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Abstract

Paratuberculosis, caused Blycobacterium avium subsp.paratuberculosis (MAP), oc-
curs in a range of ruminant species, and has been diagnoseitdiand domesticated
deer worldwide. The disease process in other ruminantsranahand fatal, with the
highest clinical disease incidence generally seen in @dénals. However, in farmed
deer, disease incidence is highest in young animals, doguas an acute syndrome in
deer as young as eight months of age. The deer industry in Nmla#d is concerned
about the on-farm impact of paratuberculosis, and the cuesees for the venison mar-
ket should MAP be classified as a zoonosis. Research is thestell at investigating
tools for paratuberculosis control, to reduce the thregtéandustry.

The aim of the research presented in this thesis was to pr@gatlemiological evidence
that can be used to inform strategy, at industry and farraléor control of paratubercu-
losis in deer.

A survey of the deer slaughter population established alibasgrevalence of MAP in-
fection, against which the effects of control initiativemncbe measured. Infection was
widespread in individuals (45%) and herds (59%), sugggsiimtrol rather than eradica-
tion as the goal of any industry programme.

On-farm disease control was investigated in a randomisattalted trial of vaccine ef-
ficacy in young naturally-infected deer. Vaccination restliche incidence of clinical
disease and subclinical pathology; no significant effectr@an production parameters
was seen. There was no effect of vaccination on faecal MAIRe&RrQ, indicating vac-
cination may not reduce infection prevalence. Vaccinatesgr dhad an increased risk of
testing positively to diagnostic screening tests for bewvimberculosis. Non-specificity
was resolved by ancillary testing, but such tests come abh@eased financial and test
sensitivity cost.

Paratuberculosis control at the industry level may invaleleemes to classify herd infec-

tion status. For this purpose, the sensitivity and spetyifafiindividual faecal culture and
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an IlgG1 ELISA (Paralisa) to detect young deer infected withAMvas estimated using

Bayesian latent class analysis. Paralisa and faecal eulad sensitivity of 19% and 77%,
and specificity of 94% and 99%, respectively. Improved desgies are therefore needed
if herd infection status is to be classified in a sensitivect, cost-effective and timely

system.

The studies contribute to knowledge on different aspegsdtuberculosis control in the
New Zealand farmed deer population, providing an evidemase lior informed decision-

making at farm and industry level.
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AHB Animal Health Board

CCT Comparative cervical test

Cl Confidence/credible interval

DINZ Deer Industry New Zealand

ETB ELISA for bovine tuberculosis

GLM Generalised linear model

IFC Individual faecal culture

JD Johne’s disease

JML Johne’s Management Limited

LSS Lesion severity score

MAP Mycobacerium avium subsp paratuberculosis
MCMC Markov chain Monte Carlo
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B Tuberculosis
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Preface

There is a theory which states that if ever anybody discoeeastly what the Universe
is for and why it is here, it will instantly disappear and beleeed by something even

more bizarre and inexplicable. There is another theory lwkiates that this has already

happened.

Douglas Adams
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CHAPTER 1

Introduction

Epidemiology provides the evidence base for successflddpal and cost-effective con-
trol of disease in farmed livestock populations. This thgsesents a series of epidemio-
logical studies related to different aspects of controlargpuberculosis in farmed deer in

New Zealand.

1.1 The New Zealand Deer Industry

The deer industry in New Zealand is relatively young, havorgned in the early 1970s
when feral deer, originally introduced to the wild from Eagtl and Scotland, were cap-
tured and domesticated (Pollard 1993). The industry haeslaveloped to include breed-
ing, venison and velvet production sectors and is an impociantributor to the economy,
generating export earnings of over NZ$380m in 2009 (DINZ®0The number of deer
herds in New Zealand is estimated at 3,400 and animal nunabenund 1.7 million.
Approximately 40% of the farmed deer population is in thetNdsland of New Zealand,
with 60% in the South Island.

Red deer Cervus elaphus) is the predominant breed in New Zealand, representing 85%
of the national herd. Red deer hinds are often crossbredwathiti (Cervus elaphus
canadensis) for faster growth and hybrid vigour, particularly for corenaial venison pro-
duction, and there is also a small population of farmed fatieer.

Deer in New Zealand are grazed outside all year round, andwlahd deer farms are
often grazed intensively on improved pasture. They arergdéigenot the only livestock
species within a farming enterprise; often sheep and ati@lso managed on the same
farm, and they may be co-grazed with deer. Approximately &%eer enterprises also

farm other species (Wilson 2007). Breeding hinds calve indaber - December each
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year, and as the risk of dystocia is low (0.5%) (Audige et @0 there is generally
minimal management at this time. Calves stay with their dants 4 to 5 months of
age. Weaning may take place before the rut, but on some estspost-rut weaning is
carried out. The venison production cycle is short, withlibst-performing calves, born
in early summer, reaching slaughter weight®2kg) as early as the following spring, i.e.
within 10 months.

New Zealand is a major supplier of venison globally. Eighgy pent of local production
is exported to Europe, and the US is another important matkatound 12%. Velvet is
sold mainly to Asian markets, primarily China and South Kgrehere it is utilised in
traditional medicine. However, using velvet as a nutriilcsupplement has also been re-
ceiving increasing interest in Western cultures aroundviidd, so there may be potential
to further increase export earnings.

