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strate PrPBSE in clinically diseased animals in a 1000 to 2500-fold
dilution of brain samples, corresponding to 3.6 - 1.2 lag of tissue
equivalents. The preliminary results indicate that the test performs
very well in comparison with other tests that have recently been
evaluated under the supervision of the EU (7). The test appears to
have a detection limit at least as good as these recently evaluated
tests and has the additional advantage of being practical and ro-
bust.
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PARATUBERCULOSIS RECOGNIZED AS A PROBLEM AT LAST: A REVIEW

D. Bakker-1,2, P.T.J. Willemsen1 and, F.G. van Zijderveld1

SUMMARY
This article attempts to review briefly current opinions on
Johne's disease, or paratuberculosis, in ruminants caused by
Mycobacterium avium subsp. paratuberculosis. Paratuber-
culosis has been known to be prevalent in domestic livestock,
such as cattle, goats, and sheep, for more than a century.
Despite this knowledge only minor efforts have been made to
control the disease and, with the attention being focussed on
the eradication of other diseases, the problem of paratubercu-
losis has been neglected in most countries in the past decades.
However, recent epidemiological surveys performed in Euro-
pe showed a high prevalence of paratuberculosis in cattle and
sheep, indicating that the situation has become quite alarming.
In addition, the possible role ofM. avium subsp. paratuberculo-
sis in the aetiology of Crohn's disease in humans Is still de-
bated, as discussed in this article. Therefore, there is suddenly
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a renewed interest in paratuberculosis, and the disease is re-
cognized as a significant problem. As a consequence, there is a
need for reliable diagnostic tools for large-scale use to allow
the introduction of programmes to control and eventually era-
dicate the disease. The current status and the possibilities for
such programmes are discussed.

Keywords: paratuberculosis, diagnosis, Mycobacterium avian:
subsp. paratuberculosis, prevalence, Crohn's disease, diagno-
sis, vaccination, control.

INTRODUCTION
Paratuberculosis in ruminants is characterized by a chronic granu-
lomatous enteritis caused by the slow growing and difficult to cul-
ture bacterium Mycobacterium avium subsp. paratuberculosis.
The chronic enteritis results in malabsorption of essential nutients
and accelerated protein loss. Clinical symptoms of the disease are
decrease in milk production, progressive weight loss, intractable
diarrhoea, wasting, and finally death ( for a review see: 45).
In 1895, paratuberculosis was first described in calves as an atypi-
cal form of tuberculosis by Johne and Frothingam (21), because of
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the presence of acid-fast bacilli. In 1912, Twort and Ingram were
able to isolate the causative organism and it was named Myco-
bacterium enteriditis chronicae pseudotuberculosae bovis johne
(38). In the following years, the disease became known as Johne's
disease, or paratuberculosis, and it was recognized as being caused
by Mycobacterium aviwn subsp. paratuberculosis.
The bacterium is a member of the family of mycobacteriaceae and
belongs within this family to the M. avium complex and shares a
high genetic and antigenic homology with the other members of
this complex, M avium subsp. avium, and M. avium subsp. silvati-
cum. An important characteristic ofM. avium subsp. paratubercu-
losis is its very slow growth, which depends in vitro on the pre-
sence of the iron-chelating agent, mycobactin. The discovery of
the insertion element, IS900, specificfor M. avium subsp. paratu-
berculosis has made the detection and discrimination of this
organism easier (16).
M. avium subsp. paratuberculosis can infect a wide range of rumi-
nants, and also wild rabbits (17), foxes, weasels, and ferrets (2),
but it is particularly prevalent in dairy herds and other domestic
livestock such as sheep, goats and farmed deer.
The major source of infection is faeces excreted by infected ani-
mals. Under natural conditions, the disease in cattle spreads by in-
gestion of Mycobacterium avium subsp. paratuberculosis from
the contaminated environment. Shedding can be particularly high
(more than 108 mycobacteria per gram of faeces) during the clini-
cal stage of the disease. Faecal contamination of teats and the pre-
sence of mycobacteria in colostrum and (tank-)milk may cause
sucking neonatal animals to ingest large doses of the organism;
contaminated pasture, water and feed may also be responsible for
infection (8). The fact that the bacterium is able to survive for more
than a year in the environment makes it difficult to stop transmis-
sion within a herd without extensive management changes (24).
M avium subsp. paratuberculosis has also been isolated from the

