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Abstract

This literature review of exposure to Mycobacterium avium subsp. paratuberculosis (MAP) in sheep enabled a synthesis
of the patho-physiology of ovine paratuberculosis (PTB). These results could be used to inform subsequent modelling
of ovine PTB. We reviewed studies of both experimental and natural exposure. They were generally comparable. Pos-
sible outcomes following exposure were latent infection, i.e. mere colonization without lesions; active infection, with
inflammatory histopathology in the intestinal tissues resulting in mild disease and low faecal shedding; and affection,
with severe intestinal pathology, reduced production, clinical signs and high faecal shedding. Latent infection was an
uninformative outcome for modelling. By contrast, histological lesions and their grade appeared to be a good marker
of active infection and progression stages to clinical disease. The two possible pathways following infection are non-
progression leading to recovery and progression to clinical disease, causing death. These pathways are mediated by
different immune mechanisms. This synthesis suggested that host-related characteristics such as age at exposure and
breed, combined with pathogen-related factors such as MAP dose, strain and inoculum type for experimental infec-
tion, have a strong influence on the outcome of exposure. The material reviewed consisted of disparate studies often
with low numbers of sheep and study-level confounders. Hence comparisons between and across studies was dif-
ficult and this precluded quantitative model parameter estimation. Nevertheless, it allowed a robust synthesis of the
current understanding of patho-physiology of ovine PTB, which can inform mathematical modelling of this disease.
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1 Definitions
In the literature, PTB is classically defined as a chronic
granulomatous enteritis caused by infection of the intes-
tinal tract with MAP. In this review, more specific ter-
minology is used as follows to disambiguate the various
terms related to the epidemiology and infection with
MAP.

Paratuberculosis is used as a generic term referring
to all aspects of epidemiology and infection with MAP,
encompassing:

+ Latent infection: the presence of MAP in host tis-
sues without signs of disease (i.e. no pathology or
symptoms of disease), synonymous with mere colo-
nisation. Latent infection can thus only be detected
by identifying the presence of MAP, i.e. by culture or
PCR of ileal tissue and/or mesenteric lymph nodes;

+ Active infection: the presence of pathology caused
by MAP, whether subclinical or resulting in clinical
disease. Sheep with active infection are referred to as
Affected.

+ Clinical disease: clinically affected, usually a fatal
wasting condition also called Johne’s disease, con-
cerning a subgroup of sheep experiencing active
infection.

2 Introduction
Ovine paratuberculosis (PTB) is the infection of the
intestinal tract of sheep with Mycobacterium avium
subsp. paratuberculosis (MAP) that can cause a fatal
wasting condition. A proportion of sheep infected with
MAP experience active infection involving subclinical or
clinical-production effects and mortality detrimental to
animal wellbeing and farm economics.

Historically, sheep were commonly used as a conveni-
ent ruminant subject for experimental infection studies
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with MAP, and as a model for bovine PTB [1]. In the last
two decades, the use of experimental infection models
also became prevalent to better understand infection and
disease in countries where Ovine Johne’s Disease was
perceived as a problem [2]. Reviewing aspects of experi-
mental and natural infection of sheep with MAP has not
been addressed before.

The purpose of this work was to develop a synthesis
of the patho-physiology of ovine PTB that could subse-
quently inform simulation modelling of ovine PTB in a
pastoral environment. A PTB modelling approach ena-
bles the evaluation of infection dynamics, epidemiol-
ogy, economics, and possible control strategies within a
flock. Such a model should ideally capture mechanisms
of infection and transmission including relevant disease
stages, shedding levels, force of infection and potential
production effects. To our knowledge, only one simula-
tion model of ovine PTB exists in the peer-reviewed lit-
erature [3]. Biological assumptions in that spreadsheet
model were simplified, to comply with tractability and
the general lack of understanding of detailed ovine PTB
dynamics at the time; this model thus could not be “taken
as an accurate representation of the mechanics of the dis-
ease” [3]. We therefore intended to develop an updated
synthesis of the current understanding of the patho-
physiology of ovine PTB in a way that could directly be
used for future attempts to model ovine PTB.

3 Assumptions for a candidate model structure
This section synthetizes possible patho-physiological
pathways following infection, and identifies infection
stages.

3.1 Pathology outcomes following oral exposure to MAP
Understanding the various pathological outcomes of
infection with MAP allows identification of stages in dis-
ease progression, as compartments of a state-transition
model.

3.1.1 Infection

A sheep becomes infected with MAP upon ingestion of a
dose high enough to cause uptake of the bacterium in the
intestinal wall. This is followed by replication, and at least
short-term colonisation of the intestine.

In vivo studies, using lamb intestinal loops [4] or ovine
macrophage cultures [5] showed that intestinal colonisa-
tion occurred within hours of MAP contact. Uptake of
52-86% of inoculum occurred in ovine macrophage cul-
tures within 2 h, for ten different isolates of both C and S
strains [5].

This early infection stage is ordinarily referred to as
latent infection. It is not necessarily associated with, or
predictive of outcomes such as faecal shedding, intestinal
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histopathology or gross lesions, and clinical signs, mak-
ing it difficult to recognise. Detecting mere MAP coloni-
zation is further hampered by poor sensitivity of tissue
culture at this stage of infection, especially towards S
strains. After low inoculum doses, tissue PCR positive
sheep often have no tissue lesions and are tissue or faecal
culture negative [6, 7]. Moreover, early colonization can
be transitory in some animals because complete clear-
ance of infection has been observed [8]. Though not com-
monly reported, tissue PCR appears more sensitive than
tissue culture for this stage of infection [9, 10]. Using this
sensitive technique, a few studies established that nearly
all experimentally inoculated sheep had PCR-positive
tissue shortly after challenge [11, 12]. Even low inocu-
lum doses of between 10 and 10* CFU are sufficient to
establish intestinal infection, as assessed by tissue PCR,
in most artificially challenged sheep [7, 9].

Latent infection does not contribute to infection
dynamics because of absence of faecal shedding or pro-
duction loss. For animals that go on to develop histologi-
cal lesions, the latent stage can be relatively short with
intestinal lesions starting to appear within weeks post-
exposure [13]. Hence, this latent stage has little relevance
to modelling of PTB in sheep.

3.1.2 Pathology

Intestinal lesions of naturally infected sheep are primar-
ily located in the Peyer’s patches of the jejunum and
ileo-caecal valve and in the mesenteric lymph nodes.
The small intestine, in particular the ileal wall, is more
severely affected than efferent lymph nodes [10, 14, 15],
and MAP is more abundant in intestinal mucosa than in
mesenteric lymph nodes [15, 16]. Hence active infection,
in particular in early stages, may be better ascertained by
histopathology of ileum and jejunum rather than mesen-
teric lymph nodes [17, 18].

The severity of lesions determines whether the ileal
wall ultrastructure, and therefore its function, is affected.
A histological scoring system for ileal lesions was devel-
oped by Pérez et al. [19]. Types 1 and 2 are mild lesions
consisting of small focal granulomata of epithelioid cells
limited to the Peyer patches, while type 2 lesions also
extend to the mucosa adjacent to Peyer patches. Type 3
(severe lesions associated with clinical or subclinical dis-
ease) present a multifocal to diffuse cellular infiltration,
which extends to areas of the mucosa not associated with
lymphoid tissues [19]. They extend beyond the lamina
propria into the submucosa [16], resulting in a thickening
of the intestinal mucosa and atrophy of villi. This alters
the capacity of absorption of the small intestine, which is
likely to cause clinical disease. Types 3b and 3c lesions,
involving diffuse granulomatous enteritis, are the most
advanced types [19, 20], and are associated with typical
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macroscopic lesions at post-mortem. The multifocal
rather than diffuse nature of type 3a lesions is evocative
of early development of type 3b lesions [19]. Although
not as severe as diffuse lesions, and not usually described
in clinical cases, they cause an alteration of the ultras-
tructure of the ileal wall with enlargement of villi and are
therefore likely predictive of the development of clinical
disease.

