prohibits 
purchase of imported animals to dairy herds. Results: The import of live animals to Sweden is 
low. Between 1995 and 2004, 278 animals were imported, the majority being pedigree beef 
animals. Since 1998 there has been no import of dairy cows. All imported animals have been 
tested with negative results by faecal culture as well as serology, and in most cases serological 
testing has also been performed in the exporting herd. The import of semen has steadily 
increased since 1995, from approximately 130 000 to 215 000 doses/year. The majority of 
semen donors have been tested serologically. Swedens low prevalence of paratuberculosis has 
been maintained during the period described. Conclusions: Import of live animals constitutes a 
high risk of introducing paratuberculosis. Regulations of the authorities (SBA) together with 
measures initiated by a voluntary import control run by the Swedish Animal Health Service have 
successfully limited the numbers and thereby minimized the risks. 
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Laboratory proficiency in testing for antibodies to Mycobacterium avium 
subspecies paratuberculosis: A new approach for the United States 

Jason E. Lombard, H A Schleicher, D A Dargatz 

Abstract 

The goal of proficiency testing for antibodies to Mycobacterium avium subspecies paratuberculosis (MAP) 
is to assure users that laboratories are able to conduct serology testing in a way that will provide quality 
results to be used in the Voluntary Bovine Johne’s Disease Control Program. Historically, the panel of 25 
sera, including some duplicates, was graded based on qualitative (positive/negative) results. Qualitative 
scoring of test results will often lead to selection of a panel of sera that give extreme values (positive or 
negative) to avoid challenges of the interpretation around the cutpoint of the test. The Z-scoring system, 
which is currently used in Australia, can be used to score quantitative outcomes of tests and has the 
potential to be modified and adopted for use with many laboratory tests. A combination of 
positive/negative and Z-scoring has been adopted by the United States for MAP ELISA antibody testing. 
The Z-scoring system uses the median and inter-quartile range values from the participating labs’ results 
in the analysis. This Z-score can then used to evaluate inter- and intra-laboratory variation in ELISA 
readings. Graphical representation of summed Z-scores may assist labs in identifying and resolving 
laboratory errors. The combination of scoring methods should provide more assurance in the quality of 
MAP antibody results for the US and has the potential to improve laboratory proficiency. 
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Paratuberculosis in cattle in the Czech Republic: current situation results 
of national control program and the main risk factors 

I Pavlik, M Kopecna, I Trcka, I Parmova, J Bzdil, H Hajkova, M Brychta 

Abstract 

Paratuberculosis (PTB) in cattle was diagnosed for the first time in one imported Danish Red Pied cow (1962), subsequently in 

one herd (1967) and in 16 herds (1984-1988) of grazing cattle originating from two areas where heifers were reared in the 

pastures in contact with imported cattle and sheep. However, cattle import into the family farms formed in those years (1990-

1992) and subsequently into large farms (1993-1996) introduced PTB. According to OIE, 1.7 million head of cattle were kept 

in 5,405 farms in the year 1998. Analysis of data showed that 29,234 head of cattle in 428 groups were imported (1992-1998) 

and PTB was successively diagnosed in 84 (19.6%) groups before 2004. Since 1998, a national subsidized control programme 

based on the faecal-culture of all animals older than 18 months twice a year has been adopted. In the year 2003, 3,500 of 

28,000 cattle herds could be considered as economically significant from the aspect of milk production. PTB is annually 

controlled in 25 to 30 herds, particularly of dairy cattle. The primary risk factor for the spread of PTB through the infected 

dairy cattle herds is represented by the widely used feeding of calves with mixed colostrum and milk, and the use of the 

progeny of infected dams in breeding. PTB is transmitted through cattle herds by cows and heifers purchased from cancelled 

herds and also by animals and bulls imported for natural breeding. The risk of spread of PTB to free living animals is above all 

represented by the introduced extensive grazing system of cattle. The introduction of the certificate programme should better 

motivate the farmers to both sanitation of infected herds and purchase of animals from non-infected herds. 
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Screening the Swedish sheep population for paratuberculosis 

Susanna Sternberg Lewerin, B Larsson, L Melin, Goran Bölske 

Abstract 

In Sweden, paratuberculosis is compulsorily notifiable in all animals and a stamping out policy 
is applied in infected herds. A total of 53 infected cattle herds have been identified since 1993, 
all linked to animal imports. Screening activities, based on faecal culture, have been undertaken 
in dairy cattle in 2001 and 2004, and there is a voluntary control programme for beef cattle, 
also based on faecal culture. Paratuberculosis has never been detected in Swedish sheep, but 
an infected ram was identified in quarantine in 1999. Since 1993, yearly screening of the sheep 
population has been undertaken. For 10 years serology (AGID) was used, but in 2004 this was 
replaced by faecal culture (modified Löwenstein-Jensen medium with mycobactin and modified 
Middlebrook 7H10 with mycobactin for 6 months). An average of one sero-positive sample was 
found every year, but further investigations into these herds, including slaughtering of the 
positive animal and testing of all other animals in the herd, revealed no paratuberculosis. No 
positive faecal samples have been found. Apart from the screening activities, suspect clinical 
cases and suspect cases found at post mortem or slaughter are further investigated. Although 
it isn’t safe to say that Swedish sheep are free from paratuberculosis, it can be concluded that 
the infection, if present, remains at a very low level. 



Proceedings of 8ICP 2005 Theme 2: Immunology, Pathology and Pathogenesis 

 77 

Immunology of bovine paratuberculosis: the hosts’ perspective 

Koets AP 

Department of Farm Animal Health & Immunology Division, Institute of Infectious diseases and Immunology  Faculty of 
Veterinary Medicine, Utrecht University, The Netherlands.  PO Box 80.165, 3508 TD Utrecht, The Netherlands, Tel: 

+30 31 2534608, Fax:  +30 31 2533555, E-mail: a.p.koets@vet.uu.nl 

ABSTRACT  

Mycobacterial infections constitute a major thread to cattle populations worldwide. The major mycobacterial 
infections are tuberculosis, caused by infection with M. bovis (MB), and paratuberculosis, caused by 
infection with M. avium ssp. paratuberculosis (MAP). The interaction between the hosts immune system 
and MAP is a complex interplay reflecting the intricate ways in which this successful pathogen manipulates 
the host. The completion of the prototype genome of MAP has lead to the identification of species specific 
as well as conserved antigens. These antigens can be used in functional assays to study host pathogen 
interactions in detail. Mycobacterial heat shock proteins are potent antigens for many lymphocytes, and are 
used widely as defined antigens to study interactions between mycobacteria and the host. This review 
provides an overview of immune interactions between MAP and the bovine immune system with special 
focus on reactivity of ab T cells, gd T cells and B cells towards mycobacterial heat shock proteins in 
paratuberculosis. 
 
Key words: cattle, heat shock protein, immunology, Mycobacterium paratuberculosis, pathogenesis 

INTRODUCTION 

Mycobacterial infections constitute a major threat to cattle populations worldwide. The major mycobacterial 
infections are tuberculosis, caused by infection with M. bovis (MB), and paratuberculosis, caused by 
infection with M. avium ssp. paratuberculosis (MAP). The description of a chronic granulomatous infection 
of the small intestine in a cow, by Johne and Frottingham in 1895, was the first report on paratuberculosis; 
although at the time they considered it to be an unusual case of bovine tuberculosis. (Johne and 
Frothingham, 1895)  Paratuberculosis is a slowly developing disease, with a long asymptomatic period 
during which the infection is spread.  It eventually causes a wasting syndrome in animals progressing to the 
clinical stage of the disease months or more likely years after infection. Both diagnosis, especially in the 
early asymptomatic stages of the disease, as well as protective vaccination are notoriously difficult.  
 
Another major point of interest lies in the physiology of the bovine immune system in which gd T cells are 
the major T cell population in the circulation during the first 6-12 months of life. (Hein and Mackay, 1991) As 
opposed to ab T cells, many questions on the function of the gd T cell populations during infection and 
inflammation are still unanswered. Heat shock proteins (Hsp) have been shown to be immunodominant 
antigens for B and ab T cells, and they also have been shown to be antigens for the gd T cells. (Boismenu 
and Havran, 1997; Born et al., 1999) This review provides an overview of interactions between MAP and 
the bovine immune system with special focus on reactivity towards mycobacterial Hsps in paratuberculosis. 
  
Innate immunity to MAP 
Young calves, especially in the first six months of life, are most susceptible to MAP infection which is 
transmitted via milk and environmental contamination. (Sweeney, 1996) The nature of this apparent age 
resistance is poorly understood, however it may be related to the extensive lymphoid areas, Peyers patches 
(PP), in the jejunum and ileum of calves that gradually disappear during the first year of life. (Liebler, 1985) 
MAP is taken up by M-cells in the mucosa of the PP of the small intestine. (Momotani et al., 1988) With the 
disappearance of the M-cell rich PP a porte-d’entrée for the bacteria disappears as well, although recent 
evidence obtained in goats and calves point to uptake of MAP via enterocytes as well. (Schleig et al., 2005; 
Sigurardottir et al., 2005) Major membrane protein and fibronectin attachment proteins have been shown to 
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be involved in the attachment of MAP to intestinal mucosa. (Bannantine et al., 2003; Secott et al., 2002, 
2004) Following expulsion at the basal side of the M-cell the bacteria are taken up by macrophages 
underlying the domes of the PP. (Momotani et al., 1988; Sigurdardottir et al., 2001) The bacteria persist 
inside the macrophages, surviving its microbicidal mechanisms by altering the normal phagosomal 
maturation pathways and preventing apoptosis. (Kuehnel et al., 2001; Pieters, 2001; Weiss et al., 2004) In 
addition the initiation of the acquired immune response may be hampered by impaired production of pro-
inflammatory cytokines such as TNFα, and increased expression of IL-10 (Coussens et al., 2004; Weiss et 
al., 2002). Heat shock proteins may provide an activation signal to antigen-presenting cells (Wallin et al., 
2002) although a specific induction of regulatory T cells limiting tissue damage has also been described 
(van Eden et al., 2005). Mycobacterial heat shock protein of 70kD is specifically recognized by bovine 
antigen presenting cells, like macrophages and dendritic cells, and may also lead to increased production of 
IL-10. (Langelaar et al., 2005b; Langelaar et al., 2005c) Ultimately the infected macrophages, restricted in 
their capacity to migrate, accumulate at the site thus forming poorly organized lepromatous granulomatous 
lesions. (Clarke, 1997) NK cells, unexplored until recently, may bridge innate and specific immunity, through 
production of IFNγ in response to soluble factors released by adherent cells following antigenic 
stimulation.(Olsen et al., 2005; Storset et al., 2004)  
 
Acquired immunity to MAP 
Infection is followed by a prolonged asymptomatic phase, two years or more, in which neither immune 
responses (humoral and cell mediated), nor excretion of bacteria in the feces can be measured. (Clarke, 
1997) Most notably the first signs of infection are IFNg production and lymphoproliferation in response to 
challenge with mycobacterial antigens such as purified protein derivative (PPD), indicating activation of cell 
mediated immunity (CMI), and intermittent shedding of bacteria in the feces. During the years to follow 
bacterial excretion will increase, as will CMI, and antimycobacterial antibody responses may become 
detectable. Cows can remain in this stage of the disease for years, an apparent equilibrium between host 
and pathogen. Different host phenotypes can be distinguished by shedding frequency and quantity. (Koets 
et al., 2005b; Whitlock et al., 2005)  
 
A limited number of animals rapidly progress to the clinical stage of the disease characterized by incurable 
diarrhea due to the expanding granulomatous lesions in the intestinal wall. Ultimately these animals die of 
emaciation caused by the protein losing enteropathy. In the animals that develop clinical disease, antigen 
specific CMI wanes while excretion of the pathogen increases exponentially, thus contributing 
correspondingly to spread of the disease. (Chiodini, 1996) It has been hypothesized that the decrease in 
CMI and the increased antibody responses reflects a switch in immune reactivity from type 1 to type 2 
responses  (Chiodini, 1996; Clarke, 1997) based on the T helper cell dichotomy first described by Mosmann 
and co-workers (Mosmann et al., 1986). Although this dichotomy is not as clear-cut in outbred species as it 
is in different murine strains, studies regarding bovine type 1 and type 2 immune responses have confirmed 
the crucial role of IL-4 and IFN-g as driving cytokines. (Brown and Estes, 1997)  Protective immunity against 
paratuberculosis is considered to be essentially cell mediated. As such, protection depends on the 
interactions between T cells and infected antigen presenting cells. (Kaufmann, 2001)  
 
Recent advances such as the completion of the sequencing of the prototype genome of MAP lead to a 
rapid expansion of knowledge on sequences with potential diagnostic value and individual protein antigens. 
The main focus of these antigen discovery approaches focuses on finding antigens specific for MAP for 
diagnostic purposes. (Bannantine et al., 2002; Paustian et al., 2005) These antigens are subsequently 
tested for immunogenicity in model systems and MAP infections revealing interesting new antigens that 
warrant further testing. (Bannantine et al., 2004; Nagata et al., 2005) Although species-specific antigens 
may prove useful in diagnostic approaches (Stratmann et al., 2004) it remains to be seen whether this type 
of antigen is a major target for the immune system. From an evolutionary viewpoint it may be more efficient 
for the immune system to target conserved essential targets in pathogens as these are less likely to change 
rapidly, and cross-protective effects may be beneficial.   
 
Despite their high degree of conservation Hsps are essentially very immunogenic proteins. In mycobacterial 
diseases the Hsp have been found to induce both T and B cell activity (Ivanyi et al., 1996). As reviewed by 
Matzinger (Matzinger, 1994) the Hsp recognition by immune cells could deliver an efficient danger signal to 
activate immune responses. They are challenging antigens for the immune system as they may provide a 
universal signal for infection, based on epitopes unique for or shared by pathogens. Furthermore, 
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expression of self-Hsp derived epitopes by infected cells may also facilitate immune recognition by shared 
mechanisms (Kaufmann, 1990). The sharing of epitopes between host and pathogen may potentially lead 
to autoimmunity. However, pre-immunisation with Hsp often leads to (partial) protection against, rather than 
induction of, autoimmunity in a number of experimental disease models, probably via induction of regulatory 
self-Hsp-reactive T cells.(van Eden et al., 2005) Our research focuses on the unravelling of immune 
responses to MAP Hsp60 and Hsp70, as these constitute an evolutionary and functionally important 
strategy to deal with mycobacterial infections. 
 
B lymphocytes 
As is seen with other mycobacterial diseases, e.g. tuberculosis, antibodies contribute little to protective 
immunity against those intracellular bacteria. Currently there is little insight into B cell responses in early 
stages of disease. Based on the available assays, it appears very little if any antibody production is evident 
in early stages post infection. Recent data using new recombinant antigens and an intra-tonsillar route of 
infection do show early antibody responses, in fact these antibody responses precede cell mediated 
responses in this model. (Waters et al., 2003) The serological response to crude mycobacterial antigens 
during paratuberculosis has been a subject of many studies aiming to improve diagnosis of this infection 
(Abbas and Riemann, 1988; Collins et al., 1993; Hilbink et al., 1994; Jark et al., 1997; Sockett et al., 1992; 
Spangler et al., 1988; Vannuffel et al., 1994). The results of serological studies have been generalized to 
argue in favor of a Th2 driven antibody response in later stages of the disease.  
 
A distinction can be made between IFN-g dependent (Th1) antibody isotypes and IL-4 dependant Th2 
related isotypes (Abbas et al., 1996). Likewise for cattle, it has been shown that IgG1 and IgA as opposed 
to IgG2 and IgM isotypes can be classified respectively as type 2 vs. type 1 associated isotypes (Brown and 
Estes, 1997; Brown et al., 1999; Estes et al., 1994; Estes et al., 1995). Studies with isotype specific ELISAs 
and different antigens showed this to be an oversimplification.  They indicated that the change in type 1 and 
type 2 responses appears to be driven by a loss of type 1 reactivity, however loss of type 2 reactivity to 
certain antigens also occurs. In these studies recombinant heat shock protein 60 (Hsp60) appears to be a 
dominant B cell antigen while recombinant Hsp70 does not. (Koets et al., 2002; Koets et al., 2001)  
 
CD4+ T lymphocytes 
Most of the work on CD4+ T cell reactivity in paratuberculosis has focussed on protein antigens of MAP, 
mostly derived from crude preparations and to a lesser extent using recombinant protein antigens. Despite 
work in the human TB field (Moody et al., 2000) studies regarding T cell reactivity to non-protein antigens of 
MAP are in their early days, although the first indications of CD1 restricted anti-MAP lipid responses have 
been found. (Van Rhijn et al., 2005) The putative switch from protective Th1 to permissive Th2 responses 
has been studied with respect to T cell reactivity from paratuberculosis infected animals however these 
studies were unable to clearly show the hypothesized Th1 to Th2 switch. While the decrease in IFNγ 
production is evident, indications for increased Th2 are less clear. Upregulation of IL-10 and TGFβ 
expression appears to be more consistent. (Coussens et al., 2005; Lee et al., 2001; Stabel and Ackermann, 
2002)  
 
Recombinant Hsp70 is a dominant T cell antigen in paratuberculosis as indicated by high proliferative 
responses in vaccinated animals and in asymptomatic shedders compared to cows with clinical signs of 
paratuberculosis. (Koets et al., 1999) A similar low level of cell mediated immunity (CMI) was observed in 
focal tissue lesions of animals with clinical signs of disease. Further analysis by immunohistochemistry and 
flow cytometry indicated a loss of CD4+ Th cells from those lesions. (Koets et al., 2002)  
 
Collectively these data on CD4+ Th cell driven CMI suggest that the decrease in reactivity during 
progressive bovine paratuberculosis is more likely due to a loss of mycobacterial antigen specific CD4+ Th 
cells rather then redistribution of T helper cells. The loss of CD4+ T cells in mycobacterial diseases has 
previously been linked to activation induced apoptosis through cell-cell contact and soluble mediators 
(Coussens et al., 2005; Dalton et al., 2000; Das et al., 1999; Florido et al., 2005; Grell et al., 2005). Another 
mechanism for the loss of CMI may involve activation of regulatory T cells during the course of disease. 
These regulatory T cells, producing anti-inflammatory cytokines IL-10 and TGF-β, have a role in the 
maintenance of self-tolerance.  However recent studies suggest that regulatory T cells can be induced 
against bacterial, viral and parasite antigens in vivo.  They might prevent infection-induced 
immunopathology resulting in prolonged pathogen persistence by suppression of protective Th1 responses. 
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(McGuirk and Mills, 2002) Indications have been found that these mechanisms are active in advanced 
cases of paratuberculosis. (Coussens et al., 2002; Coussens et al., 2004; Khalifeh and Stabel, 2004) It 
remains to be elucidated whether the host employs those mechanisms attempting to reduce inflammatory 
damage or whether the ability to induce host regulatory T cells should be considered a pathogenic trait of 
MAP, possibly mediated by interaction with DC-SIGN and TLR on dendritic cells similar to tuberculosis.(van 
Kooyk and Geijtenbeek, 2003)  
 
CD8+ T lymphocytes  
The role of the CD8+ T cells in protective immunity has been subject of debate, however cytotoxic T cells do 
contribute to mycobacterial infection resistance. (Cho et al., 2000; Stenger and Modlin, 1998) It has been 
shown that CD8+ cytotoxic T cells are induced during bovine tuberculosis (Skinner et al., 2003), however 
data on the induction of CD8+ T cells during paratuberculosis either using crude or recombinant antigens is 
limited. Recent data using flowcytometric approaches to study antigen specific activation of subsets does 
indicate some early activation of CD8+ T cells. (Koo et al., 2004)   
 
No specific CD8+ CTLs have been described for mycobacterial Hsp70, however this molecule has gained 
recent attention as it was shown to possess so-called cross-priming capabilities. Hsp70 belongs to a group 
of molecules that are able to translocate protein epitopes, complexed to them or linked as a fusion protein, 
into the cellular MHC class I presentation pathway when administered extracellularly, instead of being 
processed and presented via the MHC class II pathway (Li et al., 2002). This process is receptor mediated 
and to date several receptors have been described to be involved such as the a2 macroglobuline receptor 
(Basu et al., 2001; Binder et al., 2000) and LOX (Delneste et al., 2002). Several studies have indicated that 
these properties can be used to generate CTLs that recognise intracellular pathogen related antigens in the 
context of MHC class I. Such protein based, adjuvant free, vaccine systems may prove to have substantial 
benefits over using e.g. attenuated pathogens to induce CTL (Srivastava and Amato, 2001) We however 
thusfar have been unable induce CTL using this system (Langelaar et al., 2005a). 
 
gd T lymphocytes 
The immune system of ruminants has a number of characteristics unique among mammals such as the 
abundance of T lymphocytes with a gd T cell receptor present in blood of young animals. The gd T cells can 
represent up to 75% of blood T lymphocytes during the first 6-9 months of life. (Davis et al., 1996; Hein and 
Mackay, 1991; Wyatt et al., 1996) The majority of these gd T cells express the workshop cluster 1 (WC1) 
molecule. Based on the expression of the WC1 molecule, unique to ruminants and belonging to the 
scavenger receptor cysteine-rich domain family, the gd T cells can be divided into two subpopulations, 
WC1+ and WC1-. (Clevers et al., 1990; Takamatsu et al., 1997; Wijngaard et al., 1994) Furthermore, within 
these subsets additional markers show differentiation into at least 4 functionally different γδ T cell 
populations. (Park et al., 2000) The recognition of antigen by gd T cells is incompletely understood, although 
several restriction elements have been described. While a minority of the gd T cells recognizes antigen in 
the context of MHC I or II, the majority of gd T cells see their antigen differently. Antigens may be 
recognized via non-classical MHC I (MHC Ib) molecules (Soloski et al., 2000), lipid based antigens by 
presentation in CD1 molecules (Porcelli et al., 1998), or direct interaction with pathogen associated 
molecular patterns (Hedges et al., 2005). Ruminant gd T cells express a very diverse repertoire of T cell 
receptors in contrast to mice and humans. Hence the ruminant gd T cells may have a better developed 
capacity to recognize diverse ligands. (Hein and Dudler, 1997; Hein and Mackay, 1991)  
 
In the course of intracellular mycobacterial infections two, apparently opposite, functions of the gd T cell 
population have been described. Evidence has been presented that the gd T cell population contributes to 
clearance of infection by cytotoxicity (Olin et al., 2005), or the secretion of IFN-g via a positive feedback loop 
sustained by activated antigen specific CD4+ T cells and IL-12, possibly enhancing the conditions for a 
microenvironment that favors cell mediated immune responses in early stages of infection. (Garcia et al., 
1997) Recent studies on cattle experimentally infected with M. bovis show that there is early activation of 
WC1+ gd T cells with a strong proliferative response to M. bovis antigen in vitro, and relative low production 
of IFN-g.(Smyth et al., 2001) However, in models for intra-cellular infection, it has been shown that gd T cells 
may predominantly have an immunoregulatory function via IL-10 which downregulates Th1 and NK-based 
IFN-g production, thus controlling Th1 responses (Flesch and Kaufmann, 1994; Hsieh et al., 1996). Similar 
results have been obtained with regard to the role of gd T cells in models for bovine mycobacterial diseases, 
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indicating that the gd T cell population does not restrict the growth of the mycobacteria but allows for 
formation of epitheloid granulomata as observed in progressive bovine paratuberculosis. (Smith et al., 
1999; Tanaka et al., 2000)  
In earlier studies γδ T cells have been described displaying cytotoxic activity towards CD4 T cells thus 
contributing to the loss of cell mediated immunity.(Chiodini and Davis, 1992) In support of this theory, the 
loss of CD4 T cells during the final progressive stages of paratuberculosis has been shown to be 
associated with an increase in WC1+ gd T cells. (Koets et al., 2002) A third functional role of γδ T cells may 
be that they act as antigen presenting cells (APC) which has been shown to be the case in cattle (Collins et 
al., 1998) and recently also in humans (Brandes et al., 2005). In the latter case it was shown that they could 
function as professional APC. This in turn would also tie in with data on bovine γδ T cells being able to 
directly respond to pathogen associated molecular patterns (PAMP).(Hedges et al., 2005) Although the 
overall role of gd T cells remains elusively complex, linking innate and adaptive immunity, their regulatory 
functions may under certain conditions prevail over those inducing protective immunity.  

CONCLUSIONS 

In the course of bovine paratuberculosis dramatic changes in the immune reactivity to the mycobacterial 
pathogen occur that are related to the outcome of the infection. This review has focused on some of the 
major players affecting this outcome. Current evidence points to an antigen specific mechanism that causes 
the demise of CD4+ helper T cells that recognize mycobacterial antigens.  As a consequence of the 
progressive loss of these CD4+ T cells the infection progresses beyond control leading to extensive 
intestinal pathology eventually leading to the death of the cow.  Major questions at this point relate to the 
mechanism of this loss of CD4+ T cells. The direct interaction between infected macrophages and dendritic 
cells on the one hand and CD4+ T cells on the other hand may lead to the induction of apoptosis in the 
CD4+ T cell population. This could occur via signalling mechanisms through e.g. Fas – FasL interactions or 
via cytokines. (Dockrell, 2001; Gao and Kwaik, 2000; Mustafa et al., 2001) It may also be the result of a 
regulatory function of gd T or Treg cells, which may start a prolonged down regulation of continuous 
activation of the CD4+ T cells during these chronic infections in a misdirected attempt to limit tissue 
damage.  This eventually leads to uncontrolled mycobacterial replication. (Coussens, 2004)  
 
It is important to note that a substantial amount of data has been gathered using peripheral blood 
lymphocytes. As the infection, and therefore the early stage of host-pathogen interaction, is confined to the 
mucosal immune system of the small intestine it is important to use techniques such as intestinal lymphatic 
cannulation (Hein et al., 2004) to study whether these mechanisms also play a role locally, and at early 
stages of infection.  
 
The Hsps have been shown to be dominant antigens in paratuberculosis. In comparison with Hsp60, the 
Hsp70 induces predominantly cell mediated responses. When using it as a vaccine we were recently 
successful in showing a protective effect of Hsp70 immunisation in a MAP challenge experiment. In contrast 
to expectations a prominent antibody response, absent during natural infection, preceded relatively low CMI 
responses. (Koets et al., 2005a)  
 
The influence of host genetics on resistance to paratuberculosis is yet another field which will develop in the 
coming years. Some studies have provided indications of genetic factors involved in resistance to 
paratuberculosis.(Estonba et al., 2005; Koets et al., 2000; Mortensen et al., 2004) The completion of the 
bovine genome and technological advances in SNP discovery and typing will support expansion of this 
field. Further studies on this complex mycobacterial disease in natural hosts are indispensable to better 
understand the pathogenesis as well as aid the rational design of eradication strategies both on the 
individual animal as well as the population level.  



Theme 2: Immunology, Pathology and Pathogenesis Proceedings of 8ICP 2005  

 82 

ACKNOWLEDGEMENTS 

Current support is provided by a grant from the Technology Foundation (STW) of the Dutch Scientific 
Research Council (NWO), grant number STW-UDG5589. 

REFERENCES 

Abbas, A., Murphy, K., Sher, A., 1996, Functional diversity of helper T lymphocytes. Nature 383, 787-793. 
Abbas, B., Riemann, H.P., 1988, IgG, IgM and IgA in the serum of cattle naturally infected with 

Mycobacterium paratuberculosis. Comp Immunol Microbiol Infect Dis 11, 171-175. 
Bannantine, J.P., Baechler, E., Zhang, Q., Li, L., Kapur, V., 2002, Genome scale comparison of 

Mycobacterium avium subsp. paratuberculosis with Mycobacterium avium subsp. avium reveals 
potential diagnostic sequences. J Clin Microbiol 40, 1303-1310. 

Bannantine, J.P., Hansen, J.K., Paustian, M.L., Amonsin, A., Li, L.-L., Stabel, J.R., Kapur, V., 2004, 
Expression and Immunogenicity of Proteins Encoded by Sequences Specific to Mycobacterium avium 
subsp. paratuberculosis. J. Clin. Microbiol. 42, 106-114. 

Bannantine, J.P., Huntley, J.F., Miltner, E., Stabel, J.R., Bermudez, L.E., 2003, The Mycobacterium avium 
subsp. paratuberculosis 35 kDa protein plays a role in invasion of bovine epithelial cells. Microbiology 
149, 2061-2069. 

Basu, S., Binder, R.J., Ramalingam, T., Srivastava, P.K., 2001, CD91 is a common receptor for heat shock 
proteins gp96, hsp90, hsp70, and calreticulin. Immunity 14, 303-313. 

Binder, R.J., Han, D.K., Srivastava, P.K., 2000, CD91: a receptor for heat shock protein gp96. Nat Immunol 
1, 151-155. 

Boismenu, R., Havran, W.L., 1997, An innate view of gamma delta T cells. Curr Opin Immunol 9, 57-63. 
Born, W., Cady, C., Jones-Carson, J., Mukasa, A., Lahn, M., O'Brien, R., 1999, Immunoregulatory functions 

of gamma delta T cells. Adv Immunol 71, 77-144. 
Brandes, M., Willimann, K., Moser, B., 2005, Professional antigen-presentation function by human 

gammadelta T Cells. Science 309, 264-268. 
Brown, W.C., Estes, D.M., 1997, Type I and type II responses in cattle and their regulation, In: Horzinek, 

M., Schijns, V.E.C.J. (Eds.) Cytokines in Veterinary Medicine. CAB International, Wallingford, UK, pp. 
15-33. 

Brown, W.C., McElwain, T.F., Palmer, G.H., Chantler, S.E., Estes, D.M., 1999, Bovine CD4(+) T-
lymphocyte clones specific for rhoptry-associated protein 1 of Babesia bigemina stimulate enhanced 
immunoglobulin G1 (IgG1) and IgG2 synthesis. Infect Immun 67, 155-164. 

Chiodini, R.J., 1996, Immunology: resistance to paratuberculosis. Vet Clin North Am Food Anim Pract 12, 
313-343. 

Chiodini, R.J., Davis, W.C., 1992, The cellular immunology of bovine paratuberculosis: the predominant 
response is mediated by cytotoxic gamma/delta T lymphocytes which prevent CD4+ activity. Microb 
Pathog 13, 447-463. 

Cho, S., Mehra, V., Thoma-Uszynski, S., Stenger, S., Serbina, N., Mazzaccaro, R.J., Flynn, J.L., Barnes, 
P.F., Southwood, S., Celis, E., Bloom, B.R., Modlin, R.L., Sette, A., 2000, Antimicrobial activity of 
MHC class I-restricted CD8+ T cells in human tuberculosis. Proc Natl Acad Sci U S A 97, 12210-
12215. 

Clarke, C.J., 1997, The pathology and pathogenesis of paratuberculosis in ruminants and other species. J 
Comp Pathol 116, 217-261. 

Clevers, H., MacHugh, N.D., Bensaid, A., Dunlap, S., Baldwin, C.L., Kaushal, A., Iams, K., Howard, C.J., 
Morrison, W.I., 1990, Identification of a bovine surface antigen uniquely expressed on CD4- CD8- T 
cell receptor gamma/delta+ T lymphocytes. Eur J Immunol 20, 809-817. 

Collins, M.T., Angulo, A., Buergelt, C.D., Hennager, S.G., Hietala, S.K., Jacobson, R.H., Whipple, D.L., 
Whitlock, R.H., 1993, Reproducibility of a commercial enzyme-linked immunosorbent assay for bovine 
paratuberculosis among eight laboratories. J Vet Diagn Invest 5, 52-55. 

Collins, R.A., Werling, D., Duggan, S.E., Bland, A.P., Parsons, K.R., Howard, C.J., 1998, Gammadelta T 
cells present antigen to CD4+ alphabeta T cells. J Leukoc Biol 63, 707-714. 

Coussens, P.M., 2004, Model for Immune Responses to Mycobacterium avium subspecies 
paratuberculosis in Cattle. Infect. Immun. 72, 3089-3096. 



Proceedings of 8ICP 2005 Theme 2: Immunology, Pathology and Pathogenesis 

 83 

Coussens, P.M., Colvin, C.J., Wiersma, K., Abouzied, A., Sipkovsky, S., 2002, Gene expression profiling of 
peripheral blood mononuclear cells from cattle infected with Mycobacterium paratuberculosis. Infect 
Immun 70, 5494-5502. 

Coussens, P.M., Pudrith, C.B., Skovgaard, K., Ren, X., Suchyta, S.P., Stabel, J.R., Heegaard, P.M.H., 
2005, Johne's disease in cattle is associated with enhanced expression of genes encoding IL-5, 
GATA-3, tissue inhibitors of matrix metalloproteinases 1 and 2, and factors promoting apoptosis in 
peripheral blood mononuclear cells. Veterinary Immunology and Immunopathology 105, 221-234. 

Coussens, P.M., Verman, N., Coussens, M.A., Elftman, M.D., McNulty, A.M., 2004, Cytokine gene 
expression in peripheral blood mononuclear cells and tissues of cattle infected with Mycobacterium 
avium subsp. paratuberculosis: evidence for an inherent proinflammatory gene expression pattern. 
Infect Immun 72, 1409-1422. 

Dalton, D.K., Haynes, L., Chu, C.Q., Swain, S.L., Wittmer, S., 2000, Interferon gamma eliminates 
responding CD4 T cells during mycobacterial infection by inducing apoptosis of activated CD4 T cells. 
J Exp Med 192, 117-122. 

Das, G., Vohra, H., Saha, B., Agrewala, J.N., Mishra, G.C., 1999, Apoptosis of Th1-like cells in 
experimental tuberculosis (TB). Clin Exp Immunol 115, 324-328. 

Davis, W.C., Brown, W.C., Hamilton, M.J., Wyatt, C.R., Orden, J.A., Khalid, A.M., Naessens, J., 1996, 
Analysis of monoclonal antibodies specific for the gamma delta TcR. Vet Immunol Immunopathol 52, 
275-283. 

Delneste, Y., Magistrelli, G., Gauchat, J., Haeuw, J., Aubry, J., Nakamura, K., Kawakami-Honda, N., 
Goetsch, L., Sawamura, T., Bonnefoy, J., Jeannin, P., 2002, Involvement of LOX-1 in Dendritic Cell-
Mediated Antigen Cross-Presentation. Immunity 17, 353. 

Dockrell, D.H., 2001, Apoptotic cell death in the pathogenesis of infectious diseases. J Infect 42, 227-234. 
Estes, D.M., Closser, N.M., Allen, G.K., 1994, IFN-g stimulates IgG2 production from bovine B cells 

costimulated with anti-m and mitogen. Cell Immunol 154, 287-295. 
Estes, D.M., Hirano, A., Heussler, V.T., Dobbelaere, D.A., Brown, W.C., 1995, Expression and biological 

activities of bovine interleukin 4: effects of recombinant bovine interleukin 4 on T cell proliferation and 
B cell differentiation and proliferation in vitro. Cell Immunol 163, 268-279. 

Estonba, A., Iriondo, M., Oyanguren, O., Garrido, J.M., Geijo, M.V., Sevilla, I., Juste, R.A., 2005. Bovine 3'-
UTR (GT11) variant of the NRAMP1 gene under-represented among paratuberculosis seropositive 
cattle. In: 8th International Colloquium on Paratuberculosis, Copenhagen. 

Flesch, I.E., Kaufmann, S.H., 1994, Role of macrophages and alpha beta T lymphocytes in early interleukin 
10 production during Listeria monocytogenes infection. Int Immunol 6, 463-468. 

Florido, M., Pearl, J.E., Solache, A., Borges, M., Haynes, L., Cooper, A.M., Appelberg, R., 2005, Gamma 
Interferon-Induced T-Cell Loss in Virulent Mycobacterium avium. Infection. Infect. Immun. 73, 3577-
3586. 

Gao, L.Y., Kwaik, Y.A., 2000, The modulation of host cell apoptosis by intracellular bacterial pathogens. 
Trends Microbiol. 8, 306-313. 

Garcia, V.E., Sieling, P.A., Gong, J., Barnes, P.F., Uyemura, K., Tanaka, Y., Bloom, B.R., Morita, C.T., 
Modlin, R.L., 1997, Single-cell cytokine analysis of gamma delta T cell responses to nonpeptide 
mycobacterial antigens. J Immunol 159, 1328-1335. 

Grell, S.N., Skovgaard, K., Clemensen, A., Jungersen, G., 2005. Is antigen specific apoptosis of blood 
lymphocytes predictive of progressive paratuberculosis? In: 8th International Colloquium on 
Paratuberculosis, Copenhagen. 

Hedges, J.F., Lubick, K.J., Jutila, M.A., 2005, {gamma}{delta} T Cells Respond Directly to Pathogen-
Associated Molecular Patterns J Immunol 174, 6045-6053. 

Hein, W.R., Barber, T., Cole, S.A., Morrison, L., Pernthaner, A., 2004, Long-term collection and 
characterization of afferent lymph from the ovine small intestine. J Immunol Methods 293, 153-168. 

Hein, W.R., Dudler, L., 1997, TCR gamma delta+ cells are prominent in normal bovine skin and express a 
diverse repertoire of antigen receptors. Immunology 91, 58-64. 

Hein, W.R., Mackay, C.R., 1991, Prominance of gd T cells in the ruminant immune system. Immunology 
Today 12, 30-34. 

Hilbink, F., West, D.M., de Lisle, G.W., Kittelberger, R., Hosie, B.D., Hutton, J., Cooke, M.M., Penrose, M., 
1994, Comparison of a complement fixation test, a gel diffusion test and two absorbed and 
unabsorbed ELISAs for the diagnosis of paratuberculosis in sheep. Vet Microbiol 41, 107-116. 



Theme 2: Immunology, Pathology and Pathogenesis Proceedings of 8ICP 2005  

 84 

Hsieh, B., Schrenzel, M.D., Mulvania, T., Lepper, H.D., DiMolfetto-Landon, L., Ferrick, D.A., 1996, In vivo 
cytokine production in murine listeriosis. Evidence for immunoregulation by gamma delta+ T cells. J 
Immunol 156, 232-237. 

Ivanyi, J., Norton, P., Matsuzaki, G., 1996, Immune responses to stress proteins in mycobacterial 
infections, In: van Eden, W., Young, D. (Eds.) Stress proteins in Medicine. Marcel Dekker, Inc., New 
York, pp. 265-286. 

Jark, U., Ringena, I., Franz, B., Gerlach, G.F., Beyerbach, M., Franz, B., 1997, Development of an ELISA 
technique for serodiagnosis of bovine paratuberculosis. Vet Microbiol 57, 189-198. 

Johne, H., Frothingham, L., 1895, Ein eigenthümlicher Fall von Tuberculose beim Rind. Deutsche 
Zeitschrift f. Thiermed. u. vergl. Pathologie XXV, 438-454. 

Kaufmann, S.H., 1990, Heat shock proteins and the immune response. Immunol Today 11, 129-136. 
Kaufmann, S.H., 2001, How can immunology contribute to the control of tuberculosis? Nat Rev Immunol 1, 

20-30. 
Khalifeh, M.S., Stabel, J.R., 2004, Effects of gamma interferon, interleukin-10, and transforming growth 

factor beta on the survival of Mycobacterium avium subsp. paratuberculosis in monocyte-derived 
macrophages from naturally infected cattle. Infect Immun 72, 1974-1982. 

Koets, A., Rutten, V., Hoek, A., van Mil, F., Muller, K., Bakker, D., Gruys, E., van Eden, W., 2002, 
Progressive bovine paratuberculosis is associated with local loss of CD4(+) T cells, increased 
frequency of gamma delta T cells, and related changes in T-cell function. Infect Immun 70, 3856-
3864. 

Koets, A.P., Adugna, G., Janss, L.L., van Weering, H.J., Kalis, C.H., Wentink, G.H., Rutten, V.P., 
Schukken, Y.H., 2000, Genetic variation of susceptibility to Mycobacterium avium subsp. 
paratuberculosis infection in dairy cattle. J Dairy Sci 83, 2702-2708. 

Koets, A.P., Hoek, A., Langelaar, M.F.M., Overdijk, M.B., Santema, W., Franken, P., van Eden, W., Rutten, 
V.P.M.G., 2005a, Mycobacterial 70 kD heat shock protein is an effective subunit vaccine against 
bovine paratuberculosis. submitted for publication. 

Koets, A.P., Langelaar, M., Hoek, A., Bakker, D., Willemsen, P.T.J., van Eden, W., Rutten, V., 2005b. 
Evidence for distinct host response patterns in cows experimentally infected with M. avium subspecies 
paratuberculosis. In: 8th International Coloquium on Paratuberculosis, Copenhagen. 

Koets, A.P., Rutten, V.P., de Boer, M., Bakker, D., Valentin-Weigand, P., van Eden, W., 2001, Differential 
changes in heat shock protein-, lipoarabinomannan-, and purified protein derivative-specific 
immunoglobulin G1 and G2 isotype responses during bovine Mycobacterium avium subsp. 
paratuberculosis infection. Infect Immun 69, 1492-1498. 

Koets, A.P., Rutten, V.P., Hoek, A., Bakker, D., van Zijderveld, F., Muller, K.E., van Eden, W., 1999, Heat-
shock protein-specific T-cell responses in various stages of bovine paratuberculosis. Vet Immunol 
Immunopathol 70, 105-115. 

Koo, H.C., Park, Y.H., Hamilton, M.J., Barrington, G.M., Davies, C.J., Kim, J.B., Dahl, J.L., Waters, W.R., 
Davis, W.C., 2004, Analysis of the immune response to Mycobacterium avium subsp. 
paratuberculosis in experimentally infected calves. Infect Immun 72, 6870-6883. 

Kuehnel, M.P., Goethe, R., Habermann, A., Mueller, E., Rohde, M., Griffiths, G., Valentin-Weigand, P., 
2001, Characterization of the intracellular survival of Mycobacterium avium ssp. paratuberculosis: 
phagosomal pH and fusogenicity in J774 macrophages compared with other mycobacteria. Cell 
Microbiol 3, 551-566. 

Langelaar, M., Hoek, A., van Eden, W., Rutten, V., Koets, A., 2005a. Immunisation with a rHsp70-GFP 
fusion protein elicits cellular and humoral immune responses but no cytotoxic T cell reactivity in cattle. 
In: 8th International Colloquium on Paratuberculosis, Copenhagen. 

Langelaar, M.F., Weber, C.N., Overdijk, M.B., Muller, K.E., Koets, A.P., Rutten, V.P., 2005b, Cytokine gene 
expression profiles of bovine dendritic cells after interaction with Mycobacterium avium ssp. 
paratuberculosis (M.a.p.), Escherichia coli (E. coli) or recombinant M.a.p. heat shock protein 70. Vet 
Immunol Immunopathol 107, 153-161. 

Langelaar, M.F.M., Hope, J.C., Rutten, V.P.M.G., Noordhuizen, J.P.T.M., van Eden, W., Koets, A.P., 
2005c, Mycobacterium avium ssp. paratuberculosis Recombinant Heat Shock Protein 70 Interaction 
with Different Bovine Antigen-Presenting Cells. Scand J Immunol 61, 242-250. 

Lee, H., Stabel, J.R., Kehrli, M.E., 2001, Cytokine gene expression in ileal tissues of cattle infected with 
Mycobacterium paratuberculosis. Vet Immunol Immunopathol 82, 73-85. 

Li, Z., Menoret, A., Srivastava, P., 2002, Roles of heat-shock proteins in antigen presentation and cross-
presentation. Curr. Opin. Immunol. 14, 45-51. 



Proceedings of 8ICP 2005 Theme 2: Immunology, Pathology and Pathogenesis 

 85 

Liebler, E., 1985. Untersuchungen zur Anzahl, Verteilung und Ausdehnung der schleimhauteigenen 
Solitärfollikel und Peyersche Platten im Dünndarm des Kalbes unter besonderer Berücksichtigung 
ihrer Oberflächenstruktur. Tierärztlichen Hochschule, Hannover, Germany. 

Matzinger, P., 1994, Tolerance, danger, and the extended family. Annu Rev Immunol 12, 991-1045. 
McGuirk, P., Mills, K., 2002, Pathogen-specific regulatory T cells provoke a shift in the Th1/Th2 paradigm in 

immunity to infectious diseases. Trends Immunol 23, 450. 
Momotani, E., Whipple, D.L., Thiermann, A.B., Cheville, N.F., 1988, Role of M cells and macrophages in 

the entrance of Mycobacterium paratuberculosis into domes of ileal Peyer's patches in calves. Vet 
Pathol 25, 131-137. 

Moody, D.B., Guy, M.R., Grant, E., Cheng, T.Y., Brenner, M.B., Besra, G.S., Porcelli, S.A., 2000, CD1b-
mediated T cell recognition of a glycolipid antigen generated from mycobacterial lipid and host 
carbohydrate during infection. J Exp Med 192, 965-976. 

Mortensen, H., Nielsen, S.S., Berg, P., 2004, Genetic variation and heritability of the antibody response to 
Mycobacterium avium subspecies paratuberculosis in Danish Holstein cows. J Dairy Sci 87, 2108-
2113. 

Mosmann, T.R., Cherwinski, H., Bond, M.W., Giedlin, M.A., Coffman, R.L., 1986, Two types of murine 
helper T cell clone. I. Definition according to profiles of lymphokine activities and secreted proteins. J 
Immunol 136, 2348-2357. 

Mustafa, T., Bjune, T.G., Jonsson, R., Pando, R.H., Nilsen, R., 2001, Increased expression of fas ligand in 
human tuberculosis and leprosy lesions: a potential novel mechanism of immune evasion in 
mycobacterial infection. Scand J Immunol 54, 630-639. 

Nagata, R., Muneta, Y., Yoshihara, K., Yokomizo, Y., Mori, Y., 2005, Expression Cloning of Gamma 
Interferon-Inducing Antigens of Mycobacterium avium subsp. paratuberculosis. Infect. Immun. 73, 
3778-3782. 

Olin, M.R., Hwa Choi, K., Lee, J., Molitor, T.W., 2005, Gammadelta T-lymphocyte cytotoxic activity against 
Mycobacterium bovis analyzed by flow cytometry. J Immunol Methods 297, 1-11. 

Olsen, I., Boysen, P., Kulberg, S., Hope, J.C., Jungersen, G., Storset, A.K., 2005. Production of IFN-
gamma by NK cells in response to the secreted mycobacterial proteins ESAT-6 and MPP14; 
implications for diagnostic testing. In: 8th International Colloquium on Paratuberculosis, Copenhagen. 

Park, Y.H., Yoo, H.S., Yoon, J.W., Yang, S.J., An, J.S., Davis, W.C., 2000, Phenotypic and functional 
analysis of bovine gammadelta lymphocytes. J Vet Sci 1, 39-48. 

Paustian, M.L., Kapur, V., Bannantine, J.P., 2005, Comparative Genomic Hybridizations Reveal Genetic 
Regions within the Mycobacterium avium Complex That Are Divergent from Mycobacterium avium 
subsp. paratuberculosis Isolates. J Bacteriol 187, 2406-2415. 

Pieters, J., 2001, Entry and survival of pathogenic mycobacteria in macrophages. Microbes Infect 3, 249-
255. 

Porcelli, S.A., Segelke, B.W., Sugita, M., Wilson, I.A., Brenner, M.B., 1998, The CD1 family of lipid antigen-
presenting molecules. Immunol Today 19, 362-368. 

Schleig, P.M., Buergelt, C.D., Davis, J.K., Williams, E., Monif, G.R.G., Davidson, M.K., 2005, Attachment of 
Mycobacterium avium subspecies paratuberculosis to bovine intestinal organ cultures: Method 
development and strain differences. Veterinary Microbiology 108, 271-279. 

Secott, T.E., Lin, T.L., Wu, C.C., 2002, Fibronectin Attachment Protein Is Necessary for Efficient 
Attachment and Invasion of Epithelial Cells by Mycobacterium avium subsp. paratuberculosis. Infect. 
Immun. 70, 2670-2675. 

Secott, T.E., Lin, T.L., Wu, C.C., 2004, Mycobacterium avium subsp. paratuberculosis Fibronectin 
Attachment Protein Facilitates M-Cell Targeting and Invasion through a Fibronectin Bridge with Host 
Integrins. Infect. Immun. 72, 3724-3732. 

Sigur[eth]ardottir, O.G., Bakke-McKellep, A.M., Djonne, B., Evensen, O., 2005, Mycobacterium avium 
subsp. paratuberculosis enters the small intestinal mucosa of goat kids in areas with and without 
Peyer's patches as demonstrated with the everted sleeve method. Comparative Immunology, 
Microbiology and Infectious Diseases 28, 223-230. 

Sigurdardottir, O.G., Press, C.M., Evensen, O., 2001, Uptake of Mycobacterium avium subsp. 
paratuberculosis through the Distal Small Intestinal Mucosa in Goats: An Ultrastructural Study. Vet 
Pathol 38, 184-189. 

Skinner, M.A., Parlane, N., McCarthy, A., Buddle, B.M., 2003, Cytotoxic T-cell responses to Mycobacterium 
bovis during experimental infection of cattle with bovine tuberculosis. Immunology 110, 234-241. 



Theme 2: Immunology, Pathology and Pathogenesis Proceedings of 8ICP 2005  

 86 

Smith, R.A., Kreeger, J.M., Alvarez, A.J., Goin, J.C., Davis, W.C., Whipple, D.L., Estes, D.M., 1999, Role of 
CD8+ and WC-1+ gamma/delta T cells in resistance to Mycobacterium bovis infection in the SCID-bo 
mouse. J Leukoc Biol 65, 28-34. 

Smyth, A.J., Welsh, M.D., Girvin, R.M., Pollock, J.M., 2001, In vitro responsiveness of gammadelta T cells 
from Mycobacterium bovis-infected cattle to mycobacterial antigens: predominant involvement of 
WC1(+) cells. Infect Immun 69, 89-96. 

Sockett, D.C., Conrad, T.A., Thomas, C.B., Collins, M.T., 1992, Evaluation of four serological tests for 
bovine paratuberculosis. J Clin Microbiol 30, 1134-1139. 

Soloski, M.J., Szperka, M.E., Davies, A., Wooden, S.L., 2000, Host immune response to intracellular 
bacteria: A role for MHC-linked class-Ib antigen-presenting molecules. Proc Soc Exp Biol Med 224, 
231-239. 

Spangler, L., Bech-Nielsen, S., Heider, L., 1988, A study of subclinical paratuberculosis in three central 
Ohio dairy herds: fecal culture, serologic testing and milk production. Acta. Vet. Scandinavica S 84, 
148-150. 

Srivastava, P.K., Amato, R.J., 2001, Heat shock proteins: the 'Swiss Army Knife' vaccines against cancers 
and infectious agents. Vaccine 19, 2590-2597. 

Stabel, J.R., Ackermann, M.R., 2002, Temporal Mycobacterium paratuberculosis infection in T-cell receptor 
(TCR)-[alpha] and TCR-[delta]-deficient mice. Veterinary Immunology and Immunopathology 89, 127-
132. 

Stenger, S., Modlin, R.L., 1998, Cytotoxic T cell responses to intracellular pathogens. Curr Opin Immunol 
10, 471-477. 

Storset, A.K., Kulberg, S., Berg, I., Boysen, P., Hope, J.C., Dissen, E., 2004, NKp46 defines a subset of 
bovine leukocytes with natural killer cell characteristics. Eur J Immunol 34, 669-676. 

Stratmann, J., Strommenger, B., Goethe, R., Dohmann, K., Gerlach, G.F., Stevenson, K., Li, L.L., Zhang, 
Q., Kapur, V., Bull, T.J., 2004, A 38-kilobase pathogenicity island specific for Mycobacterium avium 
subsp. paratuberculosis encodes cell surface proteins expressed in the host. Infect Immun 72, 1265-
1274. 

Sweeney, R.W., 1996, Transmission of paratuberculosis. Vet Clin North Am Food Anim Pract 12, 305-312. 
Takamatsu, H.H., Kirkham, P.A., Parkhouse, R.M., 1997, A gamma delta T cell specific surface receptor 

(WC1) signaling G0/G1 cell cycle arrest. Eur J Immunol 27, 105-110. 
Tanaka, S., Itohara, S., Sato, M., Taniguchi, T., Yokomizo, Y., 2000, Reduced formation of granulomata in 

gamma(delta) T cell knockout BALB/c mice inoculated with Mycobacterium avium subsp. 
paratuberculosis. Vet Pathol 37, 415-421. 

van Eden, W., van der Zee, R., Prakken, B., 2005, Heat-shock proteins induce T-cell regulation of chronic 
inflammation. Nat Rev Immunol 5, 318-330. 

van Kooyk, Y., Geijtenbeek, T.B., 2003, DC-SIGN: escape mechanism for pathogens. Nat Rev Immunol 3, 
697-709. 

Van Rhijn, I., Rutten, V., Koets, A.P., 2005. Bovine CD1 family contains functional group 1 CD1 but no 
functional CD1d. In: 8th International Colloquium on Paratuberculosis, Copenhagen. 

Vannuffel, P., Gilot, P., Limbourg, B., Naerhuyzen, B., Dieterich, C., Coene, M., Machtelinckx, L., Cocito, 
C., 1994, Development of species-specific enzyme-linked immunosorbent assay for diagnosis of 
Johne's disease in cattle. J. Clin. Microbiol. 32, 1211-1216. 

Wallin, R.P., Lundqvist, A., More, S.H., von Bonin, A., Kiessling, R., Ljunggren, H.G., 2002, Heat-shock 
proteins as activators of the innate immune system. Trends Immunol 23, 130-135. 

Waters, W.R., Miller, J.M., Palmer, M.V., Stabel, J.R., Jones, D.E., Koistinen, K.A., Steadham, E.M., 
Hamilton, M.J., Davis, W.C., Bannantine, J.P., 2003, Early Induction of Humoral and Cellular Immune 
Responses during Experimental Mycobacterium avium subsp. paratuberculosis Infection of Calves. 
Infect. Immun. 71, 5130-5138. 

Weiss, D.J., Evanson, O.A., Deng, M., Abrahamsen, M.S., 2004, Gene Expression and Antimicrobial 
Activity of Bovine Macrophages in Response to Mycobacterium avium subsp. paratuberculosis. Vet 
Pathol 41, 326-337. 

Weiss, D.J., Evanson, O.A., Moritz, A., Deng, M.Q., Abrahamsen, M.S., 2002, Differential Responses of 
Bovine Macrophages to Mycobacterium avium subsp. paratuberculosis and Mycobacterium avium 
subsp. avium. Infect. Immun. 70, 5556-5561. 

Whitlock, R.H., Sweeney, R.W., Fyock, T.L., Smith, J., 2005. MAP Super-Shedders: Another factor in the 
control of Johne's disease. In: 8th International Colloquium on Paratuberculosis, Copenhagen. 



Proceedings of 8ICP 2005 Theme 2: Immunology, Pathology and Pathogenesis 

 87 

Wijngaard, P.L., MacHugh, N.D., Metzelaar, M.J., Romberg, S., Bensaid, A., Pepin, L., Davis, W.C., 
Clevers, H.C., 1994, Members of the novel WC1 gene family are differentially expressed on subsets 
of bovine CD4-CD8- gamma delta T lymphocytes. J Immunol 152, 3476-3482. 

Wyatt, C.R., Brackett, E.J., Perryman, L.E., Davis, W.C., 1996, Identification of gamma delta T lymphocyte 
subsets that populate calf ileal mucosa after birth. Vet Immunol Immunopathol 52, 91-103. 



Theme 2: Immunology, Pathology and Pathogenesis Proceedings of 8ICP 2005  

 88 

Studying the pathogenesis of paratuberculosis: the enduring challenge 

Stevenson K 

Moredun Research Institute, Pentlands Science Park, Bush Loan, Penicuik, Midlothian, EH26 0PZ, 
Scotland, UK.  Tel: +44 131 445 5111, Fax: +44 131 445 6111, Email: stevk@mri.sari.ac.uk 

 
Key words: pathogenesis, Mycobacterium avium subspecies paratuberculosis, host-pathogen interactions, 
in vitro assays, animal models 

INTRODUCTION 

Pathogenesis is defined as the origination and development of disease, more specifically the cellular events 
and reactions and other pathologic mechanisms occurring in the development of disease. It is the product 
of the confrontation between a pathogen and its host. The pathogen strives to enter the host to replicate 
and then be released for dissemination whilst the host fights to reduce the damage and eliminate the 
pathogen. The host response and hence the outcome of infection is determined by a complex interplay of 
factors including the genetic background and immune status of the host. Animals have evolved highly 
efficient recognition systems and effective inflammatory and immune responses to restrain, contain and 
eliminate microbial pathogens. However, microbial pathogens continuously adapt and evolve sophisticated 
ways of circumventing the host immune defences and so the host-pathogen battle continues. Therefore, to 
study and understand pathogenesis we need to consider both the pathogen and the host. 
 
Studying the pathogenesis of paratuberculosis is an enduring challenge. The causative organism, 
Mycobacterium avium subspecies paratuberculosis (MAP), replicates extremely slowly and many isolates 
are refractory to culture in vitro. The disease has a prolonged incubation period of two to five years during 
which time it is difficult to detect the pathogen and study host-pathogen interactions. Although MAP is a 
successful pathogen in nature it is difficult to reproduce the characteristic features of the disease by 
experimental infection. These factors have severely hampered studies on the pathogenesis of 
paratuberculosis. Consequently, we have little knowledge of the underlying mechanisms of pathogenesis 
from the perspective of both the pathogen and the host. A clearer understanding of pathogenesis is of 
paramount importance if we are to be successful in intervening in the process to either prevent or treat 
infected animals. 
 
This paper will review the progress that has been made during the past five years in understanding the 
pathogenesis of paratuberculosis from the perspective of how we study pathogenesis, with particular 
emphasis on the use of animal models. During this time, novel approaches employing new technologies 
have been applied. In some cases, this has been possible as a result of the availability of the complete 
MAP genome sequence and advances with respect to the genetic manipulation of MAP. These 
technologies will be reviewed by John Bannantine (Bannantine, 2005) and will not be discussed in detail 
here. Pathogenesis is a huge topic and it is not possible to cover everything in one short paper. Therefore, I 
have selected those studies which I think have yielded important and interesting information or have used 
novel approaches. The immunological aspects of pathogenesis will be covered by Ad Koets in his paper 
entitled ‘Acquired immunity to bovine paratuberculosis: the host’s perspective’ (Koets, 2005) and similarly 
will not be covered in detail in this paper. 