uterus and placenta of infected cows, and intra-uterine infection of
the foetus can occur. Susceptibility to infection is highest in ani-
mals younger than 30 days, but clinical disease does not usually
develop in dairy cattle until 2-5 years of age. The establishment of
the infection depends on the number of bacteria ingested. During
this long incubation period or subclinical stage, the animal starts
shedding low numbers of bacteria and will infect other animals be-
fore clinical signs become apparent and the animal is removed
from the herd (36). The onset of clinical disease is unpredictable,
but may be triggered by stress caused by factors such as parturi-
tion, low nutrition, transport, high milk production, introduction to
a new herd, and concurrent illness.
Paratuberculosis in a herd will result in considerable economic
losses to the herd owner. These losses are mainly causedby a de-
creased milk production and early replacement of the animals
(32). Benedictus et al. (3) calculated that, in addition to the more
obvious costs, such as reduced slaughter value and production los-
ses in the clinical stage of the disease, paratuberculosis can result
in significant production losses in the subclinical stage. In modern
dairy farming, the decrease in milk production will result in an
early removal of the animal from the herd without the problems

being attributed to an infection with M. avium subsp.paratubercu-
losis.
Despite the fact that the disease has been known for more than a

century and that it causes considerable economic loss, the control

and eradication of paratuberculosis has received relatively little

attention. For some countries where bovine tuberculosis is still en-

demic, it is not regarded to be a priority, whereas inother countries

(e.g. the Netherlands) early attempts to control the disease have
failed ( 4). However, in the last few years more attention to paratu-
berculosis has been paid as a result of a combination of several fac-
tors: an apparent increase in the prevalence of paratuberculosis,
confirmed by epidemiological surveys in several European coun-
tries, and continuing speculation about a possible role for M.
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avium subsp. paratuberculosis in Crohn's disease in humans. In
the following sections we attempt to deal with several of these as-
pects and discuss problems encountered in diagnosing the disease
and possibilities for programmes to control paratuberculosis.

A ROLE IN THE AETIOLOGY OF CROHN'S DISEASE?
Crohn's disease was first described by the Scottish surgeon
Dalziel in 1913 (11) as a chronic regional ileitis. Its current name is
derived from an article in 1932 by Crohn et al. (10). Crohn's dis-
ease belongs with ulcerative colitis to the group of chronic inflam-
matory bowel diseases. Because of the granulomatous aspects of
the disease, Crohn's disease had been confused with intestinal
tuberculosis, a disease not uncommon in the days before the pas-
teurization of milk (6). However, there are characteristic differen-
ces between the two diseases: in Crohn's disease, acid-fast bacilli
can not be cultured from or visualized by staining of affected tis-
sues. Because of the unknown aetiology of the disease, numerous
viruses and bacteria have been examined and named as possible
causative agents of the disease in the past 70 years (37). Isolation
of Mycobacterium avium subsp. paratuberculosis from tissues of
Crohn's disease patients in 1984 by Chiodini (9) in the U.S., fol-
lowed by others, including Haagsma in the Netherlands (18),
marked the beginning of speculation about a possible role for this
bacterium in the aetiology of Crohn's disease.
In the light of this, 15 years later still continuing, speculation,
several European Union member states asked the Scientific
Committee on Animal Health and Animal Welfare for an opinion
on this issue. The main conclusion of their report (12) is that 'the
currently available evidence is insufficient to confirm or to dis-
prove that M. avium subsp. paratuberculosis is a causative agent
of at least some cases of Crohn's disease in man'. Increased re-
search is recommended both in the area of Crohn's disease and in
the area of paratuberculosis, in order to gain a better insight into
the multifactorial aspects likely to be involved in the aetiology of
Crohn's disease and to develop tools, such as efficient tests, that
would enable and encourage programmes for eradication of the
disease.