The degree of tissue colonization also allows for the
differentiation between paucibacillary, presenting no or
few acid-fast bacilli (AFB), and multibacillary lesions,
presenting abundant AFB [16, 21]. All lesion types are
usually scant in AFB, thus paucibacillary, except lesions
of type 3b, which are multibacillary. Diffuse pauci versus
multibacillary lesions also differ by the nature of the cel-
lular infiltrate. Multibacillary lesions 3b are characterized
by a diffuse granulomatous enteritis with massive infil-
tration of mostly macrophages and epithelioid cells [10,
19, 22, 23], usually with limited lymphocytic and neu-
trophilic infiltration [16]. These lesions were described
historically as lepromatous. On the other hand, the domi-
nant cell type in diffuse paucibacillary lesions 3c is lym-
phocytic [10, 19], with T cells [22] located mainly within
the lamina propria [10, 14]. Paucibacillary 3c lesions
were historically referred to as tuberculoid-type [16]. In
type 3a lesions, either tuberculoid and lepromatous pat-
terns may be present [21], suggesting a “crucial transi-
tion stage” between the two pathogenesis types. Type 3a
lesions are thus sometimes also called “borderline lepro-
matous” [19].

Progression to multibacillary lesions in the terminal
ileum appears as an end-stage, irreversible condition
[15] associated with permanent faecal shedding of high
concentrations of MAP [21, 24-26]. Diffuse intestinal
lesions, both types 3b and 3c, are nearly always associ-
ated with clinical disease in both naturally and artificially
infected sheep [10, 15, 16, 21, 24, 25]. Dissemination to
extra-intestinal tissues is associated with multibacil-
lary intestinal lesions [16, 22] and to a lesser extent with
paucibacillary 3c intestinal lesions [10]. Noteworthy, in
sheep both pauci- and multibacillary types can be path-
ogenic although it is not clear whether they “represent
sequential or divergent stages of PTB” [20]. The simula-
tion model can account for that by incorporating poten-
tial production effects and extra-mortality due to PTB for
sheep in this advanced disease stage. Sheep can present
clinical disease irrespective of MAP abundance in the tis-
sues, but MAP shedding level between pauci- and multi-
bacillary types differs by several orders of magnitude
[26]. Hence, the relative contribution of sheep affected
with either type to the infection dynamics in the flock is
different and this should be accounted for in the model.
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3.1.3 Faecal shedding

This section pertains to faecal excretion of MAP organ-
isms subsequent to infection and replication in the
intestinal tissues, i.e. active shedding as opposed to pass-
through. Semi-quantitative faecal shedding data can be
obtained using quantitative PCR. With this technique,
Kawaji et al. [26] showed that sheep harbouring multi-
bacillary lesions shed about 10* times more femtograms
of DNA than the sheep with paucibacillary lesions. In
addition to a magnitude difference in the number of
organisms shed between sheep presenting pauci- versus
multibacillary lesions, in the former, shedding is often
only intermittent [18, 27] while that in multibacillary
sheep is usually continuous on a daily basis [24]. Excre-
tion was quantified by Whittington et al. [24] using lig-
uid culture and end-point titration, whereupon the total
faecal output in four sheep with multibacillary and one
with paucibacillary lesions was 6.27 x 10> MAP over
15 days. Considering the contribution of the sheep with
paucibacillary lesions as negligible, excretion of MAP
for multibacillary animals can be estimated at approxi-
mately 1 x 10" MAP per day. Considering that pauci-
bacillary cases shed 10* times fewer and on average only
24% of the time, on a daily basis, the average excretion
rate for paucibacillary animals could be estimated at
2.4 x 10° CFU/day.

These shedding figures can inform a mathematical
model about the rate of environmental contamination of
MAP for compartments of paucibacillary and multibacil-
lary sheep.

3.1.4 Synthesis of pathology outcomes
Based on the above observations, the following synthesis
is proposed for pathology:

+ Latent infection per se does not result in sub-clinical
or clinical disease, or production effects. Moreover,
evidence to date suggests that latent infection does
not play a significant role, if any, in MAP transmis-
sion. Hence, there is no justification for its inclusion
in a mathematical model of infection dynamics and/
or economic effects.

+ Animals presenting lesion types 3a, 3b, 3c are a sub-
set of actively infected sheep suffering production
losses due to PTB. Potential sub-clinical and clini-
cal effects of PTB and extra-mortality due to clinical
PTB should therefore be incorporated in this com-
partment in a simulation model.

« Paucibacillary lesions are associated with low and
possibly intermittent shedding. Multibacillary
lesions are associated with high and persistent shed-
ding. Daily shedding rates in corresponding model
compartments can be approximated as 10'' and
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24 x 10° MAP/day on average, respectively, for
sheep with multi- versus paucibacillary lesions.

3.2 Progression pathways

A number of studies support the existence of two path-
ological pathways following infection, one leading to
recovery and the other to progressive disease. These
pathways can be evaluated by multiple testing strate-
gies identifying infection load within tissues, histo- and
gross pathology, or shedding into the environment. Con-
firmation of recovery consists in a lack of progression to
clinical disease, regression of lesions and recovery from
disease, and clearing of MAP from the tissues.

3.2.1 Immunological response

The host immune response is predominantly Thl cell-
mediated in paucibacillary animals, and Th2 humoral
in multibacillary animals [19, 28]. This polarisation of
immune response exists for a given animal at a given
point in time and is controlled by activation of cellular
receptors and cytokines [5]. This determines different
patterns of T cell activation in the two pathological types
[22, 23]. Cytokines such as gamma interferon (IFNy) and
interleukin-10 (IL-10) are thought to be pivotal in estab-
lishment or failure, respectively, of a Th1 mediated pro-
tective immune response.

Pro-inflammatory IFNy mediates the adaptive immune
response against intra-cellular pathogens [29]. Hence
IFNYy response in general is a marker of recent exposure
to MAP [30, 35]. High levels of IFNy are observed in
early stages of infection, including latent stages, whereas
a decline of IFNYy is predictive of progression to severe
pathology, faecal shedding and disease [30]. Genetic
expression of IFNY is up-regulated in intestinal tissues of
sheep presenting paucibacillary disease compared with
multibacillary or latently infected sheep [22].

On the other hand, IL-10 is an immuno-suppressive
cytokine induced by MAP to evade the cell-mediated
adaptive immune system, thus allowing the persistence
of MAP in macrophages [29, 30]. In early infection, a
correlation was noted between an increased anti-apop-
totic, anti-destructive response by macrophages infected
in vitro, and the survival of MAP in these macrophages
[5]. This was mediated by differential cytokine regulation,
in particular upregulation of anti-inflammatory IL-10
and down-regulation of pro-inflammatory IL-2. The level
of IL-10 increases progressively in infected animals as the
disease progresses [30, 31]. However, the precise role of
IL-10 is not yet fully elucidated. The cytokine is thought
to be associated with the failure of Thl mediated adap-
tive immune response and hence is used as a marker of
disease progression. However, an elevation of IL-10 levels
in peripheral blood can be observed as early as 4 months
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post-inoculation in experimentally infected sheep [31]
and is associated with resistance to disease later in the
course of progression [30]. This suggests that the immu-
nosuppressive effect of IL-10 might have a protective
effect at the animal level by limiting the damage of the
intestinal tissues [29, 30], at least in animals that control
the infection. It is not clear however, whether measures
of the adaptive immune response adequately reflect the
local intestinal immunity [29]. High peripheral blood lev-
els of IL-10 could also result from a failure to act locally.
A variation of the adaptive immune response and par-
ticularly the expression of IL-10 can be observed in blood
versus mesenteric lymph nodes versus ileal tissue. The
expression of IL-10 thus clearly differs between sheep
with paucibacillary versus multibacillary disease. IL-10 is
upregulated in the ileal wall of sheep with multibacillary
disease presenting a Th2 dominant response [22]. On the
other hand, de Silva et al. [31] observed that the secre-
tion of IL-10 in the mesenteric lymph nodes was lower in
multibacillary than paucibacillary lesioned sheep.