PATHOGENESIS 

Identification of MAP virulence factors 
An obvious approach to studying pathogenesis is to identify virulence factors produced by the pathogen 
that have a role in pathogenesis. A virulence factor is broadly defined as “a component that results in a 
pathogen’s being able to survive or exploit the special environment represented by the host, or which 
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results in damage to the host”. As such, virulence factors encompass diverse molecules and are involved in 
all stages of infection and pathogenesis including adherence to, ingestion by and survival in macrophages, 
modulation of the host immune response, persistence and dormancy. There have been a number of studies 
undertaken to identify MAP virulence factors and the molecular mechanisms underlying pathogenesis. 
Studies have tended to focus on the identification of antigenic proteins as these are likely to be key factors 
in pathogenesis, could be MAP-specific and potentially could be exploited for diagnostics or vaccine 
development. Immunogenic determinants were initially identified by screening MAP expression libraries 
with antisera from experimentally infected animals ( Stevenson et al., 1991; De Kesel et al., 1993; Inglis et 
al., 1994; El-Zaatari et al., 1994; Bannantine and Stabel, 2001;) or from naturally infected clinical cases of 
paratuberculosis (Cameron et al., 1994). The latter‘s advantage is that it is possible to detect immunogenic 
antigens expressed in vivo that may be absent from or poorly expressed in bacteria grown in vitro. This 
approach is now referred to as in vivo induced antigen technology or IVIAT. Some of the proteins identified 
using this approach have been further characterised and utilised in serological tests ( Vannuffel et al., 1994; 
El-Zaatari et al., 1997; Shafran et al., 2002)  but their precise role in pathogenesis has not been elucidated. 
The 70KDa heat shock protein has been extensively studied with respect to its immunogenicity and more 
recently, as presented in this Colloquium, with respect to protection and potential as a subunit vaccine 
against bovine paratuberculosis (Koets et al., 2005). The 34kDa putative serine protease identified by 
Cameron et al. (1994) has since been demonstrated to enhance the survival of MAP in macrophages 
(Heaslip, 2002). The 35KDa major membrane protein (Banasure et al., 2001; Bannantine and Stabel, 2001) 
has been shown to have a role in the invasion of bovine epithelial cells (Bannantine et al., 2003). More 
recently, Stratmann et al. (2004) identified MAP-specific ABC transporter proteins expressed on the 
mycobacterial cell surface in vitro and in vivo and are recognised by the immune response of infected 
animals. The ABC transporter operon was found to be located within a 38Kb pathogenicity island specific 
for MAP that also encompassed several iron uptake-related gene clusters potentially involved in 
pathogenesis.  
 
The availability of the complete genome sequence of MAP has permitted the construction of a MAP partial 
protein array providing an alternative approach for identifying novel immunogenic antigens (Bannantine et 
al., 2005). Sixty four MAP proteins are represented on the array including unknown hypothetical proteins 
and previously characterised antigens. The array has been screened with antisera from immunised rabbits 
and mice and from non- and MAP–infected cattle. Ten proteins were recognised by infected cattle of which 
seven represent novel antigens that have not been described previously.  
 
Identification of antigens that elicit a Th1 type response has been more difficult. Nagata et al. (2005) 
recently employed expression library technology to identify and isolate interferon-gamma (IFN-γ) –inducing 
antigens by screening a MAP expression library using the IFN-γ assay and peripheral blood mononuclear 
cells (PBMCs) from infected cattle. Three recombinant proteins were identified, two of which were members 
of the PPE protein family.  
 
Progress also has been made regarding the identification of other MAP virulence factors. Hughes et al. 
(2005) have used a proteomics approach employing 2-D electrophoresis and Matrix Assisted Laser 
Desorption Ionisation time of flight (MALDI-tof) to identify potential virulence factors. They compared the 
proteomes of MAP grown in vitro and MAP isolated from the ilea of clinical cases of ovine paratuberculosis 
and identified a set of ten proteins whose expression is upregulated during natural infection. These proteins 
appear to be involved in metabolism and adaptation to physiological change expressed in the host 
environment and further studies will determine their precise role in the pathogenesis of paratuberculosis. No 
doubt with the availability of the complete MAP genome sequence, further virulence factors will be identified 
by searching for homologues of genes and proteins that have been found to be involved in the 
pathogenesis of other related organisms.  
 
In order to demonstrate that a particular gene is important for pathogenesis it is necessary to fulfil molecular 
Koch’s postulates (Falkow, 2004). This requires the construction of mutant strains that lack the gene of 
interest. Such studies had been hindered by the inability to genetically manipulate MAP. Two groups have 
succeeded recently in producing mutant libraries by transposon mutagenesis (Cavaignac et al., 2000; 
Livneh et al., 2005). These libraries have been screened to identify additional genes that may be involved in 
pathogenesis and also could be used to isolate mutants of putative virulence genes identified in the studies 
outlined previously.  
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Studying host-pathogen interactions 
Studying host-pathogen interactions in paratuberculosis is particularly difficult due to the protracted period 
over which the disease develops. Subclinically infected animals are difficult to diagnose so investigation of 
the early events in pathogenesis and the mechanisms of progression from subclinical to clinical disease 
requires experimental models. The use of in vitro tissue culture systems has permitted elucidation of some 
important host-pathogen interactions but they can never reproduce the dynamic and complex interactions 
that occur within the whole animal. The ultimate model system therefore is infection of the intact animal 
host. 
 
In vitro systems 
In vitro systems have proved extremely useful for studying specific events in the early stages of 
pathogenesis, particularly entry and intracellular survival of the pathogen. The primary entry point for MAP 
infection is believed to be the M cells, specialised cells within the follicle associated epithelium (FAE) lining 
the Peyer’s patches in the intestine. After entering the M cells, MAP is probably transported to the 
subepithelial lymphoid tissue where it is phagocytosed by subepithelial macrophages. M cells are very 
difficult to maintain in vitro and therefore most in vitro studies investigating attachment and uptake have 
been conducted using a variety of cell lines including Caco-2 cells that can be induced to develop an M cell 
like phenotype in vitro, T-24, and HT-29 intestinal epithelial cells. The mechanisms of attachment and 
uptake of MAP are poorly understood but progress has been made in this field in recent years. Two 
mycobacterial invasion proteins have been identified recently (Secott et al., 2002; Bannantine et al., 2003; 
Secott et al., 2004). Secott et al. (2002) showed that MAP expresses a fibronectin attachment protein (FAP) 
that binds soluble fibronectin, which facilitates attachment and uptake in T-24 and Caco-2 cells. Their 
results suggested also that α5β1 integrin may serve as the host cell receptor for fibronectin bound FAP. As 
the distribution of receptors on cells in culture can often be different to that in intact tissue, it was necessary 
to conduct further investigations in an animal model. The researchers injected wildtype and antisense FAP 
mutant MAP strains independently or together with blocking peptides or antibodies into murine gut loops 
and monitored invasion of M cells by immunofluorescence microscopy (Secott et al., 2004). These studies 
showed that MAP targeting and invasion of M cells is via formation of a fibronectin bridge between FAP and 
integrins on M cells. Bannantine et al. (2003) conducted experiments in cultured Madin-Darby bovine 
kidney cells and showed that the MAP 35KDa major membrane protein is a surface exposed protein that 
may play a role in the invasion of bovine epithelial cells. Schleig et al. (2005) developed an in vitro model 
for investigating attachment of MAP to bovine intestinal organ cultures. They found significant differences in 
the ability of different MAP strains to attach but could demonstrate no differences in attachment among 
different regions of the intestinal tract. Coating of the organisms with fibronectin affected attachment but 
appeared to be strain related. Therefore it is likely that there will be other factors governing the preferential 
targeting of M cells and that these will be revealed in future studies. Likewise, as will be described later, M 
cells may not be the only cells through which uptake of MAP occurs. 
 
There have been a considerable number of in vitro studies investigating the entry and survival of MAP 
within macrophages. These studies make use of bovine monocyte- derived macrophages or murine bone 
marrow-derived macrophages and cell lines including J774 derived from a mouse tumour that has 
characteristics typical of macrophages. The molecular mechanisms by which MAP enters macrophages are 
unknown. Cheville et al. (2001) investigated the binding of MAP to murine macrophages by incubating with 
monoclonal antibodies to complement receptor CR3 and adding the tripeptide sequence RGD which is the 
binding site on bacteria for integrins. The results suggested that CR3 appears to be one receptor for the 
attachment of MAP to macrophages facilitating phagocytosis.  
 
More progress has been made in characterising host macrophage responses to MAP internalisation and 
how MAP resists killing. Studies using J774 murine macrophage cell cultures have shown that phagosomes 
containing live MAP fail to mature and acidify whereas killed MAP were identified in acidified phagosomes 
and phagolysosomes (Cheville et al., 2001;Hostetter et al., 2003;Kuehnel et al., 2001). Phagosomal 
maturation can be evaluated using stage specific markers detected by immunofluorescent labelling and 
confocal microscopy. Phagosomes containing live MAP exhibited increased levels of the early endosomal 
marker transferrin receptor and decreased levels of the late endosomal marker lysosome associated 
membrane protein 1 relative to those containing killed MAP (Hostetter et al., 2003). Kuehnel et al. (2001) 
reported that phagosomes containing live MAP were reduced in their ability to acquire internalised calcein, 



Proceedings of 8ICP 2005 Theme 2: Immunology, Pathology and Pathogenesis 

 91 

BSA-gold or lysosome associated membrane protein 2. The effects of cytokine activation on the ability of 
monocytes and macrophages to phagocytose and kill MAP have also been studied. Cytokine activation of 
J774 cells prior to infection appears to restore the ability of the cells containing MAP to proceed to the late 
phagosomal stages (Hostetter et al., 2002).  
 
Coussens and coworkers (2002, 2003, 2004b) have pioneered an alternative approach and applied 
microarray and quantitative real-time PCR (Q-RT-PCR) technology to investigating the host-pathogen 
interactions in naturally MAP infected cattle (Coussens et al., 2002;Coussens et al., 2003;Coussens et al., 
2004b). Microarray technology can provide information on the molecular basis for MAP pathogenesis and 
has the advantage of providing a global picture of gene expression. EST and cDNA microarrays were 
developed for studying bovine immunobiology (Yao et al., 2001). Coussens et al. (2002) used a bovine 
specific total leukocyte (BOTL) cDNA microarray to evaluate the response PBMCs from subclinically and 
clinically MAP infected cattle. This study demonstrated predominant repression of immune cell gene 
expression in PMBCs from clinical MAP infected cattle and that this was not due to a general loss of 
immune cell function. A total of 83 genes showed decreased expression including those encoding 
microspherule protein 1, fibroblast growth factor and Lyn B protein kinase. Only eight genes exhibited up 
regulation including those encoding bovine CD40L, IFN-γ, interleukin 10 and tissue inhibitor of matrix 
metalloproteinases. In contrast, MAP stimulation of PBMCs from subclinical cattle revealed a predominate 
trend to activate immune cell gene expression. A total of 71 genes showed increased expression including 
those encoding bovine CD40L, several matrix metalloproteinases and SPARC (secreted protein, acidic and 
rich in cystine) whereas only 16 genes were down regulated including those encoding the bovine 
orthologues of cytochrome oxidase subunit III, interleukin 1 (IL-1) receptor type I and fibrinogen-like 2 
protein. Further experiments using an expanded BOTL cDNA microarray demonstrated that there were 
major differences in the gene expression patterns between PBMCs isolated from infected and uninfected 
cattle regardless of in vitro stimulation with MAP (Coussens et al., 2003). The observed differential gene 
expression could not be explained by gross differences in the relative immune cell populations in the two 
groups of animals. Aho et al. (2003) extended the microarray studies to compare the gene expression 
profiles of ileal tissues from MAP infected and uninfected control cattle (Aho et al., 2003). These studies 
demonstrated upregulation of IL-1α and tumour necrosis factor receptor-associated protein 1 (TRAF1) 
mRNA and protein expression in ileal tissues of MAP infected cattle. IL-1 is a proinflammatory cytokine 
associated with granuloma formation and maintenance and TRAF1 is a proapoptotic intracellular signalling 
molecule. Both proteins may have an important role in MAP pathogenesis and have been the subject of 
further investigation, the results of which have been presented at this Colloquium (Coussens et al., 2005). 
High levels of TRAF1 are located primarily within infiltrating macrophages and IL-1α appears to be secreted 
from cells within lesions in MAP infected animals. In addition, Q-RT-PCR has been used to study the 
expression of selected proinflammatory cytokines in PBMCs from MAP infected cows (Coussens et al., 
2004a). The microarray approach has been used also by Weiss and coworkers to characterise the 
response of bovine monocyte-derived macrophages to MAP infection and to investigate sequential gene 
expression patterns by bovine monocyte-derived macrophages associated with ingestion of MAP (Weiss et 
al., 2004a; Weiss et al., 2004b). The results of these studies revealed discrepancies with those of 
Coussens et al. (2002) possibly due to the different microarray platforms used and the use of a mixture of 
lymphocytes and monocytes rather than monocyte-derived macrophages. This highlights the importance of 
defining the experimental conditions when using microarray technology and verifying the results with 
additional assays measuring function or protein quantification. 
 
Animal models 
Small animal models for paratuberculosis offer a number of advantages. Small animals are easy to house, 
maintain and handle and generally the pathogenic features can be measured after a much shorter post 
infection incubation period than in ruminants. The disadvantage is that they do not always mirror the 
features of ruminant paratuberculosis. The murine model is particularly useful for studying host-pathogen 
interactions involving the immune response. Mouse strains have been produced with mutations that render 
them deficient in specific components of the immune response and there is a host of immunological 
reagents and assays available for studies. A number of small animals have been investigated as models for 
paratuberculosis including chickens (Larsen and Moon, 1972; Valente et al., 1997), guinea pigs (Francis, 
1943), hamsters ( Hirch, 1956; Beran et al., 2005) and rabbits (Mokresh and Butler, 1990). There has been 
more interest in developing the rabbit model in recent years following reports of paratuberculosis in wild 
rabbits (Greig et al., 1997; Greig et al., 1999; Raizman et al., 2005) and the ability of rabbit isolates of MAP 
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to produce paratuberculosis in experimentally infected calves (Beard et al., 2001). A recent study by 
Vaughan et al. (2005) orally challenged adult and juvenile rabbits with a wildtype bovine MAP strain and 
followed disease progression by bacterial and histopathological examination over 36 months. Unfortunately, 
as with previous studies, it was not possible to consistently reproduce the disease as bacteria were cultured 
from the tissues of only two of four adult and three of 16 juvenile rabbits and microscopic lesions were 
detected in four of the diseased rabbits. All studies so far have employed New Zealand White rabbits and 
the outcome of experimental infection may be influenced by the genetic background of the host or host 
preference of the MAP strains selected. 
 
In contrast, experiments using mice have made a valuable contribution to our understanding of the 
pathogenesis of paratuberculosis. These have been reviewed elsewhere (Harris and Barletta, 2001) and 
only recent experiments will be highlighted here. The mouse model is very versatile and can be used to 
study different aspects of MAP pathogenesis by selecting the appropriate strain of mouse, age at time of, 
dose and route of inoculation. Knockout mice have been exploited during the past five years to investigate 
the interaction between MAP and the host immune system. Tanaka et al. (2000) used BALB/c T-cell 
receptor (TCR) γδ knockout mice to study the role of γδ T cells in MAP infection. The results of the study 
suggested that γδ T cells may be important for the development of epithelioid granulomata during MAP 
infection but are probably not involved with the elimination of the mycobacteria from the host. Stabel and 
Ackermann (2002) also utilised TCR knockout mice to investigate the role of αβ and γδ T cells in resistance 
to MAP infection. They demonstrated that irrespective of bacterial strain or infection period, TCR-α-
knockout mice had higher levels of colonisation of MAP in their tissues compared to TCR-γ-knockout mice 
or control mice suggesting that αβ T cells are critical for bacterial containment. Another interesting study 
was conducted by Mutwiri et al. (2001) who investigated the intestinal pathophysiological changes induced 
by MAP infection in beige/scid mice. This research group used Ussing chambers to show that MAP 
infection produced significant abnormalities in intestinal transport parameters. The results suggested that 
intestinal tissue from infected mice was less permeable to ions but that there was increased ion secretion. 
There was also evidence that the inflamed intestinal tissue had neural and/or epithelial damage. The model 
shows that mucosal pathophysiologic changes consistent with chronic inflammation following MAP infection 
can occur via T cell independent mechanisms. 

Although mouse models offer unique opportunities to study interactions of MAP with the host immune 
system, mice are not a natural host for MAP infections and they cannot accurately mimic all aspects of MAP 
pathogenesis in ruminants. Ultimately, pathogenesis has to be studied in the natural host. The calf model 
has been used extensively for studying the interaction of MAP with the bovine immune system and has 
been reviewed recently (Coussens, 2004). As with other animal models, the parameters used for MAP 
infection can influence the pathogenic features observed and a cautionary approach should be taken when 
interpreting results. Waters et al. (2003) investigated the usefulness of the intratonsillar inoculation route as 
an experimental model for MAP infection. These experiments challenged the dogma of a Th2 response 
occurring late in pathogenesis as mycobacteria-specific antibody was detected as early as 134 days post 
challenge and concurrently with a cell mediated response. Koo et al. (2004) demonstrated that high-dose 
exposure via the oral route lead to a uniform and reproducible infection consistent with that described in 
animals directly inoculated with MAP. A proliferative immune response to MAP was not readily detected 
until five months post inoculation suggesting that MAP interferes with pathways of activation associated 
with antigen-presenting cells. This study also highlighted the advantages of using multicolour flow cytometry 
for monitoring immune responses during disease progression.  
 
The calf model has not been widely used to study uptake of MAP or the histopathological features of MAP 
pathogenesis. The most notable progress in the past five years in this field has come from studies in goats. 
Subclinical paratuberculosis in goats following experimental infection has been characterised using 
immunological assays and microbiological culture (Storset et al., 2001). Sigurdardottir and co-workers have 
described some very elegant experiments to study the uptake of MAP through the distal small intestinal 
mucosa (Sigurdardottir et al., 2001;Sigurdardottir et al., 2005). MAP was injected into isolated loops of 
ileum and after one hour the segments were excised and processed for light and electron microscopic 
analyses (Sigurdardottir et al., 2001). MAP was observed in the FAE both in the cytoplasm of M cells and in 
the cytoplasm of intraepithelial leukocytes in M-cell pockets and occasionally between M cells in the ileal 
dome. MAP was not found in association with the absorptive epithelium. Uptake of MAP was found to be 
rapid, cells being detectable after just 30 minutes. More recently, the research group has used the everted 
sleeve method initially developed for the in vitro measurement of intestinal absorption to look at the uptake 
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of MAP in more detail (Sigurdardottir et al., 2005). This method is particularly useful in that it provides a 
quantitative as well as a qualitative method of studying bacterial uptake although it does have limitations 
relating to how long mucosal integrity can be preserved. Small everted sleeves derived from areas of the 
intestine with and without Peyer’s patches were incubated for one hour in a suspension of radiolabelled 
MAP. The study showed that MAP could enter the intestine through areas with and without Peyer’s patches 
and therefore that uptake is not restricted to M cells and can occur via enterocytes. Valheim et al. (2002) 
undertook studies to investigate the association between the morphology of the Peyer’s patches and the 
lesions of paratuberculosis in goats. The observed morphological similarities between the ilealcaecal-valve 
Peyer’s patch and the jejunal Peyer’s patches but a different morphology for the ileal Peyer’s patch which 
undergoes involution during the first 12-18 months of life. The persistent organised lymphoid tissue of the 
ilealcaecal valve and jejunal Peyer’s patches but not the involuted ileal Peyer’s patch could sustain the 
development of granulomatous lesions during subclinical paratuberculosis. The characterisation of 
macrophages and occurrence of T cells in the intestinal lesions of subclinically infected goats has also been 
reported by Valheim et al. (Valheim et al., 2004). 
 
Sheep models also have been used to study ovine paratuberculosis, particularly the early 
immunopathological events in infection (Begara-McGorum et al., 1998) but it is difficult to reproduce early 
histological lesions between experiments. This could be due to a number of reasons including differences in 
the breed of sheep or the viability, dose, or MAP strain used. It has been reported that infections are more 
easily established using MAP prepared directly from mucosal tissue rather than from in vitro cultures 
(Stewart et al., 2004). Whether this is a dosage effect (it is very difficult to count MAP in intestinal tissue) or 
due to upregulation of virulence factors in in vivo grown cells is yet to be established. Previous experimental 
infections have employed cattle-type strains that are easier to propagate in the laboratory but it has recently 
been demonstrated that sheep can be experimentally infected with ovine-type strains (Reddacliff and 
Whittington, 2003; Stewart et al., 2004). Hein et al. (2004) have adopted a novel approach for studying 
regional immune responses in naturally MAP infected sheep with clinical signs of paratuberculosis (Hein et 
al., 2004). They cannulated the afferent and efferent lymphatic vessels draining the jejunum enabling 
continuous sampling of lymph up to a period of 107 days. This enabled phenotypic analysis and cytokine 
gene expression profiling of the intestinal lymph cells. There is no doubt that this approach will prove 
extremely useful for gaining real-time insights into host-pathogen interactions as they occur in vivo within 
the gut associated lymphoid tissue.  

CONCLUSION 

Our knowledge and understanding of the pathogenesis of paratuberculosis has improved over the past five 
years but there are still many unanswered questions and much more to learn. The availability of the MAP 
genome sequence and novel molecular technologies including those for the genetic manipulation of MAP 
will accelerate further studies but will need to be combined with appropriate in vitro and in vivo models to 
evaluate pathogenesis. Although current animal models offer a range of approaches for studying different 
aspects of the disease, further refinement and development of novel models is a future area for research. 
An approach that has not yet been adopted for paratuberculosis is the application of non-invasive 
techniques for studying pathogenic bacteria in the whole animal (Camilli, 1996). Bioluminescence 
monitoring has been used successfully for monitoring Salmonella and Citrobacter rodentium infection in 
mice ( Contag et al., 1995; Wiles et al., 2004; Burns-Guydish et al., 2005) and for detecting Yersinia 
pseudotuberculosis in dissected Peyer’s patches and spleen (Forsberg and Rosqvist, 1993). The technique 
has limitations imposed by its requirement for oxygen but could nevertheless be extremely useful. Once 
reliable and reproducible systems for genetically manipulating MAP are in place, it should be possible to 
construct reporter strains of MAP for bioluminescence studies. There is a promising and exciting future for 
paratuberculosis research. 
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ABSTRACT 

Multi-parameter flow cytometry was used to analyze the immune response to M. avium ssp. 
paratuberculosis (MAP) in experimentally infected neonatal calves. A persistent proliferative response to 
MAP purified protein derivative and soluble MAP antigens was detected 3 weeks post infection (PI). CD4+ 
with a memory phenotype (CD45R0+) was the predominant cell type responding to antigens. Few CD8+ T 
cells proliferated in response to antigens until 16 months PI. γδ T cells proliferated in culture also, but there 
was little difference between the response observed with cells from controls and experimentally infected 
animals cultured with antigens. WC1+ CD2- gd T cells were the predominant type of γδ T cells in all cultures. 
WC1- CD2+ γδ T cells were present but always comprised a lower proportion of γδ T cells in cultures with 
and without antigen. CD2+ and CD2- NK cells proliferated extensively in some cultures of cells from control 
and infected animals in the presence and absence of antigen. Although it is not clear what modulatory 
effect, if any, γδ T, NK, and CD8+ T cells had on the observed proliferative response to antigens, they were 
always present.  

INTRODUCTION 

Mycobacterium avium subsp. paratuberculosis (MAP) is the causative agent of paratuberculosis (Ptb). The 
disease has been difficult to control because of the lack of diagnostic assays that can detect infected 
animals before they begin shedding bacteria into the environment (Barrington et al., 2003; Rideout et al., 
2003) and the lack of an efficacious vaccine (Kalis et al., 2001; Harris and Barletta, 2001; Barletta et al., 
2000). At this juncture, information remains limited on the factors affecting the immune response to MAP. 
Studies to date have shown the time course of disease is characterized by a long latency period with no 
clinical signs. No defined time point has been identified during the latency period when immune control of 
infection begins to wane and animals begin shedding bacteria. It is thought that loss of immune control is 
associated with a depression or loss of cell mediated immunity (CMI) and an increase in the antibody 
response to MAP antigens. The underlying defect that could be associated with an alteration in CMI is 
dysregulation of dendritic cell and macrophage function mediated by MAP (Martino et al., 2004; Zur Lage et 
al., 2003; Tooker et al., 2002; Weiss et al., 2002; Mariotti et al., 2002). Disruption of gene activation and 
signaling through genes encoding of TNF-a, IL-1, IL-12, and IFN-g and their receptors could lead to a 
breakdown in the immune response controlling infection (Koets et al., 2002; Ottenhoff et al., 2000; Dorman 
and Holland, 2000; Jouanguy et al., 1999; Bloom et al., 1992). The effector mechanisms used by CD4+ T 
cells include secretion of IFN-g, which activates bactericidal activity in macrophages, and secretion of 
lymphotoxin, perforin, and granulysin (Canaday et al., 2001; Roach et al., 2001). Disruption could also 
affect CD8+ T cells (Canaday et al., 2001). The present study was conducted to gain further information on 
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the immune response to MAP infection and determine the earliest time point a response can be detected 
using multicolor flow cytometry (FC).  

MATERIALS AND METHODS 

Animals 
Ten Holstein newborn calves, obtained from the Washington State University MAP-free dairy herd, were 
used in the present study. The first eight calves were used in the primary study. They were housed and 
maintained according to the Institutional Animal Care and Use committee guidelines and AAALAC. Five 
animals were randomly selected and given daily oral doses of MAP (107 bacteria) for seven days. The three 
remaining animals were housed separately and served as controls. Two calves were obtained later and 
maintained for 6 months before being infected with MAP. They were inoculated with a single oral dose of 
108 bacteria.  
 
Blood processing for tissue culture and flow cytometry 
PBMC used in cultures were obtained from buffy coat fractions of blood collected in acid citrate dextrose 
(ACD) separated by density gradient centrifugation with Accu-Paque (density 1.086) (Accurate Chemical & 
Scientific Corp., Westbury, NY). Residual erythrocytes were lysed with H2O. Dead cells and debris were 
removed from cultured cells by density gradient centrifugation before use in flow cytometry (FC). 
 
For analysis of the composition of peripheral blood at the time of initiation of culture, 10 ml of blood was 
collected in ACD and lysed in Tris-buffered NH4Cl to remove erythrocytes. The resultant cells were washed 
several times in phosphate buffered saline containing 20% ACD (PBS/ACD) to remove excess platelets and 
then used in flow cytometry as described (Davis et al., 1995). 
 
Antigens 
MAP purified protein derivative (PPD), Johnin, was obtained from the National Veterinary Service 
Laboratory. Soluble antigen (SAg) was prepared from an isolate (8544) used in previous studies.(Eriks et 
al., 1996; Eriks et al., 1994) MAP was grown at 37 oC in Bacto-Middlebrook 7H9 broth enriched with 7 % 
(v/v) ESP-para-JEMTMGS (OADC, Trek Diagnostic Systems, Cleveland, OH, USA), 4 % (v/v) ESP-para-
JEMTMAS (antibiotics which selectively grow MAP cells, Trek Diagnostic Systems), 0.1 % (v/v) mycobactin J 
(Allied Monitor, Fayette, MO, USA), and 0.05 % Tween 80 in a shaking incubator. MAP was harvested by 
centrifugation at 1500× g for 10 min at 4, washed three times in PBS, suspended in PBS, pH 7.4 containing 
0.01% Tween 80. The mycobacterial concentration was determined spectrophotometrically. The bacteria 
were killed by irradiation. They were exposed to a 60Co source for 26 hrs (2.5 Mrad). Soluble MAP antigen 
was prepared by vortexing MAP cells mixed with the same amount (v/v) of zirconia/silica beads (Biospec 
Products, Inc., Bartlesville, OK, USA). Phenylmethylsulfonyl fluoride (PMSF) was added to soluble MAP 
antigen at a final concentration of 1 mM to prevent protein degradation. The protein concentration of soluble 
antigen was determined by measuring O.D. at 280 nm. 
 
Cell culture 
PBMCs were resuspended in RPMI 1640 medium supplemented with 13% bovine calf serum (BCS), 2ME, 
and antibiotics and then distributed in T 75 tissue culture flasks (3 × 106 cells/ml). Two flasks each were 
stimulated with MAP PPD (20 µ g/ml), soluble antigen (SAg, 4 µ g/ml) or RPMI 1640 complete medium 
alone. At 6 or 7 days post stimulation, the cultures were collected and subjected to density centrifugation to 
remove dead cells and then labeled for flow cytometry as described (Davis et al., 1995).  

 
Flow cytometry 
The monoclonal antibodies (mAb) used in the present study are shown in Table 1. The combinations of 
mAbs used in the analysis are shown in Fig. 1. In some combinations, two mAbs of the same specificity and 
isotype were used to increase the intensity of the fluorescent signal.  The mAbs specific for the δ chain of 
the γδ TCR were used in combination with mAbs to CD3 and CD2 to distinguish αβ T cells from the CD2+, 
WC1- and CD2- WC1+ γδ T cell subsets. WC1 (workshop cluster 1) is an unique molecule expressed on a 
subset of γδ T cells only found in Artiodactyla (Davis et al., 1998; Davis et al., 1996a). Previous studies 
have shown the WC1- subset is the same as the δ chain+ CD2+ WC1- subset and that the WC1+ subset is 
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the same as the δ chain+ CD2- subset (Davis et al., 1996a). WC1 is used in the text with CD2 when 
describing results obtained on the CD2+, WC1- and CD2- WC1+ populations of γδ T cells. All mAbs were 
used at 15 µg/ml. In brief, 106 cells were incubated for 15 minutes in 96 well conical bottom assay plates, in 
the respective cocktails of mAbs (50 µl of each mAb) at a final volume of 250 µ l of PBS/ACD, containing 
0.5% horse serum, and .09% azide), washed 3× and then incubated for an additional 15 minutes in 
cocktails of isotype specific second step reagents conjugated with fluorescein (FL), phycoerythrin (PE), PE-
Cy5 (TRI-COLOR) or Cy5 (Caltag, Burlingame, CA, Southern Biotechnology Associates, Birmingham, AL). 
Following incubation, the cells were washed 2× in PBS/ACD and fixed in 2% PBS buffered formaldehyde 
and refrigerated until examined. 
 

Table 1. Monoclonal antibodies used to determine the composition of peripheral blood mononuclear cells 
before and after culture with antigens 
mAb Ig isotype Specificity 
AKS1 IgG1 NKp46 (Storset et al., 2004) 
MM1A IgG1 CD3 (MacHugh et al., 1998; Davis et al., 1993; Howard et al., 1991) 
MUC2A IgG2a CD2 (Howard and Naessens, 1993; Larsen et al., 1990) 
BAT76A IgG2a CD2 (Davis and Splitter, 1991; Larsen et al., 1990) 
ILA-11A IgG2a CD4 (Baldwin et al., 1986) 
CACT138A IgG1 CD4 (Bensaid and Hadam, 1991) 
CACT187A IgG1 CD4 (Koo et al., 2004) 
B29A IgG2a CD5 (Davis et al., 1990) 
BAQ83A IgG2b CD6 (Koo et al., 2004) 
7C2B IgG2a CD8a? (Koo et al., 2004) 
CACT80C IgG1 CD8a (MacHugh and Sopp, 1991) 
BAT82A IgG1 CD8b (MacHugh and Sopp, 1991) 
GB21A IgG2b gd T d chain specific (Davis et al., 1996a) 
CACT61A IgM gd T d chain specific (Davis et al., 1996a; Parsons et al., 1993) 
CACT148A IgM gd T d chain specific (Davis et al., 1996a) 
GC44A1 IgG3 CD45R0 (Koo et al., 2004) 
BAQ44A IgM B cells (Davis et al., 1990; Hein et al., 1989) 
DH59B IgG1 CD172a (Alvarez et al., 2000; Davis et al., 1987) 
LCTB2A IgG3 CD25 (Davis et al., 1996b) 
CACT116A IgG1 CD25 (Naessens et al., 1992) 
CACT114A IgG2b CD26 (Lee et al., 2002) 
CACT200A IgG1 ACT1 (Koo et al., 2004) 
CACT26A IgG1 ACT2 (Davis et al., 1996b) 
LCTB6A IgG1 ACT9 (Davis et al., 1996b) 
GB110A IgM ACT16 (Davis et al., 1996b) 
CACT195A IgM ACT27 (Koo et al., 2004) 
CACT216A IgM ACT28 (Koo et al., 2004) 
CACT225A IgG1 ACT29 (Koo et al., 2004) 
CACT185A IgG1 ACT30 (Koo et al., 2004) 
CACT152A IgM ACT31 (Koo et al., 2004) 
CACT191A IgM ACT32 (Koo et al., 2004) 
H34A IgG2b MHC II(Davis et al., 1987) 

 
A FACSort flow cytometer equipped with argon and red lasers, a Macintosh Quadra computer, and Cell 
Quest software (Becton Dickinson Immunocytometry Systems, San Jose, CA) were used to collect data. 
FCS Express software (De Novo software, Thornton, Ontario, Ca) was used to analyze the data. 
 
Analysis of the proliferative response to MAP antigens 
In the first study, blood was collected and processed for cell culture every two weeks for two months, once 
a month to 14 months and every 2 months to 2 years and every 3 months to 3 years when the study was 
completed. FC was used to collect data, using combinations of mAbs for 3 or 4 color analyses (Fig. 1). 
Selective gating was used to obtain results on specific subpopulations of lymphocytes. Granulocytes and 
nonspecific signals were excluded at the time of data acquisition. Gates were placed on CD4+ and CD8+ T 
cells at the time of data acquisition because of the low frequency of these subpopulations in unstimulated 
cultures. In the first study, NK cells were detected indirectly using a combination of anti-CD3, -CD2, -CD25, 
and -γδ T to identify CD2+ and CD2- null cell populations. For analysis of αβ and γδ T cell subsets, a 
selective gate was placed on CD3+ cells. Exclusion gates were placed on CD3+ and CD5+ T cells to identify 
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CD3- CD5- null cells. mAbs specific for CD25 and CD26 were used to monitor the activation status of αβ 
and γδ T cells and other cells in the cultures (Lee et al., 2001; Davis et al., 1996b). An additional mAb was 
used to monitor the upregulation of a molecule, ACT2, uniquely expressed on activated γδ T cells (Table 1) 
(Davis et al., 1996b). 
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Fig. 1. Combinations of mAbs used in 3 and 4 color flow cytometry. Specificities of 
mAbs correspond from top to bottom as shown. 

 
Statistics 
Data were analyzed by either repeated measures, one-way analysis of variance followed by the Tukey-
Kramer multiple comparison test, or Student’s t test. 

RESULTS 

Flow cytometric analysis of the proliferative response to MAP antigens 
At the initiation of culture, CD4+ and CD8+ T cells comprised, on average, ~16% and 10%, of the ungated 
cells respectively. CD2+ γδ- T cells comprised ~ 42% of the CD3 gated cells. CD2+ γδ+ and CD2- γδ+ T cells 
comprised ~ 4% and 47% of the CD3+ gated cells respectively. CD3- CD2+ cells comprised ~1 – 3% of the 
cells. The CD3- CD2- cells i.e., B cells, monocytes, dendritic, and null cells comprised ~ 38% of the cells. B 
cells, both CD5+  
and CD5- populations, comprised a variable proportion of cells at the start of culture (Koo et al., 2004). The 
composition of cultured cells changed with time following infection with MAP. Comparison of the percentage 
of cells in electronic gates placed on small (gate R1) and large (gate R2) lymphocytes showed there was a 
clear increase in the proportion of large proliferating cells in gate 2 (Fig. 2). However, up to 5 to 6 months, 
an unexplained proliferation of lymphocytes in some cultures of cells from infected and control animals 
made it difficult to detect a specific immune response to MAP. Examination of the cultures by FC revealed 
that the proliferation was primarily attributable to the non-specific proliferation of CD3- CD2- and CD3- CD2+ 
null cells. These cells proliferated both in the presence and absence of antigen. Analysis of the CD172A, 
CD5, CD6, B cell combination showed that a subset of these cells expressed CD6 (Koo et al., 2004). 
Because some of the null cells expressed CD8, it was difficult to exclude them with an electronic gate at the 
time of data acquisition and also when attempting of analyze the αβ CD8 T cell response to MAP. 
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Fig. 2 Representative dot plot profiles showing the use of selective electronic gating to 
analyze the composition of lymphocytes following culture with Map antigens. A – E, cells 
cultured without antigen. C and H: selective gates placed on R1 (small cells), R2 (large 
cells), and CD4 to show pattern of expression of CD25 on CD4 naïve (CD45R0-) and 
memory (CD45R0+) T cells. D and E: selective gates placed on R1 (small cells) and CD4 to 
show pattern of expression of CD25 on CD4 naïve (CD45R0-) and memory (CD45R0+) T 
cells. E and J: selective gates placed on R1 (small cells) and CD4 to show pattern of 
expression of CD25 on CD4 naïve (CD45R0-) and memory (CD45R0+) T cells. The gating 
shows CD25 is only expressed on large proliferating CD4 memory T cells. 

 
By 6 months, a consistent proliferative response was observed in the presence of PPD and SAg. After 6 to 
7 days of culture, 70 – 80% of the T cells were present in the large lymphocyte gate. Analysis of gated 
CD4+ T cells showed that the majority of CD4+ T cells fell in the large lymphocyte gate and that they were 
CD45R0+, CD25+, and CD26+. Further examination at 1 to 3 years showed additional activation molecules 
were also upregulated (Fig. 3). 
 
The proliferative response of CD8+ T cells appeared minimal during the first year. They comprised less than 
10 % of cells in stimulated and unstimulated cultures from both control and infected animals. At 1 year, 
some CD8+ T cells from infected animals were beginning to respond to antigen but there were still 
background problems in some cultures because of the presence of CD8+ null cells. By 16 months a 
consistent response was more evident in antigen stimulated cultures where null cells were low in frequency. 
Selective gating showed the responding cells were increased in size and CD45R0+, CD25+, CD26+. 
 
γδ T cells comprised a large proportion of cells present at the initiation and after 6 to 7 days of culture. The 
majority of the γδ T cells were CD2- WC1+. The frequency of this subset varied from 40 – 50% of the total T 
cell population in both control and infected animals. The CD2+ WC1- population varied from 5 – 10%. The 
relative proportions of these subsets did not change appreciably in unstimulated cultures from control and 
infected animals. The frequencies of both populations were lower in antigen stimulated cultures from 
infected animals containing proliferating CD4+ T cells. γδ T cells expressed CD25 and ACT2 at low levels at 
the beginning of culture. CD25 was expressed predominantly on WC1+ CD2- γδ T cells. They did not 
express CD26. All γδ T cells expressed CD45R0. γδ T cells in cultures from control and infected animals 
exhibited an activated phenotype in the presence of PPD and SAg. Cells with the activated phenotype were 
present in the large lymphocyte gate. 
 
In this set of animals, the proliferative response to PPD and SAg remained the same until the experiment 
was completed at 3 years PI. CD4+ CD45R0+ memory T cells were the predominant population in all 
antigen stimulated cultures. Proliferating CD8+ CD45R0+ memory T comprised less that 10% of the cells in 
the cultures. Activated γδ T cells and null cells comprised a variable proportion of cells in all cultures. 
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Fig. 3. Summary of data showing the upregulation of molecules expressed on CD4 memory T cells 
following culture with SAg. Electronic gates were placed on cells in R1, R2, and CD4 (see Fig. 2). 
 
A second study was conducted to determine the specificity of null cells and also determine if a CMI 
response to MAP antigens could be detected earlier than 6 months. Two calves were maintained for 6 
months and then infected with 108 bacteria by the oral route. FC analysis showed there was no response to 
PPD before infection. At 3 weeks PI the calves were killed to examine tissues for the presence of bacteria. 
Blood was collected for FC analysis. As shown in Fig. 2, a CD4 memory T cell was detected against PPD. 
Multiple activation molecules were upregulated on CD4+ CD45R0+ T cells (Fig. 4). Because of background 
and the low frequency of CD8 T cells in cultures, a specific CD8 response could not be clearly 
demonstrated. 
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Fig. 4. Summary of data showing the upregulation of molecules expressed on CD4 memory T cells 
following culture with PPD. Electronic gates were placed on cells in R1, R2, and CD4 (see Fig. 2). 
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Fig. 5. Representative dot plot profiles showing the expression of NKp46 on CD2- and CD2+ NK cells in 
cultures of cells in the presence absence of PPD. A – D, cells cultured without antigen. B and F: selective 
gates placed on R1 (small cells), R2 (large cells). C and G: selective gates placed on R1 to show 
expression of NKp46 on CD2- and CD2+ NK cells. D and H: selective gates placed on R2 to show 
expression of NKp46 on CD2- and CD2+ NK cells. Gating shows NK cells have been activated in antigen 
stimulated cultures. 

 
To establish whether the null cells detected in the present studies were NK cells, the NKp46 specific mAb, 
AKS1 was used in 3 color FC with anti-CD2 (MUC2A) and anti-δ chain (GB21A) mAbs. Analysis verified the 
null cells were actually NK cells (data not shown). As shown in Fig. 5, NK cells were activated and 
proliferated in cultures of cells from the two calves. The proportion of CD2- NK cells increased in relative 
proportion to the CD2+ population. Activated NK cell expressed both CD25 and CD26 (data not shown). 

DISCUSSION 

The findings presented here summarize and extend ongoing studies on the immune response to MAP. Until 
now, it has been difficult to characterize the response using in vitro assays involving the use of tritiated 
thymidine. Multi-parameter flow cytometry has provided a way to circumvent this problem. With this method, 
all populations of cells in the culture can be phenotyped and monitored for changes in activation status 
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during culture. Electronic gating on side and forward light scatter affords a way to correlate changes in cell 
size with activation and proliferation of cells in the absence and presence of antigen. The frequency of each 
population can be assessed using side scatter versus a given fluorescence channel. Selective gating on 
specific subsets of cells permits analysis of the expression of molecules upregulated on activated cells. In 
combination with gating on small and large cells, it is possible distinguish memory T cells from naïve T cells 
and characterize the activation status of memory T cells. Using multicolor FC, we have been able to 
examine the complexity of cultures of cells and monitor changes in the composition in the presence and 
absence of antigen. Analysis has shown that NK and γδ T cells can comprise a high proportion of activated 
proliferating cells in both unstimulated and antigen stimulated cultures. An unexpected finding is that NK 
cells are activated and proliferate in both the presence and absence of antigen. In some unstimulated 
cultures of cells from control and infected animals, NK cells comprised 40% or more of the cells in culture at 
6 days. Where antigen specific proliferation occurred, NK cells usually comprised 10% or less of the cells in 
the culture. Both CD2+ and CD2- NK cells were present in the first and second study (Fig. 6). Selective 
gating on CD4 T cells showed CD4 memory T cells were the only cells that proliferated in the presence of 
antigens. Multiple membrane expressed molecules were identified that are upregulated only on CD4 
memory T cells. In contrast to the first study, it was possible to detect a memory T cell response at 3 weeks 
PI. Selective gating on small and large lymphocytes showed activation molecules were expressed on large 
proliferating cells. In both the first and second study, it was difficult to detect a CD8+ T cell response to MAP 
antigens. The frequency of CD8+ T cells was always low.  
 
The studies show that oral exposure to MAP leads to uniform infection as assessed by the appearance of a 
specific immune response to PPD and SAg, findings similar to those obtained by intratonsillar exposure to 
MAP.(Waters et al., 2003) By 6 months, a persistent proliferative response dominated by CD4+ T was 
observed to both antigens. Although still present, NK cell proliferation appeared to diminish with increase in 
age of the animals. This made it possible to detect an antigen specific CD8 memory T cell response.  
 
In conclusion, multicolor flow cytometry has allowed us to analyze the composition of cell cultures from 
uninfected animals and animals infected with MAP and detail the events that occur following antigen 
stimulation. Importantly, we have established that it is possible to detect a memory T cell response to 
antigens as early as 3 weeks following oral exposure to MAP. Further studies are now in progress to 
characterize memory T cells during the early phases of infection and identify factors associated with the 
development of protective immunity that is present in the silent phase of infection. 
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ABSTRACT 

Identification of genes responsible for the pathogenesis of Mycobacterium avium subsp paratuberculosis 
(MAP) is important in understanding how this bacterium causes disease.  A transposon mutagenesis 
system was developed to randomly deliver a transposable element (Tn5367) into the genome of the virulent 
wild type strain K-10.  We obtained 13,500 independent mutants necessary for a 95% theoretical coverage 
of the genome. In this study, we focused on further in vitro and in vivo characterization of mutants 1F3, 
40A9 and 4H2.  We used these mutants in baby-goat and rodent infection experiments and in vitro cell 
culture assays. We focused on the initial critical steps in the pathogenesis: gut invasion and colonization in 
vivo, and phagocytosis and survival of MAP in macrophages. In vivo, no reduction in colonization was found 
in either goats or mice regardless of bacterial strain used for inoculation, samples were IS900 positive by 
PCR and acid-fast organisms were seen in samples of ileum, jejunum and mesenteric lymph nodes six 
months after inoculation. All three mutants maintained their ability to colonize the small intestine in both 
goats and mice. In vitro, we showed that MAP induces NO production using monocyte-derived bovine 
macrophages, BoMac macrophage cell line, and in the mouse macrophage-like cell line RAW264.7. Initial 
findings showed that all mutant strains induced less NO production relative to K-10. Macrophage infection 
and intracellular survival were also reduced for the mutant strains in comparison to K-10.  Experiments to 
assess the overall virulence of MAP strains in goats and mice are in progress. 
 
Key words: Mycobacterium avium paratuberculosis, transposon mutants, virulence, macrophages, mice, 
goats. 

INTRODUCTION 

Mycobacterium avium subsp. paratuberculosis (MAP) is the etiological agent of a severe gastroenteritis in 
ruminants, known as Johne’s disease. Johne’s disease is prevalent in domestic ruminants worldwide, and 
has significant impact on the global economy. Natural infection by MAP is usually acquired in the first 
months of life. The main symptoms of the disease are diarrhea of varying degrees and weight loss 
secondary to granulomatous enteritis (Harris and Barletta, 2001). Infection seems to occur through the 
ingestion of MAP through contaminated milk or other food products by young animals. The MAP organisms 
target the lymphoid tissue of the intestinal mucosa, and past evidence has indicated that the bacterium 
enters the host by the M cells at the Peyer's patches (Momotani et al., 1988). Once in the submucosa, MAP 
infects macrophages and replicates intracellularly within granulomatous structures. Colonization and growth 
of pathogenic bacteria within the host tissue is a complex process involving recognition of the host by the 
bacteria, rapid reprogramming of the pathogen gene-expression pattern and timely expression of 
components that carry out specific interaction with host cells. These components may include adhesins, 
invasins, toxic proteins and virulence factors. Identification of genes responsible for the pathogenesis of 
MAP is important in understanding how this bacterium causes disease. Very little is known about the 
molecular basis of the infection, nor about the genes that allow MAP to target and survive in the lymphoid 
tissue of the intestinal mucosa and to replicate intracellularly within macrophages. 
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The development of genetic systems including transposon mutagenesis and reporter genes (Foley-Thomas 
et al., 1995; Harris et al., 1999; Williams et al., 1999; Harris et al., 2002) makes the application of the 
molecular version of Koch’s postulates feasible. Up to date, few candidate virulence determinants have 
been described (Secott et al., 2002; Bannantine et al., 2003; Paustian et al., 2005). The role of these genes 
and others in the pathogenesis of this microorganism requires functional analysis of mutant strains. In vitro 
assays contribute greatly to our understanding of bacterial pathogenesis, but they frequently cannot 
replicate the complex environment encountered by pathogens during infection. 

In our previous studies, we used phAE94 as a vector to deliver a transposable element (Tn5367) randomly 
into the bacterial genome (Bardarov et al., 1997; Pelicic et al., 1997; Harris et al., 1999). The aph gene 
present in Tn5367 provides a selectable marker to distinguish mutants carrying a transposon insertion. For 
this study, strain K-10, a virulent bovine MAP isolate with low number of in vitro passages (Foley-Thomas et 
al., 1995) was used to generate a transposon mutant bank with phAE94, and yielded a collection of 
approximately 5,000 mutants. Theoretically, mutants attenuated in virulence from this bank can be isolated 
for further testing in animal or cell culture model systems (Harris et al., 1999). Recently, the usefulness of 
the phAE94 delivery vector system was confirmed using the MAP strains 989 and ATCC 19698 (TMC 
1613), in which approximately 2,000 mutants were generated (Cavaignac et al., 2000). The MAP strain K-
10 mutant collection has been recently expanded by the Barletta laboratory to a representative bank of the 
13,500 independent mutants necessary for a 95% theoretical coverage of the genome with transposon 
insertions in all non-essential genes (Barletta et al., 2003). 
This paper describes the in vivo and in vitro characterization of mutants 1F3, 40A9 and 4H2 identified from 
this pool based on various screening strategies. 

MATERIALS AND METHODS  

Bacterial strains and growth conditions. 

Mycobacterium avium paratuberculosis (MAP) strain K-10 and K-10 transposon mutant strains (Harris et 
al., 1999) were grown at 370C in Middlebrook 7H9 (Difco) supplemented with 0.2% glycerol, 10% OADC, 2 
mg/L Mycobactin J (Allied Monitor, Lexana, KS), 0.05% Tween 80 and 1% cyclohexamide (M-OADC-TW 
broth). Strain K-10 (pWES4) expresses the green fluorescence protein (GFP) gene and the aminoglycoside 
phosphotransferase (aph) gene, which confers kanamycin resistance, as previously described (Harris et al., 
2002). This strain was grown in M-OADC-TW broth; 50 µg/ml kanamycin was added. For K-10 mutant 
strains, 50 µ g/ml kanamycin, 40 µg/ml L-tryptophan and vitamins were added. When grown on plates, agar 
was used to solidify the medium. Organisms were passed into fresh broth weekly to maintain log phase 
growth. Prior to macrophage infection, all MAP preparations were pelleted by centrifugation at 5,000g for 15 
min, washed in phosphate-buffered saline (PBS) with 0.05% Tween 80, and declumped by at least 25 
passages through a 25-gauge needle, and centrifuged at 250 g for 3 min to remove clumps. MAP 
organisms were serially diluted and counted on a bacterial hemocytometer. When required, organisms were 
heat-killed at exposure to 650C for at least 30 minutes. MAP strains and mutants and animal samples were 
tested for the presence of IS900 and hsp65 gene by PCR. For further confirmation of MAP identity, 
restriction fragment analysis (RFLP) using restriction enzyme PstI was performed on PCR products of the 
hsp65 gene (Eriks et al., 1996). 
 
Animal models 
Eight male Saanen goat kids aged 7 to 14 days were obtained from a commercial herd with no history of 
paratuberculosis and CAE (caprine arthritis encephalitis).  Their dams were tested and found serologically 
negative for paratuberculosis and CAE. Each pair was kept in a separate pen and the daily cleaning and 
handling procedures were designed to minimize cross contamination among the four groups.  Each goat 

was given 1X10
9 

bacteria mixed with milk-replacement 3 times a week for 9 weeks, a total of 27 times 
(Storset et al., 2001). Each pair was given a different strain of bacteria: K-10(pWES4), or one of the 
transposon mutants. Six months after the beginning of inoculations the goats were euthanatized, complete 
post mortem examination was done on all goats, and feces and tissue were collected for bacterial culture, 
for IS900 PCR and histology.  For mice experiments, BALB/C mice 2-3 days old were inoculated with K10 
(pWES4), transposon mutants or PBS. 1X106 bacteria were given orally. 
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Delayed-type hypersensitivity test. 
A delayed-type hypersensitivity (DTH) test was performed by an intradermal injection of the left flank of 
each goat with 0.1 ml of standardized avian tuberculin (PPDa), 0.1 ml of PPD from MAP (PPDp, 
Veterinærinstituttet Oslo, Norway) and 0.1 ml saline. Skin fold thickness at time of injection, measured with 
slide calipers, varied from 2.7 to 5.5 mm. The reaction was read after 72 hours. An increase of 3.0 mm or 
more was considered a positive reaction. 
 
Bacteriological examination 
Clinical samples (2 g) were mixed with 8ml 4% sterile NaOH and incubated at room temp for 15 min. After 
centrifugation 2500g for 15 min. the debris were mixed with 5ml 5% oxalic acid (Storset et al., 2001; Kruip 
et al., 2003). Following incubation and centrifugation as before, the debris were mixed with 4ml 
physiological saline. Three drops of the suspension were plated on 7H9 agar plates supplemented as 
described above. Visible colonies were tested for acid-fastness, and AF positive colonies were plated with 
and without mycobactin J. Acid-fast colonies with mycobactin J dependency were tested by IS900 PCR to 
confirm identification as MAP. 
 
Cells, infection of macrophages and phagocytosis assays. 
A bovine macrophage cell line (BoMac), peripheral blood bovine monocytes, monocyte derived bovine 
macrophages, and RAW 264.7 murine macrophage-like cell line were used in this study. All cells were 
cultured and maintained in complete media; RPMI-1640 medium supplemented with 4 mM L-glutamine, 1% 
penicillin/streptomycin, 10% heat inactivated fetal bovine serum (Biological Industries, Kibbutz Beit 
Haemek, Israel), and 25 mM HEPES (Gibco) in a 5% CO2  humidified incubator at 37°C (Stabel and Stabel, 
1995). Peripheral blood bovine monocytes were isolated from peripheral heparin-anticoagulated blood 
samples collected from normal paratuberculosis-free adult Holstein cows. Blood was placed over Ficoll-
Hypaque (Sigma), centrifuged 3500 rpm for 30 min, and peripheral mononuclear cells were separated and 
placed in complete media. For preparation of monocyte-derived macrpohages, the mononuclear cells were 
allowed to adhere to a 75-mm2 plastic tissue flask for 90 min, and nonadherent cells were washed off.  
Adherent cells were left to mature undisturbed for 6 days (Weiss et al., 2001). Cells were harvested by 
scraping or by incubating with 0.05% trypsin/EDTA (1:5000) solution (Biological Industries, Kibbutz Beit 
Haemek, Israel) after which macrophages were resuspended in complete media without 
penicillin/streptomycin (AB-free medium) and enumerated with hemocytometer. Viability was assessed by 
trypan blue exclusion. Macrophages were seeded at 1.5 X 105 cells/ml onto 24 well tissue culture plates, 
sometimes containing 16 mm round microscope coverslips to form a non-confluent monolayer, or 1.0 X 106  
cells/ml onto 96 well flat bottom tissue culture plates, unless indicated otherwise below.  
 
Measurement of NO. 
The production of NO was determined by assaying culture supernatants for nitrite accumulation by the 
Griess reaction (Zhao et al., 1997). Briefly, aliquots (50 µl) of the supernatants were harvested and 
distributed into 96-well microtiter plates. Equal volumes of the Griess reaction solutions (1% sulfanilamide 
in 2.5% phosphoric acid proceeded by 0.1% naphthylethylenediamine dihydrochloride in 2.5% phosphoric 
acid) were then added. The plates were centrifugated (400g) for 15 min, and the reaction was allowed to 
proceed for another 15 min at 370C. The absorbance at 540 nm was measured with a model 808 BioTek 
enzyme-linked immunosorbence assay reader. The amounts of NO in the samples were then calculated 
from a sodium nitrite standard curve prepared for each experiment. 
 
Statistical analyses. 
Each experiment was performed in duplicate or triplicate and repeated 3 times or more. 

Differences within experimental groups were analyzed by Student t-test and differences between 
experimental groups were analyzed by one-way analysis of variance (comparison of means). Statistical 
analyses were performed using the SPSS 10.0.1 (SPSS Inc., Chicago IL, USA) and P<0.05 was considered 
significant. 
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RESULTS 

Animal models 
Two of the baby goats used in this experiment were inoculated with one of 4 strains of MAP:  K-10(WES4), 
1F3, 40A9, and 4H2. Strain 1F3 displays a halo-less phenotype on siderophore-detection medium; strain 
40A9 is a random transposon mutant that grows faster on D-cycloserine; and strain 4H2 is a colony 
morphology mutant (Barletta lab). Six months after the beginning of inoculations a DTH test was performed. 
In all pairs except the one inoculated with 1F3 at least one goat had a positive reaction to PPDa and PPDp 
(Table 1). In the pair inoculated with 4H2 both goats reacted strongly. DNA extracted from all tissues for the 
presence of IS900. In all goats, at least one tissue sample was positive by IS900 PCR (Table 1). Acid-fast 
organisms were found in formalin fixed sections collected from all goats (Table 1). 
 
Newborn mice were orally inoculated with K-10 (pWES4) and 4H2. 11 weeks after inoculation only one of 
the 4 mice tested was IS900 positive by PCR. 3 weeks later all mice tested were found positive by PCR but 
not histologically. IS900 positive bacteria were cultured from intestinal tissue samples of mice inoculated 
with 4H2. No pathological changes could be detected on histological examination of the gut 9 months after 
inoculation. 
 
 

Table 1. Results of diagnostic tests and pathological findings for goats 6 months after infection with MAP K-10 strain 
and transposon mutants of K-10 

Intestinal tissue  DTH MAP 
strain 

Goat 
no. ZN staining IS900 PCR Histopathology  PPDa PPDp 

Serology 
ELISA 

Fecal 
culture 

K-10 198 + + -  - - - - 
K-10 189 + + -  + + - - 
1F3 178 + + -  - - - - 
1F3 129 + + -  - - - - 
40A9 200 + + -  - - - - 
40A9 163 + + -  + + - - 
4H2 191 + + -  + + - - 
4H2 168 + + -  + + - + 

ZN = Ziehl-Neelsen staining; DTH = delayed-type hypersensitivity test; PPDa = purified protein derivative avium; PPDp 
= purified protein derivative paratuberculosis. 
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Fig. 1. Percent of cells infected with MAP K-10 strain and transposon mutants 1F3, 4H2 and 40A9 at 

different times after infection. 105 cells of the BoMac cell line were infected with 106 FITC-labelled bacteria 
(MOI 1:10). At 1, 6, 20 hours after infection cells containing fluorescent organisms were counted via 
fluorescence microscopy. At least 100 cells at 4 different fields were counted for each trial. 
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Macrophage phagocytosis assays 
The rate of phagocytosis by BoMac cells was considerably different between MAP K-10 and the transposon 
mutants 1F3, 40A9 and 4H2 (Fig 1). Phagocytosis of the transposon mutants was significantly lower when 
compared to the wild type K-10 strain over all time points. Similar results were obtained using the RAW 
264.7 murine cell line (data not shown). This effect was not a non-specific transposon effect since many 
other mutants were similar to K-10 (Harris NB and Barletta RG, unpublished results).  
 