PREVALENCE OF PARATUBERCULOSIS
Even though paratuberculosis is present world-wide, its actual pre-
valence in most countries is unknown. This is caused by both the
low priority of the problem, because in many countries concern
about other diseases prevails, and the difficulty to detect infected
animals accurately. Nevertheless, data are available for several
countries based on bacteriological surveys at slaughterhouses and,
more recently, based on antibody detection in serum-samples or
bulk-tank milk samples. In slaughterhouse surveys in Denmark,
Jorgensen (22) found 2.3% of the adult cattle to be culture positive
in 1965. In an identical study performed in 1972, this number had
risen to 9.8% (23). Recent studies based on serological testing per-
formed in the Basque country in Spain found 67% of the cattle
herds (25) and 32% of the sheep flocks (26) to be positive.
Recently, in Belgium the seroprevalence was found to be 17.4% at
the herd level and 1.2% at the animal level (5). In the Netherlands,
the seroprevalence was estimated to be 54.7% at the herd level and
2.5% at the animal level(30). Given the uncertainties in the perfor-
mance with regard to sensitivity and specificity of the tests used,
the true prevalence in the Dutch study was estimated to be between
30% and 70% at the herd level and between 2.7% and 6.9% at the
animal level. In Denmark, a tank-milk ELISA was used to esti-
mate the prevalence of paratuberculosis (31). Samples were taken
from 900 herds and 70% were classified as positive, indicating that
paratuberculosis in Denmark is also more widespread than pre-
viously thought. So far, based on several surveys, Sweden is the
only country claiming to be free of paratuberculosis (41). Despite
the fact that in most studies different methods were used, which
makes comparison of the results difficult, the results indicate that
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the prevalence of paratuberculosis in domestic livestock is wide-
spread.

DIAGNOSIS OF PARATUBERCULOSIS
In paratuberculosis, as in other mycobacterial infections (e.g. le-
prosy) an immunological spectrum exists (7). The type of immune
response depends on the individual animal, but there is usually a
cell-mediated immune response and a low humoral response in the
beginning, the tuberculoid form, and as the disease progresses, the
situation reverses: there is a stronger humoral response initiated by
the release of bacteria by dying macrophages, the lepromatous
form of the disease. This is of great importance because the usabi-
lity of the diagnostic tests will depend on the type of immune re-
sponse raised by the individual animal and/or the number of bacte-
ria shed in the faeces by this animal.
The available diagnostic tests can be divided into two groups. The
first group of tests is aimed at the detection of M. avium subsp. pa-
ratuberculosis. These tests have high specificity and, since the
number of bacteria present increases, the sensitivity increases as
the disease progresses. These tests are microscopic examination of
faecal smears, culture of the organism from faecal samples, and
detection by polymerase chain reaction (PCR).
The second group consists of the immunological tests. These are
the enzyme-linked immunosorbent assay (ELISA), using a variety
of different antigens, the complement fixation test (CFT), the agar-
gel-immuno diffusion test (AGID), the delayed type hypersensiti-
vity test or intradermal test, and the gamma-interferon test.
Conventional bacteriological culture of M avium subsp. paratu-
berculosis from faecal samples is, certainly in advanced stages of
the disease, the most sensitive of these tests, 100 % specific and
therefore regarded as the 'gold standard'. Its 'true' sensitivity,
meaning the ability to detect infected animals at any one time
point, is difficult to assess. This can only be done by following ani-
mals in an infected herd for a longer period of time. A sensitivity of
approximately 35% has been estimated (44).
Because of the very slow growth of the organism, cultural exami-
nation can take up to 6 months to complete and thus it is crucial to
eliminate other fast-growing bacteria and fungi from the samples.
Since mycobacteria possess a very thick lipid-rich and acid-resis-
tant cell wall, decontamination can be performed by treatment of
the sample with acids such as oxalic acid or chemicals such as
hexadecylpyridinium (43). These decontamination procedures
cause the test to be very labour intensive, time consuming, expen-
sive, and this limits the number of samples that can be handled.
Nevertheless, quite substantial losses of samples occur due to
overgrowth by fungi or bacteria. In addition, the long culture pe-
riod prevents rapid action: detecting a positive sample means that a
cow has been shedding the bacterium, and thus infecting other ani-
mals, for at least several months before the animal is removed
from the herd. This limits the use of this test in a certification pro-
gramme.
The PCR reaction could offer an attractive alternative for the cul-
tural methods: it is rapid, there are no problems with overgrowth
by other micro-organisms, and when the right set of primers is
used, the PCR is very specific (46). Despite these advantages, im-
plementation of this technique as a routine diagnostic tool for
large-scale usage has not been successful thusfar. The main draw-
back of the technique is the elaborate sample preparation procedu-
res needed to remove inhibitors of the PCR reaction, which are
present in faeces and which reduce the sensitivity of the test enor-
mously. As a result, the number of samples that can be prpcessed is
greatly reduced and this makes the technique (at present) even
more expensive than traditional cultural methods.
The convenience of sample collection, large capacity, rapid labo-
ratory turnaround time, and low cost make a serological test in an
ELISA format the preferred test for the large-scale testing needed
for a certification and/or eradication programme. However, faecal