This immune polarization was thought to be relatively
antagonistic [20]. Thereupon the cell-mediated immune
response would correspond to a “controlled” infection
observed in early stages and paucibacillary disease. A
later switch to a non-protective humoral response would
then be associated with multibacillary disease, deter-
mining the onset of clinical disease. An excessive cell-
mediated immune response reportedly led to advanced
inflammation of the intestine walls in severe paucibacil-
lary cases [20]. Thus, paucibacillary infection can also
be at the end stage of PTB in sheep, unlike cattle [22].
A switch between Thl and Th2 responses could be trig-
gered by T cell exhaustion, MAP exposure dose, mac-
rophage bursting size and other host-level metabolic
triggers [29].

However, recent research suggests a more complex
immunologic response to MAP infection than the clas-
sical Thl, then Th2 switch hypothesis. This was based
on the observation that half the sheep experimentally
infected with MAP actually presented a combined anti-
body and INFy response at an early stage of infection
[32]. Simultaneous cellular and humoral responses were
also observed [11], as well as a lack of early INFy pro-
duction in sheep with only focal intestinal lesions. These
recent advances in immuno-pathology conclude that pro-
gression to disease could result from a generalised failure
of the immune system where the Thl response fails first,
rather than switches to a Th2 response.

3.2.2 Presence of MAP in intestinal tissues
Detection of MAP organisms in intestinal tissues can be
direct, using culture, PCR or a staining method (mostly
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Ziehl-Neelsen or immunochemistry), or indirect by
detecting the presence of microscopic lesions.

Neonatal lambs can develop histological lesions in
Peyer’s patches as early as 18 days after inoculation,
although such early lesions may not harbour visible
MAP [13]. Gilmour et al. [33] determined that MAP was
likely actively dividing in intestinal tissue 1 month after
inoculation.

In a study using sequential necropsies to describe the
chronology of infection/pathology in lambs to 16 months
post-inoculation, Kluge et al. [14] first identified AFB
in macrophages in lymph follicles of the intestinal wall
1 month post-challenge, along with the first histologi-
cal lesions. The peak of intestinal lesions corresponded
with a sudden peak in the number of AFB detected in
tissues, between 4 and 8 months after inoculation. This
corresponded with the onset of clinical signs, at 5 and
6 months post-inoculation. The fast onset of extensive
multibacillary lesions and clinical signs could be related
to the high inoculum dose (10'° to 10" MAP) of likely
potent MAP from a tissue homogenate. After 16 months,
surviving lambs were recovering from disease, presenting
healing histological lesions with few AFB.

Similar progression patterns to those above were
observed in other experimental studies using sequential
necropsies, for inoculum doses around 108-10° of labora-
tory passaged (attenuated) MAP [8, 33, 34]. Initial infec-
tion/pathology established in nearly all sheep necropsied
in the first months post-inoculation, followed by a
decrease of the intestinal infection load in the first year,
and a tendency towards resolution of intestinal pathology
in the second year in a proportion of animals. Begg et al.
[34] reported that six of 30 sheep surviving 22 months
after inoculation had cleared infection, or controlled it
below the detection limit. Ten of 30 sheep became clini-
cally affected between 11 and 21 months post-challenge.

Gilmour et al. [8] further examined a subset of five
sheep using serial biopsies. Recovery from infection
(tissue culture positive turning negative) was directly
observed within 27 months in three animals, two of
which were clear of histological lesions, while two other
sheep progressed to more severe disease. A similar
observation was reported by Dennis et al. [15] who serial
biopsied tissue from 77 naturally infected sheep. Among
the 46 infected, detected by tissue culture, 6 (13%)
cleared MAP from tissues between 10 and 36 months
of age, while 12 died of clinical disease. Those dying had
progressed in less than 2 years from having no intestinal
lesions to advanced intestinal pathology. While serial
biopsy ostensibly allows disease progression to be moni-
tored, this technique might alter the natural course of the
disease.
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3.2.3 Presence of MAP in faeces

Faecal shedding is more difficult to detect than histo-
pathology due to sub-optimum sensitivity of culture,
and intermittence of shedding, possibly confounded by
shedding levels below the limit of detection. Neverthe-
less, early onset of transient MAP shedding in faeces
can be detected by culture in the first few months post-
inoculation in most sheep [27], or even all when using
a sensitive PCR [26]. Transient shedding can start as
early as 2 months post-inoculation [27]. That study, over
3 to 4.5 years, identified a subgroup of 10 sheep shedding
intermittently in the first year, which stopped shedding
permanently after a maximum of 16 months post-chal-
lenge. These animals might either eliminate MAP infec-
tion or control it below the level of detection by faecal
culture. Another two sheep were persistent shedders and
were the only animals that developed clinical disease,
occurring at 20 and 32 months. Using qPCR it is pos-
sible to distinguish low and high shedders, which shed
quantities several orders of magnitude apart [26]. Sheep
shedding high numbers at 13 months post-challenge har-
boured advanced pathology at post-mortem.

3.2.4 Synthesis of progression pathways
Based on the above observations, the following synthesis
is proposed for progression pathways:

+ Histology, tissue infection and faecal shedding out-
comes of MAP infection display a similar pattern
of early transient active infection followed by either
control or remission, or irreversible progression to
clinical disease and high shedding. This dichotomous
expression of infection is mediated by polarization of
the immune response.

« This can be modelled by sheep entering the active
infection stage dividing between a non-progressor
pathway, leading to recovery, and a progressor path-
way, leading to disease.

3.3 Pass-through of MAP

Pass-through, or “passive shedding’, is usually defined
as faecal shedding of MAP without replication in the
intestinal wall [35] i.e. in the absence of infection per se.
Pass-through of MAP naturally occurs in a heavily con-
taminated farm environment and has been shown to
decrease as heavy shedders are removed from the farm
[36, 37]. Experimental data suggests that passing through
of orally ingested MAP may occur up to 10 days post-
ingestion in sheep [35]. Guidelines to interpret experi-
mental infection models indicate that faecal shedding
after 14 days post-inoculation can be interpreted as likely
MAP multiplication in the host [38].
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Nevertheless, it is difficult to differentiate pass-through
per se from early transient (active) shedding, which
may also cease later on [27]. Moreover, pass-through of
ingested MAP does not preclude true infection to occur
at the same time [39]. Repeated exposure to MAD, in par-
ticular from the pasture, can result in pass-through of
MAP but also later onset of active infection, in cattle and
sheep alike [36, 40].

In view of this, Smith et al. [41] considered pass-
through as equivalent to latent infection, but this dis-
tinction is difficult to prove. This definition corroborates
evidence presented in previous sections about ovine
paratuberculosis: that even low doses are sufficient to
establish infection in most sheep and that latent infec-
tion or early shedding can be transient in sheep, followed
by recovery from infection. As noted by Mitchell et al.
[42], short term transient shedding followed by recovery
versus pass-through in the absence of infection have the
same result.