Induction of NO system in macrophages by MAP 
Several MAP strains and mutants were tested for dose dependent induction of NO synthesis in bovine and 
murine monocytes and macrophages. A dose dependent synthesis of NO was observed in all cells infected 
by MAP organisms, although considerable differences were observed across MAP strains and cells. MAP 
infected monocyte-derived bovine macrophages released significantly higher levels of NO than bovine 
monocytes. RAW 264.7 cells produced very high levels of NO in response to MAP while lower levels were 
measured in monocyte-derived bovine macrophages (data not shown). Significant differences were 
observed between K-10 and the mutant organisms which elicited lower levels of NO. Although K-10 
consistently induced higher levels of NO, induction of NO by the transposon mutants was inconsistent 
between the two cell types. Mutant 1F3 induced lower levels of NO in the murine cell line while mutant 
40A9 induced lower levels of NO in the bovine primary macrophages. 

DISCUSSION 

We have tested the capacity of three MAP K-10 transposon mutants (altered colony morphology, defective 
siderophore production and D-cycloserine resistant) and have found that these mutants as well as GFP-
expression MAP K-10 (pWES4) were able to infect and colonize the gut of baby goats. Due to the long 
incubation time of the infection in goats we were unable to determine if these strains are also equally 
virulent. The colony morphology mutant, 4H2, was the only strain we were able to culture from a fecal 
sample of an inoculated goat and the gut of inoculated baby mice. When compared to K-10, less 
phagocytosis and less NO production occurred for all 3 mutants.  Infection of macrophages and survival in 
macrophages are the hallmarks of mycobacterial pathogenesis (Honer zu Bentrup and Russell, 2001; Hope 
et al., 2004). Numerous studies have demonstrated the important role of the NO system in the 
pathogenesis of mycobacterial diseases (Cooper et al., 2002). This system probably plays a dual role: 
limiting the growth of the organism and controlling the host’s immune response. Although previous studies 
demonstrated the ability of MAP to induce NO production by macrophages, this effect was considered 
insignificant (Zhao et al., 1997; Jungi et al., 1999; Hostetter et al., 2005). Induction of the NO system by 
MAP seems to differ considerably among strains and species. Our preliminary data indicate that the NO 
system does not affect survival of MAP in macrophages; however, it still unclear if this system plays any 
role in the regulation of the immune response to the organism. The exochelin deficient mutant 1F3, an 
extremely slow growing organism in vivo, was able to infect and colonize the gut of baby goats. The reason 
for the significant of lack of intradermal DTH response to PPDp and PPDa in the 1F3 inoculated animals is 
still unknown, although it might indicate a defective cell-mediated immune response to this organism. Work 
to sequence the transposon insertion sites in these mutants is currently underway to enable us to explain 
these mechanisms further.   
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ABSTRACT 

Paratuberculosis is an emerging problem in farmed red deer (Cervus elaphus) in New Zealand. Red deer 
may develop clinical disease as young as 8 months of age and herds may suffer outbreaks involving up to 
25% of groups of young animals. 
In order to study the pathogenesis, epidemiology and immunology of this disease in deer, we have 
developed an experimental infection model that closely mimics natural disease.  It utilises oral challenge of 
3 month old deer with approximately 109 live “deer/bovine” strain M. paratuberculosis recovered from the 
mesenteric lymph nodes of clinically affected yearling deer. In two studies involving a total of 59 young 
deer, clinical Johne’s disease developed in 26% and 31% of deer, 5 to 11 months after challenge. The 
gross and microscopic appearance of the lesions and the immunological responses were indistinguishable 
from natural Johne’s disease in red deer. This model has subsequently been used in vaccine and 
epidemiology studies. 
 
Key words: deer, Johne’s disease, M. paratuberculosis, experimental challenge model. 

INTRODUCTION 

Johne’s disease (paratuberculosis) has emerged as a significant problem on deer farms in New Zealand 
and overseas (Mackintosh et al 2004). At least 6% of ~5000 deer farms in New Zealand are infected (de 
Lisle et al 2003). The disease causes sporadic losses in adult deer, as occur with Johne’s disease in sheep 
and cattle, but a major difference in this species is the outbreaks of clinical disease in young animals (8-15 
months old). These can involve 10-25% of animals on some farms. Current research is aimed at 
understanding the epidemiology of the disease to try to prevent these outbreaks. This paper describes the 
development of an experimental infection model intended to be used for efficient research into the 
epidemiology, immunology and control of Johne’s disease in deer. 

MATERIALS AND METHODS 

At the end of March 2002, a group of 43 newly weaned 4 month old red deer fawns were moved onto an 
isolated part of the deer farm at AgResearch Invermay. The deer were challenged daily, for 4 consecutive 
days, with a dose of 109 cfu M. paratuberculosis organisms. The inoculum was prepared from live 
organisms recovered from lymph nodes of a clinically affected, yearling red deer. The number of bacteria 
was estimated using phase contrast microscopy and the confirmed retrospectively by plate culture. The 
isolate was confirmed as M. paratuberculosis and strain-typed as the “Bovine” using IS900 and IS1311 
PCR techniques. 
All animals were examined and weighed monthly for the first 3 months, then fortnightly for one month and 
weekly for the last 7 months of the trial. Blood samples were taken monthly throughout the trial.  
Lymphocyte transformation assays were carried out from March to November 2002; IgG1-specific antibody 
ELISA assays were carried out from May to March 2003.  Two trials were completed using the oral 
inoculation model. 
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Deer that developed a clinical infection were euthanased early in the course of disease since Johne’s 
disease is more acute in young deer than in adult livestock. 
A presumptive diagnosis of Johne’s disease was made when individual animals showed a loss of condition, 
especially over the loins and there was a loss of >10% liveweight over 2 weeks. This weight loss was 
usually preceded by a week or two of when no weight was gained at a time when their herd mates were 
gaining 1-1.5 kg per week. Affected animals developed soft semi-liquid faeces or diarrhoea.  The remaining 
unaffected deer were killed 10-12 months post challenge.  All animals were subjected to post mortem 
examination and tissue samples were taken for BACTEC culture and histopathology to confirm the 
diagnosis and to gauge the severity of the disease. 

RESULTS 

Trial 1 
One deer died of malignant catarrhal fever and was excluded from the trial. The first clinical case of Johne’s 
disease was diagnosed 5 months post challenge.  A total of 11 clinical cases (26%) were diagnosed over 
the period 5-11 months post challenge (deer aged 9-15 months). All 11 clinically affected deer had gross 
lesions typical of Johne’s disease, including enlarged ileo-caecal and jejunal lymph nodes and prominent 
cord-like lacteal ducts between the small intestine and the draining lymph nodes. Three animals had 
multiple small caseous lesions in the jejunal lymph nodes. Some, but not all, had obvious thickening of the 
jejunum and ileum. Eight had severe histopathological lesions, while the microscopic lesions in three deer 
were relatively mild. 
 
Four of the 31 clinically unaffected deer had small caseous lesions in their jejunal lymph nodes.  Five had 
relatively severe histopathological lesions, while 26 had mild histopathological lesions or were unaffected. 
 
The immunological responses are shown in Fig.1 and 2 and Tables 1 and 2. It appears that the group mean 
IgG1 antibody responses peaked in October, and declined slightly after November due to the removal of the 
clinically affected animals that had the highest antibody levels. 
 

 
Fig. 1. Mean Johne’s lymphocyte transformation assay responses 

 
Table 1. Mean Johne’s lymphocyte transformation assay responses (± standard error of the mean) 
by months after challenge and the number of deer remaining in the group. 
Months after challenge  0 1 2 3 4 5 6 8 
Mean LT response 
(counts)  6318 6255 21037 21679 16305 26310 43981 59478 
No. deer 43 43 43 43 43 43 41 31 
± SEM 853 1011 3058 3580 3684 4061 4279 6546 
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Fig. 2. Mean Johne’s IgG1 ELISA responses 

 
Table 2. Mean Johne’s IgG1 ELISA assay responses (± standard error of the mean) by months 
after challenge and the number of deer remaining in the group. 
Months after challenge  2 3 4 5 6 7 8 10 12 
Mean IgG1 response (OD)  9 55 73 71 86 118 119 119 110 
No. deer 43 43 43 43 41 37 31 20 11 
± SEM 2.1 9.1 9.1 8.8 9.8 9.0 11.5 16.5 23.5 

 
Trial 2 
After the initial trial, the challenge model was used to investigate the effects of the size of the challenge and 
the strain of M. paratuberculosis. One of the dose rates was identical to that used in the first trial and 5/16 
(31%) young red deer developed clinical Johne’s disease, 6-9 months post challenge (see paper in this 
proceedings: Mackintosh et al  “M. paratuberculosis strain and dose response trial in red deer”) 

CONCLUSION 

Natural outbreaks of Johne’s disease may involve 10-25% of groups of 8-15 month old farmed red deer. 
This experimental infection model caused similar attack rates in this age group and produced disease and 
immunological responses indistinguishable from natural Johne’s disease in red deer 
 
This model should provide an efficient “natural” model to investigate epidemiology, immunology and 
vaccine efficacy. Because this model takes less than 12 months to complete, it is significantly more efficient 
than sheep or cattle models that take 2-3 years to complete. 
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INTRODUCTION 

The IFN-g test is used to detect bovine tuberculosis and paratuberculosis at an early stage of the infection 
before the development of clinical signs. The rationale for measuring IFN-g production as a diagnostic 
parameter is that T-cells, previously sensitised through the T-cell receptor/MHC complex, will recognise 
antigens specific for a particular infection. It has been demonstrated however that young calves especially 
often respond to both avian and bovine PPD in the IFN-g test without having any evidence of infection 
(McDonald et al. 1999, Jungersen et al. 2002). An explanation for these observations can be that the 
exposure of the newborn animal to a variety of new antigens stimulate the immune system and may result 
in a higher degree of activated cells in peripheral blood. These activated cells could subsequently be more 
easily triggered to produce IFN-g by innate mechanisms. The fact that young animals are more prone than 
adult cattle to elicit this non-specific IFN-g production in response to PPD makes it unlikely that it is caused 
by environmental mycobacteria sensitisation. We have previously shown that neither CD4+, nor CD8+ nor 
γdT-cells were responsible for IFN-γ production in non-infected cattle (Olsen and Storset 2001). A possible 
source is thus the NK cells that are involved in the early immune responses against intracellular pathogens 
and are known to secrete large amounts of IFN-γ. Bovine NK cells have recently been characterised and a 
monoclonal antibody against the NK cell specific receptor, NKp46, is available (Storset et al. 2003, Storset 
et al. 2004). The aim of the present work was to study the influence of NK cells on the IFN-g production in 
young calves. 

MATERIALS AND METHODS 

Antigens.  

A 14 kDa secreted antigen (MPP14) was purified from M. avium subsp. paratuberculosis as described 
previously (Olsen et al. 2000) Purified Protein Derivative (PPD) from M. tuberculosis was obtained from the 
National Veterinary Institute, Oslo, Norway. Recombinant ESAT-6 was kindly provided by Dr. John Pollock 
Veterinary Science Division, Stormont, Belfast and Dr. Peter Andersen, Statens Serum Institute, 
Copenhagen. Native MPB70 was provided from Prof. Morten Harboe, The National Hospital, Oslo. MPP14, 
ESAT-6 and MPB70 were used at a concentration of 2 mg/ml and PPD at 10mg/ml.  

 
Animals.  
Clinically healthy Norwegian Red dairy cattle in areas free from paratuberculosis and bovine tuberculosis 
were used in the present study. 
 
IFN-g production in whole blood.  
Heparinised whole blood was dispensed into 24-well tissue culture trays (1 ml/well) and stimulated with 
purified MPP14, ESAT-6, MPB70 and PPD and incubated at 37oC in 5% CO2 in air for 24 hours. The 
plasma was removed and assayed for IFN-g using the bovine IFN-g ELISA (Bovine IFN-g EASIA, Biosource, 
Nivelles, Belgium) according to the manufacturer’s instructions.  
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Depletion of NK cells.  
Peripheral blood mononuclear cells (PBMC) were isolated from EDTA blood by density gradient 
centrifugation (1150 x g, 20 min) on Lymphoprep (Nycomed Pharma, Oslo, Norway). NK cells were 
removed using MACS system with an LD column (Miltenyi Biotec Ltd., Bisley, UK). The cells were 
stimulated with MPP14, ESAT-6, PPD or medium alone and incubated at 37oC in 5% CO2 in air for 24 
hours. The supernatant was assayed for IFN-γ. 
 
Intracellular staining for IFN-g  
Performed as described previously (Olsen and Storset 2001)  

RESULTS  

Altogether 31% of the animals had an IFN-γ response to ESAT-6, 50% to MPP14 while 37% responded to 
PPD. In contrast, no IFN-γ response was detected in response to MPB70. In general, the animals 
responding to MPP14 also responded to ESAT-6 and PPD. ESAT-6 is present in the M. tuberculosis 
complex and has also been detected in M. kansasii and M. flavens (Harboe et al. 1996) while MPP14 was 
detected by Western blotting in the M. avium complex and M. scrofulaceum (Olsen et al. 2000).  
 
To identify the cells producing IFN-g, intracellular staining for IFN-γ together with labelling for surface 
markers and analysis by flow cytometry was used (Olsen et al. 2005). The method identified NK cells as the 
main IFN-γ producing cell-type while little IFN-γ was produced by CD4+ cells (Fig. 1). Furthermore PBMC 
from responding animals were depleted of NK cells using a monoclonal antibody directed against NKp46, 
followed by secondary antibodies coupled to magnetic beads. The removal of NK cells completely 
abolished the IFN-γ production in response to MPP14, ESAT-6 and PPD confirming that NK cells are a 
source for IFN-γ production.  

DISCUSSION  

The IFN-γ test has been used in several countries to diagnose early stages of bovine tuberculosis.  The use 
of specific proteins like ESAT-6 has clearly increased the specificity of this test (Pollock and Andersen 
1997, Buddle et al. 2003). However, it is widely recognised that the test cannot be used in young animals 
due to non-specific IFN-γ production (McDonald et al. 1999, Jungersen et al. 2002). This was confirmed in 
the present study where one third of young cattle from areas free from both bovine tuberculosis and 
paratuberculosis responded with IFN-γ production to various antigens was tested. It is unlikely that such a 
large percentage of study animals were sensitised to mycobacteria harbouring both MPP14 and ESAT-6, 
and this suggested that other mechanisms for IFN-g production were present 
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Fig. 1. Flow cytometry plots showing IFN-γ production by NK cells. Whole blood was stimulated with 
MPP14, ESAT-6 or left unstimulated for 6 hours. The cells were labelled with mAbs against; A) CD4 and B) 
the NK-cell marker NKp46 followed by permabilisation and labelling for intracellular IFN-γ. Numbers in 
upper right quadrant indicate the percentages of total lymphocytes that are IFN-γ producing CD4+ (A), IFN-
g producing NK cells (B). 
 
In conclusion, our results demonstrated that NK cells are a source of innate IFN-γ production, and this 
provides an explanation for the problems encountered in the young calves. This is also in agreement with 
the finding that young calves had the highest proportion of NK cells in peripheral blood (Kulberg et al. 
2004). Consequently, it is likely that NK cells are responsible for the majority of the non-specific IFN-γ 
production observed in young cattle. Methods that inhibit IFN-γ production from NK cells would therefore 
lead to an improvement of the IFN-γ test for detection of bovine mycobacterial diseases. This should be a 
focus of further research in addition to the identification of specific antigens from M. a. paratuberculosis. 
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A full length paper of these results has been published in Infection and Immunity. 2005. 73: 5628-5635  Olsen I, 
Boysen P, Kulberg S, Hope JC, Jungersen G and Storset AK. Bovine NK cells can produce IFN-γ in response to the 
secreted mycobacterial proteins ESAT-6 and MPP14, but not in response to MPB70.  
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ABSTRACT 

“In situ” detection of TGF-b in different types of lesion associated with MAP infection was completed using 
histochemical methods. Samples of intestine (ileocaecal valve, ileum and jejunum) with and without 
lymphoid tissue and mesenteric lymph nodes were obtained from lambs and calves experimentally infected 
with MAP.  The Avidin-Biotin Peroxidase technique was employed using a polyclonal antibody against 
human TGF-b. Lesions present in the samples were classified as: focal (formed by small granulomas, with 
no or very low number of mycobacteria located in the lymphoid tissue and seen in the initial or latent stages 
of the infection); and diffuse forms (composed of an extensive granulomatous infiltrate located in the lymph 
nodes and intestinal lamina propria, showing moderate to large amounts of bacilli and seen in the advanced 
stages of MAP infection). In all the cases, positive immunolabelling was absent or seen sporadically in 
macrophages forming focal granulomas, both located in the lymph node or intestinal lymphoid tissue. 
However, in diffuse granulomatous lesions present in the intestinal mucosa, the majority of macrophages 
were TGF-b positive and showed a high intensity of staining.  A clear relationship was seen between the 
presence of high numbers of bacteria in the cytoplasm and the intensity of the staining. These results 
suggest that high levels of TGF-b could be related to the inability of macrophages to kill MAP and thus the 
progression of the infection. Low levels of TGF-b, seen in focal lesions, could be related to the initial phases 
or forms of resistance of the infection.  
 
Key words: Pathology, granulomas. immunohistochemistry. TGF-b. 

INTRODUCTION 

Paratuberculosis is a chronic granulomatous enteritis of ruminants caused by Mycobacterium avium subsp 
paratuberculosis (MAP). Following oral infection, MAP invades intestinal macrophages and are capable of 
resisting host defences and multiplying intracellularly to reach very high numbers. Such events may take 
years to develop and are usually accompanied by marked inflammatory changes in the intestine including a 
macrophage infiltration. Many of these recruited cells subsequently become infected (Chiodini et al., 1984).  
 
A wide variability in histological lesions has been recognized in paratuberculosis-infected animals (Clarke, 
1997). Lesions associated with natural paratuberculosis have been divided into different categories based 
on the location of lesions in relation to intestinal lymphoid tissue, severity, inflammatory cell types and 
numbers of mycobacteria present (Pérez et al., 1996; González et al., 2005) and related to the clinical 
status of the animals. In those showing clinical signs, diffuse lesions with three different pathological forms 
were described, the “paucibacillary” form, in which the inflammatory infiltrate is composed of lymphocytes 
with some macrophages but few, if any, mycobacteria, the “multibacillary” form, in which macrophages, 
filled with numerous mycobacteria are the main inflammatory cell, and the “intermediate”, showing features 
of both types (Pérez et al., 1996; Clarke, 1997; González et al., 2005). Besides this, in animals with no 
clinical signs or gross lesions, “focal” lesions, formed by small, well-demarcated granulomas located 
exclusively in the intestinal lymphoid tissue or mesenteric lymph nodes and with no or scant acid-fast 
bacteria (AFB) were also described (Pérez et al., 1996; González et al., 2005).  
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The host immune response has been thought to be an important factor in the development of the different 
lesional forms seen in MAP infected animals (Clarke, 1997). The macrophage has a central role in 
mycobacterial killing, antigen processing and presentation, and directing inflammatory and immune 
processes (Alzuherri et al., 1996). These mechanisms are influenced strongly by macrophage cytokines, 
such as transforming growth factor b (TGF-b). This is an immunomodulatory cytokine that has a suppressor 
effect on the cellular immune response at different levels (Letterio and Roberts, 1998). A decrease in IFN-g 
production, an essential factor for containment of mycobacterial infection (Othieno et al. 1999), has been 
associated with an increase in the expression of TGF-b. 
 
The main goals of this work were the evaluation of the “in situ” expression of TGF-b assessed by 
immunohistochemical methods in granulomatous lesions associated with MAP infection, and to study the 
relationship between lesion type and the amount of AFB present in the lesions.  

MATERIALS AND METHODS 

Animals and tissue samples 
Tissue samples were obtained from 4 calves and 5 lambs experimentally infected with MAP together with 8 
adult cows and 7 sheep with natural paratuberculosis infection. All of them had been previously confirmed 
as infected by MAP by bacteriological isolation from feces and PCR.  
 
For this study, a total of 40 samples from the ileocaecal valve and ileum (15 ovine and 25 bovine) and 29 
from the caudal jejunal mesenteric lymph node (13 ovine and 16 bovine) were employed. They had been 
fixed in 10% buffered formalin and embedded in paraffin wax and 4m sections stained with haematoxylin-
eosin (HE) and Ziehl-Neelsen method for acid-fast bacteria (AFB).  
 
The amount of AFB present in the lesions were subjectively scored from + (solitary or very few bacilli 
present in the granuloma) up to +++ (the majority of the cytoplasm of the macrophages filled with AFB). 
 
Immunohistochemical studies (IHC) 
Selected sections were examined by the avidin-biotin complex (ABC-P) method, with the Vectastain Elite 
ABC Kit (Vector Laboratories, Burlingame, CA, USA) following the instructions of the manufacturer. The 
following reagent was used as primary antibody: chicken IgG anti-human TGFb serum (R&D Systems, 
Minneapolis, USA) at a dilution of 1 in 150. The specificity of the technique was controlled by (1) omission 
of the first specific antibody and replacement by normal chicken serum, (2) omission of the second 
biotinylated antibody, (3) omission of the ABC complex, and (4) omission of diaminobenzidine. All controls 
gave negative results. 
Positivity was subjectively scored from + (few cells immunolabelled showing a weak reaction) up to +++ 
(strong postivity seen in a large number of cells). 

RESULTS 

Lesions associated with MAP infection were detected in all the samples examined (Tables 1 to 4). They 
were classified as focal, formed by small groups of macrophages and giant cells, located exclusively in the 
intestinal lymphoid tissue or mesenteric lymph nodes; multifocal, with granulomas spreading to the lamina 
propria, without disrupting the normal architecture of the area and showing a variable number of AFB, or 
diffuse, characterized by a severe and diffuse granulomatous infiltrate in the intestinal wall that caused a 
marked thickening of the mucosa in several parts of the intestine. According to the nature of the 
inflammatory infiltrate and the amount of AFB present, diffuse lesions were divided in “multibacillary”, 
formed mainly by macrophages and large numbers of AFB,“paucibacillary” showing large numbers of 
lymphocytes together with some macrophages and few or none AFB, and “intermediate”, seen as mixed 
forms between the two diffuse types.  
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As it can be seen in tables 1 to 4, the antibody against TGF-b employed was able to stain macrophages 
and giant cells both in bovine and ovine tissues. A close relationship has been observed between the 
amount of AFB and the intensity of the staining. In focal lesions (Fig 1 to 3), located both in the intestinal 
Peyer´s patches or mesenteric lymph nodes, the immunolabelling of macrophages or giant cells forming the 
lesion was absent or scant (in these cases, they were one or few AFB). A similar result was found in 
isolated granulomas found in the lamina propria, forming multifocal lesions. Diffuse multibacillary lesions, 
with high amount of AFB, showed an intense immunorreaction (Fig 4), whereas in diffuse paucibacillary 
forms, with none or few bacilli, immunostaining was absent or sporadic (Fig 5). In the diffuse intermediate 
forms, the intensity of the staining varied according to the amount of AFB present (Fig 6).  
 

Table 1. Evaluation of the AFB amount and TGF-b immuno- staining according to the lesional type, in the 
bovine lymph node sections. In brackets, number of sections showing the indicated scoring.   
Type of lesion 
Lymph node 

No of examined sections Amount of AFB by ZN Intensity of IHC. TGFb 

Focal 6 
+ (1) 
0 (5) 

+ (1) 
0 (5) 

Multifocal 5 
++ (2) 

+ (3) 
++ (2) 

+ (3) 
Diffuse multibacillary 1 +++ (1) +++ (1) 

Diffuse paucibacillary 3 
+++ (1) 

+ (2) 
+++ (1) 

+ (2) 
Diffuse intermediate 1 + (1) + (1) 

 
Table 2. Evaluation of the AFB amount and TGF-b immuno- staining according to the lesional type, in the 
bovine intestinal lamina propria sections. In brackets, number of sections showing the indicated scoring.  
Type of lesion 
Lymph node 

No of examined sections Amount of AFB by ZN Intensity of IHC. TGFb 

Focal 4 0 (5) 0 (5) 
Multifocal 4 + (2) 

0 (2) 
+ (2) 
0 (2) 

Diffuse multibacillary 2 +++ (2) +++ (2) 
Diffuse paucibacillary 2 ++ (2) ++ (2) 
Diffuse intermediate 13 +++ (2) 

++ (8) 
+ (3) 

+++ (3) 
++ (7) 

+ (3) 
 

Table 3. Evaluation of the AFB amount and TGF-b immuno- staining according to the lesional type, in the 
ovine lymph node sections. In brackets, number of sections showing the indicated scoring.  
Type of lesion 
Lymph node 

No of examined sections Amount of AFB by ZN Intensity of IHC. TGFb 

Focal 
5 

+ (2) 
0 (3) 

+ (1) 
0 (4) 

Multifocal 2 0 (2) 0 (2) 
Diffuse multibacillary 

4 
++ (3) 

+ (1) 
++ (3) 

+ (1) 
Diffuse paucibacillary 2 0 (2) 0 (2) 

 
 

Table 4. Evaluation of the AFB amount and TGF-b immuno- staining according to the lesional type, in the 
ovine intestinal lamina propria sections. In brackets, number of sections showing the indicated scoring. 

Type of lesion 
Lymph node 

No of examined sections Amount of AFB by ZN Intensity of IHC. TGFb 

Focal 4 0 (4) 0 (4) 
Multifocal 2 0 (2) 0 (2) 
Diffuse multibacillary 7 +++ (7) +++ (7) 
Diffuse paucibacillary 2 0 (2) 0 (2) 
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DISCUSSION  

The close relationship encountered between the amount of AFB and the intensity of the immunostaining by 
IHC for TGF-b suggest that a higher “in situ” expression of this cytokine is related to the inability of 
macrophages for limiting the multiplication of MAP. Other studies have found a higher expression of TGF-b, 
measured by real-time PCR, in peripheral blood mononuclear cells and ileum tissue samples from cattle 
showing the clinical stage of MAP infection, with respect to uninfected controls and subclinically affected 
animals (Coussens et al, 2004; Khalifeh and Stabel, 2004). This is in agreement with our results, since 
clinically affected animals usually show diffuse multibacillary or intermediate forms (Pérez et al., 1996; 
González et al., 2005), that we found to be related with marked immunostainings .  
 
In paratuberculosis, as in other mycobacterial infections, a cell-mediated immune response is vigorously 
active during the early stages of disease. This type of immunity limits disease progression and is 
characterized by elevated antigen-specific IFN-g production (Stabel, 2000). Animals in subclinical stages of 
disease shed low numbers of AFB in their faeces and, as infection progresses to a more clinical state, 
bacterial shedding is increased and IFN-g production declines (Stabel, 1996, 2000). The decrease of IFN-g 
has been associated with an increase in the expression of TGF-b (Letterio and Roberts, 1998; Khalifeh and 
Stabel, 2004). Animals having focal lesions without TGF-b expression mount strong cell-mediated immune 
responses, showing high levels of IFN-g in the peripheral blood after the proper stimulus.  Conversely, 
diffuse multibacillary forms are associated with low circulating levels of this cytokine (Pérez et al., 1999). 
The increase of the regulatory cytokine TGF-b seen “in situ” in our study in animals harbouring high levels 
of AFB suggests that a change in the balance of cytokines at the site of inflammation would contribute to 
the inability of the host to control MAP multiplication and infection progression. 
 
In clinical cases of human Crohn´s disease, where MAP has been described by some as playing a role as 
aetiologic agent, an over-expression of TGF-b has been also observed (Friess et al., 1998). In other 
mycobacterial diseases such as human leprosy, macrophages forming lepromatous forms show stronger 
immunohistochemical labelling than those present in the tuberculoid forms, where immunostaining is 
usually absent (Goulart et al., 1996). These results support our findings, bearing in mind that focal and 
diffuse multibacillary forms have been compared to tuberculoid and borderline-lepromatous forms of human 
leprosy (Pérez et al., 1996; González et al., 2005).  

CONCLUSION 

In paratuberculosis granulomatous lesions, the expression of high levels of TGF-b in the macrophages 
assessed by IHC is closely associated with the numbers of AFB present in the cells. Thus, the over-
expression of this cytokine would be related to the inability of the macrophages to limit the multiplication of 
MAP.  These results confirm the latent character of the focal lesions, in which the host controls the 
progression of the infection, as opposed to diffuse forms that are associated with clinical signs and an 
increased expression of TGF-b.  
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ABSTRACT 

The characterization of protective antigens is essential for the development of an effective, sub-unit 
based vaccine against paratuberculosis. Surface-exposed and secreted antigens, present abundantly 
in mycobacterial culture filtrate (CF), are among the well-known protective antigens for M. tuberculosis 
and M. bovis. In order to study the vaccine potential of CF in Johne’s disease, M. avium subsp. 
paratuberculosis (MAP) ATCC 19698 was first adapted to grow as a surface pellicle on synthetic, 
protein-free Sauton medium and CF was prepared from 4 week old cultures. Strong proliferative and 
IFN-g responses against MAP CF could be detected as early as 4 weeks post infection (p.i.) in PBMC 
cultures from a bull infected by the intravenous route with 108 CFU of MAP ATCC 19698. Analysis of 
the immune response against MAP CF separated by electro-elution demonstrated that these early 
bovine T cell responses were mostly directed against fractions in the 30 kDa region, containing 
homologues of the Ag85 complex of BCG with well-documented vaccine potential. We conclude that 
homologues of the antigen 85 family are immunodominant antigens of MAP in experimentally and 
naturally infected cattle, inducing strong proliferative and IFN-g T cell responses. Their potential as 
possible vaccine candidates remains to be determined. 
 
Key words: culture filtrate, mycolyl-transferase, Ag85, antigen 

INTRODUCTION  

M. avium subsp. paratuberculosis (MAP) causes Johne’s disease, a severe gastroenteritis in 
ruminants, with a significant impact on the agricultural economy, particularly the dairy industry (Harris 
and Barletta, 2001). In the Belgian cattle population, paratuberculosis prevalence was determined by a 
serologic survey conducted from December 1997 to March 1998. This approach resulted in an 
estimated true herd prevalence of MAP infection of 6% (Boelaert et al., 2000). Cell-mediated immune 
responses seem to control the initial infection for a sustained period of time and clinical symptoms 
appear in cows only after a number of years, often after the first or second calving.  This may be due to 
the enhanced intracellular multiplication of MAP caused by alterations in the hormonal milieu (Feola et 
al., 1999). 
Vaccines consisting of whole killed or attenuated live MAP bacilli can provide partial protection by 
delaying fecal shedding and reducing the number of clinically affected animals, but they do not protect 
against infection. In the context of bovine tuberculosis (M. bovis) control and eradication programs, it is 
worth mentioning that animals immunized with these paratuberculosis vaccines develop positive 
reactions in the tuberculin skin test and therefore paratuberculosis vaccination is subject to approval by 
the veterinary services. Moreover, because of the impact on trading of living animals, farmers are 
reluctant to use paratuberculosis vaccination. It is clear that the development of an efficient 
paratuberculosis sub-unit vaccine that would not interfere with tuberculosis detection may be useful.  
 
The precise MAP antigens that induce a protective immune response are poorly defined. Secreted and 
surface-exposed cell wall proteins are major antigens recognized by the protective immune response 
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against M. tuberculosis and M. bovis.  Immunization with whole culture filtrate, a rich source of 
extracellular proteins, can protect mice and guinea pigs to some extent against subsequent challenge 
with the tubercle bacillus (Andersen, 1994; Pal and Horwitz, 1992). A key fraction of the secreted 
proteins in culture filtrates of M. tuberculosis and M. bovis BCG is the Ag85 complex.  A 30-32 kD 
family of three proteins (Ag85A, Ag85B and Ag85C) (Wiker and Harboe, 1992), each of which 
possesses an enzymatic mycolyl-transferase activity required for the biogenesis of cord factor 
(trehalose-dimycolate).  The proteins are encoded by three paralogous genes (fbpA, fbpB and fbpC) 
located in distinct regions of the bacterial genome (Content et al., 1991). Both Ag85A and Ag85B are 
promising candidates for future tuberculosis vaccines (Baldwin et al., 1998; Huygen et al., 1996; 
Kamath et al., 1999; McShane et al., 2004). 
 
The genes encoding the three Ag85 components from MAP have been sequenced; at the protein level 
a 99% sequence identity with M. avium was found (Dheenadhayalan et al., 2002). Comparisons have 
also been made between the mature protein sequences of MAP Ag85 and M. bovis Ag85 (note that the 
latter differs from those of M. tuberculosis by only one residue in position 100 of the mature Ag85B 
protein).  For the 85A protein (Map 0216) 82% of sequences are identical, for the 85B protein (Map 
1609c) 86% and for the 85C protein (Map 3531c) 87% of amino acid sequences are identical between 
MAP and M. bovis (Dheenadhaylan et al., 2002). 
 
Little is known about far on the immune recognition of culture filtrate (CF) antigens and of Ag85 
homologues in particular, during MAP infection. Here, we report on CF and Ag85-specific T cell 
responses in cattle experimentally or naturally infected with MAP. Our results indicate that Ag85 
homologues are immunodominant T cell antigens in MAP infection, inducing strong proliferative 
responses. Their vaccine potential for bovine paratuberculosis remains to be determined. 

MATERIALS AND METHODS 

Bacteria and Antigens. 
MAP ATCC 19698 was purchased from the American Tissue Culture Collection (ATCC) and grown on 
solid Löwenstein-Jensen medium. Subsequently, cultures were maintained in liquid 7H9 medium 
supplemented with 10% OADC and mycobactin J (Allied Laboratories Inc, Synbiotics Europe) (2 
mg/ml).  After an intermediate passage for 6 months on solid potato soaked in synthetic, protein-free 
Sauton medium supplemented with mycobactin J, bacteria were grown as a surface pellicle on Sauton 
medium. MAP was grown for 4 weeks at 39°C, the culture filtrate was separated from the bacteria and 
CF proteins were precipitated by 80% saturated ammonium sulfate. Precipitate was extensively 
dialyzed against PBS. Bacteria were stored as concentrated pellets in Sauton with 20% glycerol at -
70°C. M. bovis BCG and M. tuberculosis H37Rv culture filtrates were prepared from 2 week old 
cultures on synthetic Sauton medium as described previously. Native 30-32 kDa Ag85 was purified 
from BCG CF using sequential chromatography on Phenyl-Sepharose, DEAE Sephacel and Sephadex 
G75 (de Bruyn et al., 1987). PPD-B from M. bovis Vallée and PPD-A from M. avium (strain 42) were 
kindly given to us by Dr. J. Nyabenda from the Pasteur Institute Brussels.  
 
Electro-elution and SDS-PAGE. 
 Ammonium sulfate-concentrated CF from MAP was further concentrated by dialysis against poly-
ethylene-glycol and 10 mg of CF was separated by electrophoresis on a 12 % SDS-PAGE. The 
acrylamide gel was electro-eluted into thirty 3 ml fractions using a Whole Gel Eluter (Biorad) according 
to manufacturer’s instructions. Fractions were stored in PBS (1x)-0.5% glycerol. Whole CF and the 
electro-eluted fractions were analyzed on a 12% SDS-PAGE stained with silver nitrate. Ag85 
homologues were visualized in Western blot analysis, using Ag85 specific Moab TD17.4 (Huygen et 
al., 1993). 
 
Peptide synthesis.  
Peptides spanning the entire sequence of the mature BCG Ag85A sequence (295 aa) were 
synthesized as 20-mers overlapping by ten residues, with the exception of the 19-mer 35-53 and the 
carboxy-terminal peptide spanning aa 275-295. Peptides spanning the entire mature BCG Ag85B 
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sequence (285 aa) were synthesized as 18-mers overlapping by 9 residues, with the exception of a 21-
mer spanning aa 240-260 and the carboxy-terminal 15-mer 271-285.  Peptides spanning the entire 
mature BCG Ag85C sequence (294 aa) were synthesized as 20-mers overlapping by ten residues, with 
the exception of two 18-mers (aa 31-50 and 41-60, residues 33 and 34 lacking in Ag85C) and the 
carboxy-terminal 14-mer 281-294 (Rosseels et al., 2005).  
 
Experimental cattle infection.  
One bull from the Friesian-Holstein breed originating from a herd officially free of bovine tuberculosis was 
infected at the age of 11 months by the intravenous route with 108 CFU of MAP (ATCC 19698) grown as a 
surface pellicle on synthetic mycobactin J supplemented Sauton medium for 4 weeks. This animal was 
persistently infected by MAP as indicated by the presence of viable MAP in the retropharyngeal lymph 
nodes at the day of culling, one year after infection.  At no time was the bull sero-positive.  
 
Proliferation assays in infected cattle.  
Blood was collected in heparin tubes by venipuncture and rested for 24 hr at room temperature to 
decrease background proliferation of unstimulated cells. Proliferative responses were analyzed using a 
whole blood assay in 10% autologous plasma. Briefly, heparinized blood was diluted 1:10 in RMPI-
1640 medium supplemented with 5.10-5 M 2-mercapto-ethanol. A volume of 180 ml of cells was mixed 
with 20 ml of antigen (final concentrations of CF and PPD: 25 mg/ml, purified Ag85: 5 mg/ml) in 96 well 
round–bottom microwell plates, and cultures were incubated in a humidified CO2 incubator for 7 days. 
After 6 days, cells were pulsed overnight with tritiated thymidine (0.4 mCi/well) and collected on a 
Titertek Cell Harvester. Radioactivity recovered on the filters was counted in a Betaplate Liquid 
Scintillation Counter and results expressed as mean cpm ± SD of triplicate cultures. 
 
Cultured (in vitro) interferon-g production in infected cattle. 
Cells were rested for 24 hr at room temperature as described for proliferation assays. Heparinized 
blood was centrifuged for 10 minutes at 1500 rpm, and plasma replaced by the same volume of RPMI-
1640 supplemented with 10% FCS, penicillin, streptomycin and 5.10-5 M 2-mercapto-ethanol in order to 
reduce background IFN-g levels in unstimulated cells. Leukocytes were counted in a Coulter Counter 
and whole blood cell cultures were adjusted to 106 WBC/ml in complete RPMI-1640 medium. A volume 
of 180 ml of cells was mixed with 20 ml of antigen in 96 well round–bottomed microwell plates and 
cultures were incubated in a humidified CO2 incubator. PPD-A and PPD-B (Pasteur Institute Brussels) 
and CF were used at final concentrations of 25 mg/ml, synthetic peptides at 10 mg/ml, native Ag85 at 5 
mg/ml and electro-elution fractions at a 1:10 dilution. After 6 days of culture, supernatants from at least 
three wells were pooled for each antigen and stored at -20°F until testing. 
 
Bovine Interferon-gamma assay. 
Bovine IFN-g was determined using the Bovine IFN-g EASIA cat.nr. KBC1232 (BioSource Europe S.A., 
Nivelles, Belgium). O.D. values were converted to pg/ml, using a standard curve of recombinant bovine 
IFN-g (Serotec) at an initial concentration of 20 ng/ml. 

RESULTS 

Preparation of culture filtrate from MAP ATCC 19698 grown as a surface pellicle on synthetic Sauton 
medium. 
MAP ATCC 19698 was adapted to grow as a surface pellicle on synthetic, protein free Sauton medium 
supplemented with mycobactin J. Comparison of the 4 week old MAP CF with the protein profile of a 2 
week old M. tuberculosis H37Rv CF in SDS-PAGE, indicated that in the region of the 30-32 kD 
mycolyl-transferase (Ag85), one protein of approximately 30 kD was strongly expressed in the 
paratuberculosis CF. In tuberculosis CF, three protein bands were detected in this region, 
corresponding to Ag85B, Ag85A and Ag85C respectively (Pal and Horwitz, 1992) (Fig. 1A). 
Subsequently, proteins from the MAP CF were separated on the basis of decreasing molecular weight 
by SDS-PAGE and electro-eluted in 30 fractions. Fig. 1B shows the Sauton culture filtrate from MAP 
and its electro-elution profile (fractions 3 to 27). Western blot analysis of the electro-eluted fractions 
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from MAP CF with monoclonal antibody TD17.4 directed against Ag85 from M. bovis BCG, showed 
that Ag85 homologues were present in fractions 14 to 17 (Fig. 1C). 

 
Fig. 1. A. Comparative SDS-PAGE (12%) of culture filtrate from M.avium subsp. paratuberculosis 
ATCC 19698 (lane 3) and M. tuberculosis H37Rv (lane 2) grown as surface pellicles on synthetic 
Sauton medium. Proteins were visualized by silver staining. Molecular weight markers are shown in 
lane 1. B. Electro-elution profile of MAP CF separated in 27 fractions. C. Western blot analysis of 
fractions 13-18 using Ag85 specific Moab TD 17-4. 
 
Proliferative and IFN-g responses against culture filtrate from M. avium subsp. paratuberculosis ATCC 
19698 following intravenous infection with MAP ATCC 19698 in cattle. 
As shown in Table 1 and Fig. 2, strong proliferative and IFN-g responses against MAP CF could be 
detected as early as 4 weeks post infection (p.i.) in PBMC cultures from a bull infected by the 
intravenous route with 108 CFU of MAP ATCC 19698. Proliferative and IFN-g responses against PPD-A 
and PPD-B were of comparable magnitude. Very strong proliferative and IFN-g responses were also 
observed in response to native Ag85 purified from BCG CF. Responses to all these antigens were low 
to undetectable prior to infection. On the other hand, proliferative responses to M. bovis BCG CF were 
significantly lower than to MAP CF.   
 

Table 1. Proliferative T cell responses in a 11 month old bull infected by the intravenous route 
with 10

8
 CFU of M.paratuberculosis ATCC19698 

Antigen  Pre-infection
a
 4 weeks p.i. 

Control 495 ± 162 793 ± 305 
CF M. ptb 529 ± 119 53,190 ± 8,670 
CF M. bovis BCG 2,006 ± 849 14,060 ± 4,473 
PPD-A 1,966 ± 679 112,540 ± 27,273 
PPD-B 1,798 ± 677 89,818 ± 8,690 
Ag85 BCG 721 ± 155 12,356 ± 1,269 
a
: mean cpm ± SD of proliferative responses of whole blood diluted 1:10 and cultured in triplicate 

for 7 days in the absence (control) or presence of the various antigens.
 3

H thymidine was added 
to the cultures on the evening of day 6 and cells were harvested after overnight culture. 

 



Proceedings of 8ICP 2005 Theme 2: Immunology, Pathology and Pathogenesis 

 131 

 
Fig. 2. Proliferative (mean cpm ± SD of 7 day cultures) and (in vitro day 6) IFN-γ (pg/ml) responses 
against electro-eluted fractions of M. ptb culture filtrate of PBMC (whole blood diluted 1:10) of a young 
bull infected with 108 CFU of M. ptb ATCC 19698 by the intravenous route 6 weeks previously. 
 
Analysis of the immune response against MAP CF separated by electro-elution demonstrated that 
early bovine T cell responses (6 weeks p.i.) were mostly directed against fractions 15-19 containing the 
Ag85 homologues (Fig. 2). (Fractions from a different electro-elution that that shown in Fig. 1 were 
used, with an electro-elution profile slightly shifted to the right). At 4 months post infection, T cell 
repertoire broadened and positive responses were found against a wider range of fractions, throughout 
the electro-elution profile (data not shown).  
 
Epitope mapping using overlapping synthetic peptides spanning Ag85A (20-mer peptides), Ag85B (18-
mer peptides) and Ag85C (20-mer peptides) mature protein sequences from BCG indicated that Ag85B 
peptide 17, spanning aa 145-162, was strongly recognized by this animal (Fig. 3). Somewhat lower 
proliferative responses against the corresponding Ag85A peptide 15 spanning aa 141-160, were also 
detected, whereas responses to Ag85C peptides were very low. Lymphoproliferative responses to 
Ag85B145-162 peptide in this intravenously infected animal were found consistently throughout the 12 
month follow-up period (data not shown). Comparison of the sequence showed that this Ag85B145-162 
peptide sequence is identical in M. bovis BCG and MAP (YAGSLSALLD PSQGMGPS). 
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Fig. 3. Characterization of cross-reactive T cell epitopes of Ag85A, Ag85B and Ag85C in a young bull 
infected with 108 CFU of M. ptb by the intravenous route, using lymphoproliferation assays on 
quadruplicate cultures from PBMC (whole blood diluted 1:10) stimulated with overlapping synthetic 
peptides (10  g/ml) spanning the mature sequences of Ag85A, Ag85B and Ag85C from M. bovis. 

DISCUSSION 

Currently available vaccines against MAP are based on killed or live attenuated whole bacteria 
preparations. Animals vaccinated with these whole cell vaccines develop positive tuberculin skin 
reactions and are of lesser economic value, because trading of PPD positive animals is not permitted 
(EU Council Directive 64/432/EEC). Moreover, such animals may develop observable granulomas at 
the injection site, which can be a problem at inspection. An efficient subunit vaccine that would not 
interfere with bovine tuberculosis diagnosis would be very valuable in the management of 
paratuberculosis, but requires the characterization of immunodominant and protective antigens. A 
number of immunogenic proteins of MAP have been described (Harris and Barletta, 2001, but they 
have mostly been analyzed for diagnostic purposes (Bannantine et al., 2002) and little is known on 
their vaccine potential. 
 
Here we have analyzed the immunogenicity of culture filtrate derived from MAP ATCC 19698. Very 
strong proliferative and IFN-g responses could be detected in an experimentally infected bull as early 
as one month after infection against the MAP CF and against native Ag85, purified from BCG CF. 
Electro-eluted fractions from MAP CF containing the Ag85 homologues were also recognized very 
strongly early upon infection. Culture filtrate proteins such as Ag85 are produced by actively replicating, 
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live mycobacteria. In the phagosome of antigen presenting cells, these proteins can be secreted and 
processed very early upon infection, before actual destruction of the bacteria releases antigenic 
components from the cytoplasm (Harth et al., 1996). This may explain the very early recognition of 
Ag85 components by the immune system and also the confirmed vaccine potential of this protein 
family. 

CONCLUSION 

In conclusion, we show that experimental MAP infection of cattle elicits a rapid and strong T cell 
response against MAP culture filtrate proteins in general and against the Ag85 complex in particular. 
Analysis of the T cell response in cattle from a herd with reported cases of clinical Johne’s disease has 
indicated that about 50% of the presumed naturally infected animals also show strong proliferative 
responses to the Ag85A and Ag85B homologues of this antigenic complex (Data not shown).  
Homologues of the antigen 85 family are immunodominant antigens of MAP in experimentally and 
naturally infected cattle, inducing strong proliferative T cell responses. Their potential as possible 
vaccine candidates remains to be determined. 
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ABSTRACT 

Measurement of secreted IFN-γ   has proven to be a valuable tool for the detection of animals infected with 
mycobacterial pathogens,including Mycobacterium avium subsp. paratuberculosis. Previous reports have 
suggested that tuberculin skin testing can influence the performance of the IFN-γ assay. In the present 
study, healthy noninfected cows, and cows subclinically and clinically infected with MAP were administered 
an intradermal injection of johnin purified protein derivative and effects on secreted and intracellular IFN-γ 
were observed. Significant increases in secreted IFN-γ were noted in antigen-stimulated PBMC isolated 
from subclinically infected cows within 2 days of the skin test. Results for intracellular IFN-γ were more 
variable than those noted for secreted IFN-γ.  Stimulation of peripheral blood mononuclear cells with 
medium only (nonstimulated), pokeweed mitogen, and JPPD resulted in transient elevations in intracellular 
IFN-γ, depending upon infection status of the animals and in vitro stimulant.  When averaged over each 
bleeding day of the study, intracellular IFN-γ was higher within CD4+ and CD8+ subpopulations for infected 
cows compared to healthy controls throughout the study. When T cell populations were further defined by 
CD45RO expression, intracellular IFN-γ was higher for CD8+/CD45RO+ lymphocytes compared to 
CD4+/CD45RO+ cells. These results indicate that intradermal sensitization of cows in the early stage of 
infection with antigen will enhance the sensitivity of detection by the IFN-γ assay. In addition, CD8+ 
lymphocytes appear to play an important role as a mediator of MAP infection in naturally exposed cattle.  

Key words: interferon-g, Mycobacterium avium subsp. paratuberculosis, skin test, cattle. 

INTRODUCTION 

Johne’s disease (paratuberculosis) is a chronic progressive enteric disease of domestic and wild ruminants 
caused by the intracellular pathogen, Mycobacterium avium subsp. paratuberculosis (MAP) (Chiodini et al., 
1984). Clinical disease in adult cattle is characterized by intermittent diarrhea, weight loss, and 
inappetence. However, clinical signs are generally preceded by a long period of subclinical infection in 
which the infected animal is asymptomatic. It is not known what precipitates the progression from 
subclinical to clinical paratuberculosis in cattle but it is believed that a deviation in the host immune 
response occurs, causing a disruption in the ability of the host to contain the infection (Stabel, 2000). A 
reciprocal relationship has been documented between the host T cell responses and the extent of disease 
during mycobacterial infections (Orme, 1993; Koets et al., 2002; Welsh et al., 2005). Studies of human 
patients infected with M. tuberculosis suggest a predominance of Th1-mediated immunity in the early 
stages of disease, with a shift to Th2-mediated immunity in the more advanced stages (Orme et al., 1993). 
This shift in host immunity has also been observed for cows infected with MAP with strong IFN-γ responses 
noted in the early stages of disease, followed by an upregulation of IL-10 in the latter stages (Khalifeh and 
Stabel, 2004; Sweeney et al., 1998). Although secretion of other Th1-driven cytokines has been studied, 
the enhanced expression and secretion of IFN-γ in the early stages of infection suggest that this cytokine is 
critical for controlling mycobacterial infections. The upregulation of IFN-γ also makes it an attractive tool for 
the detection of subclinical infection in cattle with paratuberculosis (Huda et al., 2003; Stabel, 1996; Stabel 
and Whitlock, 2001). Previously, it has been shown that antigen-specific IFN-γ responses are enhanced 
after sensitization with mycobacteria (Barbosa et al., 2003; Gormley et al., 2004; Whipple et al., 2001), an 
effect that could be capitalized on to improve the sensitivity of the assay for the detection of infected 
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animals. The present study was designed to evaluate the effects on secreted and intracellular IFN-γ 
production after intradermal injection with johnin purified protein derivative (JPPD) in healthy noninfected 
cows and cows with subclinical and clinical paratuberculosis. In addition, the effects of in vivo sensitization 
on cell phenotypes present in the dermal induration and in the peripheral blood of healthy and infected 
cattle were determined.  

MATERIALS AND METHODS 

Animals 
Three cows from each of the following infection groups were utilized in this study: noninfected healthy cows, 
cows naturally infected with MAP but asymptomatic (i.e., subclinical), and naturally infected cows with the 
clinical form of Johne’s disease. Infection was monitored by bacteriologic culture of MAP from fecal 
samples using a standard method previously described (20). By definition, clinical animals were shedding 
more than 100 colony forming units (CFU) per gram of feces and presented with weight loss and 
intermittent diarrhea. Subclinically infected cows were shedding less than 10 CFU/g of feces. The non-
infected control cows were purchased from herds with no history of paratuberculosis and were 
characterized by repeated negative fecal cultures. In addition, these animals were negative on all serologic 
assays (i.e., production of antibody specific for MAP and IFN-γ) performed during the period. All animal-
related procedures were approved by the Institution Animal Care and Use Committee (National Animal 
Disease Center, Ames, Iowa).  
 
Experimental protocol 
Cows were bled on days –7 and day 0 (just prior to the intradermal injection), and on days 2, 4, 7, 10, 14, 
and 21 after intradermal injection. Blood was collected into vacutainer tubes containing sodium heparin for 
IFN-γ analysis and acid-citrate-dextrose for flow cytometric phenotype analyses. Pre-injection skin 
thickness measurements were taken with calipers and cows were given intradermal injections of johnin 
purified protein derivative (JPPD; National Veterinary Service Laboratories, Ames, IA) in 0.1ml (100 µg 
protein) volumes in the cervical region. After 72 h, changes in skin thickness (induration) at the site of 
injection were recorded. Fine needle aspiration of the cells at the site of the injection was performed at the 
same time with a 26 g needle and 3 cc syringe containing 1 ml of phosphate-buffered saline (0.15 M, pH 
7.4) with 1 mM dithiothreotol (DTT; Sigma Chemical Co., St. Louis, MO). Flow cytometric phenotype 
analyses were then performed on the cell aspirates. 
 
IFN-γ ELISA 
Samples of whole blood (1 ml) were added to 24-well tissue culture plates and incubated either alone (no 
stimulation), or with concanavalin A (ConA; 10 µg/ml; Sigma), pokeweed mitogen (PWM; 10 µg/ml; Sigma), 
JPPD (10 µg/ml; NVSL), or a whole cell sonicate of MAP (MPS; 10 µg/ml; NADC) for 18 hr at 39°C in 5% 
CO2. Plates were centrifuged at 500 x g for 15 min and plasma was harvested from each well. Plasma 
samples were frozen at –20°C until analyzed for IFN-γ concentrations by ELISA using a commercial kit 
(Bovigam, BioCor, Omaha, NE). Results were expressed as optical density units at 450 nm.  
 
Flow cytometric analysis of cell surface antigens on leukocytes. 
In order to differentiate immune cells, blood samples were collected into vacutainer tubes containing acid-
citrate-dextrose (ACD) as the anticoagulant (BD Vacutainer Systems, Franklin Lakes, NJ) and processed 
as follows for 4-color flow cytometric analysis. Whole blood (75 µl) was dispensed into 96-well U-bottom 
microtiter plates. Red blood cells were lysed with distilled water for 10 seconds followed by restoring 
isotonicity with 10X PBS. After centrifugation and decantation 50 µl each of primary antibodies (CD4, 
GC50A1; CD8, BAQ111A; N12, CACT61A; CD25, CACT108A; CD45RO, GC44A; VMRD) were added into 
appropriate wells and incubated at room temperature for 15 minutes in the dark. Following centrifugation 
and decantation, 100 µl per well of secondary antibody cocktail (FITC, PE, PerCP, APC dyes) was added, 
and incubated at room temperature for 15 minutes in the dark. After centrifugation and decantation, cells 
were suspended with 200 µl per well of FacsLyse (BD Biosciences, San Diego, CA) and kept at 4°C until 
analysis. Data were acquired as 5000 events/sample using LSR flow cytometer and CellQuest software 
(both from BD Biosciences, San Diego, CA). 
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For the fine needle aspirates, cells were processed in the same manner as above without hemolysis. 
Analysis was limited to the expression of CD4, CD8, and N12 (only for infected cow samples) due to the 
limited number of cells. 
 
Flow cytometric analysis of cell surface antigens and intracellular cytokines. 
Blood samples were collected into vacutainer tubes containing sodium heparin as the anticoagulant (BD 
Vacutainer Systems).  Each sample was divided into three aliquots of 1 ml and incubated for 20 hours at 
39°C in a capped polystyrene tube alone (no stimulation), PWM (10 µg/ml in final), or JPPD (10 µg/ml). 
Brefeldin A (Sigma, Saint Louis, MO, final conc. 10 µg/ml) was added 4 hours prior to the termination of 
stimulation. Stimulated whole blood (100 µl) was incubated with 50 µl each of primary mAb for phenotype 
analysis (CD4, CD8, and CD45RO) for 15 minutes at room temperature in a microtiter plate (U-bottom, 96-
well). After centrifugation the supernatant was decanted, red blood cells were hemolyzed with hypotonic 
saline followed by restoration with hypertonic saline. The peripheral blood mononuclear cells were then 
washed once with 200 µl/well of PBS. Cells were then incubated at room temperature in the dark for 10 min 
with 50 µl each of the secondary mAbs. After incubation and one wash with PBS, the cells were incubated 
with 50 µl/well of Fixation Medium (Caltag Laboratory, Burlingame, CA) for 15 minutes at room temperature 
in the dark. After one wash with PBS, 100 µl of permeabilization medium (Caltag Laboratory) and 10 µl 
each of PE-conjugated mAb for cytokine or isotype control were added. Cells were incubated for 15 
minutes at room temperature in the dark. After two washes with PBS, cells were resuspended with 200 µl of 
PBS. Data were acquired for 20,000 events/sample immediately using LSR flow cytometer and Cell Quest 
software.  Results are presented as the percentage of the cell population (either total PBMC or cell subset) 
that stained positive for each marker or cytokine.   
 
Statistical analyses. 
Data were analyzed by repeated measures using PROC MIXED procedure of the Statistical Analysis 
System (SAS, Cary, NC). Means and SEM are reported for all data. When significant effects (P < 0.05) due 
to treatment, day or treatment x day interactions were detected, means separation was conducted by the 
Tukey-Kramer option in SAS.  

RESULTS 

The results of the intradermal injection with JPPD are presented in Table 1. The three healthy noninfected 
control cows and the three cows with clinical MAP infection demonstrated only negligible increases in skin 
thickness (0.3 to 0.5 mm) after the intradermal skin test. In contrast, significant (P < 0.05) increases in 
swelling (9.3 to 15.6 mm) were noted for the three subclinically infected cows in this study.  
 