culture and antibody ELISA's are only suitable for use as tests on
older animals because the antibody response increases at a late
stage of the disease. Therefore, the ELISA will have a sensitivity
rising from zero at early stages of disease to 100% when the ani-
mal starts to show clinical symptoms.
Thus far, the detection of serum antibodies against M. avium
subsp. paratuberculosis is achieved using different crude fractions
of the bacterium as antigen. However, false-positive reactions oc-
cur as a result of the presence of related bacteria in the environ-
ment, e.g. different mycobacterial species can be cultured from
soil and from water supplies. Therefore the specificity of the
ELISA is enhanced by pre-absorbing the serum sample with crude
fractions from another mycobacterium, M. phlei, to remove cross-
reacting antibodies (47). Since these absorbed ELISAs have be-
come commercially available, they have become the most widely
used serological test for paratuberculosis in cattle.
For several years, the absorbed ELISAs were advocated to be the
only tests needed for a certification programme. However, the re-
ported relative sensitivity of the absorbed ELISAs is gradually de-
creasing, from 57% (29) to 33% (44), meaning the ELISA will de-
tect only a third of the animals found positive in concurrent faecal
culture.
Diagnostic tests aimed at the detection of an early (T-cell-media-
ted) immune response, e.g. the skin test and the gamma-interferon
assay, could potentially be attractive additions to the array of diag-
nostic tools available for the detection of paratuberculosis.
However, the antigen routinely used for these tests, Johnin PPD,
produces non-specific reactions in young animals (33). Therefore,
the diagnosis of paratuberculosis would greatly benefit from the
identification of more specific antigens for paratuberculosis.
Despite claims made previously by several research groups, such
antigens are not known at present (12).
The low sensitivity of the available diagnostic tests, especially
tests suitable for the detection of young animals in early stages of
infection, indicates that it will be very difficult to achieve control
and eradication of paratuberculosis in the near future.

VACCINATION AGAINST PARATUBERCULOSIS
Vaccination against paratuberculosis was first introduced in 1926
by Vallee and Ringard (39). The vaccination was performed by the
subcutaneous injection of living, unattenuated, M. avium subsp.
paratuberculosis. Since then, many different formulations of the
vaccine have been evaluated, using live bacteria of both unattenu-
ated and attenuated strains, heat-killed organisms as well as dis-
rupted fragments ofM paratuberculosis. Routinely, the vaccine is
administered within 30 days of birth, subcutaneously in the bris-
ket, where the vaccinal nodule, an undesirable side-effect of vacci-
nation, will be less obtrusive. Even though clinical disease does
occur in the first years after the start of vaccination on a farm (42),
in general, vaccination will not only reduce the number of animals
with clinical disease, but also the number of excretors and the level
of excretion (28). However, a Dutch report states that vaccination
does not reduce the ovef all prevalence of infection in a herd (40).
Vaccination alone is not sufficient to control paratuberculosis:
husbandry and control measures are needed to obtain maximum
benefits (1). Since these changes in management coincide with the
start of a vaccination programme, the efficacy of the vaccination
itself is often difficult to assess.
Vaccinated animals will respond positively to routine immunolo-
gical diagnostic tests for paratuberculosis (34,35). Thus, faecal
culture remains the only available test to recognize the remaining
infected animals. Since the reduction in the level of excretion
makes it more difficult to recognize the remaining carriers, vacci-
nates must not be regarded as free of paratuberculosis and vaccina-
ted herds should be treated as infected herds.
This sensitization not only affects the paratuberculosis diagnos-
tics, but vaccinated animals also become sensitized to bovine PPD
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used in the intradermal test in control and eradication programmes
of bovine tuberculosis (20). Comparative skin tests using bovine
PPD and Johnin can be used to differentiate between reactions to
M. bovis and reactions caused by the vaccination (13,20).
However, it was shown that in some cases the bovine reaction was
larger than the avian reaction, thus leading to false-positive reac-
tions (19). This limits the large-scale use of the available vaccines
particularly in regions where bovine tuberculosis is endemic.
In several countries, vaccination has been used to control the dis-
ease. Especially, for controlling paratuberculosis in small rumi-
nants, vaccination is often the only affordable option and has been

shown to be quite successful (15).
The adoption of a vaccination programme should be considered in
heavily infected herds, when the practitioner considers that control
will not be achieved by husbandry and management changes
alone. This will prevent considerable losses and aid in the econo-
mical survival of the farmer(14).