In a pastoral environment, pass-through of MAP by
exposed animals does not make a difference in the overall
level of pasture contamination. However, pass-through
could still be a source of infection when considering
transmission between paddocks or between farms, if a
shedding sheep is introduced into a new environment
free of MAP.

3.4 Conclusions and assumptions about pathophysiology
for a candidate model
The disease stages and pathways identified above were
incorporated into a model structure for PTB in sheep,
shown in Figure 1 as the basis for simulation of ovine
PTB encompassing realistic pathogenic processes. How-
ever, due to disparate evidence, low sample size and het-
erogeneous study design, robust quantitative parameter
estimation for a mathematical model was precluded.
Active infection can be measured in experimental
studies by histo-pathological changes in the small intes-
tine, and are a proxy for faecal shedding. The presence of
severe lesions and/or clinical signs can serve to quantify
the proportion of animals entering the progressor path-
way towards disease. Shedding data from studies of ovine
PTB are less reliable due to intermittence in early stages
of progression and imperfect sensitivity, particularly of
culture-based methods. Recent techniques of quantita-
tive PCR to detect faecal shedding [43] might partially
address this issue in the future. Pass-through of MAP, as
such, may not be distinguished from early transient shed-
ding. Latent infection, in the absence of shedding, has no
effect on the dynamics of ovine PTB at the flock level and
is not represented in the model structure represented in
Figure 1.
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Figure 1 Structure for a candidate state-transition mathematical model of ovine PTB, based on evidence gathered in this review.

The model represents MAP infection and disease dynamics in a sheep flock in a pastoral environment. The boxes Exposed, EarlyN (early disease in
the non-progressor track), EarlyP (early disease in the progressor track), Affected, Recovered and Death each represent a stage of infection/disease.
Sheep exposed to MAP progress through successive stages according to the plain black arrows. The box “Pasture” represents the environment in
which infectious sheep are shedding MAP (according to the dotted black arrows). The transmission of MAP is represented by the red arrows. The
boxes annotated with 1 represent sheep sub-clinically infected with MAP, with no visible production effects. The box annotated with 2 represent
sheep affected by MAP, sub-clinically then clinically experiencing production effects. References for the pictures: MAP bacterium [60]; histological
lesions in the small intestine [22], Figures 2 and 3; Ewe and triplet lambs: [61]; dead ewe: picture credit Stefan Smith; NZ sheep pasture: picture credit

4 Transmission of MAP
This section reviews transmission routes of MAP in natu-
ral PTB, to inform the expression of the force of infection
in a mathematical model.

The faecal-oral route is the main mode of MAP trans-
mission, which presumably occurs very early in life by
MAP exposure from an infectious dam via suckling and
from a contaminated environment [28, 35].

4.1 Indirect transmission

In a pastoral environment, indirect transmission via
pasture contaminated by infectious sheep drives infec-
tion dynamics. Pasture-based transmission is efficient at
infecting individual sheep of all ages including adults [40,
44] and spreading MAP on farms previously free of the
organism [45, 46].

The quantity of MAP present on pasture is the product
of faecal shedding and survival of MAP in the environ-
ment. The probability of infection can therefore be mod-
elled via an indirect force of infection driven by the dose
of MAP to which susceptible animals are orally exposed
by grazing [47].

MAP survival in the environment is a key determi-
nant of this indirect force of infection. In a contaminated
pasture, soil, grass and run-off waters are all poten-
tially infectious [48]. MAP survival was observed up to
55 weeks in soil and 24 weeks on grass in fully shaded
locations [48] and typically less than 4 months otherwise
[49]. Considerable variation of MAP survival between
sites and time of the year cannot be fully explained.
Nevertheless, shade and vegetation cover considerably
increases MAP survival on the soil, while extreme tem-
perature maxima increase MAP decay.

4.2 Transmission to neonatal lambs

In neonates, direct MAP transmission from the dam
can occur as vertical and/or pseudo-vertical transmis-
sion. A study about vertical transmission specified that
the transmission in utero occurred from 1/54 sub-clini-
cally infected ewes and all of five clinically affected ewes
[50]. Vertical transmission per se therefore appears a
rare event in sheep, virtually limited to clinically affected
dams.
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On the other hand, pseudo-vertical transmission arises
from close dam-to-lamb contact and suckling contami-
nated udder or milk. MAP organisms were detected in
mammary tissues [10] and mammary secretions [50],
but only in advanced cases. MAP was also isolated from
bulk-tank ewe milk, indicating either excretion in the
milk or fecal contamination of the milk [51].

Experimental data supports the dominant role of direct
dam-to-lamb transmission prior weaning. In a field
experiment, “tracer” ewes from a MAP-free farm were
co-grazed with home-bred ewes in a heavily infected
flock with high prevalence of Agar gel immunodiffusion
test positive animals, just before the lambing season [44].
All lambs were raised from birth in the same contami-
nated paddock. Onset of infection in lambs was moni-
tored by serial culling and tissue culture. Positive culture
appeared earlier in the lambs from home-bred ewes than
those from tracer ewes. The cumulative proportion of
lambs culture positive up to 8 months of age was signifi-
cantly higher in the home-bred group, suggesting that the
home-bred lambs were exposed earlier and/or to greater
challenge than the tracer lambs. Since vertical transmis-
sion is seldom observed from clinically normal ewes
[50], the apparently higher challenge in neonates from
infected dams is likely due to pseudo-vertical transmis-
sion. Nevertheless, that experiment also confirms that
lambs from tracer ewes can also acquire infection from
contaminated pasture prior to weaning [44], highlighting
the role of environmental exposure in neonatal infection.
That lambs in a pastoral environment can eat substantial
amounts of grass from a very early age supports the plau-
sibility of this proposition.

4.3 Synthesis of MAP transmission routes
Based on the above observations, the following synthesis
is proposed for transmission:

o In a pastoral environment, infection with MAP
mostly occurs via indirect transmission from a con-
taminated environment, for all sheep irrespective of
the age. An indirect force of infection for sheep in all
age groups, function of the estimated ingested dose,
would account for this infection route in a simulation
model. Further quantitative studies are necessary to
estimate the transmission parameter of the force of
infection.

+ Direct dam-to-lamb transmission also occurs in
neonates, both from vertical and pseudo-vertical
transmission. The frequency of vertical transmis-
sion was 100% in clinically affected ewes and 1/54 in
sub-clinically infected ewes. This can be included in
a mathematical model if the infection status of lambs
at birth depends on the dam’s stage of infection. Evi-
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dence also suggests that the pseudo-vertical route
plays a role in MAP infection dynamics in neonates.
This observation, however, comes from low numbers
of sheep from an experiment that was not replicated;
hence it is difficult to measure and to include in a
simulation model.

5 Host- and pathogen-level risk factors
for infection and disease caused by MAP

The outcome of challenge with MAP may depend upon
a number of biological covariates such as the challenge
dose, strain, age of sheep at inoculation, breed, number of
inoculum doses used, whether organisms were obtained
from subculture or directly from tissue homogenates [2,
38], and individual host susceptibility.

5.1 Age at exposure and infection per se

Historically, it was accepted that susceptibility to infec-
tion in sheep decreased with age, based on evidence
from cattle [35, 52]. However, recent work suggests that
older animals can become infected when subjected to
high doses and continued exposure [36, 40]. A num-
ber of experiments failed to demonstrate a difference in
infection rates between sheep infected when young or as
adults [6, 15, 40, 44]. Adult sheep between 2 and 10 years
old were successfully infected by MAP as assessed by tis-
sue PCR, even with low doses around 10°> MAP [6, 9].
Sheep in the high dose group also developed histo-path-
ological lesions, irrespective of the age at inoculation.
Hence, data do not support the assumption of age-related
resistance to infection per se.