Table 1. Effect of infection status of cows on induration size 72 hr after intradermal injection with 
johnin purified protein derivative 

Induration (mm) Infection status group 
(N = 3 for each) Pre-injection Post-injection (72 h) 
Control 9.0 ± 0.5 9.5 ± 0.8 
Subclinical 9.3 ± 1.2 15.6 ± 0.4

b,c
 

Clinical 6.7 ± 0.7 7.2 ± 0.4 
a
Values are means ± SEM; n = 3. 

b
Significantly different from pre-injection value, P < 0.05. 

c
Significantly different from other infection groups post-injection, P < 0.05.   

 
In non-stimulated PBMC cultures neither the infection status (healthy, subclinical or clinical) nor in vivo 
sensitization via the intradermal injection was associated with the level of IFN-γ secretion (data not shown). 
For PWM-stimulated PBMCs, again differences among infection groups were not observed in IFN-γ 
secretion from after injection although IFN-γ production increased significantly (P < 0.05) between day 0 
and day 2 for subclinical and clinical cows after the injection was performed (Figure1A). Interferon-γ was 
higher (P < 0.05) for control cows on day 0 compared to infected cows with no further increases noted for 
the through day 10 and then began to decline. In contrast, subclinically infected cows demonstrated the 
most noticeable increase in ConA-mediated IFN-γ production by PBMC during the study with significant (P 
< 0.05) increases observed on days 7, 10, and 21 as compared to day 0 (Fig. 1B). The rise in IFN-γ 
secretion after ConA stimulation of cells was much more protracted than that noted for PWM.  
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Fig.1. Effects of intradermal sensitization with JPPD on IFN-γ production (Abs450nm) after in vitro 
stimulation with PWM (A) and ConA (B)  (N.B. different y-axis scales for graphs A vs. B) 
 
Differences in antigen-specific IFN-γ production were more marked than mitogen-mediated IFN-γ, with 
higher (P < 0.05) IFN-γ production noted for the subclinically infected cows throughout the study when 
compared to the healthy and clinical cows (Fig. 2A/B). Although IFN-γ levels began to increase for 
subclinical cows within 2 days of intradermal injection, significant (P < 0.05) differences between pre- and 
post-injection IFN-γ were noted on days 4, 7,10, and 14.  
 
Subpopulations of CD3+, CD4+, and CD8+ lymphocytes within whole blood were significantly (P < 0.05) 
higher for infected cows when compared with healthy, uninfected controls (Fig. 3A/B/C). In addition, a 
significant (P < 0.05) increase in CD3+ cells was observed after the intradermal injection with JPPD for all 
infection groups. Healthy control cows also demonstrated a significant (P < 0.05) increase in CD8+ cells 
post-injection that was not noted in the infected cows. The γδ TCR+ population did not differ among 
infection groups but did decline by day 10 after intradermal injection regardless of infection status (Fig. 3D).  
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Fig. 2. Effects of intradermal sensitization with JPPD on IFN-γ production (Abs450nm) after in vitro 
stimulation with JPPD (A) and MpS (B) 
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Fig. 3. Changes in T cell phenotypes (% of PBMC) after intradermal sensitization with JPPD; CD3 (A); CD4 
(B); CD8 (C); γδ T cells (D). 
 
The percentage of CD4+ and CD8+ T cells within the induration 72 hrs after intradermal injection with JPPD 
was significantly (P < 0.05) lower for the subclinically infected cows compared to healthy uninfected and 
clinical infected cows (Fig. 4). In addition, the CD8+ subpopulation was significantly (P < 0.05) lower than 
the CD4+ subpopulation for subclinically infected cows, whereas control and clinical infected cows had 
similar numbers of CD4+ and CD8+ cells. Due to the low cell recovery from the indurations of healthy and 
clinical infected cows, γδ T cell subpopulations were not adequately represented across treatments.  Cell 
staining data however did reflect a decrease in expression of the cell surface markers for subclinical 
infected cows compared to the cows with clinical disease.  
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Fig. 4. Percentage of T cell subpopulations present in the induration 72 hrs after intradermal sensitization 
with JPPD. 
 
Effects of intradermal sensitization on intracellular IFN-γ in PBMC in nonstimulated cultures and after 
stimulation of cells with PWM and JPPD are shown in Fig. 5. A significant (P < 0.05) rise in intracellular IFN-
γ for nonstimulated cells was noted for all 3 infection groups by day 4 after the skin test and remained 
elevated only for the clinically infected cows (Fig. 5A). In contrast, stimulation of cells with PWM resulted in 
higher (P < 0.05) intracellular IFN-γ levels for clinical vs. subclinical infected cows throughout the study (Fig. 
5B). In addition, a significant (P < 0.05) increase in PWM-stimulated intracellular IFN-γ was noted in cells 
from healthy cows on days 4, 7 and 10 after intradermal sensitization with JPPD (Fig. 9B). In contrast, a 
trend towards higher (P < 0.06) levels of intracellular IFN-γ was observed between subclinical infected cows 
and healthy controls after stimulation of PBMC with JPPD, when averaged throughout the study (Figure 
5C). 
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Fig.5. Intracellular IFN-γ in PBMC after in vitro stimulation with medium control (A), PWM (B); and JPPD 
(C).  Results are expressed as the percentage of total PBMC that stained positive with the bovine anti-IFN- 
γ antibody.   
 
When averaged over the study, intracellular IFN-γ within CD4+ and CD8+ subpopulations was significantly 
affected by the infection status of the cows but only in the nonstimulated cells.  Higher (P < 0.05) levels of 
IFN-γ were noted for infected cows compared to the healthy controls in both T cell subsets (data not 
shown). When further delineated by CD45RO expression within T cell subsets, intracellular IFN-γ was 
predominantly expressed within the CD8+ subset (Fig. 6). Clinical infected cows had higher (P < 0.05) 
expression in CD4+ whereas subclinical infected cows had higher (P < 0.05) expression in CD8+ cells 
within nonstimulated PBMC compared to healthy control cows (Fig. 6A). Intracellular IFN-γ was significantly 
lower (P < 0.05) in CD4+/CD45RO+ cells from clinical infected cows after in vitro stimulation with JPPD 
(Figure 6B). 
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Fig. 6. Intracellular IFN-γ in CD4+/CD45RO+ and CD8+/CD45RO+ subsets after in vitro stimulation with 
medium control A) or JPPD (B). Results are expressed as a percentage of the cell subset that stained 
positive with the anti-bovine IFN-  antibody and are presented as an average of values obtained from each 
bleeding date from the study within an infection group. 

DISCUSSION 

The effectiveness of diagnostic tools for the detection of animals infected with MAP is greatly affected by 
the biology of the disease. The progression from asymptomatic subclinical infection to a clinical disease 
state characterized by a classical protein-losing enteropathy corresponds with a concomitant shift from Th1-
driven cellular immunity to Th2-mediated humoral immunity in the host. This means that a serologic 
diagnostic tool such as the ELISA for antibody cannot identify animals in both disease states. Yet the ability 
to detect MAP infection in the early stages of infection is paramount to controlling the spread of this 
disease. Measurement of IFN-γ production in response to in vitro mycobacterial antigen stimulation has 
been used successfully as an indicator of infection with M. tuberculosis, M. bovis, and MAP (Huda et al., 
2003; Rothel et al., 1992; Stabel, 1996). In addition, studies with M. tuberculosis and M. bovis 
demonstrated that prior sensitization to the mycobacterial antigen by skin test or BCG vaccination 
enhanced the sensitivity of detection with the IFN-γ assay (Barbosa et al., 2003; Whipple et al., 2001).   
 
In the present study, intradermal injection with JPPD resulted in a significant increase in secreted IFN-γ by 
PBMCs isolated from subclinical infected cows after in vitro stimulation with either MpS or JPPD antigen 
preparations. Little or no effect of the sensitization was observed in healthy cows or cows in the clinical 
stage of disease. The lack of response in control animals would indicate that they did not have appropriate 
antigenic recall mechanisms since they had not been previously exposed to MAP. In infected cows with 
clinical disease, IFN-γ  secretion was likely attenuated through increased expression of IL-10 and resultant 
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downregulation of the IFN-γ  responses in cows infected with MAP as previously been described (Khalifeh 
and Stabel, 2004). Interestingly, while sensitization with JPPD did not markedly affect the amount of PWM-
mediated IFN-γ production for the 3 infection groups during the study, it did increase IFN-γ secretion in 
response to ConA in the subclinical infected cows. This would suggest that the T-cell population responding 
to JPPD antigen preparations corresponded more closely with the T-cell population that reacts to ConA 
stimulation. Unfortunately, further characterization of this population was not performed in the present study 
so it was not possible to distinguish whether CD4+, CD8+, γδ subpopulations, or a combination of them, 
were responsible for the increased IFN-γ production after the skin test was performed. It is highly likely that 
each of these subpopulations contributed to the secretion of IFN-γ however it has been documented that 
CD4+ cells are the major T cell population responsible for IFN-γ secretion in cattle infected with MAP 
(Bassey and Collins, 1997).  
 
Although variable throughout the time course of the study, detection of IFN-γ through intracellular staining 
within total PBMC populations was enhanced by intradermal injection and associated with the infection 
group status and the in-vitro stimulant.  A weakly positive correlation between secreted IFN-γ and 
intracellular IFN-γ was observed after PWM stimulation of PBMC isolated from cows in all infection groups 
and for JPPD-stimulated PBMC isolated from subclinical infected cows.  When segregated into CD4+ and 
CD8+ subsets neither subpopulation was consistently dominant in expression of intracellular IFN-γ. These 
data are supported by a study that evaluated patterns of intracellular cytokine expression in CD4 and CD8 
cells from patients infected with M. leprae (1) but contrasted with data from two recent studies reporting that 
the CD4+ subset was responsible for the majority of intracellular IFN-γ noted in antigen-stimulated PBMC 
obtained from either vaccinated goats or calves experimentally infected with MAP (Hasvold et al., 2002; 
Waters et al., 2003). In fact, in the present study separation of the CD4+ and CD8+ subsets by CD45RO 
expression demonstrated that CD8+/CD45RO+ lymphocytes had higher expression of intracellular IFN-γ 
than CD4+/CD45RO+ cells. These data are supported by a study that evaluated IFN-γ production by both 
CD4+ and CD8+ lymphocytes in cattle following vaccination with BCG (Hope et al., 2000). Stimulation of 
PBMC with BCG-infected dendritic cells induced higher levels of secreted and intracellular IFN-γ for CD8+ 
cells than CD4+ cells. In addition, human subjects immunized with BCG had high numbers of CD8+ cells 
that produced IFN-γ in response to BCG-infected dendritic cells (Kawashima et al., 2003). These data 
clearly indicate that CD8+ lymphocytes play a critical yet uncharacterized role in host immune responses to 
MAP, perhaps equivalent to that of CD4+-mediated protection. 

CONCLUSIONS 

Intradermal sensitization cows with infections dramatically increased IFN-γ secretion by cultured PBMC 
after antigen stimulation, suggesting that the sensitivity of this assay can be increased for diagnostic 
purposes. Based upon the measurement of intracellular IFN-γ, it is also apparent that CD8+ T cells mediate 
host responses after exposure to MAP antigens but it is unclear as to their specific role. Further studies 
need to be conducted to elucidate the roles of T cell subsets during the progression of natural infection and 
their contribution to protection from or exacerbation of disease.  
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Development and use of a M. avium subsp. paratuberculosis partial protein 
array for discovery of novel antigens 

John Bannantine, W R Waters, M V Palmer, Vivek Kapur, Judy R. Stabel, M L Paustian 

Abstract 

With the genome sequence available for Mycobacterium avium subspecies paratuberculosis (MAP), the 
technology is now developed for protein arrays to detect the presence of antibodies directed against MAP 
in host serum. The power of this approach is that it enables a direct comparison of MAP proteins to each 
other in relation to their immunostimulatory capabilities. In this study, over 60 MAP coding sequences 
were heterologously expressed and purified for use in a partial protein array. MAP proteins represented 
on this array include unknown hypothetical, cell surface, and MAP-specific proteins as well as previously 
characterized or known MAP antigens. The array was exposed to sera from MAP immunized rabbits and 
mice to identify immunodominant antigens in those artificial conditions. Furthermore, sera from non- and 
MAP-infected cattle were used to probe the array to identify antigens in the context of disease. Distinct 
sets of antigens emerged when data were compared between Johne’s disease animals versus that of 
immunized mice and rabbits, indicating that immunodominant antigens in those artificial hosts may not 
represent antigens detected in the context of disease. Ten of the 64 proteins bound significant levels of 
antibody from clinical cattle. Of these ten proteins, three were previously identified as MAP antigens and 
the remaining seven represent novel antigens. Sera from three experimentally infected cattle identified 
at least one putative surface antigen detected early in infection. These data suggest this antigen may be 
useful in the early diagnosis of MAP infections. This powerful combination of genomic information, 
molecular tools, and immunological assays has enabled the identification of previously unknown antigens 
of MAP. 
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Relationship between Mycobacterium avium subspecies paratuberculosis, 
IL-1a, and TRAF1 in primary bovine macrophages 
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Abstract 

Mycobacterium avium subspecies paratuberculosis (MAP) is a facultative intracellular pathogen that 
resides in host macrophage cells. Presently, little is known about how MAP is able to subvert the normal 
bacteriocidal functions of infected macrophages. Previously, our group identified a dramatic up-regulation 
of interelukin-1alpha (IL-1a) and tumor necrosis factor receptor-associated protein 1 (TRAF1) gene and 
protein expression within ileal tissues from MAP infected dairy cattle. IL-1a is a proinflammatory cytokine 
secreted by macrophages and other cells. TRAF1 protein is expressed by many cell types and has been 
demonstrated to negatively regulate apoptosis and other cell signaling functions. High-level expression 
of these two proteins could therefore have profound effects on macrophage function and apoptosis. We 
now present immunohistochemical evidence that high levels of TRAF1 protein are located primarily within 
macrophage cells infiltrating areas of active MAP infection, while IL-1a displays a diffuse staining pattern, 
consistent with secretion from cells within these lesions. We also report on experiments where cultured 
bovine monocyte derived macrophage cells (MDM) were challenged with live MAP and stimulated with 
recombinant IL-1a. Western blot analysis identified a dose dependent increase in TRAF1 protein levels 
in bovine MDM in response to infection with live MAP and to treatment with recombinant IL-1a. Using IL-
1 receptor antagonist to block IL-1 receptors of bovine MDM, we also demonstrate that TRAF1 protein 
expression in MAP infected bovine MDM is dependent upon production of IL-1a following infection. Our 
studies further suggest that primary bovine macrophages cells constitutively express IL-1a and that 
TRAF1 protein increases with time in culture. MAP apparently uses the IL-1a – TRAF1 system to enhance 
TRAF1 protein expression in infected bovine MDM. These novel results provide evidence for a new avenue 
of research on the effect of MAP and other intracellular pathogens on macrophage signaling and 
apoptosis. 
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Proteomic comparison of Mycobacterium avium subspecies 
paratuberculosis grown in vitro and isolated from clinical cases of ovine 
paratuberculosis 
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Abstract 

Paratuberculosis (Johne’s disease) poses a significant economic problem to beef, dairy and sheep industries in the United 

Kingdom and worldwide and is caused by Mycobacterium avium subspecies paratuberculosis (Map). Understanding the 

interaction between host and Map at the molecular level will identify mechanisms of pathogenesis that promote bacterial 

survival in host tissue. We have used 2-D PAGE as a tool to investigate the virulent state of Map, incorporating the technique 

of beating the organism with zirconium/silicon beads to provide a comprehensive representation of the proteome of the 

organism. A direct comparison of the proteomes of Map scraped from the terminal ileum of ovine paratuberculosis cases and 

the identical strain grown in vitro is presented. These analyses have identified a set of ten proteins whose expression is up-

regulated during natural infection: 1-Pyrroline-5-carboxylate Dehydrogenase (RocA), a putative Acyl-CoA Dehydrogenase (FAD 

E14), 2-Methylcitrate Dehydratase, Arginosuccinate Synthase (Arg G), Universal Stress Protein, 30S Ribosomal Protein S2 

(RpsB), Peptidyl-prolyl cis trans isomerase (PpiA), Luciferase-like mono oxygenase, Thiosulphate sulphurtransferase (SseA) 

and Adenosine-tri-phosphate(ATP)-dependent Clp Protease (ClpB). The relevance of these proteins to the in vivo, virulent 

state of Map is discussed. 
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Use of Mycobacterium avium ssp. paratuberculosis 70 kD heat shock 
protein as a subunit vaccine against bovine paratuberculosis 

Adriana P. Koets, A Hoek, M Langelaar, P Franken, W van Eden, Victor PMG Rutten 

Abstract 

Introduction: Paratuberculosis, caused by Mycobacterium avium ssp. paratuberculosis (MAP), 
constitutes a global threat to ruminant health. Eradication of paratuberculosis could be aided with a 
vaccine. The use of current whole bacterin vaccines is limited due to lack of efficacy and interference 
with tuberculosis eradication strategies. In the current study we evaluated recombinant MAP heat 
shock protein 70kD (Hsp70) as a subunit vaccine candidate. Materials & Methods: In total 40 female 
calves were randomly assigned to one of 4 experimental groups (n=10 each) which were orally 
infected (groups G3 and G4), or left uninfected (groups G1 and G2). Calves of G2 and G4 were 
vaccinated with 100 ug of Hsp70 in DDA adjuvant at day 0 and 365 of the experiment. Blood samples 
were taken every 2 weeks, and used for isolation of lymphocytes, and serological analysis. Antigen 
specific activation of lymphocytes was evaluated in flowcytometry and IFN-γ Elispot. Fecal samples 
were taken for culture of MAP 7 times during the first 2 years of the experiment, in which the calves 
were raised and fed conventionally. Results: The animals in G1 and G2 remained culture negative 
throughout the experiment. From the calves in G3, infection with MAP only, in total 8 out of 10 animals 
were tested positive for MAP at least once. In G4 calves, which were both infected and immunized, 4 
out of 10 animals tested positive once at day 126 of the experiment. In the 2 years since, only 1 G4 
animal of the 9 remaining animals tested positive for MAP while the other calves remained culture 
negative. Conclusions: Seen the strongly reduced shedding in G4 as compared to G3 we conclude that 
use of MAP Hsp70 as a subunit vaccine can aid in the eradication of bovine paratuberculosis. 
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Development of a calf ileal cannulation model to facilitate testing of 
existing and candidate vaccines for M. avium subsp. paratuberculosis 

A J Allen, G M Barrington, Mary Jo Hamilton, Judy R. Stabel, S Robbe-Austerman, William C. Davis 

Abstract 

M. avium subsp. paratuberculosis (Map) is the causative agent of Johne’s Disease, a chronic 
granulomatous enteritis that affects adult cattle worldwide. It is one of the most prevalent and costly 
diseases of dairy cattle. Control methods to date have been limited due to the lack of sensitive 
diagnostic tests and methods to assess the potential efficacy of candidate vaccines. To facilitate 
analysis of the immune response to Map and candidate vaccines we developed a calf ileal cannulation 
model. An indwelling “T”-shaped, plastic cannula (0.5-1.0 inch ID), is surgically placed in the ileum with 
the sampling portal exiting the body wall at the right paralumbar fossa. Inflatable catheters are 
inserted into the intestinal lumen through the portal and run both oral and aboral to allow flushing, 
sampling and direct infection of an isolated segment of bowel. The model augments the establishment 
of experimental infections, monitoring the development of local and systemic immune responses, and 
the evaluation of disease progression in a step by step manor. Biopsies can be obtained for culture, RT-
PCR, and histopathology. Importantly, the model provides a way to assess the capacity of candidate 
vaccines to elicit a protective immune response over a short time course. If protective immunity is 
elicited, impaired survival of challenge bacteria introduced into the ileum should be demonstrable. The 
ileal cannulation model augments in vitro methods of testing the immune response to candidate 
vaccines. 
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Immune parameters and vaccine efficacy in Mycobacterium avium 
subspecies paratuberculosis experimentally infected sheep 

D Begg, J Frank Griffin 

Abstract 

 Johne's disease in ruminants is caused by the pathogenic bacterium Mycobacterium avium subsp. paratuberculosis (Map). 

Currently available Map commercial vaccines protect against clinical disease but not infection. Using an experimental model of 

ovine Johne’s disease this study examined the proprietary Johne's vaccine Neoparasecä and an Aqueous formulation of Map 

316F (AquaVax). Detailed immunological examinations including lymphocyte transformation assays, FACS analysis, IFN-γ and 

antibody detection from blood and gut associated lymphoid tissues was carried out on animals after vaccination and challenge 

with virulent Map to identify markers of protective immunity. Neoparasecävaccination provided significant protection against 

disease while AquaVax did not. Diseased animals had different immune responses from different gut lymphatic tissues which 

correlated with the histopathology observed. Immune animals had stronger cell-mediated responses and altered proportions 

of CD4+, CD8+, CD25+ and B cells in blood, spleen and the gut lymphatics, than diseased animals. 
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The study of Mycobacterium avium subsp. paratuberculosis virulence in 
golden hamsters 
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Abstract 

Virulence of five isolates was investigated in golden hamsters (Mesocricetus auratus) line HAN:AURA. In the first experiment, 

24 hamsters were infected with Mycobacterium avium subsp. paratuberculosis (MAP) cattle isolate of RFLP type B-C1 from a 

herd with a rapid spread of infection. Hamsters were infected per os (po), subcutaneously (sc), and intraperitoneally (ip), per 

eight animals in each group. Shedding of the causative agent through faeces was monitored for 7 months; after euthanasia 

the gastrointestinal tract was examined. Excreting of MAP of identical RFLP type was induced by all routes of infection and 

was observed during the whole period of the experiment. In the following experiment performed for 32 months, 96 hamsters 

were infected with four MAP isolates of three RFLP types: B-C1 from larvae of syrphid flies and from a patient with Crohn’s 

disease (CD), A-C10 from cattle with a slow spread of infection, and D-C12 from a CD patient. Faeces were cultured on solid 

Herrold’s egg yolk medium and liquid Long medium with Mycobactin J. The hamsters survived in average for 20.5 months 

(range 5-32 months). No signs of chronic diarrhoea or emaciation were recorded. Culture examination of organs revealed the 

highest percentage of mycobacteria in hamsters infected with the isolate D-C12 (75% positive hamsters) and the lowest 

percentage in hamsters infected with the isolate of RFLP type A-C10 (29.2%). Twenty-four months later, a change of RFLP 

type D-C12 to RFLP type D-C18 was recorded; that was likely caused by a transposition of one IS900 copy. After ip, sc, and 

po infections MAP was detected in the organs from 71.9%, 59.4%, and 37.5% hamsters, respectively. The culture on liquid 

Long medium did not increase sensitivity of culture examination. Partially supported by the MinAgr of the CR (grant No. 

0002716201) and EC: No. QLK2-CT-2000-00928 and SSPE-CT-2004-501903 (supports the attendance to this Congress).  
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Ovine apoptotic responses to Mycobacterium avium paratuberculosis 
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Abstract 

Johne’s disease is a chronic wasting condition of ruminants caused by Mycobacterium avium subsp. paratuberculosis (M. ptb.). 

A proportion of infected adult animals develop clinical disease more than 12 months after infection. More knowledge regarding 

the pathogenesis of this disease, including apoptotic responses during the course of infection, could allow advances towards 

earlier detection and control of the disease and identification of resistant sheep. Merino sheep aged 7 months were orally 

dosed with three doses of 0, 4x104, 4x105 or 4x107 M. ptb./dose (2 animals per group) and samples were taken from ileal 

(ILN), jejunal (JLN) and prescapular (PLN) lymph nodes 15.5 weeks later. Isolated lymph node cells (LNC) were incubated 

with medium alone, M. ptb. antigen (10 µg/ml) or Con A (10 µg/ml) for up to 6 days. Caspase activity, a marker of apoptosis, 

was determined by flow cytometry on days 0, 2, 4 and 6. Regardless of disease status similar levels of caspase activity were 

observed in LNC immediately after isolation. At this very early stage in the development of Johne’s disease, in vitro incubation 

with M. ptb. antigen did not induce apoptosis. There were no significant differences in the percentage of caspase positive cells 

when LNC were incubated in the presence of medium alone or M. ptb. antigen. These results suggest that M. ptb. antigen 

responses in vitro in ILN and JLN cells may not prove useful in identifying very early exposure to M. ptb. in sheep. Further 

studies are being undertaken to assess apoptotic contributions in ovine peripheral blood mononuclear cells during the course 

of M. ptb. infection. 
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Proliferative responses in peripheral blood and lymph node cells in the 
early stages of ovine Johne's disease 

K de Silva, N Carter, D Taylor, L Di Fiore, Richard Whittington, D Emery 

Abstract 

Early detection is vital in controlling the spread of Johne’s disease. Cell-mediated immune responses are predominant during 

the subclinical phase of disease when clinical signs are not evident. The aim of this study was to identify lymphoproliferative 

responses which may allow the detection of Mycobacterium paratuberculosis (M. ptb.) infection in subclinical stages in sheep. 

Merino sheep aged 7 months were orally challenged with three doses of 0, 4x104, 4x105 or 4x107 M. ptb./dose (3 animals per 

group) and samples were taken from peripheral blood and ileal, jejunal and prescapular lymph nodes 15.5 weeks later. 

Proliferation of peripheral blood mononuclear cells (PBMC) and lymph node cells (LNC) in response to in vitro incubation with 

medium alone, M. ptb. antigen (10 µg/ml) or Con A (10 µg/ml) for 4 days was determined by flow cytometry. PBMC and LNC 

were also phenotyped using a panel of antibodies. M. ptb. was not detected by faecal culture in any of the animals and only 

one microscopic lesion, which had no acid-fast bacilli, was detected in one animal. At this very early stage of disease, proliferation 

of PBMC increased in response to M. ptb. antigen in two of three animals exposed to 4x105 or 4x107 M. ptb./dose (6 fold and 

4.5 fold respectively when compared to the medium only control), but not in the other two groups. Proliferation of LNC in 

response to M. ptb. antigen was seen in all animals, irrespective of experimental exposure to M. ptb. There was no difference 

in PBMC phenotype among the different groups. Further studies are being carried out to determine if PBMC proliferation assays 

can be used to detect Johne’s disease at later, pre-clinical stages of disease. 
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Bovine 3'-UTR (GT11) variant of the NRAMP1 gene under-represented 
among paratuberculosis seropositive cattle 

A Estonba, M Iriondo, O Oyanguren, Joseba Garrido, Marivi Geijo, I Sevilla, Ramon A. Juste 

Abstract 

Recent works have shown some coding and non-coding polymorphisms of the NRAMP1 gene altering susceptibility to M. 

tuberculosis and other intracellular pathogens in mice and humans. In cattle, NRAMP1 gene is a major candidate gene controlling 

natural resistance to brucellosis, but it has been shown recently that under field conditions it does not determine resistance or 

susceptibility to M. bovis. However, no data is available regarding paratuberculosis. Here, we present a case-control preliminary 

study in a naturally infected herd where the potential correlation of 3 polymorphic markers for the NRAMP1 gene with 

susceptibility or resistance to Johne’s disease were investigated by comparing the distribution of frequencies of several 

polymorphims in a sample of 44 ELISA positive and 100 ELISA negative cattle. Only one polymorphism at the 3’-UTR 

microsatellite showed a different frequency between the two groups. The GT11 allele had a frequency significantly higher in the 

seronegative (0.22) than in the seropositive (0.07) group. Since ELISA has a low sensitivity and a detectable humoral immune 

response is closely related to the development of clinical disease, these results suggest that NRAMP1 is involved in lesion 

progression. Further research is needed to evaluate the effects of this genetic condition on the pathogenesis of paratuberculosis 

and, therefore, to determine whether genetic selection can be of practical value for control of paratuberculosis. 
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Vaccination in a paratuberculosis affected herd: some immunological and 
bacteriological indicators 

Marivi Geijo, Joseba Garrido, I Sevilla, N Elguezabal, G Aduriz, Ramon A. Juste 

Abstract 

Control of paratuberculosis by fecal culture and culling is expensive and has not fully answered to its theoretical potential. 

Although vaccination is not expected to lead to rapid eradication of the infection, it might be the most practical approach to 

stop losses and to decrease transmission in the short term. In this study, we have analyzed some indicators of the effects of 

vaccination in a field trial where an experimental vaccine was applied in a heavily infected herd. Indirect ELISA, IFN-γ, and 

blood PCR were carried out every six months during one and a half year in a cohort of 21 dairy cattle in a heavily affected 

herd. Fecal culture and PCR were additionally used at the beginning and the end of the follow-up. Finally, 12 vaccinated and 9 

non-vaccinated animals were killed and samples from the intestine and enteric lymph nodes were cultured for isolation of 

Map. Only two fecal cultures from the non-vaccinated group were positive at the end of the follow-up. Fecal PCR was positive 

in 3 vaccinated and in 3 non-vaccinated animals at the last control. Blood PCR showed a similar proportion of positive results 

among vaccinated and non-vaccinated cattle. All vaccinated and non-vaccinated cattle had high humoral and cellular immune 

responses that were probably related to limited differences in the response associated to vaccination. However, there was a 

significantly lower proportion of tissue culture positive animals in the vaccinated group. Infected animals, including a 

vaccinated one, showed a decreased immune response compared with their non-infected mates. These results suggest there 

was a strong background of immune stimulation in this affected herd which did not allow to clearly see the immune effects of 

vaccination. However, the vaccine used showed a strong effect in terms of infection protection. 
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Is antigen specific apoptosis of blood lymphocytes predictive of 
progressive paratuberculosis? 

S N Grell, K Skovgaard, A Clemensen, Gregers Jungersen 

Abstract 

The immunologic mechanisms determining the progression of paratuberculosis from subclinical to clinical disease have not 

been finally determined. Induction of immunological T cell unresponsiveness has been suggested to play a role in progression 

of paratuberculosis. Here we focus on the T-cell immune responses in the different stages of the infection, with special focus 

on the possible loss of T cell activity caused by antigen-induced apoptosis . Cattle from two paratuberculosis infected herds 

were categorized into 3 progressive disease stages according to their cell mediated and humoral immune responses. Stages 

were defined as stage 0 (IFN-γ ÷, Ab ELISA ÷), stage 1 (IFN-γ +, Ab ELISA ÷) and stage 2 (IFN-γ +, Ab ELISA +). Whole 

blood samples were stimulated in vitro with a positive control (superantigen), M. paratuberculosis PPD (PPDj) and with PBS as 

a negative control. PBMC were purified and tested for induction of antigen-induced proliferation and apoptosis. By flow 

cytometry, a progressive antigen specific induced apoptosis (caspase-3 induction) was demonstrated in paratuberculosis 

infected animals in the different subclinical disease-stages but not in uninfected. Further studies showed that this antigen 

induced apoptosis were transferable, i.e. supernatant from apoptosis induced cultures could induce apoptosis in cultures with 

ParaTB naïve animals. Subsequent RT-PCR studies on an array of apoptosis genes show that Caspase 8 and FasL are 

upregulated in the apoptosis indicating apoptosis by Activation Induced Cell Death (AICD). Conclusions: Altogether these 

results indicate that the development of clinical paratuberculosis involves progressive loss of immune responsiveness and that 

T-cell death by AICD may represent one of the important components leading to an ineffective immune response against M. 

paratuberculosis. Furthermore, it can be speculated that a yet unknown apoptosis factor in plasma may be a future diagnostic 

tool to predict the transition from appropriate cell mediated immune responses to inappropriate humoral responses. 
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Abstract 

The aim of this study was to characterise typical Jd lesions in farmed red deer in NZ, by comparing them with well-

characterised descriptions of ovine Jd. A secondary objective was to determine whether the histopathology found following 

experimental infection of both sheep and deer was comparable to that seen in naturally infected animals. Twenty-six orally 

infected sheep, 5 naturally infected sheep, 8 experimentally infected deer and 8 naturally infected deer were used. Tissue was 

sampled from the gut mucosae, adjoining mesentery and lymph nodes to track progression of disease from the primary site of 

infection to the lymph node. Deer and sheep were experimentally infected by oral challenge with Mycobacterium avium subsp. 

paratuberculosis (Map) isolated from the gut lymphatics of clinically affected deer and sheep, respectively. Independent 

studies have examined the strain type of Map isolated from naturally infected deer and sheep by IS1311 typing. Using this 

system deer isolates of Map from deer were ‘bovine’ strain while sheep isolates typed as ‘ovine’ Map. There were no 

differences in histopathology or disease severity seen in either species following natural and experimental challenge. The 

histopathology seen in deer was comparable to that seen in sheep but some unique characteristics were evident. Deer 

exhibited foci of caseous necrosis within severe lesions. Macrophages seen in deer lesions often displayed unique 

ultrastructural features not seen in sheep. These findings highlight the need for increased awareness among pathologists for 

the unique histopathological characteristics of cervine Johne's disease. The findings show that in red deer (Cervus elaphus) 

caseated lesions can occur within the intestinal lymph nodes and need to be differentiated from caseated lesions caused by M. 

bovis infection. While grossly visible caseous lesions occur relatively rarely histopathological evidence of caseation is seen 

more commonly in deer than sheep. 
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Pathobiology of spontaneous and experimental paratuberculosis (S-5 
strain) in goats with special reference to early lesions 

S Hajra, Shri N. Singh, A K Srivastava 

Abstract 

Present study was aimed to diagnose early cases of paratuberculosis by demonstration and isolation of the Mycobacterium 

avium subsp. paratuberculosis (Bison type) in faecal and tissue samples. ELISA test and pathomorphological lesions were 

studied in experimentally produced paratuberculosis using MAP (Bison type) S-5 strain. Faecal sample from 142 goats from 

various organized herds of North India were subjected to smear (using centrifugation and decontamination method) and 

cultural examinations. Isolation of the mycobacteria was performed in all faecal samples and 74 tissue samples on HEY 

medium with or without Mycobactin-J after decontamination with 0.9% HPC. Experimental study was conducted on 13 goats 

(10 infected and 3 controls) where pathogenicity of S-5 strain was tested positively by gross and histopathological lesions 

(using routine H& E and ZN as special stain) and plate-ELISA test. Pathogenicity of the S-5 strain was proved and 

characteristics gross and microscopic lesions were observed on 90 DPI and onwards. Lesions showing infiltration of 

macrophages with AFB without granuloma formation simulating lepromatous form of human leprosy and typical granuloma as 

in tuberculoid form were found. Positive humoral immune response by using plate ELISA was observed on 90 DPI onwards 

showing antibody titer above the cut off value. There was an apparent linear correlation between the antibody level and days 

post infection. The performance of the different diagnostics test like examination of faecal smear by direct microscopy, faecal 

culture, scraping smear examination of organism from tissue pathomorphology and plate ELISA test had a linear relationship 

among them. 
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Microenvironment of intestinal granulomatous lesions from naturally 
occuring bovine Johne's Disease 

Jesse M. Hostetter, E Huffman, A Dorn, M Wannemeuhler 

Abstract 

The intestinal lesions of Mycobacterium avium subspecies paratuberculosis (M. a. ptb) infection are characterized by extensive 

granulomatous lesions with high bacterial burdens. The objective of this study was to examine macrophage activation 

phenotype and pro-inflammatory cytokine expression specifically within intestinal granulomatous lesions from animals 

naturally infected with M. a. ptb. To test the hypothesis that granuloma macrophages have a non-activated phenotype, we 

examined granulomatous lesions from the ileocecal valve of cattle in the clinical stages of Johne’s disease. We determined 

protein expression by immunohistochemistry and compared this to gene expression determined by quantitative reverse 

transcriptase real time polymerase chain reaction (Q-RT-PCR). Laser capture microdissection was used to recover granuloma 

cells from intestinal lesions, thereby allowing for direct sampling from the granuloma microenvironment. Our 

immunohistochemical studies included stains to detect mycobacterial antigen, iNOS as a marker of macrophage activation, 

and IFN-γ. Using laser capture microdissection, granuloma cells were collected onto a thermoplastic film held on a collection 

cap, (CapSure® HS LCM Caps). We collected roughly one 80% confluent cap per experiment. We measured gene expression 

of iNOS and IFN-γ in the captured cells by Q-RT-PCR using the Syber green system. The results of this study demonstrate that 

most granulomatous lesions had high bacterial burdens. Protein expression of iNOS was low within the granulomatous foci. Q-

RT-PCR demonstrated variable IFN-γ gene expression within granulomas and surrounding lamina propria. Gene expression for 

iNOS within granuloma cells was low. These data suggest that macrophages in intestinal granulomatous lesions of bovine 

Johne’s disease do not have strong iNOS expression, suggesting a non-activated phenotype. 
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Detection of B cell epitopes of M. avium subspecies paratuberculosis 70 
kD heat shock protein using monoclonal antibodies 

Adriana P. Koets, P van Kooten, T van den Ingh, W van Eden, Victor PMG Rutten 

Abstract 

Introduction: Bovine paratuberculosis is caused by infection of young calves with Mycobacterium avium ssp. paratuberculosis 

(MAP), and results in chronic granulomatous infection of the ileum. Relatively little is known about immunogenic properties of 

individual antigens of MAP. The aim of the present study was to define antibody epitopes of the 70 kD heat shock protein of 

MAP through the generation of monoclonal antibodies. Materials & methods: Mouse monoclonal antibodies were generated 

against recombinant MAP 70 kD heat shock protein (Hsp70) using conventional hybridoma technology. Antibodies produced 

by different hybridomas were primarily screened using Hsp70 as antigen in ELISA. Subsequent epitope mapping was 

performed using synthetic peptides representing different parts of the Hsp70. Monoclonal antibodies recognizing linear 

epitopes were tested for use in western blot, immunohistochemistry and electronmicroscopy. Results: In total, 8 hybridomas 

which recognized MAP Hsp70 were generated. Five hybridomas produced antibodies recognizing conformational epitopes on 

the Hsp70. Three of these hybridomas produced monoclonal antibodies recognizing 2 different linear epitopes of Hsp70. The 3 

antibodies could successfully be used in peptide specific ELISA, western blots, immunohistochemistry and electronmicroscopy 

of tissues of animals infected with paratuberculosis. One epitope was conserved in multiple mycobacterial species, with the 

other epitope differentiation between MAP and M. tuberculosis / M. bovis was possible, however this epitope appeared to be 

present in at least some 
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Evidence for distinct host response patterns in cows experimentally 
infected with M. avium subspecies paratuberculosis 

Adriana P. Koets, M Langelaar, A Hoek, Douwe Bakker, Peter Willemsen, W van Eden, Victor PMG Rutten 

Abstract 

Introduction: Bovine paratuberculosis is caused by infection of young calves with Mycobacterium avium subsp. 

paratuberculosis (MAP), and results in chronic granulomatous infection of the ileum. The aim of the present study was to 

perform a longitudinal follow up of immunological and microbiological parameters of calves experimentally infected in the first 

month of life. Materials & methods: Twenty experimentally infected calves were sampled monthly during 4.5 years. The PBMC 

were isolated, and phenotyped by flow cytometry using a panel of 8 monoclonal antibodies. Lymphocyte proliferation assays, 

with a panel of 6 mycobacterial antigens were used for evaluating T cell function. Antibody responses were measured using 

ELISA coated with MAP PPD antigen, recombinant MAP heat shock protein of 65 kD, and 70 kD. Fecal culture was performed 

monthly to acquire data on the mycobacterial shedding. Results: The results showed that based on fecal excretion patterns 

animals could be divided in three groups, one which is characterized by high frequent shedding (HFS), a group characterized 

by low frequent shedding (LFS) and an intermediate group (IM). Animals in the HFS group typically had lower cell mediated 

responses, especially during early stages of infection, when compared to animals from the LFS group. Conversely the HFS 

animals had early onset and higher antibody responses when compared to LFS animals. Conclusion: Based on fecal shedding 

patterns we identified different host response patterns to paratuberculosis infection. Whether these different response 

patterns reflect successful or failing immune responses remains to be established as neither LFS nor HFS animals in the study 

developed overt signs of clinical paratuberculosis in the 4.5 years of the study. The HFS animals likely contribute significantly 

more to spread of the infection in the population. Host genetic make up could explain the observed response patterns and as 

such is subject of ongoing follow-up studies. 
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Profile of certain cytokines in the experimentally infected 
paratuberculous sheep 

A A Kumar, Bhupendra Nath Tripathi, B Sharma 

Abstract 

The immunopathology of paratuberculosis involving both humoral and cellular elements is mediated through several cytokines 

at the sites of lesions. The systemic immune response may not reflect the events taking place at the gut levels. The objectives 

of this study was to evaluate the expression of mRNA for cytokines IFN-γ, TNF-α, IL-2, IL-4, IL-6 in tissues of small intestine, 

mesenteric lymph nodes (MLN) and blood in 8 sheep experimentally infected with a caprine strain of Mycobacterium avium 

subspecies paratuberculosis and 3 uninfected control sheep. Histologically, 4 sheep had mild lesions and 2 each had moderate 

and severe lesions. Expression of cytokines were detected by RT-PCR using specific primers and expressed in relative units 

against GAPDH gene serving as control. Cytokines were expressed both in the tissues and blood of all infected and control 

sheep. In the intestinal tissues, mRNA for these cytokines was non-significantly increased as compared with the control sheep. 

In MLN of infected sheep these cytokines were better expressed 1.5 to 3 times with significantly increased levels of IL-4 as 

compared with the control sheep.  On comparison of cytokine profiles in the small intestinal and mesenteric lymph node 

tissues and blood, TNF- α and IL-2 were significantly increased in the MLN, IL-4 in the blood and IL-6 in the small intestinal 

tissues. Increased levels of IL-4 in the blood might have inhibitory effect on the expression of IL-2. In general it was observed 

that levels of cytokines in the blood were more related with the profile in the MLN than those in the small intestine. Increase 

in the levels of Th1 and Th2 cytokine types suggests that both the cell mediated and humoral immune responses are triggered 

simultaneously with lot of individual variation. 
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Immunisation with a rHsp70-GFP fusion protein elicits cellular and 
humoral immune responses but no cytotoxic T cell reactivity in cattle 

M Langelaar, A Hoek, W van Eden, Victor PMG Rutten, Adriana P. Koets 

Abstract 

Introduction: Bovine paratuberculosis is caused by infection of young calves with Mycobacterium avium ssp. paratuberculosis 

(MAP). MAP causes intracellular infection in macrophages and results in chronic granulomatous enteritis. The aim of the 

present study was to investigate whether a heat shock protein (Hsp) based delivery system could be used to generate 

cytotoxic T cells in cattle as a tool to aid the elimination of MAP infected macrophages, as described in murine model systems. 

Materials & methods: A recombinant fusion protein, rHsp70-GFP, was produced according to previously published methods 

(Huang et al, 2000, J. Exp. Med. 191, 403) with some modifications. In the current study, the N-terminal receptor binding part 

of recombinant MAP Hsp70 was fused to enhanced green fluorescent protein (GFP), the latter serving as a model antigen. Five 

cows were immunized 4 times with the rHsp70-GFP fusion protein, an additional cow was immunized with GFP only. Peripheral 

blood mononuclear cells were isolated using density gradient centrifugation and used in lymphocyte stimulation assays. Target 

cells were pulsed with the rHsp70-GFP, GFP protein or GFP peptides. Cytotoxicity was measured using chromium release 

assays and a flowcytometric method using different effector target ratios. Serum was used to determine antibody responses in 

ELISA. Results & Conclusion: Immunisation with rHsp70-GFP fusion protein elicits cellular and humoral immune responses to 

GFP, GFP peptides and Hsp70-GFP but as assessed by chromium release assay and a flowcytometric assay, no cytotoxic T cell 

reactivity in cattle. 
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Detergent enrichment of mycobacterial envelope proteins 

M D Lanigan, L Tsen, J A Vaughan, B J Shiell, Woytek P. Michalski 

Abstract 

Although Mycobacterium avium ssp. paratuberculosis (M. ptb.) has long been recognised as the causative agent of Johne’s 

disease (JD), there is a growing body of evidence that implicates this organism in Crohn’s disease (CD) in humans. Although 

no causal link between the two has yet been proved, M. ptb. represents a pathogen of enormous economic significance to 

agriculture world-wide as well as one with potential risks to human health. Our laboratory is applying proteomic 

methodologies to elucidate not only the molecular mechanisms underlying M. ptb. pathogenesis in animals but also proteins 

that might represent biomarkers of paratuberculosis infection. Whilst the interaction between M. ptb. and host cells is poorly 

understood at the cellular level, it is reasonable to suppose that surface-exposed mycobacterial proteins are one of many 

factors that mediate infection and transmission. The thick, waxy external coating of mycobacteria, while imparting to these 

organisms their characteristic robustness, necessitates analysis strategies that maximise extraction of cellular proteins without 

compromising the integrity of the proteomic milieu. We have used the non-ionic detergent Triton X-114, which partitions into 

aqueous- and detergent-rich phases, to enrich hydrophobic proteins from cell-surface extracts of M. ptb. and and the closely-

related M. avium. Proteins were electrophoretically-separated, identified using mass spectrometry and subjected to 

bioinformatic analysis to determine their likely subcellular localisation. Thus far over three hundred proteins have been 

extracted from these two organisms and their usefulness as species-specific biomarkers or as a source of potential antigens is 

being evaluated through immunological screening. 
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Use of ante mortem tests to identify cattle with disseminated 
Mycobacterium avium ssp. paratuberculosis infection detected by post 
mortem culture of 15 tissues 

Jason E. Lombard, M C Antognoli, H L Hirst, M M Dennis, S M Jensen, M D Salman, Franklyn Garry 

Abstract 

The objective of this study was to determine the association of ante mortem test results with presence of disseminated MAP 

infection at slaughter. Twenty adult lactating Holstein cows were obtained for slaughter from October 2003 to February 2004 

from 4 Colorado dairies with a known history of clinical JD. Cows that were purchased had a history of at least one positive 

serum ELISA result. Prior to euthanasia, serum was collected for ELISA and feces for conventional and BACTEC culture and 

liver biopsy was performed for histologic exam. At necropsy 16 specimens, including feces, lymph nodes, and muscle were 

submitted for conventional culture. Cows with at least one positive tissue culture beyond the intestine and its associated LN 

were considered to have disseminated infection (DI). Sixteen of 20 cows had confirmed MAP infection via culture. Twelve of 

these had disseminated infection (DI). Of the 12 cows with DI, 5 had no evidence of clinical JD, 3 had weight loss without 

diarrhea, and 4 had obvious clinical JD. The most common tissue found culture positive for MAP in DI cows was the hepatic 

LN (11 of 12 DI cows). Fecal culture (FC) with BACTEC and conventional FC detected fecal shedding in 7 and 11 of 12 DI 

cows, respectively. Of 19 ante mortem liver biopsies collected, 4 were affected with multifocal granulomatous hepatitis, but no 

acid-fast bacteria were identified. Of the four cows that had negative ELISA results at euthanasia, 3 were infected and 2 had 

DI, despite previous positive serum ELISA results. If the perceived human health risk leads to mandatory exclusion of cows 

with disseminated MAP infection from the food supply, serum ELISA may be an option for detecting a large proportion of DI 

cattle ante mortem. 
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Bovine mucosal immune responses to systemic Mycobacterium 
paratuberculosis immunisation 

S Marché, Marc Govaerts, V Rosseels, Jacques Godfroid, Kris Huygen, K Walravens 

Abstract 

Local and systemic immune parameters were investigated following subcutaneous immunisation of cattle with a gamma-

irradiated M. avium subsp. paratuberculosis (Map) inactivated vaccine. The ATCC 19698 strain was exposed to 0.5 megarad 

and a single dosis of 4 mg dry weight was administered subcutaneously (SC) in a non-mineral Montanide ISA775Ò water in oil 

suspension to five 2-week old Friesian-Holstein male calves. Animals were monitored fortnighly and sacrificed 7 months post-

immunisation together with 3 non-immunised controls. Lymphocytes prepared from peripheral blood, spleen, the SC draining 

lymph node (LN), ileocecal lymph nodes, lamina propria (LP) and intraepithelial lymphocytes (IEL), were stimulated in vitro 

and antigen-specific IFN-γ responses measured in 20-h and 5-day cultures along with proliferative responses. Strong systemic 

IFN-γ responses were recorded at 20h in immunised animals versus no response in ileocecal, LP and IEL preparations, 

whereas IFN-γ was detected in 5-day cultures from LP, IEL and ileocecal LN together with enhanced systemic responses. 

Results are discussed in terms of induction of mucosal CD4 Th1 immunity, of effector and memory T cell functions, and of 

systemic vaccine potency. 
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Engulfment of MAP by bovine primary blood macrophages and the 
establishment of a reliable protein and RNA expression assay 

P McWaters, J A Vaughan, G Beddome, M D Lanigan, Mark Tizard, Woytek P. Michalski 

Abstract 

The interactions of M. avium ssp. paratuberculosis (MAP) with host macrophages and the development of immune responses 

are not well understood. The pathogenicity of MAP is directly related to its ability to persist in host macrophages. Our overall 

aim is to study these mechanisms of survival at the cellular level. The aim of this work is to identify the specific MAP and 

macrophage proteins produced at immediate, early and sustained stages of MAP/ macrophage interaction and study the 

resultant changes in macrophage function. To perform these studies, a reliable, reproducible MAP/ macrophage engulfment 

assay was developed and optimised. In a series of pulse-chase experiments, the uptake of MAP, protein expression, 

engulfment dynamics, incubation times, multiplicity of infection (MOI), period of macrophage adherence and prestimulation of 

primary cells. The effects of bacterial growth phases, culture medium, and presentation at engulfment were also studied. 

Ziehl-Nielsen staining was used to evaluate uptake and survival of MAP within host macrophages. A MAP/ host cell MOI of 10 

was the engulfment ratio of choice. Below a MOI of 10, engulfment was reduced. This preliminary work highlights the 

variability in engulfment of MAP by primary cells and the need to strictly standardise assay procedures to achieve uniform 

uptake of MAP. Studies of protein and gene expression at the cellular level require reproducible conditions and engulfment. 

Variability can be introduced through cell type, period of attachment of cells and variance in MAP culture parameters. 

Macrophages will be used for proteomic analysis and RNA extraction for micro array analysis through metabolic isotope-

labelling (35S and 14C) of bacteria and macrophages. 
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PPE proteins of Mycobacterium avium subspecies paratuberculosis induce 
interferon-gamma production by peripheral blood mononuclear cells from 
infected cattle 

Reiko Nagata, Y Muneta, Yusuyuki Mori 

Abstract 

Mycobacterium avium subspecies paratuberculosis (Map) genomic library expressed in Escherichia coli was screened for the 

identification of novel interferon-gamma (IFN-γ) inducing antigens using peripheral blood mononuclear cells (PBMC) from 

experimentally infected cattle. Two positive clones which induced IFN-γ in the PBMC were identified from 1,200 colonies 

examined. Three recombinant proteins, referred to as Map10, Map39 and Map41 according to their respective molecular sizes, 

were produced based on nucleotides sequences obtained from these clones. All recombinant proteins significantly elicited IFN-

?γ production by PBMC from cattle infected with Map. Two of the three recombinant proteins, Map39 and Map41, appeared to 

be members of the PPE protein family of Map, due to the sequence homology of the deduced amino acids with those of the M. 

tuberculosis PPE family protein. M. avium subsp. avium also possessed similar PPE family protein genes, but no cross-

reactions were observed among the other mycobacterial species tested. Monoclonal antibodies (Mab) against Map39 and 

Map41 strongly reacted with corresponding antigens in immunoblotting with the sonicated extract and PPD of Map, suggesting 

that these two PPE antigens are actually produced by this organism. Most of IFN-γ ?producing cells stimulated by these PPE 

antigens were CD4 positive cells, and they co-cultured with the dendritic cells which were stimulated by PPE antigens secreted 

IFN-γ far higher than that with macrophages. IL-10 was also detected in the culture supernatant of PBMC stimulated by PPE 

antigens besides IFN-γ, and addition of anti bovine IL-10 Mab increased IFN-γ ?production. These cytokine inductions by PPE 

antigens may be implicated in immunopathogenesis of Johne’s disease 
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Clinical and subclinical diseases predisposing to Johne's disease 

Eran Raizman, Scott Wells 

Abstract 

The objectives of this study were to assess the effect of clinical and subclinical diseases on incidence of clinical Johne’s disease 

(JD), and to determine the effect of clinical and subclinical diseases on incidence of fecal shedding after 305 days in lactation. 

1297 cows from two Minnesota dairies were enrolled in the study after fecal samples were obtained during the close-up 

period. A second fecal sample was obtained from cows after at least 305 after calving (DIM) or at time of leaving the herd 

(sold/dead). Between 3-21 DIM, blood samples were obtained for Beta Hydroxy Butyrate (BHB) and serum total protein 

testing. Body condition score (BCS) was evaluated during the close-up period, within 21 DIM and at end of lactation. Clinical 

disease (milk fever, retained placenta, metritis, ketosis, displacement abomasum, lameness, mastitis, abortion over 180 days 

of pregnancy, and JD clinical signs) and reproductive performance data (days to first breeding, times bred, and days open) 

were recorded. Average DIM when JD clinical signs cows were culled (n=66) was 209. Factors associated with culling due to 

JD clinical signs included pneumonia (OR=2.3, 95%CI=1.23-4.37), positive fecal culture during the closeup period (OR=35, 

CI=18-69), serum total protein levels 0.7 (0.46-1.1), BCS during the closeup period 0.45 (0.26-0.78) and in the beginning and 

end of lactation 0.54 (0.33-0.87), mastitis 0.50 (0.24-1.10), and retained placenta 0.36 (0.11-1.16). Onset of fecal shedding at 

the end of the lactation was associated with pneumonia (OR=2.4 CI=1.3-4.3), milk fever (OR=5.0, CI=1.7-17.8), mastitis 

(OR=0.46, CI=0.22-0.93), and BCS in the end of the lactation (OR=0.40, CI= 0.25-0.66). The results provide insights into the 

role of other diseases on JD clinical signs and fecal shedding, which may enable us to better manage the disease early in the 

lactation. 
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Anatomopathology of paratuberculosis in dairy cattle from Rio de Janeiro, 
Brazil 

A B Rodrigues, P Ristow, C D Marassi, A S Santos, F Rocha, R Ferreira, W Lilenbaum, C B Carvalho, E C Carvalho 

Abstract 

The purpose of this study was to describe the anatomopathological findings of three cases of paratuberculosis in 

autochthonous dairy cattle from Rio de Janeiro, Brazil. Animals presented characteristic clinical symptoms of paratuberculosis 

as cachexia, diarrhea and leanness, and were first diagnosed by sero-reactivity to an in-house ELISA. Animals were sacrificed 

and samples of small and large intestines, mesenteric lymph nodes and ileocaecal valve were collected and processed for both 

histopathology and bacteriology. Tissues were fixed in 10% buffered formalin, processed for paraffin inclusion and stained by 

both HE (haemathoxilin-eosin) and ZN (Ziehl-Neelsen) methods. Macroscopic alterations such as small intestine wall 

segmental thickness, mucosal hyperaemia and prominent corrugation were observed; ileocaecal valve emaciation, evident 

mesenteric lymphadenomegally, and lymphangiectasis were also noted. The main histopathological findings were enteritis, 

lymphangitis and granulomatous lymphadenitis. Intestinal lesions were mainly restricted to mucosa and submucosa of jejune 

and ileum, and characterised by inflammatory infiltration of lymphocytes, eosinophils, epithelioid macrophages and scarce 

giant Langhans-type cells. Numerous acid-fast bacilli were observed into macrophages, either alone or forming aggregates, on 

the top of villi, lamina propria and lymph nodes parenchyma. Most of the tissues yielded Map, and culture was confirmed by 

mycobactin dependence and specific PCR IS900. In conclusion, anatomopathology yielded characteristic findings that were 

later confirmed by culture and PCR. Therefore, due to its rapid results, low cost and reliability, this method (group of gross 

and microscopic lesions) was considered as a valuable tool for the diagnosis of paratuberculosis. 
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Identification and immunological characterization of Mycobacterium 
avium ssp. paratuberculosis specific antigens with the goal to develop a 
vaccine 

V Roupie, N Trinchero, I Danese, J - Letesson, I Noël-Georis, Ruddy Wattiez, V Rosseels, M Romano, Kris Huygen 

Abstract 

Paratuberculosis is responsible for major economic losses -particularly in the dairy sector- because of reduced milk production 

in affected animals. As the existing vaccine, composed of whole, killed mycobacteria, interferes with the PPD skin test used for 

the diagnosis of bovine tuberculosis, farmers are reluctant to use it. A sub-unit vaccine composed of immunodominant and 

specific antigens could offer a solution to this problem. Ninety-four M. ptb. specific antigens were identified using “in silico” 

comparison of M. ptb. genome with that of M. avium. Another seven M. ptb. specific antigens were identified by mass 

spectrometry of M. ptb. extract antigens, separated by 2D gel electrophoresis and immunoblotted with sera from diseased 

cattle. From these 101 candidates, 10 were selected on the basis of prediction programs for murine MHC Class I  and MHC 

Class II epitopes. Sequences particularly rich in potential CD8+ and CD4+ T cell epitopes were selected. These 10 candidates 

were cloned in the eucaryotic expression vector V1J.ns-tPA and checked for expression in transiently transfected BHK cells. 