FUTURE PROSPECTS: CONTROLLING PARATUBERCU-
LOSIS
The high prevalence of paratuberculosis, the fact that it seems tobe
increasing, and the significant economic losses the disease causes,
make it clear that there is a need for the introduction of control

(and eventually eradication) programmes.
Any conceivable control programme will have to consist of a com-

bination of strict herd management measures and extensive testing
to detect infected animals. Husbandry measures have two objecti-

ves: first, to prevent further spread within the infected herd, and se-
cond, to prevent the introduction of the infection into anuninfected
herd. Important measures will be to keep a closed herd, to stop the
feeding of calves with mixed colostrum and the feeding of tank-
milk without pasteurisation, and to introduce separate (and clean)
calving pens and separate pastures to keep the young animals

away from the older animals, etc.
The nature of the disease and the absence of the 'perfect test' make
it impossible to detect, at a given time point, all infected animals

and to remove them from the herd. Especially infected young ani-

mals can easily escape detection. The fact that different infected
animals within a herd are likely to be in a different stage of infec-

tion and will therefore respond to different tests complicates the
diagnostics greatly. However, even though the tests are not suita-

ble for certifying individual animals, they can be used for certi-
fying the paratuberculosis status of the whole herd. In addition, re-
petitive testing will give, with each round of testing, more
guarantees about the status of the herd. Since the most widely used
tests, the absorbed ELISA and faecal culture, are most suitable for

older animals, the cost of such a certification scheme can be
greatly reduced by testing older animals only. Given the low sensi-

tivity of the available tests, numerous rounds of testing will be
needed. Recent experience in the Netherlands (using faecal culture

as a diagnostic tool) showed that, even when herds with no known
history of paratuberculosis were tested, positive herds could still
be identified after five rounds of testing at 6 month intervals (45).

This means that after several years of investments, these herds

were labelled as infected. Experiences like these illustrate why, at

present, there is less optimism about the feasibility of rapidly con-
trolling paratuberculosis, without the prior development of im-
proved diagnostic tools, the characterization of more specific anti-

gens to be used for the detectionof antibodies or T-cell response,

and an efficient vaccine with accompanying diagnostic test to dis-

tiguish infected animals from non-infected, vaccinatedanimals.
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SUMMARY
Defence against viral infections in poultry consists of innate
and adaptive mechanisms. The innate defence is mainly for-
med by natural killer cells, granulocytes, and macrophages
and their secreted products, such as nitric oxide and various
cytokines. The innate defence is of crucial importance early
in viral infections. Natural killer cell activity can be routi-
nely determined in chickens of 4 weeks and older using the
RP9 tumour cell line. In vitro assays to determine the
phagocytosis and killing activity of granulocytes and
macrophages towards bacteria have been developed for
chickens, but they have not been used with respect to virally
infected animals. Cytokines, such as interleukin (IL)-1, IL-6
and tumour necrosis factor (TNF)-a, are indicators of
macrophage activity during viral infections, and assays to
measure IL-1 and IL-6 have been applied to chicken-deri-
ved materials.
The adaptive defence can be divided into humoral and cel-
lular immunity and both take time to develop and thus are
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more important later on during viral infections. Various
enzyme-linked immunosorbent assays (ELISAs) to meas-
ure humoral immunity specific for the viruses that most
commonly infect poultry in the field are now commercially
available. These ELISAs are based on a coating of a certain
virus on the plate. After incubation with chicken sera, the
bound virus-specific antibodies are recognized by conjuga-
tes specific for chicken IgM and IgG. Cytotoxic T lympho-
cyte activity can be measured using a recently developed in
vitro assay based on reticuloendotheliosis virus-trans-
formed target cells that are loaded with viral antigens, e.g.
Newcastle disease viius. This assay is still in an experimen-
tal stage, but will offer great opportunities in the near fu-
ture for research into the cellular defence mechanisms dur-
ing viral infections.

INTRODUCTION
World-wide, the consumption of poultry products is still in-
creasing: in 1998 the production of eggs was 48 million tons and
the production of chicken meat exceeded 51 million tonnes (27).
The growing number of commercial flocks increases the num-
ber of birds at risk of getting infected with pathogens, such as
bacteria, viruses and parasites. In view of the economic impor-
tance of poultry, much effort has been put into protecting chick-
ens from being infected by improving their innate and adaptive
defence, for instance, by adjusting feed and management condi-
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