5.2 Age at exposure and disease

While lambs and adult sheep may be susceptible to infec-
tion per se, the proportion developing signs of disease
may be related to age.

The number of granulomata in the intestinal tissue of
sheep challenged as 1-month-old lambs was significantly
greater than in sheep challenged as adults [9]. Lesions
extending beyond the intestinal lymphoid tissues into
the lamina propria were observed only in lambs [6]. In a
high dose group, half of infected lambs (n = 8) presented
severe, multifocal lesions at post-mortem, while all of 12
infected ewes presented only mild focal lesions.

Similar results were observed following natural infec-
tion. McGregor et al. [40] observed that lambs and
hoggets developed significantly more and more severe
lesions in the intestine, following exposure to contami-
nated pasture, than sheep exposed as adults. The onset of
shedding also occurred earlier in younger sheep. In a lon-
gitudinal study of MAP spread in one recently infected
flock, only sheep exposed in their first year of age went
on to develop detectable shedding, in their 5th year or
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later [45]. During at least 7 years, “patent infection’ i.e.
associated with shedding, remained clustered in those
cohorts rather than spread to all age groups in this flock.

Animals exposed to MAP before 2 years of age thus
exhibit greater pathological and clinical manifestations
due to MAP infection, compared with sheep exposed as
adults.

5.3 MAP dose and disease

In an experimental infection model using 3-month-
old Merino sheep, a challenge dose of 10 to 10> MAP
resulted in negative tissue cultures after 7 and 14 weeks
[7] while challenge with 10® MAP resulted in positive tis-
sue culture in all sheep. This indicated that colonization
was unlikely to occur at a low inoculum doses. This is in
contrast with other studies showing that inoculum doses
around 10° did result in at least latent infection in most
inoculated sheep [1, 9].

A study about the effect of challenge dose [1] showed
that 9 months after challenge, recovery from infection,
determined by negative tissue culture, was more frequent
in animals challenged with doses around 10® than around
10°. Inoculum dose also influences the pattern of subse-
quent lesions. Doses from 10° to 10° caused focal lesions
with a tendency towards resolution [17], or did not cause
any lesions [6]. By contrast, inoculation with 108-10°
MAP resulted in extensive and severe lesions in most ani-
mals [17]. Clinical disease occurred in sheep in the high-
est challenge group only.

After natural infection via contaminated pastures,
McGregor et al. [40] showed sheep on high contamina-
tion dose pasture had 3.5 times higher odds of shedding
MAP, 18.2 times higher odds of dying of clinical PTB,
shed 3.4 times earlier and succumbed to clinical disease
18.6 times earlier than sheep in low exposure paddocks.

These results, from natural and artificial challenge stud-
ies, indicate that the outcome of infection differs depend-
ing on MAP dose, with low—medium doses resulting in a
high proportion recovering from infection/disease, while
high doses trigger progression towards severe pathology
and clinical disease in most animals.

5.4 MAP strain type and disease

Using RFLP with MAP specific IS900 sequence as a
probe, Collins et al. [53] identified 29 strains in New
Zealand isolates. These mostly fell into two main strain
types, namely sheep (S) and cattle (C), as they appeared
to be host species-specific at that time. Further molecu-
lar work [54] identified genetic differences between pig-
mented isolates, corresponding to the sheep strain, and
non-pigmented isolates, corresponding to the cattle
strain. Those authors introduced a new nomenclature
to classify strains based on phenotypic and genotypic
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characteristics. Strain type I comprises a group of organ-
isms difficult to grow in culture and showing a strong
host preference for sheep, which may be more virulent
for sheep whereas strain type II comprises organisms
easy to grow in culture, commonly isolated from cattle,
but also from a broad range of species including deer and
sheep [54]. An additional type (III) was later identified by
whole genome sequencing as a subtype of S strain [55].
Type III MAP are found in natural cases of ovine PTB
in Spain for example, and have been successfully used in
experimental challenge studies [11, 12].

The relative difficulty to grow S strains [56] and the lack
of mixing opportunities between cattle and sheep strains
[57] might contribute to the apparent species-specificity
of the S strain, while the C strain shows no host prefer-
ence [55]. However, S strain isolates were identified from
cattle in Australia and Iceland [56]. Moreover, a recent
study in New Zealand demonstrated that 80% of infected
beef herds and 10% of infected dairy herds were infected
by S strain [58]. The authors concluded that transmission
of MAP between livestock species is frequent in a pasto-
ral context where co-grazing is common.

In the absence of strict species specificity between
strains, it is important to understand potential differences
in the host—pathogen interplay and subsequent disease
[55]. Histo-pathological examination revealed extensive
and diffuse intestinal lesions with abundant AFB after
5 months in sheep inoculated with a S strain from a gut
homogenate [59]. By contrast, sheep inoculated with pas-
saged C strains developed focal lesions after 5 months,
mostly located in the mesenteric lymph nodes. One
group inoculated with a C strain from a tissue homogen-
ate, thus directly comparable with the S strain, developed
mostly intestinal lesions, “showing a diffuse character in
some parts’, thus the severity resembled that of the tis-
sue homogenate S strain inoculum group. Nevertheless,
the authors’ conclusion was that the C strains induced
more focal lesions while the S strains induced lesions of
multi-focal or diffuse character. Looking over a longer
period of time, Fernandez et al. [12] reported that after
5 months, sheep infected with passaged C strains showed
more severe and diffuse disease in the small intestine
than those infected with passaged S strains. However,
the lesions induced by the C strains tended to regress
in extent and severity after 1 year, unlike those induced
by the S strains, thus resembling the pattern observed in
[59]. In both these studies, the presence of some extent of
fibrous granulomata induced only by C strains was sug-
gestive of the regressive character of these lesions. This
fibrous character was also observed in vaccinated sheep
[20]. A significantly higher IFNy response was noted
in sheep infected with the C strain, versus a lower [59]
or inconsistent [12] IFNy response with the S strain.
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Stewart et al. [27] also reported a lower and shorter IFNy
response associated with S strain than with C strain, con-
cluding that S strains may be less pathogenic in sheep.

Altogether, these observations suggest that infec-
tion with C strains triggers a stronger cellular immune
response associated with potential tissue damage
observed in some, but not all animals, but also leading
to disease resolution. Based on that, Fernandez et al. [12]
speculate that most sheep exposed to a C strain might
recover from infection. Moreover, a typical feature of
lymph node granulomata induced by C strains was the
presence of central caseous necrosis with Langhans-type
giant cells [12, 59]. This feature was noted elsewhere in
experimental ovine PTB [20] but is not typical of natu-
rally occurring infection, presumably attributable to S
strains [19]. This could therefore be typical of ovine PTB
induced by a C strain.

With respect to clinical disease, Stewart et al. [27]
observed the same cumulative clinical disease incidence
(1/10 sheep) following inoculation with either strain
during 3 years of follow-up. Similar shedding patterns
in those groups were also apparent, although statistical
power was limited by a small sample size.

To summarize, experimental evidence to date, albeit
limited, suggests a different lesion pattern of ovine PTB
with S strains than C strains. However, the significance
of this finding for subsequent pathology severity and pro-
gression to disease is unclear [55] and more research is
needed.

5.5 Inoculum type and progression

MAP organisms obtained both after culture and direct
from tissue homogenate have been used in experimen-
tal challenge studies. Virulence attenuation by laboratory
passage has been observed frequently in experimental
studies.