Immunogenicity was analyzed by plasmid DNA vaccination of BALB/c and C57BL/6 mice. M. ptb. specific Th1 type (IL-2 and 

IFN-γ) spleen cell cytokine secretion and antibody production was examined. Screening of the protective efficacy of these M. 

ptb. specific DNA vaccines is in progress. Vi.R. is holder of a FRIA fellowship. R.W is Research Associate of the FNRS. This 

work is partially supported by the “region Wallonne” of Belgium 
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Pathology and diagnosis of paratuberculosis in water buffaloes (Bubalus 
bubalis) 

P Sivakumar, N Singh, Bhupendra Nath Tripathi 

Abstract 

The objectives of the present study were to characterize the rarely studied gross and histological lesions of paratuberculosis in 

water buffaloes and to study the efficacy of the different diagnostic methods. Intestinal tissues (n=405) including jejunum, 

ileum, ileocecal junction and associated mesenteric lymph nodes (MLN) collected from 1000 buffaloes screened at 

slaughterhouse and 5 buffaloes necropsied at the postmortem room of the institute were examined histologically for 

paratuberculosis lesions. Selected tissues (n=50) were subjected to bacterial culture and IS900 PCR. On histological 

evaluation of sections, granulomatous inflammatory changes were observed in 20 animals that had shown gross lesions of 

intestinal thickening and mucosal corrugations, and enlarged and edematous mesenteric lymph nodes. Histological lesions 

were classified into 3 grades (Grade-1, 2 and 3) on the basis of type and severity of cellular infiltrates and presence of acid-

fast bacilli (AFB) or acid-fast granular debris. Grade-1 lesions observed in 8 animals were characterized by scattered infiltration 

of epithelioid macrophages amongst large number of lymphocytes with macrophages containing acid-fast granular debris in 

the intestine and lymph nodes. Grade-2 lesions (n=8) consisted of microgranulomas in the intestine and large granulomas in 

the MLN with AFB or acid-fast granular debris. Grade-3 lesions (n=4) were characterized by the presence of multiple 

granulomas and multinucleated giant cells and definite AFB in the intestine and MLN. Positive bacterial culture and IS900 PCR 

was observed in 6 and 14 animals, respectively. The partial sequence analysis of PCR products of bubaline isolate of 

Mycobacterium avium subsp. paratuberculosis (Accession No: AY 660657) showed more than 98% of homology with the 

published sequence of IS900 gene (Accession No: X16293). From the results of the present study, it was concluded that the 

histological lesions observed in water buffaloes could be paucibacillary type and tissue PCR was found to have more sensitivity 

than bacterial culture and smear examination. 
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Evidence for a reduced transactivating capacity of CCAAT/enhancer 
binding protein (C/EBP) β in Mycobacterium avium ssp. paratuberculosis 
(MAP) infected macrophages 

S Sommer, S Jeckstadt, Peter Valentin-Weigand, R Goethe 

Abstract 

Pathogenic mycobacteria circumvent host immune responses by disruption of macrophage effector functions. Here we examined 

cytokine production, gene expression and protein-DNA interactions of MAP-infected murine J774A.1 and RAW264.7 macrophage 

cell lines (MAPMac) and compared it to macrophages stimulated with LPS (LPSMac), a potent activator of macrophages. ELISA 

and Northern analyses revealed that the expression levels of TNFa, IL-1b and IL-6 were significantly lower in MAPMac than in 

LPSMac. IL-6 was almost not induced in MAPMac RAW264.7 cells, whereas its expression increased over the time in MAPMac 

J774A.1 cells. Since the transcription regulators NFkB and C/ebpb contribute to IL-6 gene expression electrophoretic-mobility-

shift-assays (EMSA) were performed. EMSA revealed reduced NFkB and C/ebpb binding to the NFkB and C/ebp binding site of 

the IL-6 gene in MAPMac as compared to LPSMac. Interestingly, when compared to uninfected cells C/ebpb binding activity was 

almost not enhanced in MAPMac RAW264.7 cells but enhanced in MAPMac J774.A1 cells. In these cells, however, C/ebpb binding 

complexes appeared to be smaller than in LPSMac. C/ebpb protein complexes can be composed of two alternatively translated 

C/ebpb-isoforms; the larger 37 kDa LAP that is fully transactive and the smaller 20 kDa LIP that has reduced transactivating 

capacity. Thus, different LAP-LIP combinations will result in C/EBPb EMSA complexes of different sizes and biological function. 

Since C/EBPb mRNA expression was similar in LPSMac and MAPMac, we determined the Lap-LIP ratio in nuclear extracts from 

LPSMac and MAPMac by Southwestern analysis. We found LAP-LIP ratios similar to that of untreated cells in MAPMac, whereas 

the ratios were considerably higher in LPSMac. These data provide evidence for a reduced transactivating capacity of C/EBPb 

leading to reduced IL-6 expression in MAPMac. 
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Expression of CD5+ on lymphocytes in cattle with paratuberculosis 

Judy R. Stabel, M S Khalifeh, K N Soenksen 

Abstract 

CD5+ is a cell surface molecule involved in antigen recognition and is present on all T cells and a subset of B cells. Recent work 

in our laboratory on cattle infected with Mycobacterium avium subsp. paratuberculosis (Johne’s disease) has shown the 

differential expression of the CD5 marker on peripheral blood B cells, with a shift in B cell expression from CD5dim to CD5bright as 

disease progresses from a subclinical to a clinical state. Previous research has also shown an increase in the number of peripheral 

blood B cells and a decrease in peripheral blood CD4+ T cells as disease progression occurs. The purpose of this study was to 

examine lymphocyte subsets and CD5+ expression on peripheral blood B and T cells from healthy cattle and cattle in the 

subclinical and clinical stages of paratuberculosis. Peripheral blood mononuclear cells (PBMC) were isolated, cultured in the 

presence or absence of live M. paratuberculosis, and then analyzed by flow cytometry within the three treatment groups. Three 

CD5+ populations were identified: CD5dim, CD5bright, and CD5extra bright. Analysis showed an increase in B cells in clinical animals 

compared to subclinically infected cows. In addition, a decrease in the CD5dim B cell population along with a concomitant increase 

in the CD5bright B cell population was observed in subclinically and clinically infected cows. No significant trends were observed 

in T cell populations or CD5+ expression within T cell populations, and in vitro infection with live M. avium subsp. paratuberculosis 

did not result in significant changes in B cell or T cell populations. These results suggest that changes in CD5+ expression on B 

cells in animals with paratuberculosis may play a role in progression of the disease. 
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Gene expression and survival of M. paratuberculosis infected 
macrophages 

D Taylor, K de Silva, L Di Fiore, Richard Whittington 

Abstract 

We have used a murine macrophage model of infection in preliminary investigations to characterize alterations in host gene 

expression, protein secretion, induction of apoptosis, macrophage survival and bacterial persistence in response to long term 

infection with M. ptb. Murine macrophages (RAW264.7 cells) were incubated with M. ptb (MOI=10) for up to 7 days. Cells 

incubated with medium alone or heat-killed M. ptb were included as controls. Cells were collected prior to infection and at 

days 1, 2, 3, 4 and 7 post infection to determine the macrophage response at the cellular and molecular level. Cellular 

parameters assessed were cell number, apoptosis (caspase activity determined by flow cytometry), number of infected cells 

and number of M. ptb per cell. RNA was isolated from the macrophages at each time point and differential display PCR (DD-

PCR) is being used to identify novel changes in gene expression in response to infection over time. Differences in expression 

of known immuno-responsive genes have also been determined using quantitative PCR. Our results demonstrate that the 

presence of M. ptb reduces proliferation of RAW264.7 cells, and significantly affects the expression of a number of gene 

products. 
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Bovine CD1 family contains functional group 1 CD1 but no functional CD1d 

I Van Rhijn, Victor PMG Rutten, Adriana P. Koets 

Abstract 

CD1 presents a variety of antigenic structures to T cells, including lipids, glycolipids, small aromatic compounds, and lipopeptide 

antigens. CD1 proteins are structurally related to MHC class I proteins in terms of the overall structure of the three α domains 

and association with β2-microglobulin. Group 1 CD1 molecules (CD1a, CD1b, and CD1c) have been shown to exclusively present 

mycobacterial lipids. Group 2 CD1 molecules (CD1d) are known to present antigen to NKT cells, a T cell lineage that is 

characterized by a limited T cell repertoire and an antigen experienced phenotype, capable of rapidly secreting large amounts 

of γ-Interferon and IL-4. Understanding the development of CD1 restricted, T cell mediated immunity upon infection with 

mycobacteria is of key importance for the development of new or improved vaccines based on lipid antigens. Knowledge about 

the protective effects of CD1 restricted responses against infection, the interplay with other parts of the immune system, and 

whether CD1 restricted T cells can give rise to immunological memory is insufficient. B. taurus is the natural host of several 

pathogenic mycobacteria, among which M. avium ssp. paratuberculosis (MAP), causing Johnes disease, and M. bovis, causing 

bovine tuberculosis. In the present study we describe the CD1 family genes in B. taurus and provide evidence that B. taurus 

expresses CD1b and CD1e molecules, and has genomic sequences of CD1A and CD1D. The two CD1D genes that were found 

are pseudogenes. BoCD1b was cloned and transfected into 293T cells and CD1b expression was shown by antibodies SBU-T6, 

CC14, CC20, CC122, BCD1b.3, but not CC43. T cells isolated from cattle infected with MAP, but not from uninfected cattle, can 

be stimulated with mycobacterial lipids, and this stimulation is CD1b dependent. These findings suggest that mycolic acid based 

antigens can be presented by cattle, but that CD1d-restricted NKT cells are absent. 
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Variations in the pathological response of lambs experimentally infected 
with different Map strains 

Andrea Verna, C García-Pariente, O Moreno, L E Reyes, J Benavides, Fernando A. Paolicchi, M I Romano, J Francisco Garcia 

Marin, V Pérez 

Abstract 

Infection by Mycobacterium avium subsp. paratuberculosis (Map) causes a granulomatous inflammatory response in the 

intestine and associated lymph nodes. Differences in the pathological features (organs affected or inflammatory infiltrate) 

have been observed between species and individuals. The host immune responses or the role of different Map strains have 

been suggested as possible explanations. A total of 30 lambs, 1 month-old, divided in 6 groups, were challenged with several 

strains of Map: groups 1 and 2, with two bovine strains showing different genetic pattern (A and E); groups 3 and 4, with a 

bovine strain, directly purified from the intestinal mucosa of a clinical case, or the same strain grown in culture media, 

respectively; group 5, an ovine strain, directly purified from the intestinal mucosa of a clinical case; group 6 was kept as 

control. Peripheral immune responses were assessed from 0 to 150 days-post-infection (dpi), when lambs were humanely 

killed. Pathological and bacteriological studies were performed in tissues from the intestine and lymph nodes. Lesional type 

and the inflammatory infiltrate were examined. Number of granulomas per section and area occupied by lesion in the lymph 

nodes were counted, as indicators of pathogenicity. All the lambs infected by bovine Map strains, regardless the type, showed 

a common lesional pattern, characterised by focal lesions, located mainly in the mesenteric lymph nodes, the presence of 

fibrous tissue, and occasionally necrosis, in the granulomas and the existence of numerous giant cells. Differences in lesion 

severity were seen among groups: lambs from groups 1 and 2 had the highest number of granulomas and lymph node area 

affected. In animals from group 5, lesions were more severe and appeared mainly in the intestinal lymphoid tissue. Necrosis, 

fibrosis or giant cells were never detected. Map was isolated from tissues from all the groups and showed the same pattern 

than the inoculum. The type of Map strain influences the pathological response of the infected lambs. This work was founded 

by grant AGL-2004-07421-C0201 from MEC. 
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MAP Super-Shedders: Another factor in the control of Johne's disease 

Robert H. Whitlock, Raymond W. Sweeney, Terry L Fyock, Jerry W. Smith 

Abstract 

Objective: To determine the range of MAP cfu/gram of manure in cattle classified as heavy shedders. Cattle are typically 

classified as low, moderate or high shedders based on the visible colonies of MAP on the surface of solid media, typically, 

Herrold’s egg yolk media (HEYM). Over the past five years most laboratories in the USA report the number of visible MAP 

colonies on each tube of HEYM, but rarely enumerate above 50 to 70 colonies per tube. Fifty cfu on each of four tubes 

represents an estimated 1,050 colony forming units of MAP per gram of manure. Materials & Methods: Fecal samples from 

cattle classified as high shedders were serially diluted: 1:5, 1:10, 1:50; 1:100, 1:500, 1:1:000, 1:5,000, 1:10,000 and 

1:50,000. Then, a larger number of fecal samples from more than 200 cattle, classified as heavy shedders, were cultured and 

serially diluted at 1:100 and 1:1,000. Super-Shedders are defined as cattle with fecal samples having more than 10,000 cfu 

MAP per gram of manure. Results: The vast majority of heavy shedders would be classified as Super-shedders with more than 

10,000 cfu MAP per gram of manure. Some cattle not showing clinical signs of JD shed more than 1,000,000 cfu of MAP per 

gram of manure. Conclusions: Super-shedders represent the greatest risk to spread Johne’s disease among herd mates. Some 

Super-shedders would contaminate the environment with more MAP than 160 heavy shedders, or more than 2,000 moderate 

shedders and more than 20,000 low shedders. Based on this new dimension of Super-Shedders, a significant proportion of low 

shedders are likely to represent “pass-through” and not active true infections. The challenge to the Johne’s academic 

community will be to develop diagnostic methods to detect these Super-shedders in a cost efficient manner and eliminate 

them from the herd prior to massive environmental contamination. 
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The prospects for herd level control of paratuberculosis in cattle:  
a consultant’s view 

Caldow GL 

SAC Veterinary Services, St Boswells, Scotland TD6 0EQ 

INTRODUCTION 

Paratuberculosis, caused by infection with the bacterium Mycobacterium avium subspecies 
paratuberculosis (MAP), is an infectious disease of ruminants with socio-economic importance that has the 
potential to affect international trade (OIE 2004). Once clinical disease develops, animals usually have 
profuse diarrhoea and lose body weight, which necessitates culling on humane grounds and thus their early 
loss from the herd. Reduced productivity is also a feature of the later stages of the subclinical phase of the 
disease and paratuberculosis can have a significant financial impact in dairy herds (Ott et al. 1999). In 
some production systems, beef herds infected with MAP may also suffer significant losses as the peak age 
incidence of clinical paratuberculosis is three to five years and the productive life of beef cows is ten years. 
The possibility of a causal association between MAP and Crohn’s disease of humans has long been 
considered (Chiodini and Rossiter 1996) and MAP has been isolated from the ileal mucosa (Bull et al. 
2003) and the blood (Naser et al. 2004) of some humans suffering from Crohn’s disease.  As yet there is no 
consensus on whether MAP has a causal role in Crohn’s disease and neither has any causal link between 
paratuberculosis in ruminants and Crohn’s disease in man been demonstrated. However milk from infected 
herds can contain MAP. Although pasteurisation is highly effective in killing MAP, the organism has heat 
resistant characteristics that allow a small proportion of MAP organisms to survive pasteurisation (Grant et 
al. 2001).  A precautionary approach is a responsible position to adopt, thus working to control 
paratuberculosis in the dairy herd and so limit one route of human dietary exposure to MAP (for example 
see UK Food Standards Agency web site, http://www.food.gov.uk).  A positive argument for the control of 
paratuberculosis can therefore be made from production efficiency, animal welfare and food hygiene 
perspectives.  
 
The principals of a national approach to the control of paratuberculosis have been described (Kennedy and 
Benedictus 2001) and rest on: 

1. Herd assurance programmes to identify test negative herds that that can be the source of breeding 
replacements which constitute a low risk of introducing infection. 

2. Providing effective advice to herd owners on biosecurity to reduce the risk of introducing the 
infection. 

3. Providing effective advice on improving hygiene and husbandry to reduce within-herd transmission. 
4. Test and cull programmes to reduce the impact of infection within the herd. 

 
Several of the countries with significant dairy industries had previously adopted national control 

strategies, which embrace all four points, but where the initial focus was on points 1 and 4. As experience 
was gained the need for greater emphasis on points 2 and 3 has become clear.  
 
Effective delivery of the advice on prevention and control is a critical component of programmes at the farm 
and regional level. This paper offers a consultant’s view of the issues that affect translation of national 
control policy to the herd level and outlines the future prospects for herd level control, based particularly on 
experience within the British dairy and beef herds.  
 
Background 
As with most livestock production, there has been a need to increase efficiency in the dairy and beef 
industries by expanding the unit size to reduce the fixed costs of production (Wolf 2003). However, unlike 
the pig and poultry industries, this has not been accompanied by the recognition of the importance of 
animal health and biosecurity. Frequently herds have rapidly expanded with little consideration for 
biosecurity. It has been shown that herds finding the majority of their replacements from outside the herd 
are more likely to be infected with MAP (Chi et al. 2002). At this meeting, reports from France (Beadeau et 
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al. 2005) and the Netherlands (van Weering et al. 2005) reaffirm that increasing herd size and purchase of 
replacements are key risk factors for paratuberculosis in the dairy herd. An increase in the number of cows 
managed per worker has increased the potential for poor management in the critical areas of cow hygiene, 
dry cow management and calf rearing. Deficiencies in these areas favour the spread of paratuberculosis. 
This intensification, particularly of the dairy industry, has also meant that infertility, lameness and mastitis 
have continued to be sources of significant losses. Where there are restricted resources for improving 
animal health, the control of paratuberculosis is unlikely to feature high on the list of priorities until such 
times as the disease is established in the herd and causes significant losses. Until this point is reached the 
financial argument for controlling the disease is related to the price the farmer receives for milk. Modelling 
has demonstrated that for British conditions when the milk price is £0.16 per litre or lower it is difficult to find 
financial justification for controlling paratuberculosis in herds where the annual incidence of clinical disease 
is at or below 2% (Stott et al. 2001).  Beef production is similarly under pressure and in the European Union 
(EU) this is likely to increase as the removal of headage subsidy for beef production in 2005 begins to 
reduce the income generated by beef herds. The pressures on the cattle industry favour the spread of MAP 
infection between and within herds and do not favour the implementation of control and prevention 
programmes.  
 
How effective are the programmes? 
Both the assurance programme and the test and cull programme (points 1 and 4 above) are based on tests 
that have significant limitations. In the pre-clinical stages the sensitivity of the antibody ELISA may be as 
low as 15% while that of faecal culture may be 30% (Whitlock et al. 2000). This hampers the ability to 
detect infected animals before they begin to excrete significant numbers of organisms into the environment 
and generate new infections. For the assurance programme the lack of a sensitive test for the pre-clinical 
phase of the disease means that herds with a low prevalence may go undetected.  This problem is 
increased where herd size is low, a particular problem for pedigree beef herds in Europe. The consequence 
is that infected animals may be sold from test-negative herds that achieve the requisite standards for a 
particular assurance programme. Screening herd replacements before introduction, whether from an 
assured source or otherwise, can fail to detect the infection because of the inherent limitations of the tests 
and because many purchased breeding animals are at an age when they are unlikely to show any evidence 
of infection (under two years of age). This is further compounded by the probable long time lag between the 
introduction of an infected animal and either the appearance of clinical disease in the herd or a test failure 
in the assurance programme. In these respects assurance programmes for the control of paratuberculosis 
compare poorly with those for the control of bovine virus diarrhoea virus (BVDV) and bovine herpes virus 1 
(BHV1) where there are more sensitive diagnostic tests and a serological response occurs earlier. 

 
These limitations need to be managed. In most cases this is done through grading the degree of assurance 
on the basis of the number of years the herd has been test-negative and has complied with the biosecurity 
requirements of the programme. However an argument can be made for supporting this further by 
weighting each herd on the basis of herd size and the number of purchased replacements that have 
entered the herd over a set time period. That is to say the value of the assurance programmes can be 
increased by increasing its scrutiny of the herd, relating back to the concept of risk assessment in the 
biosecurity plan for herds purchasing replacements. The downside is that, in general, greater programme 
complexity deters farmers from participating and realizing its benefits. This applies both to participants in 
the assurance programme, but also to those purchasing the stock. 

 
There is little information published to indicate whether the assurance programmes are useful for the 
purchasers of breeding stock although the numbers of herds participating in the assurance schemes of 
several countries are regularly made available and considerable progress has been made in several 
countries. Experience in Britain indicates that the concept has proven to be of little interest to dairy farmers. 
There is greater awareness on the part of beef farmers who seek to buy bulls from low-risk sources, 
perhaps because the purchase of a high value bull that subsequently develops paratuberculosis is a very 
visible loss. Relatively few beef herds producing commercial type breeding females for sale have enrolled in 
the assurance programme and the availability of female replacements of assured status is limited. This 
raises the possibility that the assurance programmes as they exist are too costly and that a lower level or 
alternative strategy for assurance may be required.  

 



Proceedings of 8ICP 2005 Theme 3a: Prevention and Control – Herd Level 

 167 

Indeed reducing the cost of programmes appears to be an important consideration. Setting aside the 
debate on the merits of faecal culture verses serology as the basis of assurance programmes, the 
screening of environmental samples for MAP has been shown to be of potential in reducing costs while 
achieving an accurate assessment of whether a dairy herd is infected with MAP (Raizman et al. 2004). 
Similarly in this meeting, Gardner and colleagues have indicated that targeting within the herd can reduce 
the number of animals tested and costs by up to 50% while achieving the same detection probability 
(Gardner et al. 2005). Stratman and colleagues also in this meeting have used bulk tank antibody detection 
in conjunction with follow up detection systems for MAP as a way of determining herd infection (Stratmann 
et al. 2005). An alternative targeted approach for large herds might be to screen only animals leaving the 
herd, i.e. adults being culled. This specifically targets the population that is most likely to be infected in the 
herd and reduces the number of animals tested and costs to around 25% to 35% (dairy herd) and 10% to 
20% (beef herd). Such systems while superficially attractive can be difficult to manage to ensure that 
animals are sampled before they leave the farm. This approach would seem to be inappropriate for small 
purebred beef herds, which make up the bulk of sire producers in Western Europe. A lower level of 
assurance has also been considered to be appropriate for the beef herds in Australia, based on targeted 
sampling (Kennedy et al. 2002) 

 
While the cost of assurance programmes may be a barrier to widespread uptake it should not be assumed 
that this is always the case. An indication of UK milk producers’ attitude to quality systems can be taken 
from two areas. Despite there being a clear understanding on how milk hygiene could be improved, it was 
only once milk purchasers put in place penalty deductions and bonus payments in relation to somatic cell 
counts that the rate of improvement in milk hygiene increased significantly (Booth 2000). Progress with the 
implementation of whole herd quality systems was similarly slow until the National Dairy Farm Assured 
Scheme (NDFAS) was formed and the primary milk purchasers made participation a condition for their 
suppliers. Now 95% of dairy farms meet the assurance standards (pers com. Derek Kennedy). This 
suggests that the implementation of quality systems is related to immediate financial reward or penalty. A 
reluctance to spend money on a disease that is not perceived to be a problem by the breeder is to be 
expected.  This reluctance is unlikely to be overcome merely be rationalising testing programmes and 
reducing costs of testing. To put this in context, in Britain the cost of the assurance programme excluding 
farm labour costs is estimated to be £7.00 per adult in the herd. After calf losses and internal replacements 
are considered there will be no more than 15 to 20 heifers per 100 dairy cows available for sale each year 
with the figure at 25 to 30 heifers in beef herds. The cost of the assurance programme per heifer sold is 
therefore in the region of £35 to £47 per head for dairy heifers and £24 to £28 per head for beef heifers. 
The current cost of dairy heifers in Britain ranges from £800 for commercial type (SAC 2004) to £1100 for 
high genetic merit animals (Anon 2005) and for commercial beef heifers £700 (SAC 2004) to £1000 for 
purebred maternal breeds. This would suggest that at least in Britain the cost of the assurance programme 
represents a small part of the sale price and so should not be a major barrier to participation. Evidence to 
support this comes from the experience of one specialised maternal beef breed, the Welsh Black. The 
breed society’s support for membership in the assurance programme has led to this breed making up 65% 
of the beef herds that have achieved the monitored free status.  

 
The British experience with assurance and test and cull programmes has shown that most interest has 
come from both dairy and beef cow herds with significant losses due to clinical paratuberculosis. Dairy 
farmers facing a deteriorating clinical status have also been influenced by the FSA position on MAP in 
relation to Crohn’s disease.  Implementing a test and cull programme supported by a hygiene programme 
has allowed them to address the problem. However the long time scale of the infection means that 
participants will see no progress for many years. Again this contrasts with control programmes for mastitis 
or BVDV, where improvements can be immediate or at least seen within the course of a year. Furthermore 
there is uncertainty concerning the effectiveness of test and cull programmes. 
 
Modelling has been used to explore the use of the control programmes and the output has indicated that 
using a test and cull programme only will lead to a reduction in prevalence from 10% to 5% in 15 to 20 
years (Collins and Morgan 1991). In a more recent modelling exercise the value of a test and cull 
programme appeared to be unattractive from economic and biological perspectives, but the hygiene 
programme would be more cost effective (Groenendaal et al. 2003). Output from this latter model also 
indicated that it would not be possible using any programme to reduce the within-herd prevalence in beef 
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herds to close to zero within 20 years. However these models have also indicated that the within-herd 
prevalence will rise if no control programme is put in place. 
 
There are very few studies that offer progress reports from the field. Two such describe the experience in 
Victoria, Australia in dairy (Jubb and Galvin 2004 b) and beef herds (Jubb and Galvin 2004 a). These 
looked at a group of herds over a ten-year period. Clinical disease had been increasing before the 
programme started and diminished rapidly after testing and removal of test positives occurred. The decline 
in the number of reactors was slower and in some herds the control programme failed to control the 
disease. However in 47% of the 522 participating dairy herds there were no home born reactors after the 
start of the programme and by the end of the ten year assessment 6% of the dairy herds had completed 
three clear tests. There were only 14 beef herds that enrolled and continued to follow the testing 
programme and of these six herds achieved three clear annual herd tests. 
 
The mean age of test positive animals was close to the mean age of clinical cases suggesting that testing 
identified only infected animals late in the pre-clinical phase of the disease. The authors were cautious in 
their conclusions, citing the short period of evaluation and also expressed concern that lack of progress in 
some herds may have been because of poor compliance with the programme or because the transmission 
of the disease was as yet not fully understood. 
 
Despite the declared caution from the report on the field experience the results contrast sharply with the 
projections from the more recent modelling exercises. In the United Kingdom the control programme is 
based closely on that used in Australia and is run by several licensed operators. The experience of one of 
these operators (Premium Cattle Health Scheme, SAC) is that after seven years there are 608 member 
herds, with beef herds making up the majority, and 130 had achieved two or more clear herd tests. A third 
of these herds had experienced clinical cases and test positives before achieving three clear annual herd 
tests. Such apparent progress could not be made using a test with a sensitivity of 15%, but the sensitivity of 
the antibody ELISA in the later stages of the disease is considered to be close to 90% and therefore the 
sensitivity achieved by repeat testing at the herd level should also be close to 90%. 

 
In the assessments that have been made it was not possible to separate the effects of the hygiene 
programme from the test and cull programme. It is clear that control is not easily achieved in some herds, 
but that in the majority a significant degree of control can be achieved over a ten year period and in some 
herds effective control is achieved much sooner. No attempt has yet been made to carry out a financial 
assessment of the value of the control programmes in infected herds. Such assessments are necessary to 
allow the veterinary consultant and herd manager to take decisions on implementing control, but as outlined 
above straight profit and loss are not the only concerns where the disease in question affects animal 
welfare as well as productivity and there is a potential human health concern. 
 
Management of the test and cull programme at the herd level is also hampered by a widespread suspicion 
of the “accuracy” of test results. If sampled and tested again, ELISA-positive animals frequently present 
with a vastly different optical density (OD) reading and there can be poor agreement between antibody test 
results and detection of MAP in faeces by faecal culture or by direct polymerase chain reaction (PCR) 
testing. However experience with infected herds indicates that any animal that tests positive by the antibody 
ELISA is likely to do so again even if it may test negative on an intervening occasion. This is supported by 
the experience in Victoria where within the test and cull programme the specificity of the test was found to 
be 99.62% (Holmes et al. 2004). To overcome this uncertainty the herd owner participating in a test and cull 
programme must be made aware that it can be difficult to prove that an individual animal is infected, but for 
maximum progress all test positive animals should be viewed as high risk of being infected and managed 
accordingly. This extends to the offspring of test positive females where the two most recent calves born 
are considered to be at highest risk of being infected.  
 
In infected herds, scheduling test positives for removal presents a difficulty, particularly where test positives 
represent 10% or more of the herd’s production unit. In these situations the test positives are frequently 
retained, but scheduled for later culling. A system using likelihood ratios to further prioritise culling has been 
suggested to manage this problem (Collins 2002). The test positive animals are kept separate from the test 
negatives during the dry period and at parturition in the dairy herd. In the beef herd they are further 
separated until their calves can be weaned. Such pragmatic responses are required to allow the 
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programmes to operate, but may compromise the effectiveness of the programmes to some degree. 
Dorshurst and Collins have presented at this meeting a modelling approach to determining the best 
approach to control paratuberculosis at the individual herd level (Dorshorst and Collins 2005). This exercise 
has indicated that a test and cull approach is not desirable for all infected herds and improving hygiene 
alone may be the most suitable control option for some herds.   
 
Providing advice on improving hygiene and husbandry to reduce within-herd transmission. 
The basic advice on control has centred on the understanding that calves are most at risk of becoming 
infected and that this risk diminishes with age, adult cattle being relatively resistant to infection. The sources 
of infection are from the faeces of adult cattle, from colostrum and milk that may be directly or fecally 
contaminated, and from in utero transmission. There are other potential sources of infection, such as 
between young stock and adult-to-adult transmission or breeding technology techniques, however these 
are secondary sources and are probably insignificant in the spread of paratuberculosis within the infected 
dairy herd. Therefore reducing faecal contamination of the environment and the cows in the dry and 
periparturient periods along with colostrum management and hygienic rearing of young calves are the 
cornerstones of hygiene management for the control of paratuberculosis in the dairy herd. Such a message 
is simple and easily understood by the herd managers and their veterinarians, but there are several 
reasons why translation into effective control is not easily achieved.  
 
Herds that have undergone rapid expansion frequently have inadequate dry cow areas and calving boxes. 
It can be difficult for improvements to be achieved without significant investment in new buildings. The 
pooling of colostrum was a measure designed to reduce the amount of neonatal calf disease, particularly 
rotavirus and coronavirus enteritis. It has the added benefit of saving labour and providing a low cost feed. 
Moving away from this may compromise calf welfare on some units and will increase the cost of calf 
rearing. Continuing to feed pooled colostrum or waste milk while excluding milk from test positive animals is 
occasionally advocated and may reduce risk as the heaviest shedders are eliminated, however the low test 
sensitivity of the screening tests should preclude this approach. Small pasteurisation units for the treatment 
of colostrum are also recommended, but while there is some reduction in the numbers of viable MAP 
(Meylan et al. 1996) the quality of the immunoglobulins is reduced (Godden et al. 2003) and calves may 
receive inadequate amounts of passively derived antibody. 
 
The hygiene management approach to herd level control of paratuberculosis is advocated widely and is 
supported by various models of herd level control, frequently indicating that this alone is the most cost 
effective approach to the control of paratuberculosis, but there is little published to support this position. 
Currently the effectiveness of this is being examined in the Netherlands, but at this time the study has not 
been running long enough to allow an assessment (van Weering et al. 2005). Previously it has been shown 
that hygienic measures to prevent the spread of paratuberculosis were not widely practised in the 
Netherlands (Muskens et al. 2003) or Australia (Wraight et al. 2000) and at this meeting Cashman and 
others have shown that a similar situation currently exists in Ireland (Cashman et al. 2005). There is 
therefore room for doubt as to whether satisfactory improvements in hygiene can be achieved in the 
majority of infected herds. Personal experience indicates that where there is high staff motivation then the 
hygiene programme can be implemented satisfactorily, but the required degree of staff motivation is not the 
norm. 
 
In the beef herd there is less opportunity to improve the hygiene of the herd with respect to paratuberculosis 
control. Calves stay with their dams until they are at least six months old. In many herds in Britain calving 
takes place inside and calving season may last longer than the nine weeks recommended for optimum 
efficiency. There is therefore considerable opportunity for calves to be exposed to infected faecal material. 
The main focus is to reduce the opportunity for faecal contamination of udders and coats by keeping cows 
clean.  It is also important to minimise the length of time that young calves are housed and to provide calf 
creep areas away from the feeding areas of the cows. Secondary actions are to exclude cows and calves 
from pasture where there are natural water sources that may be subject to faecal contamination and to 
ensure that slurry is neither put onto pasture nor where possible onto grass scheduled for conservation. 
Manure should be composted for a minimum period of six months. 
 
There is no report on the effectiveness of hygiene programmes for the control of paratuberculosis in beef 
herds and personal experience indicates that the opportunity to change or improve the situation on many, 
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but not all, infected farms is limited. There is therefore good reason to doubt whether hygiene management 
can be an effective tool in implementing paratuberculosis control in the majority of beef herds. Nevertheless 
in many herds small improvements in the hygiene will be possible and in occasional herds major 
deficiencies in the hygiene management can be identified and corrected. 
 
The role of vaccination 
Herd vaccination has previously been shown to be an effective tool in the control of paratuberculosis 
(Larsen et al. 1978; Wentink et al. 1994; van Schaik et al. 1996.) although infection rates within the herd 
may remain high (Wentink et al. 1994). In the UK the live vaccine continues to be used by a few herds and 
it would appear that its use is not an important source of confusion in interpreting herd test results. At this 
meeting there are encouraging reports on the efficacy of vaccination (Garcia-Pariente et al. 2005; Garrido 
et al. 2005).  Despite these it will be some time before it can be shown that vaccines offer an effective 
solution to the large herds of high genetic merit animals that will make up an increasing proportion of our 
dairy herds. 
 
Providing  effective  advice to herd owners on biosecurity to reduce the risk of introducing infection 
Consideration of this aspect of control and prevention is clearly closely related to the previous discussion on 
the assurance programmes.  Minimal participation in the assurance programme means that there is an 
inadequate pool of low risk animals available for purchase. Advice can be given to the herd owner to buy 
stock from assured sources, but this advice is of little practical value where the stock does not exist. In 
Britain the concept of herd health plans is widely accepted throughout the dairy and the beef herds and it is 
at this level that the veterinarian can begin to raise awareness. A biosecurity plan is an integral part of a 
health plan and here the issue of managing the risk of introducing MAP infected animals can be discussed. 
Motivated farmers will produce creative solutions where they receive the necessary level of technical 
support from their veterinarian. 
 
The education of veterinarians and livestock farmers on the control and prevention of paratuberculosis 
Control of paratuberculosis at the herd level is unlikely to progress without effective education of the 
veterinarians and livestock farmers. Herd health planning can be an effective medium in this respect as it 
requires veterinarians to be trained in a planned approach and the procedure ensures that important 
disease issues for the herd are discussed with the farmer and documented in the written plan. Despite the 
complexities of paratuberculosis and the questions that remain unanswered on the pathology and 
epidemiology of the disease there is sufficient agreement on the important factors to put together a clear 
and simple message on control and prevention and to translate that into effective training for veterinarians 
and farmers. It is not difficult to find effective examples of this training; three approaches are described at 
this meeting (McDonald et al. 2005), (Nielsen and Nielsen 2005), (Mainali 2005). It is difficult to fault the 
stated objectives of providing a uniform base of knowledge and a consistent message about diagnosis and 
control (McDonald et al. 2005), however some caution is required. The Alberta Johne’s disease control 
programme has now accredited 119 veterinarians (Mainali 2005), but there are only eight dairy herds and 
nine beef herds enrolled in the programme. Providing effective education material is not in itself valuable if 
the industry is less than lukewarm to the initiative. A clear example of this was seen in Britain after the foot 
and mouth disease epidemic of 2001. A document on the biosecurity issues of restocking herds was sent 
out to all dairy herds and beef herds that were slaughtered in the epidemic and to all farm animal veterinary 
practices. This document gave clear advice on paratuberculosis; despite this paratuberculosis is a 
significant problem on restocked herds (Holliman 2003) and experience has shown that it is difficult to find 
an affected farmer or a veterinarian that can recall having seen the document in question. 

CONCLUSION 

Experience to date indicates that the tools exist to achieve herd level control of paratuberculosis when all 
involved are highly motivated. There are adequate systems in place to ensure that both farmers and 
veterinarians can obtain high quality training materials to support herd level control. The awareness of the 
importance of paratuberculosis and the application of risk assessment in managing biosecurity issues is 
increasing. Health planning must also embrace the need for flexibility in standards for both maintaining 
freedom from infection and controlling paratuberculosis when it is present.  Infection monitoring even where 
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assurance of freedom from infection with MAP is not an objective can be helpful. The outcome from this 
monitoring can be used to evaluate the control and biosecurity elements of the health plan. This monitoring 
can be achieved through targeted testing of clinical cases and cull animals as well as environmental and 
bulk tank monitoring. 
 
In the UK the beef industry has proved more receptive to the concept of paratuberculosis control than the 
dairy industry. This is assumed to be due to the demand for high value sire bulls that are at low risk of 
developing clinical paratuberculosis plus the initiatives of certain pedigree breed societies to promote the 
assurance and control programmes. In the dairy industry most interest has come from those herds 
experiencing a significant clinical problem where adoption of control programmes is considered essential on 
financial grounds, but here it can be difficult to effect control because of dairy production financial 
pressures. The dairy industry does not appear to consider biosecurity to be important and this may be 
because the sale of breeding stock is a low priority for the individual business, but also because the other 
significant areas of loss from disease such as lameness and mastitis have a negligible biosecurity 
component. This coupled to slow adoption of quality systems has meant that herds with no evidence of 
infection have shown no interest in joining assurance programmes. This is unlikely to change until the 
industry as a whole can recognise the significance of biosecurity in relation to the spread of 
paratuberculosis and communicate a clear message to the producers. In turn this must be supported by a 
financial incentive for the producers who become involved in paratuberculosis assurance schemes. 
Together these elements constitute a challenge for the dairy industry that is only likely to become more 
pressing as long as uncertainty remains over the zoonotic potential of MAP infection in cattle. 
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INTRODUCTION 

Control of Johne’s disease (JD) in cattle herds historically has been based on empirical knowledge. Testing 
cattle and removal of test positives was the primary strategy first used in affected herds, with management 
changes to reduce transmission to susceptible cattle employed as ancillary control measures. However, this 
often was not an effective strategy since many herds initially did not recognize the disease, did not test for 
the disease, and did not change management to deal with the disease if they did recognize the disease in 
their herd (NAHMS, 1997; Wells, 2000). 
 
In the US, a major step forward in control of Johne’s disease was the development and implementation of 
the JD Herd Risk Assessment and Herd Management Plan. Along with a major educational effort, many 
herds have joined the US JD Herd Control Program, though many others remain outside of control 
programs. The focus of this report is to address the issue of control of Johne’s disease with evidence from 
scientific literature and experience primarily from US dairy cattle herds and to identify knowledge gaps in 
our current understanding.  Issues to be discussed are: 
 

1. Does the cost of Johne’s disease justify focused control programs? 
2. Which methods of transmission are the most important in dairy herds? 
3. What is the best control strategy for use in dairy cattle herds? 
4. What is the best strategy for eradication of JD in dairy cattle herds? 
5. What is the best strategy for reduction of human exposure to MAP in dairy cattle herds? 

DISCUSSION 

Does the cost of Johne’s disease justify focused control programs? 
Johne’s disease is an economically important infectious disease in dairy cattle, causing chronic incurable 
diarrhea, reduced milk production, progressive weight loss, and premature culling (Nordlund et al, 1996; 
Johnson-Ifearulundu et al, 1999). The 1996 National Animal Health Monitoring System (NAHMS) Dairy 
Study (Ott et al, 1999) showed an average loss of $97 per cow in inventory per year for herds positive for 
Johne’s disease (22% of US dairy herds from this study). Herds with an apparent high prevalence of 
Johne’s disease (greater than 10% cull cows with clinical signs) lost an average of $245 per cow in 
inventory annually compared to test negative herds without clinical signs of JD. These studies show that 
Johne’s disease can be a significant economic burden to dairy herds. 
 
The effects of Johne’s disease in animals, however, are usually hidden from view.  This is in part due to the 
long incubation period from initial infection until the onset of clinical signs of disease years later. In addition, 
clinical Johne’s disease appears as sporadic individual cases of disease within the herd rather than as an 
obvious herd outbreak. Additionally, results from the 1996 NAHMS study indicated that many infected herds 
do not experience measurable economic losses due to JD.  These factors suggest that economic losses 
may not be sufficient motivation for widespread cattle producer participation in voluntary control programs. 
 
In addition to its reducing animal health and economic performance, Johne’s disease also represents a 
potential public health concern due to its potential link to human Crohn’s disease (NRC, 2003).  As a result, 
the US National Research Council (2003) has indicated that “Johne’s disease is a significant animal health 
problem that warrants high priority … for implementation of control programs.” 
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Which methods of transmission are the most important in dairy herds? 
Risk factors associated with Johne’s disease in dairy herds include herd size, geographic location, 
percentage of cows born at other dairies, group housing for periparturient cows, and group housing for pre-
weaned calves (Wells and Wagner, 2000). It is recognized that MAP is often brought into dairy herds 
through the purchase of infected but clinically normal cattle (Sweeney, 1996): introduction of purchased 
cattle plays a critical role in transmission from farm to farm. A key preventive measure for Johne’s disease 
is the careful evaluation of purchased cattle (through screening of the herd of origin) to avoid introducing 
MAP to the operation. 
 
Early reports indicated that young calves are more susceptible than older cattle for infection with MAP 
(Payne and Rankin 1961, Larsen et al, 1975).  A Minnesota study (Kovich et al, in press) indicates that 
heifers born and raised in test-negative herds and later introduced into infected herds prior to first calving 
are less likely than herdmates to test positive later in life, although older cattle can become infected under 
some circumstances. 
 
Most transmission of Johne’s disease is thought to occur through fecal-oral transmission of the pathogen 
(NRC, 2003). Fecal shedding by infected cattle can occur at very high concentrations, though the 
distribution of typical shedding concentrations is not well defined. The role of heavy fecal shedding cattle to 
the overall MAP bioburden and transmission of Johne’s disease is likely to be considerable, as suggested 
in a report by Fyock et al (2005). Pass-through shedding (shedding of the organism by an uninfected animal 
likely in a heavily contaminated environment) has been demonstrated in experimental studies in calves 
(Sweeney et al, 1992) and could serve as a method of transmission in young stock. Theoretically, pass-
through shedding could also occur in older cattle; additional information is needed to clarify its significance. 

 

In addition, MAP survives very well in the environment of many dairy farms, especially during cool and 
damp weather (Schroen et al, 2002) and potentially for many months in shaded conditions (Whittington et 
al, 2004). Survival in bovine slurry at 5 C has been demonstrated for over 8 months (Jorgensen, 1977). This 
survival can lead to high levels of exposure of susceptible cattle in intensively managed cattle operations. 
The distribution of MAP in the environment of dairy cattle farms has been demonstrated in a recent study of 
Minnesota dairy herds (Raizman et al, 2004). The farm environment was culture-positive on 95% of herds 
with at least one positive pool of cow fecal samples. In this study, the farm environment was culture-positive 
in samples collected from cow alleyways (77% of the culture-positive herds), manure storage (68%), calving 
areas (21%), and sick cow pens (18%). 

 
While the most important route of Johne’s disease transmission is generally considered to be through the 
ingestion of contaminated feces in the calf’s environment, other potential sources of transmission include 
shedding (or post-harvest contamination) of MAP in colostrum or raw waste milk (e.g. transition milk or non-
saleable milk from antibiotic-treated cows). One study reported that 27% of subclinically infected cows had 
culture-positive supramammary lymph nodes and 12% had culture-positive milk (Sweeney et al., 1992). 
Another study reported that up to 22% of infected cows shed the organism in milk and colostrum (Streeter 
et al., 1995). 
 
A consideration is the concentration of MAP in milk and colostrum. Limited research to date suggests that 
the level of this pathogen in milk from hematogenous sources is much lower than the typical levels used in 
experimental studies, and suggests that pasteurization would be likely to eliminate this pathogen at this 
level.  However the level of MAP in milk due to fecal contamination is unknown. 
 
Finally, the prevalence and concentration of MAP in surface water sources has not been estimated. This 
may prove to be an important source of infection in certain situations in which standing water serves as 
primary drinking water source for cattle. 
 
What is the best control strategy for use in dairy cattle herds? 
The first step in control of Johne’s disease is to determine the herd infection status. Herd testing strategies 
to identify herds likely to be free from infection have been developed in and adopted by many countries. In 
the US, the Voluntary Johne’s Disease Herd Status Program (VJDHSP) for Cattle involves an annual test of 



Theme 3a: Prevention and Control – Herd Level Proceedings of 8ICP 2005  

 176 

all or a subset of adult cattle within the herd.  A test-negative status adds value to cattle marketed to other 
herds as herd replacements. 
 
In this program, blood samples are collected from a random sample of 30 cows in second lactation or 
higher in the herd to identify the herd infection status. If at least one cow in the herd is test-positive using 
serum ELISA testing, fecal samples are collected from test-positive cows for confirmation of herd infection 
via bacterial culture. If test-positive, a State or Federal district veterinarian will visit the farm and perform a 
risk assessment to identify key risks for transmission and assist the dairy producer and herd veterinarian in 
developing a herd control plan. If test negative, the herd is eligible to participate in the Voluntary Johne’s 
Disease Herd Status Program and gain the advantage of marketing low risk cattle replacements. A study 
evaluating the herd sensitivity of this 30 sample test strategy (Wells et al, 2002) showed that the probability 
of detecting infected dairy herds was affected by within-herd fecal culture prevalence. Only 33% of low 
prevalence herds were detected (£ 5% of cows had positive bacterial culture results), compared with 
detection of 84% of higher prevalence herds in which ³ 10% of cows had positive bacterial culture results.  
 
Other herd testing strategies involve testing of pooled fecal samples through which a larger number of 
animals are represented within a tested population for a fixed laboratory cost. Several studies (Kalis, 2000; 
Wells et al, 2002; Wells et al, 2003; McKenna, 2005) have shown that bacterial culture of fecal pools is 
effective in detecting nearly all fecal pools with at least one cow shedding at moderate to high levels.  
These data support the use of fecal pool culture in characterizing infection status in dairy cattle herds and 
estimating within-herd prevalence. A study of bacteriologic culture of fecal samples from the dairy cow 
environment (Raizman et al, 2004) indicated that testing of fecal samples from pooled samples from cow 
alleyways and manure storage provides an efficient alternative strategy for determining herd infection 
status. An additional recent study by Tavornpanich (2005) has demonstrated that the most efficient initial 
herd testing strategy includes bacterial culture of pooled fecal samples collected from the dairy farm 
environment. In the US, bacterial culture of pooled fecal samples from dairy cow environment is beginning 
to be utilized for initial herd screening. 
 
Strategies to control Johne’s disease within an infected herd are 1) to reduce transmission of the organism 
to susceptible animals and 2) to identify and remove animals known to test positive for the disease. Despite 
a general understanding of Johne’s disease transmission, however, little information is available regarding 
the efficacy of specific herd control programs. A recent study evaluating costs of various control programs 
on mid-sized US dairy farms (Groenendaal and Galligan, 2003) using simulation models showed that test 
and cull strategies were not cost-effective and did not reduce disease prevalence. Vaccination of 
replacement heifers in the first month of life did show economic benefit due to reduced involuntary culling of 
productive cows from the herd but disease prevalence was not reduced. In comparison, improved calf 
management through a combination of hygienic maternity management, low-risk colostrum and milk 
feeding programs, and segregated heifer rearing systems reduced disease prevalence through time and 
were cost-effective. Assumptions used for these simulation models included reduction of transmission at 
calving and no horizontal transmission among heifers or cows. 
 
Vaccines for control of Johne’s disease are available in some countries. In the US, a commercial vaccine is 
available and adopted on occasion but only with State Veterinarian approval on a herd by herd basis. 
Evidence from a controlled clinical trial (Larson et al, 1978) showed that vaccination with whole cell bacterin 
reduces incidence of clinical JD. Another study showed that vaccination is cost-effective due through 
reducing the culling rate of clinically affected cattle (van Schaik et al, 1996). Longitudinal uncontrolled 
studies from several countries show a reduction in clinical disease with whole herd vaccination but less 
consistent results are available regarding the effect of vaccination on fecal shedding. Results from an 
Australian study using a vaccine in young sheep showed a reduction in mortality and fecal shedding 
(Eppleston et al, 2005). 
 
1. Animal treatment.  
Treatment of clinically affected cattle with antimicrobials has not been shown to be economically beneficial. 
A recent study, however, indicates the potential for use of monensin to reduce MAP fecal shedding in 
young cattle (Whitlock et al, 2005). More research is needed to further explore effects of monensin in 
Johne’s disease control. 
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2. Animal removal.  
Because current test sensitivities for various tests are less than 50%, reliance on test-and-cull strategies to 
control Johne’s disease will not be completely successful, as shown by Groenendaal and Galligan (2003). 
Test-negative, clinically healthy yet infected cows can transmit infection to other cattle. Similarly, a study by 
Dorshorst et al (2005) indicates that testing is less critical than herd management in herd control programs. 
In addition, this study suggests that inexpensive screening tests are preferred over costly albeit more 
sensitive tests in control programs in known infected herds. 
 
An issue for further consideration, however, is the removal of late stage cattle with the highest risk of 
transmission to susceptible young cattle (i.e., heavy fecal shedders). These cattle are at highest risk for 
contaminating the environment as well as shedding in the colostrum, milk, and through the placenta. More 
research is needed to identify the importance of these heavy fecal shedders in herd control. 
 
3. Herd management.  
Replacement heifers may have very high exposure levels from fecal contamination produced by adult cattle 
in later stages of infection. Recommended herd control measures focus on this dominant risk factor to 
minimize transmission. Johne’s disease control programs frequently stress management practices 
designed to prevent transmission of MAP to newborn calves and youngstock through fecal-oral routes as 
well as infective colostrum and milk. It must be acknowledged, however, that the patterns of MAP 
transmission within cattle herds are inadequately understood.  
 
One of the earliest potential postnatal exposures of dairy replacement heifers to contaminated fecal 
material from infected cows occurs in the first few hours of life within the maternity area. Because of the 
large potential risk, Johne’s disease herd management plans emphasize maternity pen management. Dairy 
herd control plans often include the use of individual calving pens cleaned between successive uses (vs. 
calving cows in a group pen on a bedded pack; Rossiter and Hansen, 2000). Information from controlled 
clinical trials is not available however to substantiate this recommendation. 
 
Another management recommendation designed to prevent transmission of MAP on infected farms is to 
raise youngstock segregated from cow feces in the environment. The practice of off-site heifer rearing, 
either by the owner or by a professional dairy heifer grower, is often recommended to help achieve this 
goal. Results from a simulation study by Groenendaal and Galligan (2003) suggest that calf separation from 
adult cattle at one day of age (until 12 mos. of age) is more effective in reducing transmission of MAP than 
removing the calf at older ages. Again, this has not been demonstrated in controlled clinical trials. Proper 
handling of infective fecal material is an important part of the herd management program. Promising results 
from a recent study (Gobec et al, 2005) show that composting of manure does eliminate viable MAP. 
 
The risk of transmission of Johne’s disease from cow to calf through colostrum feeding is not fully 
understood, and some producers use results from individual cow testing for making colostrum feeding 
decisions. As a result, Johne’s control programs often include management recommendations such as 
avoiding feeding pooled colostrum and feeding colostrum from “test-negative” cows to calves. Limited 
research investigating the value of pasteurizing colostrum for pathogen control demonstrated that 
pasteurization was successful in eliminating all viable Salmonella spp., Escherichia coli 0157-H7, Listeria 
monocytogenes, and S. aureus, though MAP was not evaluated (Green et al., 2002). However 
pasteurization of colostrum also resulted in a 25-30% reduction in IgG (Godden et al., 2003), which makes 
widespread adoption impractical. Another option for avoiding MAP transmission in colostrum is to instead 
feed a commercial colostrum substitute. A new commercial colostrum substitute provides a higher 
concentration of bovine IgG than previously available products (Quigley, 2002).  Articifical colostrum may 
thus be useful in some settings to prevent the transmission of pathogens, including MAP, to newborn calves 
although it is expensive (approximately $US 20 per dose). These control approaches have not been fully 
evaluated in a controlled clinical trial. 
 
One of the benefits of feeding a commercial milk replacer is to prevent transmission of MAP, as well as 
other important pathogens in potentially infective waste milk. Similarly, the recent introduction of on-farm 
commercial pasteurization equipment has offered dairy producers an economically attractive method to 
feed pasteurized waste milk while controlling pathogen transmission. Some concerns remain, however, that 
pasteurization may not effectively destroy all viable MAP present in waste milk, especially if present at high 
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concentrations. Furthermore, even if some bacteria did survive the pasteurization process, it is not known if 
very low levels remaining in the milk are infective to cattle. A field conditions study is needed to evaluate the 
effect of commercial waste milk pasteurization on transmission of MAP. 
 
Despite lack of research documenting the effects of specific herd management practices on JD control, 
information has been gained from uncontrolled longitudinal herd studies. An Australian report (Jubb and 
Galvin, 2004) provides evidence that herd control programs in dairy herds do reduce clinical disease and 
test prevalence. Preliminary data analyses (Wells, unpublished) show that after 4 to 5 years of a control 
program focusing on reduction of transmission to young cattle, clinical JD in Minnesota dairy and beef 
demonstration herds is reduced. These results indicate that motivated cattle producers can make progress 
in herd control, though it is impossible to separate the effects of herd management vs. removal of some 
test-positive cattle in these uncontrolled studies. Several clinical trials to evaluate the impact of specific herd 
management are currently underway in the US (feeding of colostrum vs. colostrum substitute to calves, 
individual cow maternity pens vs. group housing, segregated heifer rearing vs. calf rearing with adult cow 
contact), but results will not be available for several years. 
 
What is the best strategy for eradication of JD in dairy cattle herds? 
Limited information is available to address eradication of JD in cattle herds. Some dairy and beef cattle 
herds, however, are interested in eradication of Johne’s disease from their operations.  They have the 
financial incentive to do so, plus a desire to reduce their liability from potentially selling infected cattle to 
other producers. 
 
For infected herds interested in disease eradication in addition to implementation of the management 
control program, additional testing is warranted to identify individual infected cattle for removal from the 
herd. Current tests do not identify all infected cattle. Best estimates are that the serum ELISA tests currently 
available detect fewer than 25% of subclinically infected adult cattle and falsely identify as positive up to 4% 
of uninfected cattle (Collins et al, 2005). These assay errors indicate that uninfected cattle in low prevalence 
herds may be culled in error which must be considered a cost of the eradication program. The cost-
effectiveness of a test-and-cull program depends upon the specific herd situation, but test and removal has 
been shown not to be cost-effective for most dairy herds using one of the currently available serum ELISA 
tests (Groenendaal and Galligan, 2003). Herds willing to make this investment should avoid re-introduction 
of Johne’s disease through purchased cattle either through maintaining a closed herd or by purchasing 
cattle only from low risk herds. 
 
What is the best strategy for reduction of human exposure to MAP in dairy cattle herds? 
Debate regarding the public health significance of Johne’s disease continues, and if MAP is shown to be a 
human pathogen, costs of infection control will increase dramatically due to loss of market access and 
control program costs. Contingency planning is needed, utilizing risk assessment-based decision-making. 
The goal of a program considering Johne’s disease as a public health issue would be to reduce human 
exposure to MAP to reduce transmission. Potential routes of human exposure to MAP include ingestion of 
milk, water, and infected or contaminated foods (meats, vegetables, fruits) and direct contact to infected 
fecal material, especially for those with occupational exposures (producers and veterinarians). 
 
Potential control strategies for this situation have not been fully developed, but should focus on highest 
potential risks first. The highest risk of exposure is experienced by individuals with direct contact with 
clinically affected and other heavy fecal shedding cattle. Occupational exposures to cattle producers, 
veterinarians, and slaughter plant workers could be managed through identification of infected herds, 
pointing out the need to identify the herd status of all herds potentially infected. Within infected herds, 
precautions would be needed to reduce exposures from direct contact through use of latex gloves, facial 
masks, and effective handwashing. 
 
For human exposures through consumption, education would be needed to encourage consumers to avoid 
unpasteurized products. Another consideration may be a change to pasteurization time-temperature 
protocols given studies indicating potential survival of MAP after pasteurization. To avoid consumption of 
meats and other foods contaminated with MAP, food safety education would also be needed to promote 
complete cooking of meats and wash fruits and vegetables with uncontaminated water prior to 
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consumption. To avoid ingestion of contaminated water, research is needed to ensure uncontaminated 
water delivery. 
 
Because of the multiple routes of exposure to humans through various pathways, if a causal link between 
MAP and human disease is shown, an intense focus would be placed on control of the pathogen at the 
farm.  This might include mandatory herd testing on a periodic basis (at least annually). Test-negative herds 
would be allowed to ship milk to processors and send cull cows to slaughter. Markets for negative herds 
would be available to sell excess replacement heifers. For test-positive herds, however, milk may be 
required to be sold by processors only under enhanced pasteurization conditions. Cull cows could be 
required to be sold for slaughter under different processing conditions only (e.g., cooked product), and 
sales of replacement cattle might be restricted. Herds in the control program (infected herds) would likely 
have further restrictions, including annual testing of all adult cattle with removal of test-positives from farm 
to rendering, movement controls for all cattle movements, a manure management plan required to avoid 
contamination of water and environmental sources with required monitoring, and enhanced hygiene 
requirements to minimize direct contact to people on-farm. 

CONCLUSION 

JD is worthy of our best control efforts, as well as continued research to better understand the efficacy of 
control options. Though complete information is not available, we have the tools available today to reduce 
the within-herd prevalence of infection on dairy and beef cattle operations to minimize economic loss to 
cattle producers. Further information from clinical trials and other research will assist in fine-tuning effective 
management programs. It is unclear whether we currently have the knowledge needed to effectively 
eradicate Johne’s disease from cattle herds. Eradication will be necessary if MAP is conclusively shown to 
be a public health risk, since control of JD will not be adequate to protect human health and satisfy public 
demands. 
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ABSTRACT 

Paratuberculosis has been described as one of the most important diseases affecting cattle worldwide. 
Studies conducted in various areas of Italy reported a high prevalence of paratuberculosis in dairy cattle. 
The study was carried out on Mycobacterium avium subsp. paratuberculosis (MAP) infected dairy herds 
located in Northern Italy. The aim was to identify management and environmental risk factors associated 
with three outcome variables: MAP seroprevalence (ELISA Herd Check, IDEXX), incidence of clinical 
disease, and animal age of disease onset. The three variables were monitored in each herd for three years 
(2002-2004). The risk factors were: number of cows/herd, purchase of animals, automatic barn scraper, 
manure spread on fields, feed grown where manure was spread, calving assistance, udder washing, calves 
fed with farm/herd milk, each calf housed separately, soil pH, and iron content of drinking water. 
 