Begg et al. [34] showed that challenge with tissue
homogenate caused “higher levels of infection and dis-
ease” than challenge with a pure, low passage culture,
despite a 20 times higher dose in the pure culture. After
continuous passage (over 10), neither infection nor histo-
pathology were observed despite that sheep were dosed
with 10° organisms. Verna et al. [59] also observed milder
histo-pathology with passaged organisms while intestine
homogenate inoculum induced more severe and more
extensive lesions. Sheep inoculated with passaged MAP
shed only transiently 2 months post-inoculation, then
stopped, while sheep inoculated with intestine homogen-
ate shed transiently for several months or even became
permanent shedders in one experiment [27]. A propor-
tion of sheep in the latter group developed clinical dis-
ease. Since MAP dose was not determined for the tissue
homogenate inoculum, dose is a possible confounder for
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those observations. In an experiment where homogen-
ate and passaged inocula were enumerated, with ani-
mals given either approximately similar doses around
10® MAP, no significant difference between groups were
observed in the proportion progressing to disease after
13 months [26]. However, the sheep inoculated with
homogenate started shedding and had clinical signs ear-
lier than those given passaged culture inoculum [18].

A more recent study, involving 14 sheep, was designed
to assess virulence attenuation due to in vitro passage
[11] and showed significantly higher IFNy response in the
group dosed with tissue homogenate. In the group chal-
lenged with passaged MAP, the IFNy response was no
different to that of the controls. The homogenate inocu-
lum induced more severe and extensive lesions than pas-
saged MAP, at a comparable dose.

Hence, passage of MAP in vitro, induces a significant
attenuation of virulence. However, one drawback of
inoculating direct tissue homogenate is the difficulty to
enumerate the inoculum dose. These elements need to
be considered in designing and interpreting the results of
experimental infection models for PTB.

5.6 Synthesis on the effect of host- and pathogen-level
risk factors

Based on the above observations, the following synthesis

is proposed for the effect of host- and pathogen level risk

factors:

+ Age at exposure, dose, strain and inoculum type all
influence infection and/or progression to disease.

+ These effects confound each other at the study-level,
making it difficult to tease them apart in individual
studies.

+ Confounding due to host and pathogen-level features
therefore limits the potential to estimate parameters
from individual studies to inform simulation modelling.

6 Conclusion

The review addresses current knowledge about patho-
physiology of ovine PTB. This knowledge was synthetized
to inform a candidate model structure for ovine PTB
(Figure 1). The outcomes observed after experimental
infection were usually comparable with those observed
in natural paratuberculosis, however attenuation of MAP
virulence upon laboratory passage represents an artefact
in some experimental trials.

Pathogenesis of ovine PTB is driven by the develop-
ment of active infection involving pathology in the small
intestine, while latent infection has little clinical or epi-
demiological relevance. Progression to clinical disease
is associated with the severity and extent of intestinal
lesions. Paucibacillary and multibacillary lesion types can
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both lead to clinical disease. The presence of histological
lesions in the intestine appears a good proxy for shed-
ding of MAP and vice versa. Recovery from infection and
from sub-clinical disease is frequent.

Transmission in a pastoral environment is driven by
MAP dose in the pasture, including for lambs pre-wean-
ing. Pseudo-vertical transmission also plays an impor-
tant role. Vertical transmission per se appears to be rare
in sheep and is limited to clinical cases. These observa-
tions can be used to inform the expression of the force of
infection in the mathematical model, despite the fact that
quantitative transmission parameters cannot be derived
from this review.

Older animals appear susceptible to infection but rela-
tively resistant to progression to disease. Higher MAP
doses are both more infectious and more pathogenic, as
is inoculation with homogenate rather than laboratory-
passaged MAP. The relative pathogenicity of C and S
strains in sheep remains unclear.

The outcome of individual experimental challenge
studies is often confounded by factors such as age, dose
or inoculum type. This makes it difficult to compare
outcomes between studies. It was thus impossible to
estimate quantitatively the magnitude of the effects dem-
onstrated in this review. Further research is needed to
contribute to quantitative parameter estimation for the
model presented in Figure 1.

Abbreviations
IFN: interferon; IL: interleukin; MAP: Mycobacterium avium subsp. paratubercu-
losis; PCR: polymerase chain reaction; PTB: paratuberculosis.

Authors’ contributions

NM compiled and synthetized the information, generated the first draft,
wrote the manuscript and supervised the editing process. RM contributed to
generate important biological assumptions and to structure the manuscript
outline. PW revised critically the manuscript. AR and CH contributed to editing
the manuscript. This work was part of a Ph.D. thesis supervised by CH, PW and
AR who contributed academic guidance for the wider project. All authors read
and approved the final manuscript.

Acknowledgements

Stipends to conduct this work were granted by Massey University and New
Zealand International Doctoral Research Scholarship. We gratefully acknowl-
edge Richard Whittington and Douglas Begg (University of Sydney) for
insightful discussions about ovine paratuberculosis.

Competing interests
The authors declare that they have no competing interests.

Ethics approval and consent to participate
Not applicable.

Author details

! EpiCentre, Institute of Veterinary, Animal and Biomedical Sciences, Massey
University, Palmerston North, New Zealand. 2 Department of Mathematics

and Computer Sciences, Emory College of Arts and Science, Atlanta, GA, USA.
3 Department of Population Medicine and Diagnostic Sciences, Cornell Univer-
sity, Ithaca, NY, USA. 4 Institute of Veterinary, Animal and Biomedical Sciences,
Massey University, Palmerston North, New Zealand.

Page 11 of 13

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 5 December 2017 Accepted: 16 February 2018
Published online: 07 March 2018

References

1. Brotherston JF, Gilmour NJL, Samuel JM (1961) Quantitative studies of
Mycobacterium johnei in tissues of sheep. |. Routes of infection and assay
of viable M. johnei. J Comp Pathol Ther 71:286-299

2. Begg DJ, Whittington RJ (2008) Experimental animal infection models
for Johne's disease, an infectious enteropathy caused by Mycobacterium
avium subsp paratuberculosis. Vet J 176:129-145

3. Juste RA, Casal J (1993) An economic and epidemiologic simulation
of different control strategies for ovine paratuberculosis. Prev Vet Med
15:101-115

4. Ponnusamy D, Periasamy S, Tripathi BN, Pal A (2013) Mycobacterium avium
subsp paratuberculosis invades through M cells and enterocytes across
ileal and jejunal mucosa of lambs. Res Vet Sci 94:306-312

5. Abendano N, Tyukalova L, Barandika JF, Balseiro A, Sevilla IA, Garrido JM,
Juste RA, Alonso-Hearn M (2014) Mycobacterium avium subsp. paratuber-
culosis isolates induce in vitro granuloma formation and show successful
survival phenotype, common anti-inflammatory and antiapoptotic
responses within ovine macrophages regardless of genotype or host of
origin. PLoS One 9:2104238

6. Delgado L, Garcia Marin JF, Munoz M, Benavides J, Juste RA, Garcia-
Pariente C, Fuertes M, Gonzalez J, Ferreras MC, Perez V (2013) Pathological
findings in young and adult sheep following experimental infection with
2 different doses of Mycobacterium avium subspecies paratuberculosis. Vet
Pathol 50:857-866

7. Reddacliff LA, Whittington RJ (2003) Experimental infection of weaner
sheep with S strain Mycobacterium avium subsp paratuberculosis. Vet
Microbiol 96:247-258

8. Gilmour NJL, Angus KW, Mitchell B (1977) Intestinal infection and host
response to oral administration of Mycobacterium johnei in sheep. Vet
Microbiol 2:223-235

9. Delgado L, Juste RA, Munoz M, Morales S, Benavides J, Carmen Ferreras
M, Garcia Marin JF, Perez V (2012) Differences in the peripheral immune
response between lambs and adult ewes experimentally infected with
Mycobacterium avium subspecies paratuberculosis. Vet Immunol Immuno-
pathol 145:23-31

10. Preziuso S, Magi GE, Renzoni G (2012) Detection of Mycobacterium avium
subsp. paratuberculosis in intestinal and mammary tissues and in lymph
nodes of sheep with different techniques and its relationship with enteric
lesions. Small Rumin Res 105:295-299

11. Fernandez M, Delgado L, Sevilla IA, Fuertes M, Castano P, Royo M, Ferreras
MC, Benavides J, Perez V (2015) Virulence attenuation of a Mycobacterium
avium subspecies paratuberculosis S-type strain prepared from intestinal
mucosa after bacterial culture. Evaluation in an experimental ovine
model. Res Vet Sci 99:180-187

12. Fernandez M, Benavides J, Sevilla IA, Fuertes M, Castano P, Delgado L,
Francisco Garcia Marin J, Garrido JM, Ferreras MC, Perez V (2014) Experi-
mental infection of lambs with C and S-type strains of Mycobacterium
avium subspecies paratuberculosis: immunological and pathological
findings. Vet Res 45:5

13. Begara-McGorum |, Wildblood LA, Clarke CJ, Connor KM, Stevenson K,
MclInnes CJ, Sharp JM, Jones DG (1998) Early immunopathological events
in experimental ovine paratuberculosis. Vet Immunol Immunopathol
63:265-287

14. Kluge JP, Merkal RS, Monlux WS, Larsen AB, Kopecky KE, Ramsey FK,
Lehmann RP (1968) Experimental paratuberculosis in sheep after oral
intratracheal or intravenous inoculation - Lesions and demonstration of
etiologic agent. Am J Vet Res 29:953-962

15. Dennis MM, Reddacliff LA, Whittington RJ (2010) Longitudinal study
of clinicopathological features of Johne's disease in sheep naturally
exposed to Mycobacterium avium subspecies Paratuberculosis. Vet Pathol
48:565-575



Marquetoux et al. Vet Res (2018) 49:27

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

Clarke CJ, Little D (1996) The pathology of ovine paratuberculosis: gross
and histological changes in the intestine and other tissues. J Comp
Pathol 114:419-437

Nisbet DI, Brotherston JG, Gilmour NJL (1962) Quantitative studies of
Mycobacterium johnei in tissues of sheep. lll. Intestinal pathology. J Comp
Pathol Ther 72:80-91

Begg DJ, de Silva K, Di Fiore L, Taylor DL, Bower K, Zhong L, Kawaji S,
Emery D, Whittington RJ (2010) Experimental infection model for Johne's
disease using a lyophilised, pure culture, seedstock of Mycobacterium
avium subspecies paratuberculosis. Vet Microbiol 141:301-311

Pérez V, Marin JFG, Badiola JJ (1996) Description and classification of dif-
ferent types of lesion associated with natural paratuberculosis infection
in sheep. J Comp Pathol 114:107-122

Clarke CJ (1997) The pathology and pathogenesis of paratuberculosis in
ruminants and other species. J Comp Pathol 116:217-261

Kurade NP, Tripathi BN, Rajukumar K, Parihar NS (2004) Sequential
development of histologic lesions and their relationship with bacterial
isolation, fecal shedding, and immune responses during progressive
stages of experimental infection of lambs with Mycobacterium avium
subsp paratuberculosis. Vet Pathol 41:378-387

Smeed JA, Watkins CA, Rhind SM, Hopkins J (2007) Differential cytokine
gene expression profiles in the three pathological forms of sheep paratu-
berculosis. BMC Vet Res 3:1-11

Smeed JA, Watkins CA, Gossner AG, Hopkins J (2010) Expression profiling
reveals differences in immuno-inflammatory gene expression between
the two disease forms of sheep paratuberculosis. Vet Immunol Immuno-
pathol 135:218-225

Whittington RJ, Reddacliff LA, Marsh |, McAllister S, Saunders V (2000)
Temporal patterns and quantification of excretion of Mycobacterium
avium subsp paratuberculosis in sheep with Johne's disease. Aust Vet J
78:34-37

Reddacliff L, Eppleston J, Windsor P, Whittington R, Jones S (2006) Efficacy
of a killed vaccine for the control of paratuberculosis in Australian sheep
flocks. Vet Microbiol 115:77-90

Kawaji S, Begg DJ, Plain KM, Whittington RJ (2011) A longitudinal study to
evaluate the diagnostic potential of a direct faecal quantitative PCR test
for Johne's disease in sheep. Vet Microbiol 148:35-44

Stewart DJ, Vaughan JA, Stiles PL, Noske PJ, Tizard MLV, Prowse SJ,
Michalski WP, Butler KL, Jones SL (2004) A long-term study in Merino
sheep experimentally infected with Mycobacterium avium subsp paratu-
berculosis: clinical disease, faecal culture and immunological studies. Vet
Microbiol 104:165-178

Chiodini RJ, Van Kruiningen HJ, Merkal RS (1984) Ruminant paratubercu-
losis (Johne's disease): the current status and future prospects. Cornell Vet
74:218-262

Koets AP, Eda S, Sreevatsan S (2015) The within host dynamics of Myco-
bacterium avium ssp. paratuberculosis infection in cattle: where time and
place matter. Vet Res 46:61

de Silva K, Begg DJ, Plain KM, Purdie AC, Kawaji S, Dhand NK, Whittington
RJ (2013) Can early host responses to mycobacterial infection predict
eventual disease outcomes? Prev Vet Med 112:203-212

de Silva K, Begg D, Whittington R (2011) The interleukin 10 response in
ovine Johne's disease. Vet Immunol Immunopathol 139:10-16

Begg DJ, de Silva K, Carter N, Plain KM, Purdie A, Whittington RJ (2011) Does
aTh1 over Th2 dominancy really exist in the early stages of Mycobacterium
avium subspecies paratuberculosis infections? Immunobiology 216:840-846
Gilmour NJL, Halhead WA, Brotherston JG (1965) Studies of immunity to
Mycobacterium johnei in sheep. J Comp Pathol Ther 75:165-173

Begg DJ, O'Brien R, Mackintosh CG, Griffin JFT (2005) Experimental infec-
tion model for Johne's disease in sheep. Infect Immun 73:5603-5611
Whittington RJ, Sergeant E (2001) Progress towards understanding the
spread, detection and control of Mycobacterium avium subsp paratuber-
culosis in animal populations. Aust Vet J 79:267-278

Fecteau ME, Whitlock RH, Buergelt CD, Sweeney RW (2010) Exposure of
young dairy cattle to Mycobacterium avium subsp. paratuberculosis (MAP)
through intensive grazing of contaminated pastures in a herd positive for
Johne's disease. Can Vet J 51:198-200

Kralik P, Pribylova-Dziedzinska R, Kralova A, Kovarcik K, Slana | (2014)
Evidence of passive faecal shedding of Mycobacterium avium subsp.
paratuberculosis in a Limousin cattle herd. Vet J 201:91-94

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Page 12 of 13

Hines ME II, Stabel JR, Sweeney RW, Griffin F, Talaat AM, Bakker D, Ben-
edictus G, Davis WC, de Lisle GW, Gardner IA, Juste RA, Kapur V, Koets A,
McNair J, Pruitt G, Whitlock RH (2007) Experimental challenge models

for Johne's disease: a review and proposed international guidelines. Vet
Microbiol 122:197-222