The survey involved 56 herds with an average number cows/herd 199±204, median 116. The values (mean 
± s.d.) of the three outcome variables were: seroprevalence 5.7% ± 3.4 (min 1.2, max 21.0), incidence of 
clinical disease 4.0% ± 1.9 (min 1.2, max 8.4), and age of disease onset in months 37.1 ± 2.7 (min 31.0, 
max 42.5). The seroprevalence was associated (t-test) with number of cows/herd (p=0.027, correlation 
0.2954), purchase of animals (p=0.004, correlation -0.3786), and iron content of drinking water (p<0.001, 
correlation 0.4827). The incidence of disease was associated with the iron content of drinking water 
(p<0.001, correlation 0.7512). The age of disease onset was negatively associated with the number of 
cows/herd (p=0.019, correlation -0.3120), and with the iron content of drinking water (p<0.001, correlation -
0.5803). 
 
Key words: Paratuberculosis, dairy cattle, risk factors, iron, water. 

INTRODUCTION 

Paratuberculosis has been described as one of the most important diseases affecting cattle worldwide 
(McNab et al., 1991). In cattle, infection with Mycobacterium avium subsp. paratuberculosis (MAP) has 
been associated with substantial economic losses as a result of decreased milk production, decreased 
value of culled cows, increased time to pregnancy, and increased replacement costs (Benedictus et al., 
1987; Johnson-Ifearulundu et al., 2000). Estimates of the prevalence of MAP infection vary depending on 
the methods used to select cattle for testing and to verify infection.  
 
Studies conducted in various areas of Italy indicated MAP infection prevalence at herd levels ranging from 
1.7 to 10.4%, determined by fecal culture (Cagnasso et al., 1995; Colavita and Giaccone, 1995; Vicenzoni 
et al., 1999), and from 7.5 to 60.3% by serology (Colavita and Giaccone, 1995; Sacco and Gennero, 1997; 
Robbi et al., 2002). 
Despite the broad awareness of the impact of MAP infection on the dairy cattle industry, at present in Italy 
only voluntary control programs at single herd levels are active. It is not possible to officially certify that a 
herd is paratuberculosis-free. 
 
To determine the scope of the paratuberculosis problem and to improve the effectiveness of control 
measures, research has been conducted to identify management and environmental risk factors in an 
effort. Although several reports have identified management practices that are associated with an increased 



Proceedings of 8ICP 2005 Theme 3a: Prevention and Control – Herd Level 

 183 

risk of paratuberculosis, less information is available regarding environmental risk factors. Among them, 
potentially important environmental risk factors are soil pH and soil iron content (Johnson-Ifearulundu et al., 
1999; Ward et al., 2004). The proposed mechanisms by which soil pH is believed to influence the 
prevalence of paratuberculosis is via modulation of soil iron availability (Johnson-Ifearulundu and  Kaneene, 
1997).    
 
On this basis it is rational to hypothesize that even the iron content of drinking water could be regarded as a 
risk factor. Since the feed regimens of dairy cattle reared in Italy are based on dry roughage, the water 
intake is higher compared to grazing cattle. This may imply that the iron content of the water is of concern.   
 
This study is aimed at detecting management and environmental risk factors that influence characteristics 
of paratuberculosis in MAP-infected dairy cattle in an area of Northern Italy. 

MATERIAL AND METHODS 

A voluntary control program was established in three provinces of Northern Italy, namely Parma, Reggio 
Emilia, and Modena. A herd was considered MAP-infected when at least one animal aged >24 months 
showed chronic diarrhea, decreased milk production, weight loss, normal appetite, and normal rectal 
temperature. The clinical diagnosis was confirmed by detection of enteric lesions at slaughter, plus culture 
and serologic tests. Among 145 dairy herds examined in the three provinces, 56 herds (overall 11,144 
cows) were found to be MAP-infected. These herds were included in the study. 
 
The number of cows/herd was 199 ± 204 (mean ± standard deviation), median 116. Eleven risk factors 
were considered: number of cows/herd, purchase of animals (yes/no), automatic barn scrapers (yes/no), 
manure spread on fields (yes/no), feed grown where manure was spread (yes/no), calving assistance 
(yes/no), udder washing (yes/no), calves fed with farm/herd milk (yes/no), each calf housed separately 
(yes/no). Data were collected by an extensive questionnaire on demographic, management, hygiene, and 
health factors. In addition, soil pH (acid/basic) and iron content in drinking water (mcg/l) were determined 
for each farm. Soil pH was determined by mixing soil samples 1:1 with distilled water and then testing by a 
pH-meter. For iron determination in drinking water, the spectrophotometric 1,10 phenanthrolin method (UNI 
10510:1996) was utilized. In accordance to the standard parameters adopted in Italy, iron content was 
considered high for concentrations ³200 mcg/l of water.  
 
The 11 risk factors were evaluated in relation to three outcome variables, namely MAP seroprevalence 
(ELISA Herd Check, IDEXX), incidence of clinical disease (typical signs of paratuberculosis confirmed by 
culture and/or serologic testing), and age of disease onset. Data from each farm were collected once during 
the summer and fall of 2002-2004.  Statistical analysis was performed by using NCSS statistical package 
(http://www.ncss.com/). 
 
For each outcome variable, stepwise regression (probability to enter 0.05, probability to remove 0.20, 
method: forward), and multiple regression were performed. Continuous variables were checked for 
normality. To assure normality, the following variables were natural log-transformed: number of cows/herd, 
iron content in drinking water, seroprevalence, incidence of clinical disease, and age of disease onset. 
Qualitative dichotomous variables were processed assigning the value of 1 for “yes” and 0 for “no”. 

RESULTS 

Overall, the values (mean ± s.d.) of the outcome variables were:  
i. seroprevalence 5.7 ± 3.4 (min 1.2, max 21.0); 
ii. incidence of clinical disease 4.0 ± 1.9 (min 1.2, max 8.4); 
iii. age of disease onset in months 37.1 ± 2.7 (min 31.0, max 42.5). 

 
Statistical analysis pointed out that:  
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i. seroprevalence was associated (t-test, p<0.05) with the following factors: number of cows/herd 
(p=0.027, correlation 0.2954), purchase of animals (p=0.004, correlation -0.3786), iron content of 
drinking water (p<0.001, correlation 0.4827). The final multivariable model was: 0.0746 + 0.1409 * 
number of cows/herd – 0.3007 * animal purchase + 0.2124 * iron content. 

ii. incidence of disease was associated  with the iron content of drinking water (p<0.001, correlation 
0.7512). The final model was: -0.4904 + 0.3941 * iron content. 

iii. age of disease onset was negatively associated with the number of cows/herd (p=0.019, correlation 
-0.3120), and iron content of drinking water (p<0.001, correlation -0.5803). The final multivariable 
model was: 48.0451 – 0.8480 * number of cows/herd – 1.5190 * iron content. 

No association was demonstrated between the soil pH and the three outcome variables. 

DISCUSSION  

The study was carried out in the context of a paratuberculosis voluntary program granted by Emilia 
Romagna Region to improve the consciousness of dairy farmers about the adoption of effective control 
measures. Given the voluntary character of the program, the herds included in the study were not randomly 
selected. Thus the prevalence (56/145=0.386) has to be considered a biased estimate of the true 
prevalence in the area. The aim of the study was to assess the factors influencing clinical disease in MAP-
infected animals so epidemiological data concerning seroprevalence, incidence of clinical disease, and age 
of disease onset were collected only in herds recognized as being MAP-infected. 
 
The seroprevalence in MAP-infected herds was highly variable, ranging from 1.2 to 21.0% (mean 5.7 ± 3.4).  
Morbidity ranged from 1.2 to 8.4% (mean 4.0 ± 1.9) and clinical paratuberculosis usually occurred in 
animals aged >3 years. However, even in this case, variability was observed among the herds. 
 
In order to set up effective control measures, an assessment of the main risk factors involving MAP-infected 
herds was performed.  It was found that the number of cows/herd was associated with both seroprevalence 
and age of disease onset. This can be explained by the reduced management attention that usually occurs 
in large herds, in particular to calving practices.  Poor calving sanitation facilitates calf exposure to and 
infection by MAP. 
 
The purchase of animals was negatively associated with seroprevalence. This is contrary to the common 
assumption that purchasing of animals is a risk factor for introducing infection into the herd.  However, 
given the herds being studied were known to be infected, home-born calves may have been more likely to 
be infected than purchased heifers coming from a dairy cattle population with lower paratuberculosis 
prevalence. With time, the introduction of healthy heifers could lead to a decrease of the overall herd 
prevalence, since to animals aged >12 months are usually less susceptible to MAP infection. 
 
The data indicated that a high concentration of iron in water iron (³200 mcg/l) was associated with 
increased seroprevalence and morbidity, and negatively associated with the age of disease onset. During 
the survey, we have found iron concentrations ranging from 50 to 600 mcg/l. There was a positive linear 
association between water iron concentration and the level of paratuberculosis in a herd. 
  
Taken together, the results indicate that iron content in drinking water should be considered a main risk 
factor associated with paratuberculosis in MAP-infected dairy herds in the area of concern. 
 
Fulfilment of the criterion of plausibility requires that the proposed causal relationship is biologically sound. 
In accordance with this criterion, there is evidence that iron availability is consistent with MAP growth. Iron 
is an essential trace element for most bacteria. MAP may be particularly sensitive to environmental iron 
content because of its poor capacity for iron uptake. As an inefficient iron chelator, MAP competes less 
effectively with other bacterial species for sequestration of available iron when iron exists in limited 
quantities. MAP is unable to produce mycobactin, which makes it unable to sequester iron outside of the 
host (Snow, 1970). This is demonstrated in vitro by the dependence of MAP on culture media with either a 
high concentration of iron or mycobactin supplementation. Thus, higher iron content, in our case in drinking 
water, may favour MAP survival, increasing the risk of transmission to a susceptible host and its ability to 
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replicate in infected animals. The relationship between soil iron content and paratuberculosis has been 
previously demonstrated (Johnson-Ifearulundu and Kaneene, 1997; Johnson-Ifearulundu and Kaneene, 
1999). In this case, iron transport can pose a problem because at neutral pH, Fe+++ forms insoluble colloidal 
hydroxides (Davis, 1980).  
 
The solubility of iron increases as pH decreases (Barclay, 1985). Therefore, iron is more readily available to 
all microrganisms, including MAP, in an acid environment. Competition with other microrganisms that are 
more efficient in their uptake of iron may inhibit growth of MAP at a high environmental pH. Thus, iron 
availability for MAP is influenced by both iron content and soil pH. Acid soil with high iron content has been 
demonstrated to be a risk factor for paratuberculosis in dairy cattle herds (Johnson-Ifearulundu and 
Kaneene, 1997; Johnson-Ifearulundu and Kaneene, 1999). In our case, iron content in drinking water has 
been demonstrated as a risk factor associated with seroprevalence, morbidity and age of disease onset, 
occurring independently from the soil pH. This evidence can be related to the availability of a high amount 
of soluble Fe+++ in water. In addition, the feeding regimens of dairy cattle, as is usual in the cattle industry in 
Italy, provide only dry roughage. This leads to a higher intake of drinking water (about 100 l/day) than in 
grazing cattle. Therefore the iron in drinking water has to be considered as a main source of iron for the 
animals. 

CONCLUSION 

Although the literature does not provide evidence for a causal relationship between iron content of drinking 
water and paratuberculosis, the strength of the evidence supporting the biological plausibility of this 
association demonstrates that this relationship warrants further studies.  When the strong evidence of 
biological plausibility is considered in light of coherent evidence, it becomes clear that field-base 
epidemiologic and controlled experimental studies should be conducted to determine whether a causal 
relationship does exist between iron content in water and paratuberculosis in cattle. 
 
It is intriguing to think that iron content in drinking water may be the key for the control of paratuberculosis 
and that the incorporation of a specific measure, such a device for reducing water iron content, into existing 
control measures may succeed whether other expensive and time-consuming methods have failed. 
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ABSTRACT 

A field trial was undertaken from 1999 until 2004 to determine the efficacy of a killed Mycobacterium 
paratuberculosis (MAP) vaccine, GudairTM, for the control of ovine Johne's disease (OJD) in Australian 
merinos run under Australian pastoral conditions. On each of three farms experiencing significant OJD 
mortalities (5 to 15% deaths per annum), 200 Merino lambs (age 1-4 months) were vaccinated with 
Gudair™, and 200 lambs were left unvaccinated. Animal assessments and sample collections were 
conducted twice yearly until 4 or 5 years of age. The impact of vaccination on mortality rate, faecal 
shedding of MAP (by pooled and individual faecal culture), lamb growth, condition score and wool 
productivity, vaccine injection site lesions and cellular (BOVIGAM™) and humoral (PARACHEK™) 
immunity were examined. Gudair™ reduced mortalities due to OJD by about 90% and delayed faecal 
shedding of MAP for the first year post-vaccination (pv). Thereafter, the prevalence of shedders among 
vaccinates was reduced by about 90%. The total numbers of MAP excreted by the vaccinated groups were 
also reduced by at least 90% at most sampling times. However, high levels of excretion by vaccinates were 
found on some occasions, and although overall only 7 vaccinates died of OJD, all 7 had multibacillary 
disease. Thus there remains a risk that some vaccinated sheep could transfer the disease. Small (less than 
200g per animal) reductions in liveweight gain were found in vaccinated lambs in the first year pv, but not 
for condition score or wool productivity. Vaccine injection site lesions were detected in almost 50% of sheep 
2 months pv, and these persisted for at least 4 years in 20-25% of vaccinates. The vaccine stimulated both 
cell-mediated and humoral immune responses in a high proportion of vaccinated lambs which declined over 
time, accompanied by a significant increase in the proportion of unvaccinated animals with positive immune 
reactions, presumably reflecting an increasing prevalence of OJD in this group.  

 
Key words: Vaccination efficacy, sheep, OJD-control, cellular immunity. 

INTRODUCTION 

Ovine paratuberculosis or ovine Johne’s disease was first diagnosed in Australia in 1980 on a property in 
the central tablelands region of New South Wales (NSW), gradually spreading to other areas of NSW and 
other states via movement of infected stock or local spread between neighbouring flocks (Seaman et al. 
1981, Sergeant 2001). However it was not until the early 1990’s, when Merino producers in the high 
prevalence region of NSW began reporting significant mortalities that the disease then became an industry 
issue. In 1999 following a call from some industry sectors to attempt to eradicate the disease by destocking 
all infected flocks, a 6-year $Aus40 million National OJD Program (NOJDP) was commenced.  Its aim was 
to determine the best methods for managing the disease at both the flock and industry level. 

 
A significant research and development effort was a major component of the NOJDP. Areas studied include 
detection, pathogenesis, epidemiology, cross-species transfer, disease eradication and control within flocks 
as well as the economic impact of flock infection. Several of these projects are continuing. Some of the 
major findings of this research to-date include: the development of pooled faecal culture methods (PFC – 
Whittington et al. 1999) and abattoir surveillance (Bradley and Cannon, 2003) as tools for better detecting 
infected flocks; proof that OJD infection can result in substantial mortality rates and economic losses (Bush 
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et al. 2005); the fact that most bacteria in the environment will die within 6 weeks but low numbers may 
survive for over 12 months in shaded areas (Whittington and Sergeant, 2001); evidence that exposure to a 
high level maternal or environmental contamination as lambs and after weaning are major risk factors for 
later development of disease (McGregor et al. 2005); destocking infected properties for 15 months over 2 
summers before restocking with test-negative sheep does not reliably eradicate the disease (Taylor et al. 
2005); vaccination was found to be an effective disease control tool. 

 
The NOJDP finished in June 2004, concluding that movement controls and decontamination by destocking 
were not able to control the spread of the disease.  A new national control program began in July 2004 with 
vaccination as the major focus for disease control. This paper presents the results of the major vaccination 
trial conducted that evaluated the efficacy of Gudairtm (CZ Veterinaria, Porrino, Spain) a killed MAP vaccine, 
in heavily infected merino flocks under Australian pastoral conditions. This trial has resulted in the 
registration of GudairTM in Australia. 

MATERIALS AND METHODS 

The design of the trial and methods employed for farm selection, vaccination, sampling and testing were 
described previously (Eppleston et al. 2003).  On three farms with a high infection prevalence, 200 merino 
lambs (aged 1-4 months) were vaccinated with GudairTM while 200 lambs were left unvaccinated as 
controls. Both experimental groups were run together and when available, clinically affected adults were 
introduced to maximise exposure. Each trial farm was visited at vaccination, approximately 2 and 6 months 
post vaccination (pv), then every six months when blood and faecal samples were collected. The sheep 
were sampled up to an average age of 4.5 years. 

 
Blood samples were assayed for gamma interferon (IFN-g) to determine cell mediated immune responses 
and for plasma antibody levels by ELISA as described previously (Eppleston et al. 2003). Faeces from 10 to 
40 sheep were pooled and cultured for the presence of MAP (Whittington et al. 2000). In addition, at 
samplings conducted from 8 or 15 months post vaccination (pv), individual faecal samples were stored at –
80o C and cultured if their respective pool tested positive for MAP. The individual faecal results were used 
to better determine the prevalence of shedding and to determine if the IFN-g response measured soon after 
vaccination had any predictive value. An estimate of the total MAP excretion per group at each sampling 
point was made using the number of MAP per gram of faeces in each positive pool as determined from the 
timing of BACTEC growth index readings. Then the total excretion from each positive pool per day was 
calculated as follows: excretion of pool = excretion per gram x total grams of faeces (allowing for 1kg of 
faeces per sheep per day). Finally, the contamination contributions from each positive pool were summed. 

 
Sheep that were either culled for normal flock management reasons, died or showed clinical signs of OJD 
were sampled for assessment of paratuberculosis by histology and at some samplings by culture of tissues. 

 
A sheep was classified as a fecal shedder if at any sampling it had a positive individual fecal culture. A 
sheep was classified as infected if shed the organism, or if at necropsy it was positive by histology or by 
culture of tissues. Chi square analysis was used to analyse the effect of vaccination on mortality, lesion 
type, and subclinical disease.  It also was used to analyse the association of immune responses amongst 
vaccinates with subsequent shedding, infection status and OJD-mortality. 
 
Live-weight and body condition score were recorded at each sampling; at shearing greasy fleece weight 
and fibre diameter were measured. At each sampling all sheep were palpated at the site of vaccination and 
the incidence and diameter of any lesion were recorded. 
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RESULTS 

Mortality due to clinical OJD 
Vaccination was associated with both a delay and a reduction in OJD-related mortality (Fig. 1). OJD 
mortalities in control sheep began at 23, 14 and 19 months of age on farms 1, 2 and 3 compared to 41, 23 
and 43 months respectively in vaccinates. This represents a mean delay in onset of clinical disease of 
about 17 months. Vaccination significantly reduced the total mortality due to OJD on all three farms by 
about 90% (a total of 80 controls and 7 vaccinates).  Every vaccinate and 70 controls (88%) that died due to 
OJD had multibacillary disease (NS). Sheep with multibacillary lesions can excrete sufficient organisms to 
infect many thousands of susceptible animals (Whittington et al.  2000). Thus, the “breakdown” of a single 
vaccinated animal can have a disproportionate effect on potential transmission of the infection and the 
persistence of disease in the flock. 
 

 
Fig. 1.  Mortalities due to OJD across all 3 farms 

 
Subclinical OJD 
The prevalence of subclinical infection was assessed by histopathology in sheep sampled at abattoir 
slaughter at 2 years of age, and at 4-5 years of age. At both ages paratuberculosis lesions were found less 
often in vaccinated than control animals had. For 2 years the proportion of sheep with subclinical OJD was 
about 65% lower in vaccinates compared to controls (6 of 35 – 17% and 21 of 43 – 49% with lesions, for 
vaccinates and controls, respectively; P<0.01). At 4-5 years the proportion of sheep with subclinical OJD 
was about 50% lower in vaccinates compared to controls (24 of 163 – 15% and 41 of 144 – 28% for 
vaccinates and controls, respectively; P<0.01). Among sheep with lesions at either age, there was no 
significant difference between the percentage of vaccinates or controls with multibacillary lesions (2 of 6 – 
33% and 4 of 21 – 19% for vaccinates and controls at 2 years respectively; 3 of 24 – 13% and 2 of 41 – 5%, 
for vaccinates and controls at 4-5 years respectively). 

 
Shedding of MAP 
On Farms 1 and 3 there was no detectable shedding of MAP by the vaccinated groups until 18 months pv 
(about 21 months of age), compared to 6 or 8 months pv (9 -11 months of age) in controls (data for Farm 3 
is shown in Fig. 2). This reduction in the number of shedders averaged about 90%, and was maintained 
throughout the trial to 54 months pv (almost 5 years of age) on Farm 1, and to 42 months pv (almost 4 
years of age) on Farm 3. 
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Fig. 2. Estimated prevalence of sheep shedding MAP in faeces on Farms 2 and 3. (error bars show the 95% binomial 
confidence interval) 

 
Farm 2 (Fig. 2), had a higher prevalence of infection and less of a delay in the onset of excretion of MAP 
(15 months vs. 11 months for vaccinates and controls, respectively). The mean reduction in prevalence of 
shedders in the vaccinates was similar (86%) to Farm 1 and Farm 3 up to 36 mths pv.  However, at the final 
2 samplings at 42 and 48 mths pv, there was little difference in prevalence between the vaccinated and 
control groups, bringing the mean reduction in prevalence over the trial for Farm 2 down to 70%. However, 
the control group by this time was much smaller than the vaccinated group due to the large number of OJD 
mortalities that had occurred among the controls. 

 
The pattern of total excretion of MAP is illustrated for Farm 3 in Fig. 3. At each sampling time throughout 
the trial on Farm 1, and up to 30 months pv on the other farms, the numbers of MAP excreted by the 
vaccinated group were at least one log lower than the controls. Note, however, that the actual level of 
excretion can be much higher than indicated by prevalence data alone. For example, at 18 mths pv on 
Farm 3 and Farm 1, the numbers of MAP excreted by the vaccinates equal or exceed the numbers 
excreted by the control groups at any previous sampling, but the number of individual shedders among the 
vaccinates was still very low. This reflects the large contribution that a single (or a few) multibacillary 
infected sheep may make to premise contamination. One sheep may excrete in excess of 1010 organisms 
per gram of faeces (Whittington et al.  2000), possibly equivalent to the excretion levels of many hundreds 
of sheep in the early stages of the disease or with paucibacillary infections.  

 

 
Fig. 3. Estimated total excretion of MAP by vaccinated and control groups on Farm 3. 

 
Immunological responses  
The stimulation of both the cell mediated (IFN-g) and humoral (antibody) immune systems by vaccination is 
evident from the elevated IFN-g reactions and ELISA antibody levels in vaccinates compared to controls.  

Indicates the maximum excretion that could go undetected 
because of the analytical sensitivity of the culture technique 
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Note also the rapid increase in these levels among vaccinates that occurred between vaccination and 2 
months pv (Fig. 4). 

 

 
Fig. 4. Proportion of animals showing positive gamma interferon and ELISA responses for Farms 2 and 3. 
 

 
In controls, positive IFN-g responses were detected by 8-12 months pv and are likely to be due to 
environmental exposure to MAP. The proportion of vaccinates with positive IFN-g responses was greatest 
at the first pv test on each farm, and then declined. These proportions remained higher than the controls at 
every subsequent sampling time, although at 24 and 48 mths on Farm 2, and 36 and 42 months on Farm 3, 
the differences between the two groups were not statistically significant. Farm 2 appeared to have had a 
very high level of environmental MAP challenge as evidenced by a high mortality rate and 58% IFN-g 
reactors in controls at 18 months pv. This significant environmental challenge may also explain the rise in 
the number of IFN-g test positives amongst vaccinates on Farm 2 at 18 months pv.  Environmental MAP 
challenge of vaccinated sheep could boost a waning IFN-g response. Positive pv IFN-g responses were 
negatively associated with shedding (P<0.05) on all farms, and also negatively associated with infection 
(P<0.01) on Farms 1 and 2. 

 
The pattern of ELISA results was similar on Farms 1 & 3, with high levels of seroconversion in vaccinates 
that declined slowly for about 18 months, and then levelled out. On Farm 2, the most severely affected 
farm, antibodies to MAP were present in 6-7% of lambs at the time of vaccination. This suggests the 
presence of passive maternal antibody which may have affected the ELISA responses to vaccination. On 
this farm fewer sheep responded initially, and by 8 months pv the percentage of reactors peaked at only 
63%, in comparison with levels above 80% on the other two farms. At the 24 months pv sampling there was 
a large increase in the percentage of vaccinates with positive ELISA results, which may indicate an immune 
memory effect as vaccinates are exposed to increasing levels of exposure. Among control sheep, 
seroconversion occurred at about 12 months and the proportion of ELISA positives was greatest at 24 
months pv. These seroconversions likely reflect the development of advancing disease. When stratified 
across all farms, a positive ELISA response in vaccinates was negatively associated with shedding 
(P<0.0001), with infection (P<0.01), and with OJD-mortality (P<0.05). 

 
Vaccination site lesions  
Injection site lesions were not identified in any control sheep, but 42% of vaccinated lambs developed 
lesions as assessed 2 months post vaccination (Fig. 5). The incidence of lesions decreased to a minimum 
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at 12 months pv and then remained steady at approximately 20% of vaccinates having palpable lesions 
until 3-4 years of age. 

 
Production measurements 
Liveweight at 2, 6 and 12 months and body condition score at 6 and 12 months pv were significantly lower 
in vaccinated compared to control sheep. However the magnitude of these differences were small (0.22, 
0.34 and 0.75 kg liveweight at each time period respectively and 0.1 for condition score). There were no 
differences between controls and vaccinates in average greasy fleece weight at the first shearing across 
the three farms. However at the 2003 shearing on Farms 1 and 2, when sheep on were 3-4 years old, 
greasy fleece weight for vaccinates was higher (0.123 kg) than controls (P<0.05). There were no 
differences in fibre diameter at any sampling time. 

DISCUSSION 

This trial has been the first detailed, objective and controlled examination of the efficacy of vaccination of 
sheep against paratuberculosis. In previous work, properly controlled studies have not been done, and it 
has been difficult to isolate the effects of vaccination from other aspects of control programs. In Iceland, 
vaccination of sheep was introduced only after more traditional control measures, such as isolation and test 
and cull, had failed (Fridriksdottir et al.  2000). Vaccination proved to be an effective control measure and 
reduced mortality by 94%, but despite long term mandatory vaccination, OJD infection remains widespread 
in Iceland. The parallels with the Australian situation are clear.  

 
Despite the rigour of the current trial, there were unavoidable limitations in the design that must be 
considered when translating the findings from this trial into management and control recommendations for 
the wider industry. Firstly, this trial investigated the effect of vaccination only against a very heavy 
challenge. The background level of infection on all three farms was high, all were experiencing mortality 
due to OJD, and clinically affected sheep from other mobs, rather than being culled immediately as 
normally recommended, were added to the trial mobs, further increasing the infectious challenge especially 
in the early stages. The trial was conducted under heavy challenge because of the difficulty in reliably 
detecting MAP infection in lower prevalence flocks, where few or no OJD mortalities are recognised.  

 
Secondly, all sheep in the cohort were not vaccinated and these were excreting significant amounts of 
MAP, thus providing a high and on-going level of challenge. In the real world situation, the entire flock 
would be vaccinated and thus vaccination may be even more effective. In the current trial, the inclusion of 
the unvaccinated control sheep was essential to assess the effect of vaccination against controls that had 
had exactly the same MAP exposure under exactly the same management conditions. The alternative 
(having some wholly vaccinated and some wholly unvaccinated control flocks) is subject to bias as it is not 
possible to replicate conditions in different flocks.  

 
Finally, in the current trial we examined only a single cohort of sheep over 4 to 5 years. In the real world 
situation, a new crop of lambs would be raised and vaccinated each year. The amount of MAP exposure 
would be expected to be successively reduced, with a reduction in the opportunity for transmission of the 
disease to future generations. Preliminary findings in a study of seven flocks after three years of vaccination 
indicate that this may be the case (Eppleston et al. 2005), and on-going more comprehensive studies are 
under way to confirm this hypothesis (Eppleston et al. 2004). 

 
The above design limitations combine to give a disease challenge “worst-case scenario”, but do assure a 
high level of infection against which any reduction due to vaccination can readily be measured. Intuitively, 
one may expect that vaccination will be more effective when other management procedures are used 
concurrently to reduce MAP challenge, both in the first and subsequent generations, but such a hypothesis 
was not tested in this trial.  

 
All of the vaccinates that died had severe multibacillary infection, and would have been shedding enormous 
numbers of MAP leading up to their death. While there were very few of these sheep (only seven across the 
three farms), the contribution of just a single sheep with a multibacillary infection to environmental 
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contamination is significant and may outweigh many hundreds of sheep with less fulminant disease. If such 
a breakdown in OJD occurred at a critical time (e.g. in a ewe in the lambing paddock when pasture was 
short and many young lambs were beginning to graze) a whole cohort of young susceptible animals may be 
exposed to millions of MAP.  

 
Another important observation was that the effect of vaccination on subclinical disease, although significant, 
was less than its effect on clinical disease. Clinical disease (i.e. mortality) in vaccinates was reduced by 
about 90%. In the yearling culls, 17% of vaccinates had lesions compared to 49% of controls, a 65% 
reduction in subclinical disease. Among the sheep at final slaughter, the reduction in subclinical disease in 
the vaccinates was less than 50% (19% of vaccinates with detectable infection or lesions compared to 31% 
of controls). However, the fact that many of the controls had already died (probably the most susceptible 
sheep) does confound the interpretation. In addition, vaccination did not decrease the proportion of 
subclinically affected sheep that had multibacillary lesions. This finding contrasts with previous overseas 
reports (Garcia Marin et al.  1997). These findings are probably not a concern on a heavily infected farm 
viewed in isolation, but they do have relevance where vaccinated sheep are moved to areas of low 
prevalence for OJD.  Because vaccination is less effective in reducing subclinical disease, and because 
subclinical disease is more difficult to detect, it follows that an accurate quantification of the risk of 
vaccinated sheep to transmit OJD is not possible.  

 
In this trial, vaccination was seen to provide life-long protection. However, because of the on-going high 
challenge with MAP, a natural boosting effect may have been operating. Whether vaccinated sheep in a low 
or zero challenge environment would still be protected if suddenly exposed to high levels of MAP after 
several years is unknown.   
 
MAP shedding was detected in control sheep by 9 to 11 months of age, a little earlier than generally 
assumed. This is important information when young sheep are used to prepare low risk pasture for lambs 
and weaners. Vaccination extended the interval without excretion to 15 months on the worst affected farm, 
and 21 months on the other two farms, thus providing a much larger window of safety for management of 
pasture contamination.  

CONCLUSION 

Gudair™ reduced mortalities due to OJD by about 90% and delayed faecal shedding of MAP for the first 
year post-vaccination (pv). Thereafter, the prevalence of shedders among vaccinates was reduced by about 
90% when compared with controls. The total numbers of MAP excreted by the vaccinated groups were also 
reduced by at least 90% at most sampling times. However, high levels of excretion by vaccinates were 
found on some occasions thus there remains a risk that some vaccinated sheep could transfer the disease. 
Vaccine injection site lesions were detected in almost 50% of sheep 2 months pv, and these persisted for at 
least 4 years in 20-25% of vaccinates.  
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The potential impact of vaccination site lesions on the value of sheep previously 
vaccinated against ovine paratuberculosis in Australia 

Eppleston J 

Central Tablelands Rural Lands Protection Board, PO Box 20, Bathurst, NSW, Australia.  Phone: 0263 311377; Fax: 
0263 316915; Email: jeff.eppleston@ctrlpb.org.au 

ABSTRACT 

Since 2003 the Australian sheep industry has increasingly relied on the use of vaccination for the control of 
ovine paratuberculosis. Given the reported incidence of lesions at the site of vaccination, and reports of 
discounts being applied in New Zealand, the Australian meat industry was concerned about a potential 
reduction in carcass value as vaccine use expanded. This paper presents the outcomes of a pilot survey on 
the prevalence of lesions and actual discounts applied to 20 lines of vaccinates slaughtered in Australia. 
The prevalence of lesions observed in the slaughter survey was 18% for mutton and 65% for lamb 
carcasses. The value of the trim removed was insignificant, the labour cost of its removal was nil and no 
carcass was downgraded to a lower value grade. This study was conducted at a time of low sheep supply, 
in carcasses vaccinated at the recommended site high on the neck and in these circumstances OJD 
vaccination site lesions are not a significant cost to producers or to the processing industry and will 
represent only a very small proportion of the total cost of OJD control by vaccination. 
 
Key words: Vaccination, injection site lesions, OJD, sheep. 

INTRODUCTION 

A six-year OJD Control and Evaluation Program conducted in Australia concluded that vaccination was the 
preferred method of reducing the on-farm impact of OJD and the risk associated with the purchase of re-
stocker sheep. GudairTM (CZ Veterinaria, Porrino, Spain), a killed vaccine imported from Spain, was 
registered for use in Australia in 2002 and its use has expanded rapidly with 3.45 million doses being sold 
in 2004. 
 
While the efficacy of Gudair for controlling OJD in Australian sheep is high (Eppleston et al. 2005), almost 
50% of vaccinates developed injection site lesions within 2 months of vaccination. Moreover, anecdotal and 
survey reports from New Zealand had suggested that discounts are applied to vaccinated sheep at 
slaughter because of the need to trim affected carcasses. In one survey (Buchanan et al. 1998) discounts 
of $NZ8-9 were recorded in carcasses downgraded due to lesion trimming. 
 
The Australian sheep industry was concerned that similar discounts may be applied in Australia particularly 
as the use of vaccine was expanding. As a result the industry commissioned a pilot survey of the 
prevalence and likely economic impact of vaccination site lesions at slaughter. This paper presents the 
outcomes of that survey. 

MATERIALS AND METHODS 

Consignments of Merino sheep previously vaccinated with GudairTM that were destined for slaughter were 
identified and trucked separately to a commercial abattoir. Details of each consignment including age at 
slaughter, age at vaccination and time since vaccination were obtained from the owner of the sheep. 

 
At slaughter, research personnel located near the beginning of the slaughter chain recorded the occurrence 
of injection site lesions and classified them by diameter. Further down the chain abattoir staff trimmers were 
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asked to carry out routine trimming of the neck region and to retain any trim taken due to the presence of 
lesions. These were later counted and weighed at the abattoir. The weights recorded comprised both 
granulomatous lesion and surrounding tissue, but no attempt was made to separate and weigh each 
component of lesion trim. In addition abattoir workers involved in trimming prescapular lymph nodes were 
asked to retain any enlarged nodes for later inspection, weighing and sampling them if required. A total of 
18 consignments of adult mutton sheep and 2 consignments of lambs killed at 6 different abattoirs in 
eastern New South Wales were examined.  Amongst mutton consignments the effect of age at vaccination 
on lesion prevalence was assessed by analysis of variance and the relationship between time since 
vaccination and lesion prevalence was tested by regression analysis. 

 
Freshly excised vaccination site lesions from 16 mutton sheep collected from 3 consignments were 
examined and subjected to histopathological and bacteriological examination to determine the nature of the 
lesion and whether secondary infection due to poor vaccination technique could have been involved. The 
lesions examined were collected from sheep killed 18 months (2 lots) or 3 years (1 lot) after vaccination. 
Bacteriology consisted of a Gram stain and routine aerobic and anaerobic culture from 2 consignments and 
aerobic culture from a single consignment.  The lesions were preserved in 10% formalin and prepared for 
histology by routine methods, sectioned and stained with haematoxylin and eosin and Ziehl-Neelsen 
methods and microscopically examined. 

 
The magnitude of discounts due to the presence of lesions at slaughter can be attributed to 3 potential 
factors. These include the value of meat removed as trim, the labour cost of removing this trim, or the 
downgrading of the carcass to a cheaper market grade as a result of trimming.  The proportion of trim that 
was non-lesion carcass tissue was not available. However an examination of the collected trimmings 
suggested that an estimate of 20% was appropriate to value the loss of carcass weight due to trimming. 
Hence the formula used to estimate the value of trim removed per slaughter lot was: 

Total weight of trim x 20% x carcass value (average price paid per carcass divided by average 
carcass weight).  

Abattoir management was consulted to determine the additional labour cost, if any, associated with the 
trimming conducted on each consignment and the prevalence and cost of carcass downgrading due to 
trimming. 

 
In addition to the physical survey described above, 8 sheep abattoirs located in south-eastern NSW 
servicing the region where most vaccine had been used were contacted.  They were asked a series of 
questions designed to assess their experience and attitude concerning the risk of vaccination lesions 
entering their processing chain. 

RESULTS 

A higher proportion of lamb carcasses than mutton carcasses had injection site lesions present at slaughter 
(79 of 122 - 65% vs. 585 of 3199 - 18%, P<0.01). However there was considerable lesion prevalence 
variation among consignments of mutton sheep (Fig. 1; range 1 – 41%).  Although only 2 consignments of 
lambs were assessed, the higher incidence of lesions probably reflects the short interval of around 6 
months between vaccination and slaughter. The prevalence of injection site lesions was not affected by age 
at vaccination (P=0.72) for mutton consignments however, nor was there a significant association between 
the prevalence of lesions and the interval between vaccination and slaughter (P=0.73). A high proportion 
(average 34%) of the lesions identified were large, exceeding 25 mm in diameter (Fig. 2). Grossly these 
were filled with a thick caseous material that if broken or cut would adhere closely to the surrounding 
carcass. 
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Fig. 1.  Prevalence of injection site lesions by consignment. 

 

 
Fig. 2.  Two injection site lesions excised from Merino carcasses 3 
years following vaccination, demonstrating the caseous content of 
these injection granulomas. 

 
The value of non-lesion trim per carcass trimmed, calculated using the average carcass value, ranged from 
0.4-6.9 (average 2.3) cents for mutton, and from 3.9-4.6 (average 4.3) cents for lambs. When expressed as 
a cost per carcass slaughtered (which accounts for the prevalence of lesions), this discount range fell to 
0.02 to 2.2 (average 0.5) cents for mutton and from 2.4-3.1 (average 2.7) cents for lamb. On a per carcass 
basis this represents an average discount of only 0.01% for mutton and 0.04% for lamb. The value of 
excised enlarged prescapular lymph nodes was not calculated because of the small amount of trim 
recorded and because export abattoirs routinely removed these lymph nodes during processing. 

 
Bacteriological examination of the lesions identified scant numbers of acid-fast bacilli, with no gram-positive 
organisms or bacterial growth in aerobic or anaerobic culture. Histology revealed that all lesions examined 
consisted of a central area of caseous necrosis containing scant numbers of acid-fast bacilli surrounded by 
a thick fibrous capsule. The inner surface of the capsules contained macrophages and low numbers of giant 
cells surrounded by moderate numbers of lymphocytes. The central necrotic area contained holes and 
spaces consistent with the presence of lipid or oil and these contained a higher concentration of acid-fast 
bacilli.  

 
The abattoir phone survey indicated that abattoirs that had knowingly killed vaccinates did not consider the 
lesions a problem.  However one processor did report 2 occurrences of poorly vaccinated sheep that 
required extensive trimming and he stressed the need to educate farmers to vaccinate using the location 
and method recommended. All respondents agreed that their existing quality assurance system for 
removing carcass blemishes would accommodate the OJD vaccination site lesions and that no additional 
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labour would be needed. However all abattoirs indicated that they would monitor the impact closely as the 
proportion of vaccinates killed expands. 

DISCUSSION 

The prevalence of vaccination site lesions observed in this survey is similar to that reported previously in 
Australia (Eppleston et al 2005) where lesions were detected in almost 50% of sheep 2 months after 
vaccination persisting for at least 4 years in 20-25% of vaccinates.  
 
The bacteriological and histological examinations of the injection lesions confirm that they were not the 
result of secondary infection of the injection site. The presence of necrosis and granulomatous inflammation 
accompanying oil droplets and acid-fast bacteria suggest the lesions resulted from the irritant oil material or 
possibly the cell mediated immune response to the presence of killed mycobacteria combined with oil. 
These observations are similar to previous descriptions (Collett and West 2001; Eppleston et al. 2003) and 
are consistent with the expected tissue response following injection of a vaccine with a Freund’s complete 
adjuvant, a mixture that also contains oil and mycobacteria  (Windsor et al. 2005). 
 
The prevalence of lesions requiring trimming in this survey, especially in lambs, was of a level that would 
require close inspection on the abattoir chain. Despite this, the amount of trim removed and the labour cost 
of its removal was very small and had miminal to no impact on abattoir labor cost, procedures or carcass 
market rating. This may reflect the fact that very little of Australian mutton is exported in the form of a whole 
carcass. In New Zealand most of the recorded discounts are associated with the trimming required for the 
small proportion of high value whole lamb carcasses destined for export (Brett 1998). 
 
In the Australian context this study has identified that the cost of OJD vaccination lesions at slaughter 
represents a minor proportion of the total individual or industry cost of implementing OJD vaccination 
control programs. However it should be noted that these conclusions relate specifically to the market 
conditions existing at the time this survey was conducted, in sheep vaccinated high on the neck. Caution 
should be exercised in extrapolating these observations to times of an oversupply of sheep, and in sheep 
vaccinated at alternative sites. 
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ABSTRACT 

It is well known that Mycobacterium avium subsp. paratuberculosis (MAP) is highly resistant to physical and 
chemical factors. The survival of MAP ATCC 43015 in three manure handling systems was evaluated over 
21 days. Bacterial survival was determined in sheep manure that was (1) composted with pine bark and 
water and placed in a bioreactor vessel with active ventilation, (2) composted with pine bark and water and 
piled on a raised pallet (passive aeration) and (3) piled directly on the ground without addition of bark. 
During the experiment, 5cm long open-ended holders inoculated with MAP and compost material at 2.0 x 
106/g bacteria were placed in the three handling systems in direct contact with the composted 
manure/manure. In the bioreactor, MAP was isolated from three of 18 samples through 16 hours of the 
composting process after which no other isolations were made.  In the pallet compost pile, no MAP culture 
isolates were made at any time.  In the manure pile on the ground, MAP was isolated through 24 hours. 
Evidence of MAP DNA as shown by PCR positives was found in bioreactor samples until day 7 and in the 
pallet and ground piles through day 21.  Bioreactor composting methods successfully eliminated 
Mycobacterium avium subsp. paratuberculosis. Composting can eliminate or at least drastically reduce the 
number of MAP and could therefore minimize environmental contamination and transmission risks caused 
by animal manure. 
 
Key words: Composting, Mycobacterium avium subsp. paratuberculosis (MAP), survival, PCR, sheep 
manure 

INTRODUCTION 

Mycobacterium avium subsp. paratuberculosis (MAP) is highly resistant to physical and chemical factors 
due to a special cell wall containing mycoside C, mycolic acid, peptidoglycans and lipopolysaccharides 
(Levy-Frebault and Portaels, 1992, Hostetter et al., 2003). MAP causes paratuberculosis, an intestinal 
infection of domestic and wild ruminants. The main route of MAP dissemination is fecal contamination of the 
environment, followed by milk and in utero transmission (Sweeney, 1996, Benedictus et al., 2000). 
Subclinial cases pose transmission risk because the bacteria can be disseminated for a long period of time 
without noticeable signs in the infected animal (Whitlock and Buergelt, 1996, Kennedy et al., 2001).  
 
Composting is a widely applied waste treatment method that could also be used to decontaminate 
biological material (Watanabe et al., 1997, Böhm, 1998, Watanabe et al., 2002 , Vinneras et al., 2003). A 
resistance to physical and chemical factors and the type of growth medium play an important role in MAP 
survival and its isolation from samples (Reviriego et al., 2000). Most of the research on MAP survival in a 
complex environment was performed before 1985 (Turner et al., 2000, Collins et al., 2001). In our study, we 
tested the usefulness of bacteriological and molecular assays in the assessment of MAP survival during 
composting.  
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MATERIALS AND METHODS 

Three manure-handling approaches were used in this study.  For two of them, a mixture of sheep manure, 
pine bark and water was created, resulting in a moisture content reaching approximately 65%.  This mixture 
was placed into a bioreactor container and also piled on an open-weave pallet (or trellis) 15 cm above the 
ground (“pallet pile”). Uncomposted sheep manure was piled directly on the ground (“ground pile”).  (Fig. 1) 
The large insulated bioreactor container (1m3 volume - 1x1x1 m) included active ventilation while passive 
aeration occurred for the composted sheep manure raised above the ground by the pallet. The pallet and 
ground piles were 2m×2m×1.5 m containing approximately 3m3 of material. The temperature in the 
bioreactor was controlled with PT 100 probes using the computer program “Visi DaQ”® (Advantech, USA) 
and was measured at three levels (16 cm, 50 cm and 66 cm above the bottom). The temperature was not 
allowed to exceed 68oC and was maintained in the containers by fans that also aerated the material. The 
temperature was measured in three levels in the pallet and ground piles at 25 cm, 75 cm and 125 cm above 
ground level by data loggers (Testo 175 T3, Germany):  
 
The moisture of composting material was determined by sample weighing (Exacta, Tehtnica Železniki, 
Slovenia) before and 24 h after drying at 105oC - 110oC. The pH was determined using a calibrated pH 
meter (Iskra, Slovenia) in a compost extract: compost sample dried at 105oC - 110oC (5g) with distilled 
water (25g) and let stand for 10 minutes. The ammonia content was determined by a titration method: in a 
round flask, 10g of sample, 250 g H2O, 3g MgO, 50 ml of 0.1 M H2SO4 and metal red dye were mixed. After 
distillation of 150 ml of fluid it was titrated with 0.1 M NaOH. Ash was determined with a beam method at 
550oC 30 min weighed with the accuracy of 0.0001g. 
 
In this study the type strain Mycobacterium avium subsp. paratuberculosis ATCC 43015 was used. A 
suspension of bacteria was prepared to dilute the mycobacterium colonies. Middlebrook 7H10 medium was 
used to determine the number of MAP cells in serial dilutions from 10-1 to 10-7 and inoculated media were 
incubated at 37oC for 6 weeks before the colonies were counted.  
 
Bovine bones were used as holders for the test bacteria mixed with compost. The marrow cavity of long 
bones sawn to 5 cm in length were filled with approximately 5g of composting material and 200 µl of MAP 
suspension (2,0 x 106/g). Two holders were each placed in open-weave metal cases and packed with 
additional composting material.  The cases were then put into bioreactor container at least 20 cm away 
from the walls and in the middle of the pallet and ground piles; thus the holders were in direct contact with 
composting material/manure in each system.  
 

 
Fig. 1. Samples and probe positions 
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Nine cases (with two test bacteria holders each) were placed into the bioreactor at three different levels for 
a total of 27 bioreactor testing cases (Fig. 1).  In each of the two manure piles nine cases were placed at 
one layer.  Sampling was performed at nine different time periods after beginning composting (at 4, 8, 16, 
24, 48, 72, 96 hours; then at 7 days and 21 days.)  One case from each of the three layers in the bioreactor 
and one case each from the pallet pile and ground pile were removed at each of the 9 sampling periods.  
They were sealed in plastic bags and kept below 6oC until arrival at the laboratory.  Two samples for each 
detection method (culture, direct PCR) were taken from each of the two bone holders in each case, 
resulting in (2 samples x 2 holders x 3 bioreactor levels) + (2 manure piles x 2 holders x 2 samples) or 20 
samples per sampling period for culture and 20 for PCR.  This resulted in a total of 180 cultures and 180 
direct PCRs during the study.  
 
Sample treatment for bacteriological investigation 
Approximately 2 g of composting material inoculated with MAP was removed from  the holders and 50 ml of 
H2O were loaded in plastic bags and put into the stomacher (IUL) for 30 seconds. The homogenate was 
then transferred into 50 ml plastic tubes (Sarstedt, Germany), shaken for 30 minutes and left at room 
temperature for 30 minutes to permit sedimentation. 5 ml of supernatant were mixed with 25 ml of 0.9% 
hexadecylpyrimidum chloride (Sigma, USA).  One ml of the supernatant was then transferred into a 15 ml 
tube, shaken again for 30 minutes and left at room temperature for 18 hours. Samples were centrifuged 20 
min at 1400g (Heraeus 1.0 R, Germany). The supernatant was discarded and the sediment diluted with 
1500 µl of H2O.  
 
Culture 
200 µl of diluted sediment were cultivated on Herrold’s Egg Yolk medium with supplements: (i) mycobactin 
(2 ml), (ii) mycobactin (2 ml, egg yolk 6 ml, malachite green 2.1 ml, penicillin 0.5 g, amphotericin 5.05 g) 
and on Becton-Dickinson medium.  
 
Inoculated media prepared in 25 ml tubes were incubated in a horizontal position at 37oC for two weeks, 
then vertically for another 3 months. Colonies were tested by PCR for MAP identity confirmation. Each 
sample was analyzed in duplicate.  
 
DNA extraction 
DNA extraction was performed with QIAamp DNA Stool Mini Kit (Qiagen, Germany) in accordance with the 
manufacturer’s instructions.  
 
PCR was performed with IS900-specific primers P90 (5' GTT CGG GGC CGT CGC TTA GG 3') and P91 (5' 
GAG GTC GAT CGC CCA CGT GA 3').  After the amplification, 400-bp PCR-products were separated with 
electrophoresis on a 2% agarose gel stained with ethidium bromide and analyzed by scanning and a 
visualization system (Gel Doc 1000, BioRad, USA). 

RESULTS  

Isolation of MAP through culture was made three times from the bioreactor container samples during the 
first 16 hours of composting (Table 1): once in the upper position after 16 hours and twice in the lower 
position at eight and 16 hours. No MAP was ever isolated from the samples in the middle position of the 
bioreactor container and no MAP was isolated from any bioreactor sample after 16 hours.   
 
In the pallet compost pile with passive aeration no MAP was isolated through culture at any time. In 
samples from the manure-only ground pile, MAP was isolated in five samples within the first 24 hours 
(Table 1). After this period, no further isolations MAP were made from the ground pile. In three cases, 
mycobacteria other than MAP were isolated.  

 
Direct IS900 PCR detected MAP genetic material in 78 out of 80 samples from the three composting 
systems through day 7 (Table 1). On day 21 of composting process, the presence of IS900 was shown in 
one of the two samples from the pallet pile and in one of the two samples from the ground pile while none of 
the samples from the bioreactor vessel contained detectable IS900.  
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Table 1. Number of MAP positive samples (of 6 bioreactor, 2 pallet,   
2 ground pile samples collected at each sampling period) 
Sampling period Diagnostic method Bioreactor vessel Pallet pile Ground pile  

PCR 6 2 2 
4 hrs 

Culture  0 0 1 
PCR 6 2 2 

8 hrs 
Culture  1 0 1 
PCR 6 2 2 

16 hrs 
Culture  2 0 1 
PCR 6 2 2 

24 hrs 
Culture  0 0 2 
PCR 6 2 2 

48 hrs 
Culture  0 0 0 
PCR 6 2 2 

72 hrs 
Culture  0 0 0 
PCR 5 1 2 

96 hrs 
Culture  0 0 0 
PCR 5 2 2 

7 days 
Culture  0 0 0 
PCR 0 1 1 

21 days 
Culture  0 0 0 

Total PCR 46 / 54 16 / 18 17 / 18 
 Culture 3 / 54 0 / 18 5 / 18 

 
After the beginning of the composting process the temperature in composting mixture increased quickly. 
The average hourly temperature of the bioreactor 16 hours after the beginning of composting exceeded 
50oC in the upper and lower position and 45oC in middle position. Within the next 8 hours the temperature 
in the upper position of bioreactor vessel reached the target upper temperature limit of 68oC (Fig. 2). 
Temperature in the middle position increased at a slower rate.  The temperature in the ground pile 
decreased 2.7oC from the initial temperature, while the pallet pile’s temperature after 24 hours exceeded 
61oC (Fig. 2). The temperature in ground pile (sheep manure) increased to 27.3oC after 24 hours of the 
experiment (Fig. 2).  

 
Fig. 2. Average hourly temperatures in the bioreactor, pallet pile (“composting hip”) and ground pile (“sheep 
manure”) at different sample positions in the first 24 hours. 
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The average daily temperature in the bioreactor upper position decreased below 50oC on day 9 while in the 
middle and in the lower position the same drop occurred after day 7 and day 6, respectively (Table 3). In 
the pallet pile the average daily temperature decreased below 50oC on day 8 (Table 3).  
 
The temperature in the ground pile increased after the 1st day, the average daily temperature on day 5 
exceeded 50oC, and reached 70oC on day 7. In the next four days average daily temperature dropped to 
39.1oC (Table 3). 
 
The moisture content of the bioreactor composting mixture initially was 65%. A decrease was seen with the 
greatest reduction noted for the lower position of samples from bioreactor vessel at the last sampling period 
(Table 4). During the experiment the moisture content in the pallet pile also decreased; this did not occur in 
the ground pile (Table 4).  
 
 

Table 3. Average daily temperatures (o C) 
Day Bior. upper Bior. middle Bior. lower Pallet pile Ground pile 

1 43.8 36.5 37.9 43.3 23.0 
2 67.1 51.2 43.7 66.3 36.4 
3 67.1 55.0 51.8 71.2 59.4 
4 67.4 54.3 52.2 66.0 66.8 
5 65.8 53.9 50.7 63.4 70.3 
6 65.1 51.0 47.1 68.7 69.3 
7 62.1 47.9 41.7 60.3 67.1 
8 53.3 43.1 37.6 48.0 51.9 
9 48.0 38.8 32.7 36.9 31.2 
10 43.8 36.5 29.2 38.0 34.1 
11 43.8 35.7 28.2 44.2 41.8 
12 39.5 32.9 25.5 43.4 42.8 
13 38.8 32.7 25.5 44.5 38.0 
14 36.6 32.4 25.6 49.0 44.3 
15 33.3 29.8 22.8 35.7 47.3 
16 30.5 30.2 23.6 28.7 46.6 
17 27.9 30.1 23.8 30.3 48.9 
18 25.5 31.1 25.0 34.2 49.0 
19 23.9 30.7 24.9 38.8 48.8 
20 22.5 30.8 25.0 40.9 46.2 
21 21.4 30.5 24.4 43.7 44.7 

 
Table 4. Moisture content (g/kg) 
Sampling 
period 

Bior. 
upper 

Bior. 
middle 

Bior. 
lower 

Pallet 
pile 

Ground 
pile 

1 639.5 646.9 643.0 637.3 630.9 
2 649.0 657.9 647.6 622.5 671.7 
3 644.7 627.3 649.9 697.3 631.2 
4 646.2 659.6 632.9 635.7 660.2 
5 623.9 644.5 585.4 619.8 612.2 
6 574.2 646.3 592.7 606.5 605.2 
7 491.1 610.9 522.0 622.7 573.4 
8 568.0 596.1 522.3 543.2 612.0 
9 319.4 308.3 210.1 378.8 651.5 

 
During the experiment, pH values varied from slightly acidic to slightly basic (Table 5). Sample pH values 
increased during the first 24 hours of the experiment and then persisted in nearly neutral range (Table 5). A 
deviation from that trend was observed in pH values of the ground pile on days 7 and 21 (Table 5). 
 
Ammonia content was high in at the start of the study in the sheep manure and in compost samples (Table 
6). By day 21, values in the compost material whether in the bioreactor or on the pallet pile were reduced 
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on average by more than 80%.  The ammonia content in the ground pile (sheep manure only) on day 21 
dropped by only 20% over the same period (Table 6). 
  

Table 5. pH values 
Sampling 
period 

Bior. 
upper 

Bior. 
middle 

Bior. 
lower 

Pallet 
pile 

Ground 
pile 

1 6.6 6.6 6.8 6.7 6.6 
2 7.0 6.9 7.0 6.9 6.7 
3 7.0 6.9 7.0 7.0 7.0 
4 7.4 7.0 7.3 6.9 6.3 
5 6.9 6.8 7.0 6.7 6.9 
6 6.9 6.6 6.9 6.4 6.9 
7 6.9 6.7 6.9 6.6 6.9 
8 6.8 6.6 7.1 6.7 7.7 
9 6.9 6.7 6.6 6.7 7.6 

 
Table 6. Ammonia content (mg/kg)  

Day 
Bior. 
upper 

Bior. 
middle 

Bior. 
lower 

Pallet 
pile 

Ground 
pile 

0* 3529.6 3529.6 3529.6 3529.6 4691.9 
1 4942.6 3908.2 2593.6 3548.1 2961.3 
7 3245.8 4379.3 3157.8 4073.3 3605.9 

21 381.9 868.7 558.3 814.4 3752.4 
* Common sample of composting mixture before repartition in 
bioreactor vessels 

DISCUSSION 

In each composting systems, MAP ATCC 43015 was exposed to rapidly rising temperatures, high 
concentrations of ammonia and an increase in bacterial activity. Appropriate homogenization, optimization 
of the composition and aeration of the composting material are needed for effective composting (Mathur et 
al., 1990). An increase of the temperature of the composting material is a result of microbial oxidative 
degradation of organic mater and indicates the intensity of the process (Liang et al., 2003). In our case, the 
mixture presented good conditions for microbial biodegradation. A rapid increase in temperature in the 
composting material (above 50oC in 14 hours) is a result of microbial oxidative degradation of organic 
matter due to the sheep manure where biodegradation had started already in the stable. Sample 
preparation and persistence of fast-growing microorganisms on the medium are identified as important 
factors affecting isolation MAP (Klawonn et al., 1996, Pislak et al., 1998, Pislak, 2000, Nielsen et al., 2001). 
It is likely that the main reason for absence of positive results was overgrowth of MAP by contaminants. The 
other important factor seems to be the influence of sample processing methods which can reduce the 
number of MAP in samples by 2.7 log 10 or even 3.1 log 10 (Reddacliff et al., 2003). The slow temperature 
changes in the ground pile indicated pure biological activity in first 24 hours. It is possible that contaminants 
were not present in a high enough number to prevent isolation of MAP from these samples.  
 
High temperature is an important sterilization factor in the composting process (Watanabe et al., 1997, 
Tiquia et al., 1998). As the temperature rises the number of temperature-sensitive (mesophile) 
microorganisms is reduced which, to our belief, improves the possibility of isolating MAP until the critical 
point where the temperatures reached values lethal for MAP.  This could be the explanation for the two 
isolates obtained 16 hours after the composting began.  After 24 hours MAP was isolated only from the 
manure pile on the ground. Although the sheep manure was just transported from the stable by front loader 
and put into the pile, this simple manipulation encouraged biodegradation of the material as indicated by a 
temperature increase on the third day of the experiment. In their study, Fiesinger and Harrison (2003) used 
manure naturally contaminated with MAP and obtained results similar to those in this study. After the first 
day of the composting they did not find MAP in the substrate. Similar results were described by Olsen et al. 
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(1985) which could explain the surviving time in moderate temperature conditions for 21 days in comparison 
to only some hours in high temperature conditions.  
 
Previous research in our laboratory showed that direct PCR had a higher sensitivity than classic cultivation 
on media of 1 log 10 (Pislak, 2000). Blocking of persistent inhibitors and optimization of DNA extraction 
considerably improve assay sensitivity (Garrido et al., 2000, Chui et al., 2004). The molecular method used 
in our study did not enable us to demonstrate the viability of MAP so we are not able to compare the PCR 
results with culture results. However, negative culture results in the samples on day 21 could indicate the 
destruction or strong reduction of MAP in the samples, raising the question of DNA persistence in the 
compost after MAP death. Limited data on DNA destruction are available in the literature. In a study on 
DNA stability in compost, Koschinsky et al. (1999) mention six days duration after cell death. The ammonia 
concentration in samples at the beginning of the experiment was high (0.9-1.7 % in a dry matter). The role 
of ammonia in compost on MAP survival is not clear and only limited information on the subject is available 
from the literature. Some authors state that 3% ammonia reduces the amount of MAP in hay with a stronger 
effect seen with drier material (Katayama et al., 2002).  

CONCLUSION 

We believe that composting animal manure can eliminate or at least drastically reduce the number of 
pathogenic microorganisms and could therefore be used to minimize the microbiological risks of animal 
manure. The role of a number of factors in the bactericidal processes that occur during composting is not 
clear and need further evaluation.  
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ABSTRACT 

A killed vaccine against bovine paratuberculosis (SILIRUM®, CZ Veterinaria) was evaluated in calves 
experimentally challenged with Mycobacterium avium subspecies paratuberculosis (MAP). Ten calves out 
of 18 were injected subcutaneously when two months old with a single dose of the vaccine. The remaining 
8 calves were vaccine controls, injected with PBS. Two months after vaccination 8 and 6 calves (from the 
vaccinated and control groups respectively) were challenged with 6 doses of 6.9 x 1010 cfu of MAP. 
Peripheral cellular and humoral immune responses were assessed as well as MAP fecal shedding between 
0 and 330 dpv. Three vaccinated and two control calves were slaughtered at 180 dpv and the remaining 13 
calves at 330 dpv. Pathologic and bacteriologic evaluation of intestine and lymph nodes samples were 
completed. The number of granulomas was counted in sections from both locations. No adverse reactions 
to the vaccine were observed in any of the calves. Humoral responses appeared in vaccinated groups at 90 
dpv, whereas cellular responses were detected at 30 dpv, reaching the highest values at 120 dpv. A 
significant reduction in the number of granulomas present in the tissues was observed in vaccinated calves.  
These calves showed either no or only focal lesions confined mainly to the lymphoid tissue, except in one 
case of the diffuse form of infection. In non-vaccinated control calves, diffuse lesions extended to the 
intestinal mucosa. In this study the administration of a single dose of SILIRUM® in calves was safe and able 
to control the progression of disease.  Vaccinated calves had fewer lesions, less severe lesions and a lower 
tissue burden of MAP than unvaccinated calves.  Fecal shedding of MAP was not detected in any animal. 
 
Key words: Paratuberculosis, calves, vaccination, SILURUM®, experimental study. 

INTRODUCTION 

Vaccination has been considered as a successful measure for controlling paratuberculosis. After its first 
description at the beginning of the last century (Vallée and Rinjard, 1926), different studies assessed the 
efficacy of vaccination in cattle (Wilesmith, 1982; Benedictus et al., 1988) or small ruminants (Nisbet et al., 
1962; Pérez et al., 1995; Corpa et al., 2000b), by the evaluating the number of clinical cases or the level of 
fecal excretion.  
 
The most commonly used vaccines are suspended in mineral oil to provoke a higher and more persistent 
immune response.  The major disadvantage of this type of vaccine is the formation of a subcutaneous 
nodule at the site of inoculation that can be large or even ulcerated (Doyle, 1964; Chiodini et al., 1984).  
 
The subcutaneous injection of either killed or live vaccines induces both cellular and humoral peripheral 
immune responses (Juste et al., 1994; Corpa et al., 2000a) and reduces the number of animals that 
develop clinical disease and the level of MAP excretion (Wilesmith, 1982; Merkal, 1984; Benedictus et al., 
1988; Körmendy, 1994). Other studies (Kalis et al., 2001) indicate that hygienic measures and the culling of 
shedding animals can add to vaccination efficiency.  
 
Different experimental studies have shown that paratuberculosis vaccination does not prevent the actual 
infection of animals (Nisbet et al., 1962; Larsen et al., 1974; Juste et al., 1994) but instead modifies the 
response to infection by limiting the progression of granulomatous lesions. Pathological methods have been 
previously used to assess the efficacy of vaccines mainly in small ruminants (Nisbet et al., 1962; Juste et 



Proceedings of 8ICP 2005 Theme 3a: Prevention and Control – Herd Level 

 209 

al., 1994), focusing on the presence, extension and type of lesion. Recently, a classification of natural 
paratuberculosis lesions in sheep (Pérez et al., 1996) and cattle (González et al., 2005) associates the type 
of lesion with the phases of MAP infection and the resultant immune response. Infected animals may show 
a range of pathology from focal forms (with lesions confined exclusively to the intestinal or lymph node 
lymphoid tissue linked to initial or latent forms of the infection and high cellular immune responses) to 
diffuse forms that display a severe granulomatous enteritis affecting different areas of the intestine.  The 
latter are associated with clinical disease and high humoral (antibody) immune responses in most animals.  
 
The main aim of this study has been the assessment of the safety and efficiency of a killed vaccine made 
with highly refined mineral oils as adjuvant in experimentally challenged calves.  

MATERIALS AND METHODS 

Animals 
Eighteen two-month-old Friesian calves were used. They were selected from a tuberculosis- and 
paratuberculosis-free herd in which no clinical cases of paratuberculosis had been reported for 10 years. 
The calves were the offspring of Johne’s disease test-negative dams. 
 
Vaccination 
When two months old, ten of the calves were subcutaneously injected with one dose of 1 ml of SILIRUM® 
(CZV, Porriño, Spain in the brisket) (V); the non-vaccinated (NV) control group (8 calves) received 1 ml of 
sterile saline solution. SILIRUM® is a heat-inactivated vaccine containing 2.5 mg of the culture of strain 
316F of MAP combined with an immunological adjuvant consisting of highly refined mineral oil. 
 
MAP Inoculation 
Two months post-vaccination, 8 vaccinated animals and 6 not vaccinated animals were inoculated with 6 
oral doses of 6.9x1010 cfu of a virulent wild-type strain of MAP at 2 day intervals (VI vs. NVI). This challenge 
strain was directly isolated from the intestinal mucosa of a bovine clinical case. Two animals from the 
vaccinated group were kept as vaccination controls (VNI), and the remaining two calves from the control 
group (NVNI) served as negative controls.   
 
Humoral immune responses 
Post-vaccination and post-infection antibody response was measured by indirect ELISA in sera samples 
taken before vaccination (day 0) and at 15, 30, 45, 60, 90, 105, 120, 135, 150, 180, 210, 240, 270, and 330 
days post-vaccination (dpv). This ELISA was performed following the methodology described by Pérez et 
al. (1997) and González et al. (2005), using the MAP protoplasmatic antigen PPA-3 (Allied Lab, Fayette, 
Missouri, USA) and protein G as a secondary antibody. The optical density (OD) result was transformed to 
an index value by division of the mean OD for each serum by the mean OD for the positive control for each 
plate. The result was considered positive when the index value was equal to or greater than 800.  
 
An agar-gel immunodiffusion test (AGID) using the PPA-3 antigen was performed as described by Pérez et 
al. (1997). Samples were considered positive when a clearly definable precipitation line of identity appeared 
with the reference serum. 
 
Cellular immune response 
The comparative intradermal tuberculin test (ITT) was carried out at 0, 45, 150, and 330 dpv by the injection 
of 0.1 ml of bovine PPD tuberculin (CZV, Spain) and 0,1 ml of M. avium PPD tuberculin (CZV, Spain) on the 
left and right sides of the neck, respectively. After 72 h, increases in skin thickness equal or greater than 2 
mm were considered as a positive reaction. For the evaluation of the interference of vaccination with 
tuberculosis, the Annex B of Council Directive 64/432/ECC was applied. 
 
The interferon-g production test (IFN-g) was performed with samples of whole blood obtained at the same 
dates as that for the humoral response, as described by Pérez et al. (1999), using both M. avium and M. 
bovis tuberculins and the BOVIGAM™ commercial kit (CSL Veterinary, Australia). The OD results were 
transformed to an index value by dividing the mean OD of the plasma from the M. avium and M. bovis PPD-
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stimulated blood by the mean OD of the same plasma incubated with PBSS. A result was considered 
positive when the index value was equal or greater than 2.  
 
Pathology studies 
At 180 dpv (120 dpi) three calves from the vaccinated-infected group (VI) and 2 calves from the non 
vaccinated-infected group (NVI) were killed by intravenous injection of barbiturate. The remaining calves 
were sacrificed at 330 dpv (270 dpv). Complete necropsies were performed and gross lesions were 
recorded with special attention to the gut and related lymph nodes. Samples for histopathologic 
examination consisted of duodenum, jejunum (a 5-cm sample from each of the cranial, intermediate and 
distal zones, each sample including areas with and without Peyer´s patches), ileum (three 5-cm samples, 
taken at 20, 40 and 60 cm from the ileocaecal valve), ileocaecal valve, caecum, colon, rectum, jejunal 
lymph nodes (two sections from the most caudal part), isolated ileal lymph nodes (two samples), and 
ileocaecal lymph nodes (two samples). Tissues were fixed in 10% neutral buffered formalin and dehydrated 
through a graded alcohol series before being embedded in paraffin wax. Sections 4-µm thick were cut from 
each sample and stained with hematoxylin-eosin (H-E) and the Ziehl-Neelsen (ZN) method for acid-fast 
bacteria (AFB). 
 
Lesion intensity was assessed by counting the number of granulomas present in three different sections of 
each sample from the intestine. The number of granulomas in the lymphoid tissue and in the lamina propria 
of the associated mucosa was counted separately.  
 
Bacteriology studies 
Faecal samples, collected at the same dates that blood samples, and tissue samples (ileocaecal valve, 
distal ileum, jejunal Peyer´s patches and ileal and jejunal lymph nodes), were cultured in Herrold medium, 
as indicated by González et al., (2005). Isolates were identified as MAP on the basis of mycobactin 
dependency, acid-fast staining and the appearance of typical growth appearing at least after 6 weeks of 
incubation. 
 
Polymerase chain reaction (PCR) in tissues 
A PCR technique was performed for the same sites as used for culture using both frozen and paraffin-
embedded samples by the method used by González et al., (2005).  
 
Statistical analysis 
The results of the OD index obtained in the ELISA and IFN-g tests were logarithmically transformed to make 
them suitable for analysis of variance. The means from the OD index of each diagnostic test and the results 
of granuloma count were compared among the groups, through a Student-t test at each time of sampling.  

RESULTS 

Clinical follow-up 
No adverse clinical reactions to vaccination were observed in any case. One calf from VI group died 
suddenly due to an abomasal ulcer at 250 dpv.  
 
Vaccination nodules 
A persistent nodule at the injection site that did not affect the animals' overall health appeared at 15 dpv, 
reaching the largest size around 210 dpv (Fig. 1). All nodules were hard, cool, loosely attached and with a 
smooth surface. These nodules were round, oval or semi-spherical and showed no ulceration or other 
adverse reactions at the inoculation site at any time during the study.  
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The microscopic examination of the vaccination nodules at necropsy showed that they were mainly 
composed of various foci of caseous necrosis, with abundant neutrophils in the center.  Often calcified and 
surrounded by a severe granulomatous reaction, they were formed by macrophages and giant cells plus 
abundant lymphocytes and a fibrous reaction. Only one cow from group VI had a smaller nodule and a less 
robust lymphocytic reaction in comparison with other calves from the group; this animal was found to have 
diffuse gastrointestinal lesions at necropsy. 
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Fig. 2. Development of antibody production in calves vaccinated with SILIRUMÒ and challenged with MAP 
at 60 dpv. by ELISA 
 
Humoral immune response 
Vaccinated calves’ antibody production by 45 dpv differed significantly from that of unvaccinated calves 
(Fig. 2). The OD level increased progressively up to 150 dpv. From then on, values remained high until the 
end of the experiment. In the group NVI, index values reached significant differences at 210 dpv. 

 
Fig. 1. Nodule evolution in cm for calves vaccinated with SILIRUMÒ 
The size of the nodule is expressed as the maximum value in cm reached in any of its three dimensions. 
Data are the mean values for the VI (vaccinated, inoculated) and VNI (vaccinated, not inoculated) treatment 
groups. 
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Vaccinated calves were ELISA-positive (index > 800) at 90 dpv whereas the non-vaccinated, inoculated 
(NVI) animals never reached the threshold interpreted as antibody ELISA positive.  
 
Only vaccinated calves were AGID positive (data not shown).  This occurred at 60 dpv and was at a lower 
percentage than by ELISA.  

 
Cellular immune responses 
At 30 dpv, vaccinated calves IFN-g production was noted after stimulation with M. avium PPD (Fig. 3).  
Production remained significantly higher than in the controls up to about 240 dpv. An increase in this 
cytokine after the stimulus with M. bovis PPD was also observed, although the values were not as high. The 
unvaccinated animals produced little to no detectable IFN-g except for inoculated calves at one sampling 
period (120 dpv; 60 dpi).  

 
For the comparative intradermal tuberculin test, all vaccinated animals were test-positive every time they 
were tested (Fig 4).  The level of response decreased progressively however. A positive reaction against M. 
bovis PPD tuberculin was also observed, but it was always weaker than the response to M. avium PPD. In 
the unvaccinated calves (groups NVI, NVNI), a positive response was observed at 150 dpv (90 dpi) to both 
tuberculins, and again response to M. avium PPD was significantly stronger. 
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Fig. 3. IFN-g production using M. avium PPD in calves vaccinated with SILIRUMÒ and challenged with MAP 
at 60 dpv. Results are expressed as an OD index. Positive: index ³ 2. 

 
Taking into account the interpretation criteria used in the tuberculosis eradication programs, none of the 
vaccinated calves would have had a positive result for tuberculosis, since in each case the reactions to M. 
avium PPD were stronger than those to bovine PPD. 
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Fig. 4. ITT results in calves vaccinated with SILIRUMÒ and challenged with MAP at 60 dpv. Data are 
expressed as skin increase in mm recorded at 72 h after inoculation with the tuberculins, at 0, 45, 150 and 
330 dpv. Av: reaction to M. avium PPD; Bv: reaction to M. bovis PPD. 

 
Pathology results 
Lesions showed by infected calves were classified into three categories according to González et al. 
(2005).  The categories were focal: characterized by the presence of small and well-defined granulomas 
formed by macrophages and some giant cells with scant or no AFB, mainly in the cortical areas of the 
mesenteric lymph nodes or in the interfollicular areas of the Peyer´s patches; multifocal: with granulomas 
with scant AFB, spreading to the intestinal lamina propria, without modifying significantly its microscopic 
architecture, or diffuse: characterized by a severe granulomatous enteritis with diffuse thickening of several 
parts of the ileal and jejunal mucosa, usually having large numbers of AFB. Tables 1 and 2 show the 
distribution of calves according to the final lesion category. Except from one calf (Nº 5931) killed at 330 dpv, 
all the vaccinated animals had focal or no lesions. However, the majority of unvaccinated animals had 
lesions that were multifocal or diffuse.  
 
Table 1: Granuloma counts and lesion classification in calves killed at 180 dpv (1

st
 sacrifice), vaccinated with 

SILIRUMÒ and infected experimentally at 60 dpv with MAP. 
1

st 
SACRIFICE (180 dpv/120 dpi) 

Animal ID Mucosal granulomas
1
 Total granulomas 

2 
Overall classification 

Vaccinated group (inoculated at 60 dpv) 
3303 0 2 Focal 
5953 0 0 No lesions 
9108 0 0 No lesions 
Mean ± SD 0 0.67 ± 1.15 ---- 

Control group (Not vaccinated, inoculated at 60 dpv) 
5933 22.73 58.46 Multifocal 
7460 0 34.66 Focal 

Mean ± SD 11.37 ± 16.07 46.56 ± 16.83 ---- 

 
The cumulative granuloma counts corresponding to the lymph nodes and intestinal compartments 
examined in calves killed at 180 dpv and 330 dpv are shown in Tables 1 and 2 respectively. Significant 
differences (p<0.001) were noted in the number of granulomas between vaccinated and control groups, as 
well as the number of lesions present in the intestinal mucosa.  
 
Bacteriology and PCR results  
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In tissues from two animals (No 5931 and 9109) belonging to VI group, MAP could be isolated, as well as in 
four calves from NVI group (No 3300, 7460, 5956 and 9107). Culture isolates were made in more organ 
types and the number of colonies was higher in calves from the NVI group than those from VI group. No 
positive isolation was made from fecal samples in any of the animals. 
 
By PCR, only one unvaccinated animal (No 5956) had test-negative results for all tissue samples, while in 
the vaccinated group, three animals had all negative results (No 3303, 5953 and 7461).  
 
Table 2: Granuloma counts and lesion classification in calves killed at 330 dpv (2

nd
 sacrifice), vaccinated with 

SILIRUMÒ and inoculated experimentally at 60 dpv with MAP. Four cows were lesion-free (VNI n=2; NVNI n=2) and 
are not shown. 

2nd SACRIFICE (330 dpv/270 dpi) 
Animal ID Mucosal granulomas

1
 Total granulomas 

2 
Overall classification 

Vaccinated group (infected at 60 dpv) 
7461

3
 0 0 No lesions 

3301 0 3.29 Focal 
7930 0 83.26 Focal 
9109 0 9.6 Focal 
5931 416 1287 Diffuse 
Mean ± SD    83.2 ± 186    276.63 ± 565.85  ---- 

Control group (Not vaccinated, inoculated at 60 dpv) 
3300 0.66 8.59 Focal 
3302 193.37 326.9 Multifocal 
5956 7.99 83.26 Multifocal 
9107 495 1741 Diffuse 
Mean ± SD 174.26 ± 231.67  548.94 ± 812.16 ---- 

DISCUSSION 

The main aim of this study was to assess the efficacy of a killed vaccine (SILIRUM®) against bovine 
paratuberculosis in experimentally infected calves. From the results obtained, a protective effect of the 
compound was demonstrated even when taking into account a challenge dose that was considerably higher 
than usually experienced by an animal under field conditions.  
 
No noticeable discomfort due to the presence of the vaccination nodules was observed in any of the 
vaccinated calves and no ulceration occurred. Other experiments have reported large and fistulated 
nodules (Doyle, 1964; Pérez et al., 1995). The quality and amount of the mineral oil used plus the site of 
inoculation for this vaccine differs from vaccines in previous studies. These factors apparently contributed to 
the reduction of vaccination nodule formation (Hanly, 1995).  
 
Another well-known adverse effect of vaccination is interference in the official diagnostic test for 
tuberculosis. (Vallé and Rinjard, 1926; Stuart, 1962; Gilmour and Brothersson, 1966; Merkal, 1984)  In this 
trial, as in the majority of the cases in other studies, the M. bovis tuberculin reaction was lower than the M. 
avium tuberculin for both the INF-γ production and ITT test. (Stuart, 1962; Huitema, 1967)  The conclusion 
may be made that vaccination against paratuberculosis may not interfere with the official diagnostic test for 
tuberculosis when comparative tests are used.  A stronger reaction to M. bovis PPD may be due to actual 
M. bovis infection rather than paratuberculosis vaccination. However, further studies would be needed to 
evaluate the immune response to the vaccine and its effect on diagnostic testing in tuberculosis-infected 
herds.  
 
The main goal of vaccination is to elicit protective immune responses in animals. As has been previously 
observed in other experiments (Spangler et al., 1991; Juste et al., 1994; Corpa et al., 2000a), the vaccine 
used in this study stimulated both a cellular and humoral peripheral immune response in all the vaccinated 
calves. Immunity to all mycobacterial infections is dependent on cell-mediated immune responses and must 
be elicited by a vaccine for it to be effective (Gilmour, 1976).  Humoral immune factors have little or no 
protective value (Chiodini, 1996). The strong and long-standing cellular immune responses induced by this 
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study’s vaccination protocol in all the calves as measured by INF-γ or ITT are evidence of the protective 
effect of the vaccine. Moreover, high levels of INF-γ have been associated with an increase in the 
macrophage ability to limit the intracellular growth of MAP (Zhao et al., 1997) and with the presence of focal 
lesions, interpreted as latent or “resistant” forms (Perez et al., 1999). Although the antibody response may 
not have any protective effect, it would be an indicator of the degree of activation of the immune system 
against mycobacteria, since both cellular and humoral responses are mounted after the processing of 
mycobacteria by macrophages and antigen presentation to CD4+T cells (Munk and Emoto, 1995). In 
natural paratuberculosis, cellular immune responses appear in the first stages of the infection (Stabel, 
2000), as was observed in the NVI group of this study, whereas in vaccinated animals both humoral and 
cellular appeared simultaneously. This pattern could be related to the immune system’s exposure to large 
amounts of antigen (Abbas et al., 1996). 

 
Histopathologic methods have been commonly used in the evaluation of the vaccination efficacy (Nisbet et 
al., 1962; Juste et al., 1994; Wentink et al., 1994; García Marín et al., 1995; Pérez et al., 1995; Corpa et al., 
2000b). In this work, a quantification method for granulomatous lesions showed significant differences 
between study groups, with the vaccinated animals showing less gastrointestinal tract and lymphatic tissue 
pathology.  

 
In experimental studies, the first lesions usually associated with MAP infection appear in lymphoid tissue 
(intestinal Peyer´s patches or lymph nodes) (Payne and Rankin, 1961; Nisbet et al., 1962; Larsen et al., 
1975; Juste et al., 1994; Clarke, 1997; Kurade et al., 2004). Animals with these lesions are usually 
subclinical and the lesions are of the tuberculoid type. They may remain even until the death of the animal 
from other causes (Pérez et al., 1996). This lesion type is associated with strong cellular immune responses 
(Pérez et al., 1999; 2002) capable of controlling multiplication of the bacillus and progression of the lesions 
toward more severe forms. When this effective immune response is overcome, the lesions progress first 
toward the lamina propia of the mucosa associated with the lymphoid tissue, and then to different section of 
the intestinal mucosa causing severe diffuse granulomatous enteritis.  

 
In our study, except for one case, vaccinated animals were either free of lesions or developed only the focal 
form.  In contrast, multifocal or diffuse lesions were described in NVI calves. This finding supports the 
hypothesis that the vaccine limits granulomatous lesions to a tuberculoid form in which regressive 
granulomas with no or scarce mycobacteria are confined to the organized lymphoid tissue, as previously 
suggested in sheep (Juste et al., 1994; García Marín et al., 1995).  

 
The above findings suggest a considerable protective effect of vaccination for bovine paratuberculosis. The 
protection linked with limiting the progression of pathology may be even greater than the observed in this 
study because the challenge dose was so large. Nevertheless, the protection provided by the vaccine 
product was not absolute since one vaccinated calf (No 5931) had diffuse lesions. This absence of absolute 
protection seems to be a common finding in paratuberculosis vaccines (Doyle, 1964; Larsen et al., 1978; 
Körmendy, 1994; Pérez et al., 1995; Corpa et al., 2000b) and is believed to be a function of factors that 
predispose an individual animal to a weaker or incomplete immune response (Doyle, 1964). One 
vaccinated calf in this study may be such a case, given its small nodule and meagre inflammatory response 
to vaccination. Coupling this calf’s muted immune response with the high challenge dose resulted in a 
clinically severe infection.   

 
Fewer MAP isolates were obtained from VI calves’ tissues than what was seen with NVI calves.  This 
finding was expected since diffuse forms of pathology, mostly seen in calves from the NVI group, usually 
bear high numbers of the bacilli. These results are in agreement with previous studies (Brotherston et al., 
1961; Stuart, 1962; Juste et al., 1994; Pérez et al., 1995) and suggest that MAP multiplication is being 
suppressed. However, there are field studies (Kalis et al., 2001) that have not found a clear reduction in 
MAP shedding after a  number of years in vaccinated flocks. In this study, no fecal shedding was detected 
in any animal. 
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CONCLUSION 

SILIRUM®, a killed vaccine against paratuberculosis, was shown to be safe in calves experimentally 
challenged with MAP. It induced strong cellular and humoral immune responses. Although cellular immune 
response cross reactions to M. bovis PPD appeared, reactions were always higher to M. avium PPD 
suggesting that if comparative TB assays are used the paratuberculosis vaccine need not interfere in 
surveillance for tuberculosis. 
 
The vaccine had a marked, although not absolute, protective effect against paratuberculosis.  Vaccinated 
and challenged calves had fewer lesions, less severe lesions and a lower tissue burden of MAP than 
unvaccinated calves.  The histopathological method employed has been shown to be useful in the 
assessment of the efficacy of a vaccine against paratuberculosis. 
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ABSTRACT 

Infections with Salmonella Dublin and Mycobacterium avium subsp. paratuberculosis (MAP) are among 
those, which receive most attention in the Danish cattle industry today. They share many common features 
with regard to control of infection in cattle herds. The infections cannot be controlled efficiently by treatment 
with antibiotics or other types of medicine, nor by test-and-cull procedures alone. They are mainly controlled 
by changing management to reduce transmission of bacteria between cattle via contaminated faecal matter 
and milk, and from the environment to susceptible cattle. Both infections are spread with asymptomatic 
carriers as well as with clinically diseased animals. Thus, control and prevention of both infections can be 
obtained using similar strategies. However, it is important that the person in charge of implementing the 
control strategies understand the basics of the transmission dynamics to achieve correct and consistent 
compliance necessary for intervention to be successful.  
 
A tool for advisors to aid in conveying effective herd-specific control and prevention strategies to the herd 
manager has been developed. It is a manual which is based on risk assessment of important routes of 
transmission in Danish dairy herds. Steps are included in the manual to assure that learning is part of the 
decision making in planning intervention strategies. The principles of the manual are illustrated in this paper 
together with suggestions on how to use laboratory test results (antibody measurements in milk and blood 
samples by ELISA) to motivate and support control and possibly eradication of Salmonella Dublin and MAP 
in dairy herds and to evaluate progress in the intervention. 
 
Key words: Paratuberculosis, Salmonella Dublin, control, management, risk assessment 

INTRODUCTION 

Mycobacterium avium subsp. paratuberculosis (MAP) is widespread in the Danish cattle population, and 
paratuberculosis has received increasing attention in the cattle industry over the last decade due to losses 
in productivity and reduced health in infected herds. The zoonotic potential of Salmonella enterica 
subspecies enterica serovar Dublin (S. Dublin) in cattle is well-established as it causes severe invasive 
infections in humans (Fierer, 1983; Helms et al., 2003). Although it is not as widespread as MAP in 
Denmark, it causes both outbreaks of disease and persistent infections in cattle herds. Disease losses 
caused by S. Dublin are mainly due to calf mortality following diarrhoea, pneumonia, septicaemia and 
dehydration, veterinary expenses, abortions in adult cattle and increased workload during and following the 
initial outbreak (Peters, 1985; Visser et al., 1997).  
 
In October 2002, a surveillance program was initiated for S. Dublin in all Danish cattle. This program 
classifies cattle herds into three different infection levels.  If an animal is bought from a herd with a worse 
infection level than the receiving herd, temporary trade restrictions are placed on the buyer. Thus, it has 
become much more difficult to sell animals from herds classified in level 2a (probably infected), 2b (un-
clarified) or 3 (bacteria detected).  If a herd is not in salmonella level 1 (most likely un-infected), it is barred 
from participating in cattle shows. Therefore, the motivation to control and eradicate the infection has 
greatly increased in Denmark since the introduction of the surveillance and classification program. By July 
2005, approximately 83% of all Danish dairy herds were classified level 1 in the national salmonella 
surveillance program. Since the introduction of the program, many level 2 and 3 herds have wanted to 
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become level 1. This can usually only be achieved through a thoroughly planned effort. We used the 
initiative for plans to manage S. Dublin to simultaneously focus on MAP in the herd, even in herds where 
MAP was not considered a problem at the time.  
MAP and S. Dublin share several similarities, making it advantageous to coordinate intervention strategies 
against both simultaneously.  Their similarities include: 
 
a) Both infectious agents give rise to long-term intestinal infections with survival of the bacteria inside host 
macrophages, and with the main route of transmission between hosts through faecal contamination of the 
environment.  Acute infection outbreaks may be seen with S. Dublin which is not a characteristic of MAP 
infection.  
 
b) For both infections, age-related resistance is important, with calves below the age of six months being 
the most susceptible to infection. However, S. Dublin more frequently leads to new infections in all ages of 
cattle than does MAP, and this difference needs to be taken into account when planning control strategies 
for the two infections.  
 
c) Asymptomatic carrier animals that cannot easily be identified with high accuracy by current diagnostic 
techniques are most likely critical to the persistence of these infections in cattle herds. Therefore, detection 
and management of high risk animals are essential parts of successful intervention. 
 
d) Intervention strategies for both infections must be focused mainly on management to reduce the infection 
load in the environment of susceptible animals, as neither infection can be controlled efficiently by treatment 
with antibiotics or other types of medicine, nor by test-and-cull procedures alone. To succeed in controlling 
these infections, people involved in management of the herd therefore need to understand the most 
important issues in the transmission dynamics of the infections. 
  
A tool for advisors to aid in conveying effective herd-specific control and prevention strategies to the herd 
manager has been developed (Nielsen and Nielsen, 2005). It is a manual based on risk assessment for 
important routes of transmission in Danish dairy herds. It has been adapted from a similar manual used in 
the United States (Rossiter et al., 1999). Steps are included in the manual to assure that learning about the 
infections is part of decision making and planning. 
 
The Didactic Triangle 
Risk factors for within-herd and between-herd transmission of infection are known from research studies 
and experience in the field (Counter and Gibson, 1980; Wray and Snoyenbos, 1985; Wray et al., 1989; 
Wray et al., 1990; Wray et al., 1991; Vaessen et al., 1998; Wedderkopp et al., 2001; Warnick et al., 2001; 
van Schaik et al., 2002; Warnick et al., 2005). Control of paratuberculosis and S. Dublin can be 
accomplished if the most important risk factors are recognised and subsequently managed. There are 
various challenges associated with managing the risk factors, but these challenges are no greater than 
most herd managers can learn to handle. Advisors may have a tendency to simply inform the herd manager 
what they think needs to be done in the herd, but the subsequent compliance is often disappointing. The 
herd manager’s continued motivation, knowledge about transmission dynamics and participation in the 
actual decision making are key factors for compliance and thus for control of the infections. Therefore, the 
advisor’s role can be seen as that of a teacher. This implies that the advisor uses techniques and tools to 
aid actual learning by the herd manager instead of providing just a one-way communication of facts. Broad 
understanding of complex issues may be hard to accomplish. It is a central feature of educational training. 
In Fig. 1, this is illustrated by the didactic triangle which suggests that the advisor takes the responsibility of 
bringing the knowledge into play along with the herd manager. It is adjusted to fit that of learning about 
infections such as paratuberculosis and S. Dublin. The arrows below the triangle illustrate that obtaining the 
knowledge necessary to prevent transmission in the herd requires not a one-way communication from the 
advisor to the herd manager, but a continuous exchange of knowledge and facts between the teacher and 
the student.  
 



Theme 3a: Prevention and Control – Herd Level Proceedings of 8ICP 2005  

 220 

 
Fig. 1 Didactic triangle: learning about paratuberculosis and Salmonella Dublin intervention 
 
The advisor also needs to understand a manager’s short and long-term goals, possible economic, ethical or 
other limitations or possibilities, future plans, etc.   The advisor also needs to discover in which areas the 
manager most needs training and information. Learning becomes a learning-by-doing procedure that runs 
over several months if not years, when the learning objective is how to intervene and successfully control or 
eradicate MAP or S. Dublin from a cattle herd. Therefore, the strategies need to be evaluated and revised 
repeatedly over reasonable intervals, for instance every half a year or yearly. 
 
Manual for Advisors 
All important transmission routes in the herd must be recognised and closed for intervention to be 
successful. It is therefore important to go through the herd systematically to determine all possible 
transmission routes and evaluate the importance of each of them. This is not an easy task. Therefore, a tool 
has been developed to assist the herd manager and his advisors. It is a manual for advisors based on ideas 
from an United States manual concerning paratuberculosis control (Rossiter et al., 1999), but changed to 
match Danish farming practices and regulations and extended to include S. Dublin as well. The manual 
guides the learning process for both advisors and herd managers. The editors of the manual are 
responsible for providing the knowledge and framework. The herd manager and advisor(s) are responsible 
for filling in the framework with farm-specific information and bringing the knowledge into play, a process 
that enhances learning for everybody involved.  
 
This advisory tool is both a risk assessment and an educational tool for developing intervention schemes on 
infected premises. An example of steps in the risk assessment is shown in Table 1 for paratuberculosis and 
Table 2 for S. Dublin. The maximum scores and transmission routes to be assessed for the two infections 
differ to some extent. This is because age-related resistance is not the same for the two infections, and 
because S. Dublin may multiply in the environment while MAP does not. 
 

Table 1 Examples of risk assessment scores for MAP transmission in the barn area with calves 
before weaning. The risk assessment is an important part of a Danish manual for advisors for 
intervention against paratuberculosis and Salmonella Dublin in dairy herds. 

Area Risk factor Score and criteria for paratuberculosis 
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Feeding with 
pooled colostrum 
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Never happens 
1-2 times per year 
1-2 times per month 
Most of the time 
All of the time 
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2.4 
 
Physical 
separation 
between calves 
and cows 

0 
 

3 
 

5 
7 
 

10 

No contact at all (no possibility for carrying over of faecal 
matter between barn sections etc.)  
Only close to adult cattle when necessary. Separate barn 
sections. 
Calves in contact with cow manure during cleaning etc. 
Calves are frequently in contact with manure storage or 
cow/heifer barn sections  

 Always close contact between calves and adult cows/heifers or 
their manure 

 
Table 2 Examples of risk assessment scores for Salmonella Dublin transmission in the barn area 
with calves before weaning.  

Area Risk factor Score and criteria for Salmonella Dublin 
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2.4 
 
Physical 
separation 
between calves 
and cows 

0 
 

5 
 

10 
 

15 
 

20 

No contact at all (no possibility for carrying over of faecal 
matter between barn sections etc.)  
Only close to adult cattle when necessary. Separate barn 
sections.  
Calves can get in contact with cow manure during cleaning etc. 
Calves are frequently in contact with manure storage or 
cow/heifer barn sections  
Always close contact between calves and adult cows/heifers or 
their manure 

 
When the risk assessment for all barn areas is completed and summarized, it is usually quite clear to the 
herd manager and advisor which areas need particular attention. The manual encourages making a plan 
with clear and concrete management changes anad that all the changes recommended in the plan are 
prioritized. The sections on risk assessment and decision making in the manual include clear background 
theory and knowledge about the infections, diagnostic tests and epidemiology for the two infections. 
 
Test strategies 
The manual includes a section in which the advisor and the herd manager agree on test strategies for the 
herd during the intervention period. Such test strategies should be evaluated and revised at least yearly to 
assure that only necessary resources are spent on diagnostic testing (e.g. to help make decisions or 
evaluate the intervention process). It is important for the herd manager to understand that it is not sufficient 
just to test animals. The herd manager think ahead about what actions can be taken depending on the 
laboratory results received. In an intervention study currently running in 18 herds in Denmark, diagnostic 
test results are used to: 1) classify the animals into risk groups, and 2) evaluate the intervention 
progression. 
 
High transmission risk animals should be treated with higher levels of caution than low risk animals when 
they come into contact with susceptible animals, particularly newborn calves and calves before weaning. An 
example of a laboratory report with animals grouped into paratuberculosis risk groups is shown in Table 3. 
 
On the first page(s) of the report, animals that are assumed to be of any risk of shedding bacteria in faeces 
or milk are listed.  Results are colour-coded to draw the manager’s attention to the animals most likely to be 
shedding (colouring not shown here). These are the most important candidates for culling, and milk from 
these animals should never be used for calves. Their own calves should be removed immediately after birth 
and the calving area cleaned properly before any other animals enter the area. If possible these calves 
should be fed colostrum and milk from other cows than their own mother.  Separate calving areas for high 
risk animals are preferred.  
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Table 3. Partial list of paratuberculosis high risk animals from one intervention herd. The list is 
based on antibody measurements and culture of bacteria from faecal samples. The date and 
result of faecal culture are given. Production losses are predictions based on the ELISA 
results.  

Cow ID Parity ELISA Level 
Previous 

ELISA Faecal culture 
Production 

losses 
Infection 
group

§
 

1241 4 Neg 0.0 0.1 0  (25/01/05) Possible 5 

1371 2 Doubt 0.1 0.1 1+ (JAN04) Unknown 3 

1498 5 Neg 0.0 0.1 0  (25/01/05) Possible 5 

1570 5 Pos 1.3 0.9 0  (25/01/05) Very likely 9 

1580 5 Neg 0.0 0.0 0  (25/01/05) Unknown 3 

1606 4 Neg 0.1 0.1 0  (25/01/05) Possible 5 

1619 5 Doubt 0.2 0.3 1+ (JAN05) Very likely 2 

1880 

Etc. 

2 Neg 0.0 0.0 1+ (JAN04) Unknown 3 

 
§
 “Infection group” is a classification based on consecutive ELISA measurements (4 times per 

year). Cows testing repeatedly positive on ELISA (group 9) or cows with a sudden rise in 
ELISA result (group 2) are cows which are “highest risk”. Cows which cycle in antibody levels 
(group 5) or had a positive faecal culture more than 1 year ago (group 3) but are still sero-
negative are considered medium-risk cows. Cows that have had a positive ELISA more than 
one year ago are considered potential false-positive (group 3). Cows of infection group 9 are 
recommended culled prior to next calving. Cows of infection group 2 may also be culled, but 
more diagnostic information could be obtained prior to making a final decision. 

 
A similar list is made for S. Dublin. However, the risk groups are more difficult to define than for 
paratuberculosis. It is known that some animals are asymptomatic carriers of S. Dublin and that these 
usually have a long term high antibody response in blood or milk samples (Spier et al., 1990; Spier et al., 
1991; Smith et al., 1992). Unfortunately, it is likely that the long term high antibody responses found in 
numerous cattle indicate memory in the immune system or repeated re-infection rather than actual 
persistent infection (Hoorfar et al., 1996).  On the other hand, animals without a high antibody response 
may also spread the infection. Therefore, the use of high risk lists for culling of S. Dublin suspected carriers 
should not be used unless transmission is fully under control. Little is known about transmission of S. Dublin 
bacteria through milk from dam to calf, so the main control strategies for S. Dublin usually focus on 
preventing contact with faecal matter from other animals, e.g. between neighbouring calves and calving 
cows. 
 
Motivation: Quantifying production losses due to paratuberculosis 
Herd manager motivation is necessary for an intervention scheme to be accomplished satisfactorily. 
Motivation may come through quantification of “losses”. Clinical disease is a parameter that can be 
monitored to assess the efficiency of intervention. However, in terms of control and eradication of infection, 
this parameter is not useful as the relationship between control of infection and eventual clinical disease is 
difficult to measure. Transmission of both S. Dublin and MAP can take place without clinical disease 
present in the herd. Quantification of production losses due to paratuberculosis is fairly easy to do however. 
It can be based on data from literature in the initial intervention process, and on the specific farm data later 
in the process as repeated diagnostic test results become available on the individual cow level. An example 
of reduced milk production attributable to MAP infection calculated from data collected in 19 intervention 
herd is shown in Fig. 2.  In addition to milk losses were decreased value at slaughter, loss of genetic 
potential, premature culling, continued transmission of MAP and increased workload due to management of 
diseased animals. Such losses are harder to assess in a production setting, and simulations may be the 
only method for estimating total losses. However, while the losses shown in Fig. 2 may not appear large to 
some herd managers, summarising the losses of all affected cows can have a great effect. As an example: 
one herd manager in the intervention project did not really consider paratuberculosis to be a problem, and 
thought he might have had a loss of 1000 kg energy corrected milk (ECM) during the past 6 months. He 
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was quite surprised to be informed that the estimated losses were actually approximately 45,000 kg ECM, 
an estimate obtained simply by comparing cows in the various groups. 
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Fig. 2 Lactation curves of 610 Danish Holstein cows in their 2nd parity. The number of cows contributing to 
the lactation curves were as follows: Infection group 0: 486 cows; Infection group 2: 78 cow; Infection group 
9: 63 cows. The losses of both infection group 2 and 9 correspond to a loss of 10%. Cows of groups 3 and 
5 are not shown. 
 
Evaluation of intervention strategies Salmonella Dublin and paratuberculosis 
Eradication of S. Dublin has been successful in dairy herds with benefits for the general health of the 
animals in those herds (Jensen et al., 2004). Successful eradication of S. Dublin in a herd with concomitant 
S. Dublin and MAP infection may indicate successfully reduced transmission of both bacteria types in the 
calving area. There are strong indications that test-and-cull strategies only work in combination with 
improvement of the management and housing of young calves, the calving procedures and the hygiene of 
the housing environment. Test-and-cull procedures are most important towards the end of the eradication 
period.  
 

  

Fig. 3 Salmonella Dublin antibody levels measured by ELISA in blood samples from animals from 
3 months of age to first calving in A: a herd with transmission of infection among young calves, B: a 
herd that performs active intervention against spread of infection among young calves by keeping 
calves in clean single huts outdoors until 8 weeks of age. This intervention strategy was initiated 
approximately 15 months before the samples were collected and appears to be very successful 
according to the screening results. 

 
However, the herd manager is usually interested in knowing whether transmission has ceased after 
changing management strategies and whether to continue to follow the progression of the intervention. 
Achieving eradication takes daily and persistent effort from the herd manager and motivation can be 
enhanced by illustrations of cross sectional screening of the whole herd or certain age groups with 
diagnostic tests determining the antibody levels for S. Dublin in blood and/or individual milk samples 

A B 
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(ELISA). Diagnostic test results of such screenings of two herds are shown in Fig. 3. In one herd (A), the 
transmission routes to the newborn calves and/or horizontal spread between very young calves are 
problematic. It takes approximately 14 to 30 days for the calves to mount a high antibody response, so high 
levels of antibodies in blood samples from calves aged 3-6 months indicate transmission of infection in the 
pre-weaning calf barn section of the herd. Antibody measurements from calves below the age of 3 months 
are difficult to interpret because of possible transfer of maternal antibodies, and because calves below 11-
12 weeks of age do not produce antibodies very well (Da Roden et al., 1992; Nielsen and Ersbøll, 2004). In 
the other herd (B), management changes in the calf barn were initiated 15 months prior to the screening 
date shown and were successful. There is no sign of transmission of S. Dublin in the calves within the last 
15 months prior to screening. Antibodies in animals above the age of 15 months may be from earlier 
infection and do not necessarily indicate a risk of transmission. Only repeated samples on the same 
animals or another screening for instance 6 months later can tell if transmission is still present in the herd. If 
S. Dublin transmission has stopped there may be reason to believe that MAP transmission during the 
calving period has also been brought to an end. It does not prove that other important routes of infection 
such as that from milk feeding have ceased.  Data of this sort cannot provide evidence but do provide 
indicators that a herd manager may use to monitor the usefulness of the ongoing procedures.  

CONCLUSION 

Control and eradication of Salmonella Dublin and paratuberculosis is possible, but are often difficult tasks 
that require knowledge about transmission dynamics and long term, persistent effort.  A tool is available for 
Danish herd managers and their advisors to help plan and organise intervention strategies in individual 
herds, so that the best results can be obtained within the limitations of that particular herd. The manual is 
constructed to plan intervention strategies based on a systematic evaluation of the most important routes of 
transmission and the infection load in different barn sections of the herd. Didactic principles are used to 
increase knowledge about pathogenesis and infection dynamics. Knowledge about the infections has been 
incorporated in the scoring system to enhance learning, encourage compliance and increase motivation.  

ACKNOWLEDGEMENTS 

Funding for development of the manual for advisors and sampling in the above mentioned intervention 
herds is funded by the Danish Cattle Federation. The authors would like to thank the participating herd 
owners, herd managers and local advisors for fruitful discussions and valuable feedback on the manual. 

REFERENCES 

Counter, D.E., Gibson, E.A., 1980. Salmonella dublin infection in self contained dairy herds in East Anglia: 
excretion at calving. Vet. Rec. 107, 191-193. 

Da Roden, L., Smith, B.P., Spier, S.J. and Dilling, G.W., 1992. Effect of calf age and Salmonella bacterin 
type on ability to produce immunoglobulins directed against Salmonella whole cells or 
lipopolysaccharide. Am. J. Vet. Res. 53, 1895-1899. 

Fierer, J., 1983. Invasive Salmonella dublin Infections Associated With Drinking Raw Milk. West. J. Med. 
138, 665-669. 

Helms, M., Vastrup, P., Gerner-Smidt, P. and Mølbak, K., 2003. Short and long term mortality associated 
with foodborne bacterial gastrointestinal infections: registry based study. Br. Med. J. 326, 357-361. 

Hoorfar, J., Wedderkopp, A. and Lind, P., 1996. Comparison between persisting anti-lipopolysaccharide 
antibodies and culture at postmortem in salmonella-infected cattle herds. Vet. Microbiol. 50, 81-94. 

Jensen, A.M., Kjeldsen, A.M. and Alban, L., 2004. Control of Salmonella Dublin in 6 Danish dairy herds. A 
case study. (Sanering for Salmonella Dublin i 6 malkekvægsbesætninger. En case-undersøgelse.). 
Dansk Veterinærtidsskr. 87, 26-36. 



Proceedings of 8ICP 2005 Theme 3a: Prevention and Control – Herd Level 

 225 

Nielsen, L.R., Ersbøll, A.K., 2004. Age stratified validation of an indirect Salmonella Dublin serum ELISA for 
individual diagnosis in cattle. J. Vet. Diagn. Invest. 16, 205-211. 

Nielsen, S.S., Nielsen, L.R., 2005. Indsats mod paratuberkulose og Salmonella Dublin - rådgivermanual.  
Peters, A.R., 1985. An Estimation of the Economic-Impact of An Outbreak of Salmonella-Dublin in A Calf 

Rearing Unit. Vet. Rec. 117, 667-668. 
Rossiter, C.A., Hutchinson, L.J., Hansen D. and Whitlock R.H, 1999. Johne's disease prevention/ control 

plan for beef herds. Manual for Veterinarians. Bovine Prac. 33, 1-22. 
Smith, B.P., House, J.K., Dilling, G.W., Roden, L.D. and Spier, S.J., 1992. Identification of Salmonella 

Dublin Carrier Cattle. In: Proceedings of the International symposium Salmonella and salmonellosis. 
Zoopôle, Ploufragan, France., pp. 225-230. 

Spier, S.J., Smith, B.P., Cullor, J.S., Olander, H.J., Da Roden, L. and Dilling, G.W., 1991. Persistent 
Experimental Salmonella dublin Intramammary Infection in Dairy Cows. J. Vet. Int. Med. 5, 341-350. 

Spier, S.J., Smith, B.P., Tyler, J.W., Cullor, J.S., Dilling, G.W. and Da Pfaff, L., 1990. Use of ELISA for 
detection of immunoglobulins G and M that recognize Salmonella dublin lipopolysaccharide for 
prediction of carrier status in cattle. Am. J. Vet. Res. 51, 1900-1904. 

Vaessen, M.A., Veling, J., Frankena, K., Graat, E.A. and Klunder, T., 1998. Risk Factors for Salmonella 
Dublin infection on Dairy Farms. Vet. Quart. 20, 97-99. 

van Schaik, G., Schukken, Y.H., Nielen, M., Dijkhuizen, A.A., Barkema, H.W. and Benedictus, G., 2002. 
Probability of and risk factors for introduction of infectious diseases into Dutch SPF dairy farms: a 
cohort study. Prev. Vet. Med. 54, 279-289. 

Visser, S.C., Veling, J., Dijkhuizen, A.A. and Huirne, R.B.M., 1997. Economic losses due to Salmonella 
dublin in dairy cattle. In: Kristensen, A.R. (Ed.), Proceedings of the Dutch/Danish Symposium on 
Animal Health and Management Economics, Copenhagen., pp. 143-151. 

Warnick, L.D., Nielsen, L.R. and Nielsen, J., 2005. Development and estimation of the effect of new 
methods and strategies for surveillance of salmonella in cattle.  

Warnick, L.D., Crofton, L.M., Pelzer, K.D. and Hawkins, M.J., 2001. Risk factors for clinical salmonellosis in 
Virginia, USA cattle herds. Prev. Vet. Med. 49, 259-275. 

Wedderkopp, A., Stroger, U. and Lind, P., 2001. Salmonella Dublin in Danish Dairy Herds: Frequency of 
Change to Positive Serological Status in Bulk Tank Milk ELISA in Relation to Serostatus of 
Neighbouring Farms. Acta Vet. Scand. 42, 295-301. 

Wray, C., Snoyenbos, G.H., 1985. Salmonella dublin infection of cattle in England and Wales: its 
epidemiology and control. In: Snoyenbos, G.H. (Ed.), Proceedings of the International Symposium on 
Salmonella, New Orleans., pp. 173-181. 

Wray, C., Todd, N., Mclaren, I., Beedell, Y. and Rowe, B., 1990. The epidemiology of Salmonella infection 
of calves: The role of dealers. Epid. Infect. 105, 295-306. 

Wray, C., Todd, N., McLaren, I.M. and Beedell, Y.E., 1991. The epidemiology of salmonella in calves: the 
role of markets and vehicles. Epid. Infect. 107, 521-525. 

Wray, C., Wadsworth, Q.C., Richards, D.W. and Morgan, J.H., 1989. A three-year study of Salmonella 
Dublin infection in a closed dairy herd. Vet. Rec. 124, 532-535. 

  

 



Theme 3a: Prevention and Control – Herd Level Proceedings of 8ICP 2005  

 226 

Simulating control strategies for Johne’s disease in New Zealand dairy herds 

Norton S1, Groenendaal H2, Heuer C1 

1
EpiCentre, Massey University, Private Bag 11-222 Palmerston North, NZ 

Email s.norton@massey.ac.nz, ph: 0064-6350-4834, fax: 0064-6350-5716 
2
Vose Consulting US LLC, 14 Green Street, Princeton, New Jersey, USA 

ABSTRACT 

A simulation was completed to model the effect of various Johne’s disease control strategies using New 
Zealand dairy herd characteristics. The JohneSSim computer model is a stochastic, dynamic model 
developed in The Netherlands. It was adapted to represent the New Zealand dairy production system.  
Recent case/control and longitudinal studies in New Zealand, industry data, expert opinion and international 
data provided model input. Control strategies included Improved Farm Management (IFM), Vaccination, 
Genetic Resistance and Annual Test-and-Cull based on faecal culture or ELISA.  Simulated within-herd true 
prevalence rose from 15% to 49% and annual losses from NZ$2,300 to NZ$23,400 in the absence of 
control over 20 years. All strategies slowed the rate at which prevalence increased, but only IFM reversed 
this rate resulting in prevalence of <1% after 18 years. IFM and Vaccination were the most economically 
attractive strategies.  A decision to attempt either control or eradication must be made and the likely effects 
of each control strategy must be clearly understood before selecting a control program. IFM reduced the 
infection to very low levels and would probably be a low cost strategy, thus appearing the most attractive 
means of control. Valuable insight into the strengths and weaknesses of a variety of control strategies was 
obtained.  

 
Key words: Johne’s disease, dairy, simulation, model, JohneSSim, New Zealand 

INTRODUCTION 

Johne’s disease (JD), caused by Mycobacterium avium subspecies paratuberculosis (MAP), is a chronic 
wasting syndrome in ruminants that is endemic in many countries. It is thought to occur in about 70% of 
New Zealand dairy herds causing economic losses due to premature culling and reduced milk production. 
Widespread speculation about the possible role of MAP in Crohn’s disease in humans has led to concern 
within the dairy industry, particularly since some studies have shown that the organism can survive 
pasteurization. A national control strategy would promote and protect New Zealand dairy export sales and 
match efforts by other major dairy producers such as the US, Australia and some EU countries. The 
insidious nature of JD and poor performance of diagnostic tests suit computer simulation methods for 
investigation of potential control strategies. JD was first modelled by Walker in 1988 and progressively more 
complex models have since been developed (Collins and Morgan 1991). JohneSSim is a stochastic, 
dynamic simulation model developed to evaluate control strategies for JD in The Netherlands (Groenendaal 
2002; 2003; Weber, 2004)  and later the United States (Groenendaal 2003). The aim of this study was to 
adapt the JohneSSim to model JD in the New Zealand dairy system and simulate possible control 
strategies. 

MATERIALS AND METHODS 

The JohneSSim model 
JohneSSim has been thoroughly described by (Groenendaal 2002). In brief, a population representing New 
Zealand dairy herds was simulated over 20 years at 6 monthly intervals. This population had a specified 
range of infection levels and a specified proportion of herds used two high risk management practices (risk 
profiles) with respect to Johne’s disease. These risk practices were a long (>12hr) period of contact 
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between the calf and dam and grazing all stock aged 3-9 months on-farm. Results were a distribution of 
values for the whole population. For some of the economic results, a range was included corresponding to 
the central 80% of the population. 
 
Model input was derived from recent case/control and longitudinal studies, the national dairy industry 
database, expert opinion and international data. True prevalence (henceforth prevalence), costs and 
benefits were simulated for the situation without controls and for the different control strategies. 
 
The average New Zealand dairy herd was described as seasonal calving with 280 milking cows (central 
80% range from 100 to 450 milking cows), an annual increase in herd size of 3% and replacement rate of 
23%. Milk production was 311kgMS per cow per year. The cost of voluntary culling was based on a 
retention pay-off value (RPO), calculated by an existing economic model (Groenendaal 2004), representing 
future expected profits of an individual cow. Heifers calved at two years of age. The mortality rate of calves 
born to heifers was 8% and 5% for older cows. 
 
Johne’s disease was assumed to be present on 70% of New Zealand dairy herds at a within herd sero-
prevalence of 3-6%, resulting in an estimated true prevalence of approximately 15%. Cows occupied one of 
six possible infection states (Table 1)) and transmission could occur by one of six possible routes (Table 2). 
Test sensitivity varied depending on the infection state of the individual.  
 

Table 1. Infection status modelled by JohneSSim 

Infection state Description 

1 susceptible calves 
2 resistant animals (not infected and >1 year old) 
3 latent infection but not shedding 
4 low infectiousness, shedding for 2 months post calving 
5 highly infectious, infected and shedding 
6 clinical, infectious and constantly shedding 

 
Table 2. Transmission routes modelled by JohneSSim 

Transmission route Description 

1 fetal infection 
2 infection during birth 
3 consumption of contaminated colostrum 
4 consumption of contaminated milk 
5 infection from environmental contamination 
6 infection due to introduction (purchase) of an infected animal 

 
Milk production was assumed to be reduced by 5, 10-15 and 20% for cows in infection states 4, 5 and 6 
(Table 1). There was assumed to be a 20% probability that pooled milk was contaminated after 
milk/colostrum from a constantly shedding cow was added. Ninety five percent of calves fed from a 
contaminated pool became infected. 
 
The purchase of bulls was not considered a major risk factor for the introduction of Johne’s disease. Bulls 
were assumed to be kept for a short mating period (October-February), separate from young stock, and 
then sold. Bulls are mostly between 2-3 years of age and selected on the basis of good body condition.  
 
All financial values were reported in New Zealand dollars (NZ$). Input parameters describing economic 
values were derived from industry statistics and, where no data source was available, from expert opinion.   
 
The economic benefit of a control strategy was defined as the reduction in the losses caused by Johne’s 
disease at the herd level relative to the no-control situation.  The Net Present Value (NPV) is a standard 
economic measure for valuing investments with an extended time component. It represents the economic 
attractiveness of each strategy, defined as the benefits minus the costs, with future financial values 
discounted to their present-day value. Thus it is the value of the strategy to the herd owner at the time it 
commences. 
  
Net Present Value = total discounted reduction in losses – total discounted costs 
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Control strategies 
A total of ten control strategies were derived from suggestions by the expert group and from strategies used 
by other countries. The six strategies included in this report (Table 3) represent the range of effects 
observed. 
 

Table 3. Control strategies for New Zealand dairy herds simulated by JohneSSim 
Strategy Test-and-cull Calf 

management 
Other 

1 Annual test-and-cull, ELISA 
(AnELISA) 

Annual ELISA 
(cows>3yrs) confirmed 
by faecal culture 

None None 

2 Annual test-and-cull, faecal 
culture (AnFC) 

Annual faecal culture 
(cows>2yrs) 

None None 

3 Improved Farm Management 
(Mgt) 

None Improved 
management 

None 

4 Vaccination (Vac) None None Vaccination 
5 Genetic Resistance (GenRes)    
6 Bi-annual test-and-cull (pooled 

faecal culture), partial hygiene 
improvement and off farm grazing 
(BiAnFCMO) 

Bi-annual pooled faecal 
culture 

Improved mgt 
and hygiene 

Off farm 
grazing 
  

 
Vaccination was assumed to increase the average period between infection and onset of heavy shedding 
from 5 to 7 years. 
 
Improved Farm Management was improved calf hygiene during birth and in the first few days of life, 
provision of non-contaminated pooled milk/colostrum and reducing the likelihood of faecal/oral contact by 
off-farm grazing. Off-farm grazing is the practice of shipping weaned stock off-farm to contract raisers who 
provide pasture not grazed by adult cattle until calves join the adult herd. 
  