Whitlock RH, Wells SJ, Sweeney RW, Van Tiem J (2000) ELISA and fecal
culture for paratuberculosis (Johne's disease): sensitivity and specificity of
each method. Vet Microbiol 77:387-398

McGregor H, Dhand NK, Dhungyel OP, Whittington RJ (2012) Transmission
of Mycobacterium avium subsp paratuberculosis: dose-response and age-
based susceptibility in a sheep model. Prev Vet Med 107:76-84

Smith RL, Grohn YT, Pradhan AK, Whitlock RH, Van Kessel JS, Smith JM,
Wolfgang DR, Schukken YH (2009) A longitudinal study on the impact of
Johne’s disease status on milk production in individual cows. J Dairy Sci
92:2653-2661

Mitchell RM, Schukken'Y, Koets A, Weber M, Bakker D, Stabel J, Whitlock
RH, Louzoun Y (2015) Differences in intermittent and continuous fecal
shedding patterns between natural and experimental Mycobacterium
avium subspecies paratuberculosis infections in cattle. Vet Res 46:66

Plain KM, Marsh IB, Waldron AM, Galea F, Whittington A-M, Saunders VF,
Begg DJ, de Silva K, Purdie AC, Whittington RJ (2014) High-throughput
direct fecal PCR assay for detection of Mycobacterium avium subsp. para-
tuberculosis in sheep and cattle. J Clin Microbiol 52:745-757

Reddacliff LA, McGregor H, Abbott K, Whittington RJ (2004) Field evalu-
ation of tracer sheep for the detection of early natural infection with
Mycobacterium avium subsp paratuberculosis. Aust Vet J 82:426-433

Rast L, Whittington RJ (2005) Longitudinal study of the spread of ovine
Johne’s disease in a sheep flock in southeastern New South Wales. Aust
Vet J 83:227-232

Marquetoux N, Heuer C, Wilson P, Ridler A, Stevenson M (2016) Merging
DNA typing and network analysis to assess the transmission of paratuber-
culosis between farms. Prev Vet Med 134:113-121

Heuer C, Mitchell RM, Schukken YH, Lu Z, Verdugo C, Wilson PR (2012)
Modelling transmission dynamics of paratuberculosis of red deer under
pastoral farming conditions. Prev Vet Med 106:63-74

Whittington RJ, Marshall DJ, Nicholls PJ, Marsh 1B, Reddacliff LA (2004)
Survival and dormancy of Mycobacterium avium subsp. paratuberculosis in
the environment. Appl Environ Microbiol 70:2989-3004

Eppleston J, Begg DJ, Dhand NK, Watt B, Whittington RJ (2014) Envi-
ronmental survival of Mycobacterium avium subsp. paratuberculosis in
different climatic zones of eastern Australia. Appl Environ Microbiol
80:2337-2342

Lambeth C, Reddacliff LA, Windsor P, Abbott KA, McGregor H, Whittington
RJ (2004) Intrauterine and transmammary transmission of Mycobacterium
avium subsp paratuberculosis in sheep. Aust Vet J 82:504-508
Muehlherr JE, Zweifel C, Corti S, Blanco JE, Stephan R (2003) Microbiologi-
cal quality of raw goat’s and ewe's bulk-tank milk in Switzerland. J Dairy
Sci 86:3849-3856

Windsor PA, Whittington RJ (2010) Evidence for age susceptibility of cattle
to Johne's disease. Vet J 184:37-44

Collins DM, Gabric DM, Delisle GW (1990) Identification of 2 groups of
Mycobacterium paratuberculosis strains by restriction endonuclease
analysis and DNA hybridization. J Clin Microbiol 28:1591-1596
Stevenson K, Hughes VM, de Juan L, Inglis NF, Wright F, Sharp JM (2002)
Molecular characterization of pigmented and nonpigmented iso-

lates of Mycobacterium avium subsp. paratuberculosis. J Clin Microbiol
40:1798-1804

Stevenson K (2015) Genetic diversity of Mycobacterium avium subspe-
cies paratuberculosis and the influence of strain type on infection and
pathogenesis: a review. Vet Res 46:64

Whittington RJ, Marsh IB, Saunders V, Grant IR, Juste R, Sevilla IA, Manning
EJB, Whitlock RH (2011) Culture phenotype of genomically and geo-
graphically diverse Mycobacterium avium subsp. paratuberculosis isolated
from different hosts. J Clin Microbiol 49:1822-1830

Motiwala AS, Li L, Kapur V, Sreevatsan S (2006) Current understanding

of the genetic diversity of Mycobacterium avium subsp. paratuberculosis.
Microbes Infect 8:1406-1418

Verdugo C, Jones G, Johnson W, Wilson P, Stringer L, Heuer C (2014)
Estimation of flock/herd-level true Mycobacterium avium subspecies
paratuberculosis prevalence on sheep, beef cattle and deer farms in New
Zealand using a novel Bayesian model. Prev Vet Med 117:447-455



Marquetoux et al. Vet Res (2018) 49:27

59.

60.

Verna AE, Garcia-Pariente C, Munoz M, Moreno O, Garcia-Marin JF,
Romano M, Paolicchi F, Perez V (2007) Variation in the immuno-patholog-
ical responses of lambs after experimental infection with different strains
of Mycobacterium avium subsp paratuberculosis. Zoonoses Public Health
54:243-252

Johne's disease: don't bring home more than you bargained for [small
farms programs. http://smallfarms.oregonstate.edu/sfn/f11Johnedisease.
Accessed 7 Dec 2017

61.

Page 13 of 13

Sheep farming in New Zealand (2017) In: Wikipedia. https://
en.wikipedia.org/w/index.php?title=Sheep_farming_in_New_
Zealand&oldid=807180872. Accessed 7 Dec 2017

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolVied Central



http://smallfarms.oregonstate.edu/sfn/f11Johnedisease
https://en.wikipedia.org/w/index.php%3ftitle%3dSheep_farming_in_New_Zealand%26oldid%3d807180872
https://en.wikipedia.org/w/index.php%3ftitle%3dSheep_farming_in_New_Zealand%26oldid%3d807180872
https://en.wikipedia.org/w/index.php%3ftitle%3dSheep_farming_in_New_Zealand%26oldid%3d807180872

	A synthesis of the patho-physiology of Mycobacterium avium subspecies paratuberculosis infection in sheep to inform mathematical modelling of ovine paratuberculosis
	Abstract 
	1 Definitions
	2 Introduction
	3 Assumptions for a candidate model structure
	3.1 Pathology outcomes following oral exposure to MAP
	3.1.1 Infection
	3.1.2 Pathology
	3.1.3 Faecal shedding
	3.1.4 Synthesis of pathology outcomes

	3.2 Progression pathways
	3.2.1 Immunological response
	3.2.2 Presence of MAP in intestinal tissues
	3.2.3 Presence of MAP in faeces
	3.2.4 Synthesis of progression pathways

	3.3 Pass-through of MAP
	3.4 Conclusions and assumptions about pathophysiology for a candidate model

	4 Transmission of MAP
	4.1 Indirect transmission
	4.2 Transmission to neonatal lambs
	4.3 Synthesis of MAP transmission routes

	5 Host- and pathogen-level risk factors for infection and disease caused by MAP
	5.1 Age at exposure and infection per se
	5.2 Age at exposure and disease
	5.3 MAP dose and disease
	5.4 MAP strain type and disease
	5.5 Inoculum type and progression
	5.6 Synthesis on the effect of host- and pathogen-level risk factors

	6 Conclusion
	Authors’ contributions
	References