Genetic Resistance was represented by a gradual reduction in the probability of infection between 
generations of calves, such that the probability of an individual becoming infected in year 20 was 50% less 
than in year 1. In addition, resistant but infected cows were assumed most likely to begin shedding at 7.5 
years old, while non-resistant cows were most likely to begin shedding at 5.5 years old. 
 
For strategy 6 we duplicated strategy 3, with the exception that feeding potentially contaminated pooled 
milk/colostrum was still practiced and biannual test-and-cull using faecal culture occurred. 
 
Sensitivity analysis 
There was substantial uncertainty surrounding the values of many input parameters. Sensitivity analyses 
were conducted on ten infection transmission parameters including culling rate, importing of stock, feeding 
of pooled milk or colostrum, the milk production of infected cows, foetal infection rate and faecal oral 
contact rate to illustrate their effect on model predictions. 

RESULTS 

Epidemiology  
Without control, prevalence in the average infected herd increased from 15% to 48% over 20 years (Fig. 1). 
Improved Farm Management was the only strategy to successfully reverse the trend of increasing 
prevalence, reaching 1% after 18 years. All other strategies slowed the rate at which prevalence increased. 
The rate of increase of the prevalence slowed to zero under the Genetic Resistance strategy and given a 
longer simulation period, may have become negative.  
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Fig. 1. Prevalence of Johne’s disease in the average infected dairy herd without control and under six 
control strategies 
 
Economic impact of control strategies 
In the absence of control, annual losses due to Johne’s disease for the average infected herd increased 
gradually from NZ$2,300 to NZ$23,400/yr after 20 years. Benefits (reduction in losses relative to no control) 
were generally proportional to the reduction in prevalence provided by a control strategy, thus were greatest 
for Improved Farm Management. However vaccination also provided considerable benefits, despite having 
little effect on prevalence (Fig. 2) because it reduced losses associated with sub-optimal culling and 
reduced milk production. Biannual testing in strategy 6 resulted in oscillating losses. 
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Fig. 2. Annual losses for the average infected dairy herd under Johne’s disease control programs 
 
Annual costs of control strategies steadily increased for those that failed to stop the increase in prevalence. 
Highest costs were associated with the test-and-cull strategy using faecal culture (NZ$29,500 at year 20) 
but were also high using an ELISA test (NZ$12,900 at year 20). The one exception was vaccination, which 
remained a low cost option despite increasing prevalence, being only NZ$2,200 after 20 years. 
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A positive Net Present Value (NPV) (Table 4) represents an economically attractive option to the average 
infected dairy herd. Costs of the Improved Farm Management and Genetic Resistance strategies were not 
included in the analysis, and therefore for these strategies the NPV is equivalent to the benefits of that 
strategy and represents the maximum cost at which a strategy remains economically attractive. 
 

Table 4. Net present value (NZ$) of simulated control strategies for Johne’s disease to the average infected 
New Zealand dairy herd and range containing the central 80% of dairy herds. 

Control strategy Average NPV (NZ$) Range (NZ$) 
No control 0 0 
Annual test-and-cull (ELISA) -61,798 -78,136 to -41,086 
Annual test-and-cull (faecal culture) -141,000 -182,132 to -50,447 
Improved Farm Management 105,275 0 to 221,662 
Vaccination 38,563 -19,964 — 103,494 
Genetic Resistance 27,641 0 to 58,361 
Bi-annual test-and-cull (pooled faecal culture), off 
farm grazing and partial hygiene improvement 

-7,482 -37,779 to 56,709 
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Fig. 1. Comparison of prevalence reduction of Johne’s disease and net present value (to average infected 
herd and interval containing central 80% of herds) after 20 years for simulated control strategies. 
 
 
The effects of using each strategy for 20 years were ranked by the reduction in prevalence and NPV (Fig. 
3). Strategies toward the top right of the figure were both economically attractive and effective at reducing 
the prevalence of disease while strategies toward the bottom left were both expensive and ineffective at 
reducing prevalence. 
 
Improved Farm Management was clearly the superior method for infection control.  The interval containing 
the NPV for the central 80% of herds was wide for strategies that caused a large reduction in losses. Under 
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such strategies, the difference between herds maximising the benefit and those getting no benefit was 
large. In contrast, there was little NPV difference for strategies that had minimal effect on reducing 
prevalence. 
  
Sensitivity Analysis 
A limited amount of New Zealand data was available and therefore data from other countries with dairying 
systems that differ from those used in New Zealand were used. Expert opinion was incorporated as well 
although opinions were not always in agreement. Therefore, a sensitivity analysis was performed on ten of 
the more uncertain variables, of which two were found to influence model predictions. 
  
The first influential assumption was that pooled milk/colostrum was never contaminated in contrast to the 
default situation of its being rarely contaminated. This caused a slower increase in prevalence, to 27% after 
20 years compared with the default situation of 50%. 
  
The second assumption affecting the outcome was that 70% of herds infrequently buy small numbers of 
replacement animals, whereas the default was that herds bred all their own replacements. This caused the 
prevalence to increase more quickly in the second half of the simulation period to 65% after 20 years 
compared to 50% in the default situation.   
 
Model output varied little in response to changes in culling rate for all cows, milk production of infected 
cows, foetal infection rate, start of shedding by infected cows, faecal oral contact rate for calves and peri-
natal infection rate. 

DISCUSSION 

The JohneSSim model illustrated a fundamental question in regard to the control of Johne’s disease: 
whether the aim of control is reduction in the economic losses of disease, or eradication of the infection. 
Based on the results, eradication seems a lofty goal requiring a lengthy process, and in reality be equivalent 
to reducing the infefction to very low levels. Reduction in the economic effects of disease, however, is a 
comparatively achievable goal and was demonstrated to varying levels by five of the six control strategies. 
 
Improved Farm Management was the most effective strategy by a large margin and the only one to reverse 
the trend of increasing prevalence.  Subsequently, the costs associated with the disease also decline, 
eventually to negligible levels. The costs of implementing this strategy were not estimated but it would be 
economically attractive to the average infected herd provided it cost less than NZ$105,000 over 20 years. 
Combining Improved Farm Management with an annual test-and-cull strategy using faecal culture (data not 
shown) caused losses to decline more quickly, but hugely inflated the cost such that the combination was 
not economically attractive. In the New Zealand dairy production system the exceptionally high workload 
during the calving period represents a challenge to implementing the additional measures required to meet 
the Improved Farm Management criteria in the absence of clear benefits to the herd owner. A single whole 
herd test-and-cull operation for herds beginning a control program may be of benefit. 
 
Of the non-management strategies that were simulated, an annual test-and-cull protocol using faecal 
culture provided the best infection control. However, this strategy was prohibitively expensive, with a net 
value to the average infected herd of NZ$-141,000 over 20 years. In addition, the logistic challenges 
associated with laboratory capabilities suitable for handling a national scale testing program must not be 
underestimated.  Substituting an ELISA test provided a slightly lower cost, but also slowed the decrease in 
the prevalence and economic losses. Diagnostic tests are important tools in infection control, for example 
screening herds for infection (Muskens, Barkema et al. 2000; Quist, Nettles et al. 2002; Pence, Baldwin et 
al. 2003), but for a sustained control strategy more cost effective options should be sought. 
 
We assumed that vaccination would extend the period prior to shedding thus increasing the lifespan and 
milk production of infected cows and reducing premature culling. This strategy was economically attractive 
due to a relatively low implementation cost and provided substantial reduction of Johne’s disease 
associated losses. However, it provided only a minor reduction in prevalence. 
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Optimum infection control could be obtained if this vaccination strategy was combined with a low cost 
strategy that effectively reduced infection prevalence (Improved Farm Management perhaps). Vaccination 
has been effective against ovine Johne’s disease in Australia and Iceland (MacDiarmid 1989; Bull, Brooks 
et al. 2004) and against caprine Johne’s disease in Norway (MacDiarmid 1989). Unfortunately current 
vaccines can cause substantial injection site lesions, must be administered with extreme care and must be 
proven compatible with current test methods for tuberculosis in cattle. 
 
The Genetic Resistance strategy provided a unique approach to the control of Johne’s disease. While 
successful in stopping the increase in prevalence, it took the full 20-year period to achieve it. Given the 
current debate over the link between Johne’s disease and Crohn’s disease in humans, a control strategy 
that produces results more quickly is preferable. The costs of implementing this strategy were not estimated 
but are likely to be vastly greater than the benefits to the average infected herd of NZ$27,641 over 20 
years. We assumed that the first cohort of resistant calves were born in year one of the simulation period 
and did not include a period or costs for identifying and developing resistant genes to the point where they 
were included in a calf’s genetic makeup. 
 
A thorough sensitivity analysis showed the model behaved rationally within the normal range of operation. 
Unfortunately no data were available with which to validate the model output under New Zealand 
circumstances.  Of the ten parameters analyzed for sensitivity, infectivity of pooled milk/colostrum caused 
the greatest change in model predictions while the frequency of reintroduction (through purchase) of 
infection to a herd had the second largest effect. More detailed data describing purchase patterns would 
make the model more representative of actual conditions. 
 
Assuming that contaminated pooled milk/colostrum was not infectious to calves due to dilution by pooling 
with uncontaminated milk substantially reduced the rate at which prevalence increased such that it more 
closely resembled anecdotal evidence. Further modelling will explore the effects of this assumption on the 
simulated control strategies.  
More detailed information on the infectivity of pooled milk/colostrum would be valuable but such a study 
would face considerable challenges. Most importantly, the minimum infective dose for a calf and the route 
of infection is not known with certainty, while the concentration of MAP in infected milk prior to pooling (2-8 
CFU/50mL, (Sweeney, Whitlock et al. 1992)) is generally at the lower limit of existing detection methods 
(Sweeney, Whitlock et al. 1992; Streeter 1995). Further, contamination rates in faeces may be in the order 
of 106 colony forming units per gram (Sweeney 1992) indicating that this material is a much greater force of 
infection than contaminated milk. Currently no broadly accepted techniques are available to accurately 
enumerate MAP levels in milk (Grant and Rowe 2001). 
 
Future use of JohneSSim will be improved by adjusting input parameters with additional data. While these 
updates may result in slightly lower infection levels, the trends reported here are expected to remain largely 
unchanged. 
 
In conclusion, the JohneSSim model has provided insight into Johne’s disease control in New Zealand dairy 
herds. Improving farm management was clearly the most effective method for reducing the prevalence of 
infection and is potentially of low to moderate cost. The benefits of vaccination were also evident. Test-and-
cull approaches were neither economically or epidemiologically attractive. Uncertainty in many of the input 
parameters requires that results be interpreted as trends rather than specific values. Sensitivity analyses 
showed that the infectiousness of pooled milk/colostrum and the frequency of reintroduction of infection had 
strong influences on prevalence of infection.  Additional information to raise the descriptive accuracy of 
these parameters would be valuable. 
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ABSTRACT 
The objective of this study was to characterize the distribution of Mycobacterium avium subsp 
paratuberculosis (MAP) in the environment of infected and noninfected Minnesota dairy farms. One 
hundred and eight Minnesota dairy herds were sampled during the summer of 2002, including 80 herds 
likely to be infected based on previous testing in the Johne’s Disease Control Program (JDCP) of the 
Minnesota Board of Animal Health (MBAH) and 28 herds likely to be noninfected based on previous testing 
in the Voluntary Johne’s Disease Herd Status Program (VJDHSP) of the MBAH.   Fecal samples were 
obtained from up to 100 cows in each herd and were cultured in pools of five cows per pool based on age 
order. Environmental samples were obtained from each farm, with up to 2 samples collected from each 
various.  Fecal pools and environmental samples were tested using bacterial culture for MAP at the 
Minnesota Veterinary Diagnostic Laboratory.  Sixty-four of the 80 JDCP herds (80%) had at least one 
positive pool;  
16 of these herds did not have any positive pools.  The farm environment was detected as contaminated on 
61 of the 64 (95%) herds with positive pools and in one of the 16 JDCP herds with negative pools.  Twenty-
six of the VJDHSP herds (93%) had no positive pools; 2 herds had one positive pool each. The 
environment of one of these herds was also detected as contaminated. The farm environment was detected 
as contaminated in cow alleyways (77% of the herds), manure storage (68%), calving area (21%), sick cow 
pen (18%), water stream edge and water runoff (6%), and postweaned calves area (3%), but not in 
preweaned calves or fields near cow area.   The results indicate that targeted sampling of cow alleyways 
and manure storage may be a useful alternative strategy for herd screening and Johne’s infection status 
assessment and for estimating herd fecal prevalence. 
 
Key words: Johne’s disease, Mycobacterium paratuberculosis, environment, dairy cow, pooling. 

INTRODUCTION 

Although Mycobacterium avium subsp. paratuberculosis (MAP) does not propagate in the environment, it 
survives for long periods in different environmental conditions. Several reports describe long-term in-vitro 
bacterial survival in water, urine, manure and extreme temperatures (Vishnevskii et al., 1940; Lovel et al., 
1944; Larsen et al., 1956; Jørgensen, 1977).  These findings suggest that MAP survives well in conditions 
that would be expected on dairy farms. Whitlock et al. (1992) sampled 11 infected herds in Pennsylvania.  
Obvious manure samples, which contribute to environmental contamination, were not sampled.  The 
authors found that 45% of the farms had positive environmental samples but only one farm had a high 
prevalence of environmental contamination (22%).  Similarly, Pavlik et al (2002) sampled 2906 
environmental samples from 20 infected herds and found that only 2% tested positive for MAP.   
 
Johne’s disease control programs have been developed in different countries (Kennedy and Allworth, 2000; 
Kalis et al, 2000) and in several states in the USA such as Wisconsin and Minnesota (Bulaga, 1998).  
These programs aim to test and classify herds of cattle as infected or presumptively noninfected with 
maximum accuracy and least cost. Generally, these programs utilize recognized laboratory tests such as 
enzyme-linked immunosorbent assays (ELISA) or direct microbiological individual fecal culture. However, 
these tests have several disadvantages, especially when applied in herds with subclinical disease or low 
prevalence. The pooled fecal culture method, which aggregates several cows’ fecal samples to one culture 
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unit, has been recently suggested as a good alternative strategy for lowering the procedure cost in herd 
screening programs for dairy cattle (Kalis et al. 2000a, Wells et al, 2003).  The approach is reported 
however to have with variable sensitivity depending on phase of infection, herd prevalence and fecal 
shedding rates. 
 
The objectives of study were: 1) To describe MAP distribution and prevalence in the environment on 
Minnesota dairy farms, 2) To assess the relationship between culture status of MAP in the farm 
environment and fecal-pooled culture status.  

MATERIALS AND METHODS 

Herd Selection and sampling 
Herds were selected from the database available for two Johne’s disease (JD) programs in Minnesota.  
These herds were known to be either infected according to previous testing in the Johne’s Disease Control 
Program (JDCP) of the Minnesota Board of Animal Health (MBAH), or  noninfected based on previous 
testing in the Voluntary Johne’s Disease Herd Status Program (VJDHSP) of the MBAH. All herd owners 
were contacted by letter to request voluntary participation in the study.  One hundred eight Minnesota dairy 
herds were sampled between May to September 2002, including 80 from the JDCP and 28 from VJDHSP.  
Up to 100 cows were selected to represent the distribution of cows within each herd using systematic 
sampling whenever possible.  In the free-stall herds where cows were grouped based on their lactation 
stage, a proportion of cows from each pen was sampled. Approximately 30 grams of fecal sample were 
obtained via rectal retrieval with a plastic disposable rectal examination glove lubricated with sterile water. 
Samples were placed in a 95 ml plastic covered specimen container and stored in a cooler with ice during 
transport to the laboratory.   
 
From each study farm environmental samples were obtained from each of the following locations if 
available in the farm: calving area, dry cow area, cow alleyways, manure storage, soil from crop fields near 
cows open areas (dry lot or pasture) where possible drainage from cow area to the fields is possible, edge 
of streams where cows have access, water runoff from the parlor or cow barn, preweaned calves, 
postweaned calves housing, and sick cow pen. Two samples were collected in each location with two 
exceptions: in preweaned calf areas where a small number of calves were available, only one sample was 
obtained and in small sick cow pens also only one sample was collected.  Each sample contained 
approximately 20 g of fecal material with bedding or soil from 3-4 different sites within each sampling 
location. The material was collected with a disposable latex glove for each location and placed in a 95 ml 
plastic covered specimen container and stored in a cooler with ice in a separate plastic bag from the rest of 
the cows’ fecal samples during transport to the laboratory.   
 
In freestall barns (61 farms), each cow alleyway sample was obtained from 3-4 sites across 1-2 alleyways. 
In tie-stall barns (46 farms), samples from cow alleyways were obtained from the gutter on each side of the 
alleyway. Each sample from the manure storage lagoon was obtained by sampling 3-4 locations at the 
edge of the lagoon around its perimeter and by submerging the sampling container up to 10 cm under the 
water surface. Each sample from manure piles was obtained from 3-4 different sites up to 10 cm in depth. 
Each sample from the manure pit contained 2-3 sterile 4x4 gauze pads tied to fishing line with weight and 
soaked at least 10-15 cm below the manure surface.  In two herds, closed slurries were not sampled due to 
safety reasons. Samples from preweaned calves were collected from the floor, or if not available from the 
environment directly from the rectum, and each sample contained fecal material from 1-3 calves. Samples 
from postweaned calves were obtained from the floor of calf housing areas.  
The samples from stream banks included fecal material in contact with the water and moist soil.  Samples 
from water runoff from the parlor or barn contained moist soil or sediment collected from the bottom of the 
stream as well as the water.  Samples from fields near cow open areas contained soil from locations where 
drainage from the cow area was possible. 
 
Laboratory testing 
Fecal samples from cows were pooled in groups of five cows per pool based on age order for a total of 10 
grams per pool. The procedure involved mixing 2 grams of manure from each of the five cows with wooden 
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stick, thereafter weighing 2 grams for the pooled fecal culture.  Fecal pools and environmental samples 
were tested using bacterial culture for MAP at the Minnesota Veterinary Diagnostic Laboratory using the 
method previously described with Herrold’s egg yolk medium. Colony counts were recorded on a weekly 
basis for 16 weeks and final results were scored as negative, light (mean of 0.25 to 9 colonies/tube), 
moderate (mean of 10 to 49 colonies/tube), and heavy (mean of > 50 colonies/tube) fecal shedders. Herd or 
farm environment was defined as infected if at least one pool or environmental sample respectively was 
positive for MAP, assuming that the fecal culture method has 100% specificity.  
  
Statistical Analysis 
Descriptive statistics were used to describe the distribution of the environmental samples using Excel 
(Microsoft Office 2000) and SAS (Statistical Analysis Systems Institute Inc., 2001).  
A chi square Fisher exact test with statistical level p<0.05 was used to determine the association between 
environment sampling and fecal pool status on the herd level. To assess the correlation between the 
number of positive fecal pools and different positive environment samples, a Spearman rank order 
correlation was applied.  To determine the best environmental sampling strategy to assess herd infection 
status, a multivariable logistic regression model was developed using SAS PROC LOGISTIC, where the 
dependent variable was herd status based on fecal pool culture (positive or negative) and the independent 
variables were environment culture status by location. To assess the prevalence of infection in the herd 
based on environmental sampling areas used in the selected logistic regression model, PROC MIXED with 
the EMPIRICAL option was used to fit the modeling for herd fecal pool prevalence. The dependent variable 
was percent of positive fecal pools and the independent variables were: maximum colonies per tube (CPT) 
by environment location sampled (negative, light, moderate and heavy), number of positive samples (0,1,2) 
from the selected farms areas, herd size (<100, 100-200, >200), and housing type (freestall or tiestall). 

RESULTS 

Sixty-four (80%) of the 80 JDCP herds had at least one-pool positive; 16 did not have any positive pools.  
Twenty-six herds of the VJDHSP herds (n=28) were found to be culture negative, with no positive pools; 2 
herds had one positive pool each with maximum level of shedding of 10-50 colonies per tube in one herd 
and >100 CPT in the other. 
 
The environment around the JDCP farms was found to be contaminated for 61 of the 64 herds with positive 
pools and in one of the 16 herds with negative pools. In the latter herd with 210 milking cows, only partial 
sampling occurred (100 cows).  The environment among the VJDHSP herds was found to be contaminated 
in one herd (cow alleyways and manure spreader); this herd had one positive fecal pool as well.  A highly 
significant relationship was found between the environment and fecal pool culture status (OR= 636, 95% 
C.I.= 69-5890, p<0.0001). 
 
The most common areas found to be contaminated on the farms were cow alleyways (77% of herds with 
positive pools or environment) and manure storage areas (68%).  The distribution of positive environment 
samples among the 67 farms with positive environment or pools is presented in Table 1.  
 
Most of the positive environmental samples had moderate and low numbers of CPT (including cow 
alleyways and manure storage), whereas most of the pooled fecal cultures had high numbers of CPT.   
 
At least one sample from cow alleyway or/and manure storage was positive for MAP in 90% of the herds 
with positive environment or pools.  Heavily contaminated samples (>50 CPT) from cow alleyways and 
manure storage areas were found only in highly infected herds (>30% positive pools).  In highly infected 
herds (>30% positive pools), all cow alleyways samples were MAP-positive.  
 
To assess herd infection status based on environmental sampling, the best-fitting logistic regression model 
included the sampling of cow alleyways and manure storage (-2 LL= 42.72). No other additional variable 
could be fit between cow alleyways and manure storage because of collinearity (i.e. since most of the 
environmental samples included these two areas, no other environmental sample could contribute 
additional information to the model). 
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Table 1. Distribution of environmental samples among dairy herds with culture positive pool or environment 
Area in the farm 
Cattle housing 

# Samples 
Taken 

% Positive # Farms 
Tested 

% Farms 
Positive 

Distribution of 
Positive Farms 

Cows Alleyways 
 

122 
 

70% 66 77% 86% - Free Stall 
14% - Tie stall 

Calving Area 108 17% 59 24% 98% - CA only  
2% - CA+ Sick Pen 

Dry cow Area 122 19% 61 25% 53% - Dry lot 
40% - Pasture 
7% - Pen 

Sick Pen 38 45% 21 57%  
Preweaned 125 0% 63 0% 

 
 

Post Weaned 
 

98 3% 52 4%  

Environment      
Manure Storage 120 55% 60 68% 68% - Lagoon 

15% - Manure Pit 
10% - Manure pile  
7% - Manure spreader 

Water Access 18 17% 13 7%  
Water Runoff 8 38% 4 75% 

 
 

Soil of Crop 
Fields 

30 0% 15 0  

 
  The best-fit model to predict herd fecal pool prevalence included the maximum CPT from cow alleyways 
and manure storage area.  Because of the presence of collinearity, interaction terms were not estimable. 
Given the model, herds with negative environment have 2% (CI: 0.3-4%) positive fecal pool prevalence; 
heavy contamination in both areas result in the highest positive fecal pool prevalence (63%, CI: 53-73%; 
Table 2). 
 

Table 2. Estimation of fecal pool prevalence (95% CI) based on maximum shedding level of two 
samples from each two environmental location (n=60). 
  Cow alleyways 
 Max. level of shedding Negative Light Moderate Heavy 

Negative 2% (0.3-4) 18% (12-24) 20% (12-28) 36% (27-45) 
Light 12% (7-17) 29% (22-36) 30% (22-39) 46% (38-55) 
Moderate 13% (3-23) 29% (16-42) 31% (21-39) 47% (36-58) 

Manure 
storage 

Heavy 29% (23-35) 45% (36-57) 46% (36-56) 63% (53-73) 

DISCUSSION 

This is the first large scale study evaluating the distribution of MAP in cattle and the environment 
surrounding dairy farms using different variables such as types of cattle housing, herd sizes, a variety of 
locations in the farm environment, and diverse geographical distribution.   
 
The limitations of this study are related to fecal culture sensitivity constraints. In the current study, the 
limited pool test sensitivity for light shedders (1-10 CPT) may have failed to detect some of the infected 
JDCP herds. Wells et al. (2002) found that the sensitivity of detection for MAP was greater with a smaller 
pool size (i.e. 5 vs. 10 samples per pool) and pool sensitivity was 44% in low bacterial shedding samples 
and 94% in high bacterial shedding samples. In the current study, presumably, if undetected these truly 
infected herds would have a very low prevalence. Additionally, since in the current study a maximum of 100 
cows per herd were sampled, it is possible that infected cows (especially low shedders) were present and 
were not detected in herds where not all of the cows were sampled.  Interestingly however, all herds with 
negative fecal pools, except one, had test-negative environments as well.  Furthermore, the environmental 
sampling procedure used in the current study, which involved the collection of 3-4 scoops of feces from 
each location, is a form of a pooling procedure. However, it is possible that environmental samples 
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containing small numbers of bacteria (<10 CPT) fell below the sensitivity of the culture procedure and thus 
were considered test-negative (as happened in four farms that were pool-culture positive but all 
environmental samples were negative). Nevertheless, herds with high pool prevalence were detected with 
environmental sampling.  
   
The environmental sampling results in this study suggest that the initial assessment of farm infection status 
does not necessarily require individual cattle serology testing, which despite its limitations (low sensitivity, 
especially in low shedding/subclinical cows, requires individual handling cattle) has been used in both the 
JDCP and VJDHSP.  The results of the current study suggest that an assessment of herd infection status 
can be performed by targeted sampling of the cow alleyway and manure storage areas. This approach 
suggests a convenient and promising alternative strategy for herd screening and Johne’s infection status 
assessment, and could potentially replace the first screening ELISA tests for level one of the VJDHSP or for 
JDCP herds that were never tested before.  Furthermore, the statistical models developed in this study offer 
a practical way to estimate the herd fecal pool apparent prevalence by using the maximum CPT.  
 
Based on this approach, it is estimated that 30 minutes of sampling and US$100 laboratory fees is able to 
estimate a herd’s infection status with reasonable (approximately 90%) accuracy.  Achieving the same goal 
using ELISA test requires at least $180 (U.S.) laboratory fees in addition to veterinary labor fees.   
Increasing the number of samples obtained from cow alleyways or manure storage may increase the 
probability of detecting low prevalence herds still with relatively low costs and time.    
 
Finally, since the study was performed during the summer time and only in Minnesota, and herd sampling 
and infection status assessments occur all year around across the country, it is important to obtain further 
information about MAP distribution throughout the year, especially during the winter months and in different 
parts of United States and worldwide. 

CONCLUSION 

The association between infected herds and MAP contamination of their environment emphasizes the 
critical importance of farm management strategies to reduce environmental MAP contamination that occurs 
through cattle manure.   
 
Targeted common and contaminated areas in the farm environment, specifically cow alleyways and manure 
storage (especially the lagoon), suggest a promising alternative strategy for herd screening and Johne’s 
infection status assessment and for estimating herd fecal prevalence.  This strategy has the potential of 
saving significant economical resources in terms of cost and time.   
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ABSTRACT 

The estimated herd prevalence of bovine paratuberculosis in Germany is 10 to 15%, resulting in high 
economic losses for dairy farmers. Further, the possible link between Mycobacterium avium subspecies 
paratuberculosis (MAP) and Crohn’s disease has not been elucidated to date, and this supports the need 
for a control and surveillance program. Laboratory diagnosis of paratuberculosis using fecal culture as 
confirmatory method is labor intensive and time consuming.  Extensive area-wide testing with this method 
would not be possible. An alternative and affordable option for the determination of herd prevalence would 
be a two-step testing of bulk milk samples. In this approach, the first step would be the determination of 
antibody titers in the bulk milk with a highly sensitive test (Svanovir®), the second confirmatory step on bulk 
milk from “non unsuspected”, i.e. ELISA-positive herds would be a peptide-based capture PCR. The 
applicability of this approach is supported by our results indicating a correlation of bulk milk ELISA and MAP 
detection via peptide-based capture PCR: we predominantly detected MAP-DNA in milk that was 
categorized by ELISA as “recommended for surveillance” (PP [percent positivity] value 5-15) or “highly 
prevalent” (PP value >15). Based on these findings, the suggested combination of milk ELISA and 
molecular biology-based methods seems to be suitable for herd classification. The suggested combination 
of test systems would facilitate continuous surveillance as well as herd classification.  The program 
provides the opportunity to protect the consumer by excluding severely MAP-contaminated milk from the 
dairy manufacturing process. 
 
Key words: Bulk milk ELISA, peptide-mediated capture PCR, herd prevalence. 

INTRODUCTION 

Paratuberculosis, also called Johne’s disease, is a severe and incurable chronic enteritis of ruminants 
caused by Mycobacterium avium subspecies paratuberculosis (MAP; Kreeger 1991). Paratuberculosis is 
prevalent worldwide (Manning and Collins 2001) and has a considerable economic impact on the livestock 
industry (Harris and Barletta 2001).  The zoonotic potential of MAP is not yet fully elucidated (Romero et al. 
2005, Hermon-Taylor and Bull 2002). Control and eradication of paratuberculosis is aggravated because of 
the chronicity of the disease, the long incubation period with intermittent shedding of the organism, and the 
late seroconversion of infected animals (Nielsen et al. 2002). Attempts to eradicate the disease in infected 
herds have not been economically feasible (Jubb and Galvin 2004, Beyerbach et al. 2001).  This is most 
likely due to the sudden onset of high shedding of MAP upon stress by infected animals, its hardiness 
(Whittington et al. 2004, Hammer et al. 2003),  and its ubiquitous presence in the environment (Raizman et 
al. 2004). 
 
As eradication of the infection seems not economically feasible, an alternative would be a control and 
classification program aiming at the identification of, on the one hand, non-infected herds and, on the other 
hand, non-negative herds with a highly sensitive and inexpensive bulk-milk ELISA followed by a highly 
specific confirmatory test for the detection of the pathogen itself (i.e. identification of herds containing not 
only infected animals but animals shedding MAP in high numbers). In the next phase, fecal culture or a 
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highly specific ELISA would identify individual heavy shedders in bulk milk test-positive herds thereby 
reducing environmental contamination and the infectious pressure on the herd.  
 
In the study presented here we investigated the correlation of a bulk milk ELISA licensed in Germany and a 
peptide-mediated capture PCR.  The goal was to evaluate an economically feasible approach for the 
surveillance and control of bovine paratuberculosis.  

MATERIAL AND METHODS 

Samples.  
Bulk milk samples were obtained from 533 herds mainly located in eastern and northern Germany. Upon 
receipt, the samples were transferred to sterile 50 ml conical tubes (Sarstedt, Nümbrecht, Germany) and 
stored at -70°C. Prior to testing samples were thawed and the cream was removed using a water jet pump.  
 
Testing of bulk milk samples.  
Enzyme-linked immunosorbent assay (ELISA) testing of the bulk milk samples was performed using the 
Svanovir® Para-TB-Ab test (Svanova Biotech AB, Uppsala, Sweden) according to the manufacturer’s 
instructions. This indirect ELISA relies on MAP-derived lipoarabinomannan as the immobilized antigen and 
was originally validated for serum samples using not fecal culture but lymph node culture as the reference 
method (Jark et al. 1997).  Subsequently the test was validated on individual milk samples (Winterhoff et al. 
2002) and licensed for bulk milk sample testing. Interpretation of the ELISA results is based on the percent 
positivity (PP value) of the positive control serum used.  

 
Herd prevalence for paratuberculosis was classified based on the PP value as follows: PP< 5, 
“unsuspected” herd; PP 5-15 herd with low prevalence and recommended for surveillance; PP>15 herd with 
high prevalence. Since the ELISA was to be used as a screening test, the cut-off values were set in order to 
obtain maximum diagnostic sensitivity. 
 
Culture isolation of MAP 
Processed samples were inoculated to Middlebrook 7H10 agar (Difco Laboratories, Detroit, Mich., USA) 
supplemented with 10% of oleic acid-albumin-dextrose-catalase enrichment (OADC; 100 ml contain sodium 
chloride [145 mM], bovine serum albumin [fraction V; 0.5 g], dextrose [1.1 M], catalase [3 mg], and oleic 
acid [60 µl]), glycerol (0.2%), and mycobactin J  
(2 mg l-1; Synbiotics, Lyon, France). For further use as a positive control in the peptide-mediated capture, 
MAP colonies were harvested from the Middlebrook 7H10 agar by careful removal from the agar and 
suspended in phosphate-buffered saline (PBS [pH 7.2]; NaCl [150 mM], KH2PO4 [1.5 mM], Na2HPO4 [9 
mM], KCl [2.5 mM]). The suspension was homogenized by vortexing for five minutes with glass beads (30 
beads of 3 mm diameter per 5 ml of bacterial suspension in a polypropylene tube), and 1 ml samples of 
pasteurized milk were contaminated with 102 MAP as described previously (Stratmann et al. 2002). 
 
Peptide aMptD-mediated capture PCR 
Peptide aMptD (GKNHHHQHHRPQ) was synthesized (Fa. Affina Immuntech, Berlin, Germany) and 
coupled directly to paramagnetic beads using the carbodiimide method (Fa. Chemicell, Berlin, Germany). 
Carbodiimides react with the terminal carboxylate groups from the magnetic beads to highly reactive O-
acylisurea derivatives which then form a covalent bond with the free amino group of the lysine of peptide 
aMptD. Peptide-mediated capture PCR and spiking of pasteurized milk was performed as described 
previously (Stratmann et al. 2004, Stratmann et al. 2002). In contrast to the previously described method 
the peptide-mediated capture PCR was modified. Bulk milk samples (1 ml) were distributed on a deep well 
plate (DWP) and 10 µl peptide aMptD-coupled paramagnetic beads were added to each well; the DWP was 
then incubated overnight at 4°C with light agitation. The paramagnetic beads were sedimented using the 
MagnaBot® 96 magnetic separation device (Promega, Madison, WI, USA). After removing the supernatant 
(milk) the beads were resuspended in 200 µl of 0.1 x TrisHCl-bufferd saline with Tween (TBST; 1 x TBST is 
50 mM Tris-HCl [pH 7.5] and 150 mM NaCl containing 0.05% Tween®20) and transferred to a U-bottom 

PP value=  
mean OD450 value of the sample x 100 

mean OD450 value of the positive control serum 
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mikrotiter plate. The beads were sedimented again and were washed 10 times with 0.1 x TBST using the 
Nunc-Immuno® washer (Nunc, Roskilde, Denmark). After removing the washing buffer carefully, the beads 
were resuspended in 50 µl 0.1 x TE buffer (1x TE buffer is 10 mM Tris-HCl [pH 8.0] and 1 mM EDTA) and 
boiled in a microwave oven for 15 min at 180 W. After sedimenting the beads again, the supernatant was 
transferred into a new mikrotiter plate and 5 µl of the supernatant was used as template in a PCR using 
ISMav2-derived primers with internal amplification control. Agarose gel electrophoresis and PCR were done 
by standard procedures. Taq polymerase and primers were purchased from Invitrogen (Groningen, The 
Netherlands).  
 

RESULTS 

Bulk milk samples were collected from 533 herds and simultaneously tested with the Svanovir® ELISA, 
licensed in Germany for the testing of bulk milk samples, and the peptide-mediated capture PCR.  The 
results are summarized in Table 1. The analytical sensitivity of the capture PCR was 102 CFU ml-1 and the 
capturing agent, peptide aMptD, has been shown to be highly specific for the capture of MAP (Stratmann et 
al. 2005). All samples were classified in ELISA categories by PP value. Eighty-nine samples were ELISA 
“unsuspected” (PP value <5 OD%); in this category a single sample was PCR positive for MAP. Fifteen of 
the 324 samples ELISA-classified as “recommended for surveillance” (PP value 5-15 OD%; n=324) were 
PCR positive. Of the 120 samples with “highly prevalent” results (PP value >15 OD%), 15 samples were 
PCR-positive. These data were analyzed to calculate the probability of a sample testing positive in the 
capture-mediated PCR. The probability of a positive PCR result is 4 times higher in herds “recommended 
for surveillance” by ELISA and 16 times higher in “highly prevalent” herds when compared to ELISA-
negative herds. 
 

 
Fig. 1: Bulk milk ELISA interpretation vs. peptide-mediated capture PCR results (n = 533) 

Table 1: Results obtained testing 533 bulk milk samples with the Svanovir® ELISA and the capture mediated 
PCR. 
ELISA 
(OD%) 

Bulk milk 
samples 

PCR 
positive 

PCR 
negative 

% PCR positive 
per category 

% PCR 
positive  

“unsuspected” 
(< 5%) 

89 1 88 1.1% 0.2% 

Recommended for 
surveillance 
(5 – 15%) 

324 15 309 4.6% 2.8% 

Highly prevalent  
(> 15%) 

120 15 105 18% 2.8% 

Total 533 31 502  5.8% 
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DISCUSSION 

This study investigated the practicability of a two-step testing approach for a paratuberculosis control and 
surveillance program using a bulk milk ELISA licensed in Germany and a bulk milk peptide-mediated 
capture PCR. 
 
The study was performed with randomly taken samples from different regions in Germany representing a 
cross section of different herd sizes (ranging from 20 to 2000 cows) and herd management practices. 
Therefore representative data was obtained even though only a limited number of samples (533) could be 
tested. The bulk milk ELISA used was evaluated not against fecal shedding, but lymph node culture as a 
“gold standard” (Jark et al. 1997).  Subsequently it was validated for individual milk samples (Winterhoff et 
al. 2002) and was later licensed for use on bulk milk samples. Since the test was to be used as a screening 
ELISA the cut-off values were set in order to obtain maximum diagnostic sensitivity values. Further, as on 
the single animal level this ELISA does not correlate with shedding but with infection, herds with negative 
results should have a high probability of freedom from infection and therefore should not require the more 
expensive PCR testing.  These herds could serve as a relatively reliable source for uninfected herd 
replacements. 
 
Bulk milk from a large proportion of herds (80%) were ELISA-positive and therefore they were likely to have 
been exposed to MAP.  Since testing of all these herds on a single animal level was not feasible, a 
confirmatory test identifying herds with high shedders was established (Stratmann et al. 2005). Testing of 
the 533 bulk milk samples using the peptide-mediated capture PCR resulted in 15 PCR-positive samples in 
both of the ELISA categories “recommended for surveillance” and “highly prevalent” and only one PCR 
positive sample in the ELISA category “unsuspected”. These data show that the probability of a PCR 
positive sample is 4 times higher in the ELISA category “recommended for surveillance” and 16 times 
higher in the category “highly prevalent” compared to the ELISA category “unsuspected”. Thereby a clear 
correlation between the ELISA OD% and the outcome of the peptide-mediated PCR was shown, supporting 
the feasibility of this two-step testing approach. 
 
Based on these results a more defined scheme for a possible control and suveillance program was devised 
(Fig. 2). The first step is to find suspect herds using the highly sensitive and inexpensive bulk milk ELISA. 
This is followed by the highly specific peptide-mediated capture PCR in these ELISA-positive (i.e. likely 
infected) herds thereby identifying herds with heavy shedding into milk. Therefore, the suggested 
combination of ELISA and PCR would allow the identification of herds not exposed to the organism (i.e. 
unsuspected); these herds would be a relatively reliable source for restocking.  Among the herds at risk, 
those with high shedding can be detected with the second step of the testing regime using the peptide-
mediated capture PCR. Only if MAP is detected in the bulk milk using the PCR does individual animal 
testing occur to identify and eliminate shedders in the herd to reduce environmental contamination and the 
risk of new infections in the herd.  This individual animal, vs. bulk mik, testing could be done by using a 
highly specific ELISA or fecal culture. This would, on the long run, lead to a reduction of paratuberculosis 
prevalence. 
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Fig. 2: Diagram presenting the suggested application of the two-step testing approach combining bulk milk 
ELISA and peptide-mediated capture PCR. 

CONCLUSION 

We investigated a practical, two-step testing approach for a paratuberculosis control and surveillance 
program using a bulk milk ELISA licensed in Germany and a bulk-milk peptide-mediated capture PCR. A 
combination of these two independent test systems may present a powerful tool aimed at identifying non-
infected herds and infected herds containing heavy shedders. 
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ABSTRACT 

In the Netherlands, a feasible control programme is desired for paratuberculosis. The basis for control is 
biosecurity. The purpose of this study was to determine the effect of biosecurity on the serostatus of dairy 
herds. 

Blood samples were taken over a 3-year interval from cows originating from 1,023 dairy herds and tested 
for antibodies against Mycobacterium avium subsp. paratuberculosis (MAP). The herds participated in a 
voluntary control programme in which their management was assessed on a yearly basis during the study 
period. Eight factors related to calf-management and purchase of cattle were tested in two logistic-
regression models, one for the serostatus at the start of the study and one for the serostatus after 3 years 
as the dependent variables. Backward elimination was used to exclude non-significant management factors 
from saturated models. 

Larger herds were more likely to be infected than smaller herds. No other management factors were found 
to be related to the serostatus of the herds at the start and at the end of the study. The serostatus at the 
end of the study was strongly related to the serostatus at the start. Only purchase of cattle during the study 
from herds with an unknown status of paratuberculosis was associated with a positive serostatus at the end 
of the study. 

A three year study period may have been too short to evaluate the results of calf rearing management 
during the study on the serostatus of a herd. Purchase of cattle is a risk factor for introducing MAP in a 
herd. The on-going increase in herd size in the Netherlands can lead to an increase in herd level 
seroprevalence. 

Key words: Mycobacterium avium subsp. Paratuberculosis, Paratuberculosis, Cattle, Dairy, ELISA, 
Longitudinal study, Biosecurity, Transition model. 

INTRODUCTION 

In the Netherlands, a feasible control programme is desired for paratuberculosis. The main reasons are the 
economic damage in infected herds and the ongoing discussion about the zoonotic implications of 
paratuberculosis. 

In the previous century, several control approaches were attempted in the Netherlands (Benedictus and 
Kalis, 2003). These approaches indicated that preventive management that limits the transmission of the 
causative bacteria, Mycobacterium avium subsp. paratuberculosisis (MAP), is essential for the control of 
paratuberculosis. Control, based on test-and-cull programmes only, was not successful because the 
sensitivity of the available diagnostic assays is too low to detect all infected animals before they become 
infectious (Whitlock et al. 2000, Groenendaal et al. 2003) 

High shedders of MAP and cattle with clinical signs of paratuberculosis are responsible for the greater part 
of the contamination of their environment, the economic damage in infected herds and the presence of 
bacteria in milk (Grant 2003, Raizman et al. 2004). To monitor the progression of a control programme the 
herds need to be tested. The most practical method for this is serology. The enzyme-linked immunosorbent 
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assay (ELISA) is a suitable diagnostic tool to detect serum antibodies against MAP on a large scale, 
because it is possible to test large numbers of samples with this assay with a high reproducibility (Collins 
1996, van Maanen et al. 2002). In general, commercially available ELISA-kits for paratuberculosis have a 
low sensitivity (Whitlock et al. 2000, Stabel et al. 2002, Collins et al. 2005) But for the detection of high 
shedders and animals in a pre-clinical stage the assays have a reasonable good sensitivity. (Sweeney et 
al.1995, Whitlock et al. 2000, Schaik et al. 2005, Collins et al. 2005). An ELISA can identify heavy shedders 
for culling to reduce the pressure of infection in infected herds and thus enhance the efficacy of the 
preventive measures (Kennedy and Benedictus 2001, Benedictus and Kalis, 2003).  
 
To our knowledge no longitudinal studies have been performed that used ELISA testing on a regular basis 
to monitor the efficacy of preventive management for paratuberculosis. The objective of the study was to 
evaluate the results of testing of a large number of dairy herds in a 3 year period in relation to management 
procedures applied in those herds. These screening tests were carried out in a large field trial as part of the 
Dutch paratuberculosis programme to investigate if and to what extent dairy farmers were prepared to take 
preventive and biosecurity measures to reduce the introduction and spread of MAP within their herds.  

MATERIALS AND METHODS 

Herds 
The large field trial ran for three years and consisted of 1,083 Dutch dairy herds.  It is briefly described as 
the “extensive programme” by Benedictus and Kalis (2003). The herds in the study were selected by 
veterinarians from their clientele based on the following criteria: 

· Interest of the farmer for the prevention of the spread of paratuberculosis by biosecurity measures; 
· A herd with   20 animals of   2 years old; 
· No indication that the farmer would go out of business within the near future; 
· Willingness to carry out two whole herd blood tests (at the start and the end of the project); 
· Willingness to fill in four questionnaires with their veterinarian about their management with one 

year interval.  
· Willingness to participate in study groups with 8 to 10 other dairy farmers to review results of blood 

tests and questionnaires under guidance of a practitioner and an employee of the Animal Health 
Service. 

 
Questionnaire 
The questionnaire consisted of 41 questions dealing with management practices in the previous 12-months. 
Only “yes or no” answers were possible to indicate if the particular procedure was present or absent. In the 
analysis nine management factors were taken into account because they were expected to be most 
influential on the transmission within a herd. The following factors were considered: 

1. The presence of a separate calving area; 
2. Cleaning of the calving area after each birth;  
3. Removal of the calves from the dam immediately after birth and housing the calves separately from 

each other and from their dam; 
4. Feeding the calves colostrum only from their own dam; 
5. Feeding only milk replacer after the colostrum period; 
6. A separate water supply for the calves to avoid contamination with faeces of the older animals;  
7. Housing of calves   3 months old separately from the animals   2 years old; 
8. Pasturing of calves   3 months old; 
9. Purchase of animals from other herds in the previous 12 months. 

 
Only management information for the 12 months prior to the start of the project were included in the 
analysis with one exception: the purchase of animals during the study period was also considered.  
 
Testing protocol 
The veterinarians of the participating farmers collected the blood samples from all cattle   3 years of age. 
The samples were sent to the Animal Health Service for analysis on antibodies against MAP. This was 
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done twice, the first time (t1) at the start and the second time three years later at the end of the study period 
(t2). 
 
All blood samples were analysed by a commercial indirect ELISA using the instructions of the manufacturer 
(ELISA Bovine Paratuberculosis Serum Verification, Pourquier Institute, France). The specificity of this test 
was increased by pre-absorption with Mycobacterium phlei antigen (Couquet et al., 1999). Wash steps 
were completed with an automated washer. Plates were read with an automated plate reader linked to a 
computer. On each 96-well plate, 88 serum samples were tested in single wells. In addition to the negative 
and positive control samples provided by the manufacturer two internal control serum samples were run on 
each plate. The cut-off as defined by the manufacturer was Sample to Positive ratio greater than or equal to 
110% counting half of the samples with an inconclusive result S/P ratio between 90 and 110% as positive).  
With this cut-off previous data provided an overall specificity of 99.8% (CI95%: 99.6 – 100.0) and an overall 
sensitivity of 40.8% (CI95%: 35.3 - 46.7) (van Maanen et al., 2002). 
 
In each sampling, a herd was test-positive when there was at least one positive or inconclusive ELISA-
result; all results had to be below the cut-off for a herd to be considered test-negative. 
 
Statistical analysis 

All management factors were tested in two logistic-regression models (one each for the serostatus at the start of 
the study and the serostatus after three years in the study as the dependent variables). Backward elimination was 
used to exclude non-significant (P>0.05) management factors from the saturated models. The following scheme 
was used: 

1. The serostatus t1 (first herd test at the start of the study) in relation to management procedures in 
the 12-month period before t1. 

2. The serostatus at t2 (second herd test three years later at the end of the study) in relation to 
management procedures in the 12-month period before t1 without taking the serostatus at t1 in 
account 

3. The serostatus at t2 given the serostatus at t1 and the management of the herd in the 12-month 
period before t1. 

 
The transition model includes both incidence and prevalence at the same time and is described in more 
detail by Schukken et al. (2004). 
 
In this study, the logistic transition model was used to determine factors associated with both new and 
remaining infections with MAP. In the transition model the infection status at the start of the intervention 
period was included. The intercept is the baseline risk of a new infection and the sum of the intercept and 
the estimate for the previous serostatus is the baseline risk of remaining infected. Eight internal 
management factors and purchase of cattle were tested for significance (p  0.05) with the backward 
elimination procedure from the saturated model. 
 
All analyses were carried out in SAS for Windows version 9.1 (SAS Inc, 2002). The independent 
management variables were categorised into binary outcomes and “present” was compared with “absent”. 
Measures of central tendency and dispersion were used to investigate continuous variables and frequency 
distributions to investigate categorical variables. The associations between herd size and the binary 
variables were determined with a T-test. 
 
The fit of the models was based on the scaled deviation (that should be close to 1) and the predictive value 
of the model.  Results were checked by plotting the standardised predicted values against the standardised 
residuals. Outliers with large residuals (<-2 and >2) were excluded from the model to check the robustness 
of the models. Collinearity between the covariates was checked by T-tests or 2-by-2 tables.  A significant 
difference was assumed when the two-side P<0.05 unless mentioned otherwise. 
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RESULTS  

The serostatus of 1,023 herds in this study was determined at the start (t1) and 3 years later at the end (t2) 
of the study. The frequency distributions of these herds in relation to the number of seropositive samples 
are presented in Table 1.  
 
There were no significant differences in the frequency distributions after three years. About 40% of the 
herds was seropositive on both occasions. Half of the seropositive herds had only one seropositive sample, 
a quarter two seropositive samples and the remaining quarter three or more seropositive samples. 
 

Table 1. The sero-positive frequency distributions within herds at t1 and t2. 
Number of sero-positives per herd Percentage of herds (t1) Percentage of herds (t2) 

0 60.2 61.7 
1 19.6 15.7 
2 7.0 8.8 
3 3.2 4.4 
4 2.4 2.8 
5 1.2 2.0 
6 1.6 1.3 

 7  4.7 3.3 

Total test-positive 39.8 38.3 
Total  100.0 100.0 

 
Of the 616 seronegative herds at the start of the study 135 (22%) had one or more seropositive cattle three 
years later at the end of the study. Of the 407 herds with one or more seropositive samples at the start of 
the study 150 (37%) were seronegative 3 years later. 
 
The mean number of cattle   3 years increased during the study from 59 (SD = 26) cows at the start to 63 
(SD = 30) at the end of the study. The mean herd size of the participating herds in this study was larger 
than the mean herd size of the average Dutch dairy herd with 48 cattle  3 years in the same period. In this 
study larger herds were more likely to be seropositive than smaller herds as demonstrated in Fig. 1. 
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Fig. 1. Herd seropositive rate vs. herd size. 

 
The proportion of seropositive herds increased from 0.31 for herds with 10-59 animals   3 years to 0.79 for 
herds with 110-309 animals   3 years.  
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Data from the first questionnaire administered at the start of this study were compared with the initial 
serostatus.  The distribution of eight management variables is presented in Table 2 for all participating 
farms, both seropostive and seronegative.  
 

Table 2. Presence of management factors for all herds in the first year of the study. 

 Variables All herds 
(n=1,113) 

% 

% Sero-
positive 
(n=448) 

% Sero-
negative 
(n=665) 

A separate calving area was available 74 78 72 

The calving area was cleaned after each birth 16 15 17 

The calves were separated from the dam immediately 
after birth and housed separately from each other or from 
their dam 

44 42 44 

The calves were fed only colostrum from their own dam 84 84 84 
The calves were fed only milk replacer after the colostrum 
period 

50 58* 46* 

The water supply for the calves was completely separated 
to avoid contamination with faeces of the older animals 

97 96 98 

The calves   3 months old were housed separately from 
the animals   2 years old 

84 83 84 

The calves   3 months stayed indoors 95 95 95 

*significant difference at P   0.05 

 
With the exception of the variable “The calves were fed only milk replacer after the colostrum period”, there 
were no significant differences in the presence of the management factors amongst the seropositive and 
seronegative herds.  
 
Purchase of cattle from herds with an unknown paratuberculosis status occurred in about 24% of the herds 
in the 12 months prior to the start of the study and decreased to 12 -14% in the first year of the three-years 
intervention period. The proportion of herds that purchased cattle in the intervention period is presented in 
Table 3. 
 

Table 3. Percentages of herds purchasing cattle of unknown infection status in the study period. 

Purchase of cattle of unknown status: N % All  
Herds 

% Sero-
positive 

% Sero-
negative 

The year prior to the study period compared with 
serostatus at t1  

1,113 24 26 22 

The year prior to the study period compared with 
serostatus at t2  

1,038 23 27 21 

1
st

 year of the study compared with  
sero-prevalence at t2  

1,023 12 18* 9* 

2
nd

 year of the study compared with  
sero-prevalence at t2  

907 13 16 11 

3
rd

 year of the study compared with  
sero-prevalence at t2  

1,008 14 16 12 

*Significant difference at P   0.05 

 
The percentage of seropositive herds that purchased cattle with an unknown status for paratuberculosis 
was higher than in seronegative herds for the whole study period. 
The association between all management factors and the serostatus of the herds at the start of the study 
period with a logistic regression model are presented in Table 4. 
 

Table 4. Logistic regression model for the herd serostatus at the start of the study. 
Parameter Estimate SE P OR 
Intercept -2.22 0.22 <.01  
Herd size at t1 0.03 0.00 <.01 1.03 
Calves are fed with milk replacer only 0.43 0.14 <.01 1.54 
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 The odds of being infected increased by 1.03 for every extra cow in the herd. Herds that fed milk replacer 
to their calves were 1.5 times more likely to be infected. No other management measures or interactions 
were found to be significant. 
 
Herd size was significantly associated with the herd serostatus as well as several other management 
practises. Larger herds more often had a separate calving area, more often fed milk replacer to the calves, 
more often separated the calves   3 months and less often gave colostrum of the dam to her own calf. 
However, in a model without herd sizes these variables were not significantly associated with the 
serostatus. 
 

Table 5: Results of the logistic transition model for the herd serostatus at the end of the study 

Parameter Estimate SE P OR 

Intercept -0.72 0.25 <0.01  
Negative sero-status at t1 -1.61 0.16 <0.01 0.20 
Purchase of cattle n 1

st
 year of the study 0.68 0.23 <0.01 1.98 

Herd size at t2 0.02 0.00 <0.01 1.02 

 
The logistic regression model for the serostatus at the end of the study without inclusion of the serostatus at 
the start resulted in the same risk factors (herd size, feeding milk replacer and purchase) and estimates as 
in the other models (results not shown).  
 
Finally, the association between all management factors and the serostatus of the herds at the end of the 
study period given the serostatus at the start with a logistic transition model are presented in Table 5.  
 
A herd’s serostatus at the start of the study was strongly related with the serostatus after three years: 
seropositive herds at the start were five times more likely to be seropositive after three years than herds 
that were seronegative when entering the programme. Purchase of cattle from herds with an unknown 
status for paratuberculosis in the first year of the study was associated with a positive serostatus at the end 
of the study. However, purchase in the 2nd or 3rd year did not increase the odds any further. Herds that 
purchased in the first year of the study were twice as likely to be seropositive. Larger herds were also more 
likely to be infected. All two-way interactions were added to the model but none were significant, and no risk 
factors for remaining infected could be determined. 

DISCUSSION 

Results of this study demonstrated the dynamics of ELISA results at the herd level for dairy herds 
participating in a three year intervention programme for paratuberculosis. The herd level prevalence did not 
alter significantly over the period of the programme. The percentage of herds moving from seronegative to 
seropositive was 22% (135/616); the percentage moving from seropositive to seronegative was 37% 
(150/407).  
Intervention measures are supposed to have their main effect on the chance that calves < 6 months 
become infected (Sweeney 1996). In this study, samples of cattle   3 years were used to determine the 
herd-status because in general infected cattle below the age of 3 years do not have a detectable level of 
antibodies in their blood (van Maanen not published data, Huda et al. 2004). This means that the effect of 
intervention measures cannot be measured with an ELISA until after more than 3 years.  At that time, more 
of the herd is comprised of animals that grew up under conditions of preventive management. Therefore, 
only the relationship between the herd serostatus and biosecurity practices prior to the study was analysed 
in this study,  not the relationship between the herd serostatus at the end of the study and preventive 
measures implemented during the intervention period. However, buying in cattle from other herds during 
the study period was included in the analysis, because purchase of infected animals that are seropositive at 
the moment of herd testing can have a direct effect on the herd serostatus. In this study, only purchase in 
the first year of the intervention period was significantly associated with a seropositive herd status. The 
reason for this may be that purchased cattle usually are pregnant heifers. The heifers purchased in the first 
year may have become seropositive at the last herd sample while heifers purchased later were not yet 
seropositive after two years. 
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In this study, herd size was strongly associated with a seropositive herd status. The odds of being 
seropositive increased by 1.02 -1.03 for each cow in the herd. This is in accordance with other studies that 
have investigated the relationship between herd status for paratuberculosis and management practices 
(Wells et al. 2000, Muskens et al. 2003). In this study the association between herd size and serostatus 
may be confounded by sample size, as more samples were collected from large herds than small herds. 
However, the specificity of the ELISA used in this study was estimated to be at least 99.8% (van Maanen et 
al. 2002) and even 100% in a evaluation study of five ELISA kits of Collins and colleagues (2005). 
Therefore, the contribution of sample size in regard to relatively small herd sizes of Dutch dairy herds is 
limited. In addition, certain management practices were correlated with herd size. Thus a protective 
measure such as “feeding only milk replacer to calves after the colostrum period”, a more common practise 
in large herds, was significantly associated with a seropositive status. For this variable herd size may act as 
a strong confounder of the data. Another possibility is that farmers of infected herds familiar with the 
disease have changed management in an effort to control the infection. In the years prior to the field trial 
dairy farmers had been repeatedly told about the risks for new MAP infections caused by feeding pooled 
colostrum and raw milk.  
 
Other management practices in this study, with the exception of purchase of cattle, were not significantly 
associated with the herd serostatus even when herd size was excluded from the model.  Other studies also 
found no or a limited association between single management practices and the serostatus for 
paratuberculosis. (Wells et al. 2000, Muskens et al. 2003, Collins et al. 2005). Apparently, the interaction 
among the presence of the infection, environmental circumstances and management practices that 
determine animal contact is complicated.  The impact of each management practicef alone is not. It 
appears that a combination of management practises plus the herd structure in larger herds affect the 
probability to be infected with MAP.  

CONCLUSIONS 

Purchase of cattle from herds with an unknown status for paratuberculosis is a risk factor for introducing the 
infection and acquiring a seropositive status.  The serostatus of the majority of the dairy herds remained the 
same after three years of a Johne’s disease control programme.  It is likely that a longer interval is needed 
to investigate the influence of preventive measures on the herd serostatus for paratuberculosis and a 
whole-herd ELISA test needs to be repeated in 1-2 years time. 
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