The deer industry has generally been progressive in funaintjapplying research di-
rected at improving welfare, health and production of fadrdeer. Research findings in
these areas have been incorporated into on-farm qualityasse programmes, accredi-
tation schemes and codes of conduct. In the last number of,ya#e disease that has had
an increasing profile within the industry is paratuberciglosr Johnes disease, caused by
Mycobacterium avium subsp.paratuberculosis (MAP). The key features of paratubercu-
losis in deer, and the implications for individual farms dadthe industry are outlined

below.

1.2 Paratuberculosis in deer

Paratuberculosis has been diagnosed in farmed deer in aemwhbountries including
Argentina (Moreira et al 1999), Ireland (Power et al 1998¢ UK (Fawcett et al 1995)
and the USA (Manning et al 1998). The first clinical diagnasiarmed red deer in New
Zealand was in 1979 (Gumbrell 1986). The term paratubesaiis applied generally
to infection or disease caused blycobacterium avium subsp.paratuberculosis (MAP).

MAP-infected animals may have an inapparent infectionluigiag a state in which the
animal may not be infectious, or they may progress to suiodlior clinical disease. The
disease process is essentially a granulomatous enteyppdtthinflammation of the small

intestine leading to the clinical signs of wasting and diaga and resulting ultimately in
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death from cachexia. Clinical disease in cattle and shegerisrally a chronic progres-
sive condition, affecting older animals at a low annual deecice risk (1% to 2%), and
the clinical syndrome in adult deer may follow this patterawever, the key difference
between disease in deer and in other ruminant species ideékaias young as 8 months
of age may be affected (Mackintosh et al 2004). Symptoms ajhtéoss and diarrhoea
can progress to emaciation and death within a few weeks,land have been reports of
outbreaks of clinical disease in weaner deer with a moytedite of up to 22% (Glossop
et al 2008, Mackintosh et al 2004).

Affected farms may suffer economic losses associated Witltal and possibly subclin-
ical disease, as well as loss of genetic potential (Bell 2006e granulomatous visceral
lymph node lesions associated with MAP infection are ggosishilar to those caused by
M. bovis andM. avium, causing difficulty for the meat industry at post mortem tdat
inspection (Campbell 1995). Affected carcases are defaipending laboratory inves-
tigation to excludeM. bovis infection as a diagnosis, incurring costs for the processor
farmer and the TB control scheme.

Although no structured herd prevalence survey has been letedp there have been in-
dications, from anecdotal reports and from laboratory sillance (de Lisle et al 2003,
Griffin et al 2006), that the prevalence of MAP-infected Neealand deer herds is in-
creasing. To monitor prevalence trends, an industry-lédmal-level surveillance system
for paratuberculosis in deer (Lynch 2007) was develope@. sistem collects data from
each deer carcass processed at deer slaughter premises fe&ihg use of the gross
pathology, typical of MAP infection, seen at post-mortersgaction of visceral lymph
nodes of deer. This pathology, i.e. enlarged and/or gramatous visceral lymph nodes
is highly predictive (95%) of MAP infection (J.C Hunnam, wigished data).

However, the significance of paratuberculosis to the dedustry has the potential to
reach beyond on-farm and processing losses. The hypotiesid8IAP is the causal
agent of Crohns disease, a chronic inflammatory bowel camddf humans, has been
under investigation for a number of years (Feller et al 20G'public health concerns are
substantiated, this may have major implications for rumimaeat processing and trade,
and consequently for the whole deer industry.

Progress in on-farm control of paratuberculosis in deeamjered by incomplete knowl-

edge of the epidemiology of the disease, limited data on hlaeacteristics of diagnostic
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tests in the live animal and lack of information on the efferiess and cost-effectiveness

of control measures that could be applied practically irr d@ening systems.

1.3 Thesis aim and structure

The aim of this thesis is to provide epidemiological evidetitat can be used to inform
strategy, at industry and farm-level, for control of diseasd infection due ttycobac-
terium avium subsp paratuberculosisin deer.

Four field epidemiological studies were conducted to aehtbis aim. The studies are
presented in the thesis in the form of manuscripts prepargalblication in peer-reviewed
journals. There is thus some repetition of background médron, and presentation has
been influenced by journal formatting style, and commermmfco-authors, reviewers
and editors. However, the reference style has been stasddrithroughout the thesis as
that of the New Zealand Veterinary Journal.

Chapter 2 is a review of the published evidence that form$&#sts of current herd-level
control measures for paratuberculosis in farmed livestanll how these may be applied
to farmed deer. Evidence of biological effectiveness angt-effectiveness of specific
control strategies, in deer and other ruminant speciegjtigued with reference to the
desired outcomes of control. For example, control measuegsbe directed at reduc-
tion of clinical disease or at reducing infection prevakn€he review concludes with a
summary of the key areas where more evidence is needed tiateathe use of specific
control strategies in deer farming systems.

The first manuscript (Chapter 3) is a nationwide cross-geatiprevalence study under-
taken with two main objectives: to estimate the prevalericBAP infection in sub-
clinically normal slaughtered deer, and to provide datesteas the significance of gross
lymph node pathology as a predictor of MAP infection. Thealgtprovides baseline esti-
mates which may be used by the industry when consideringmedtievel control options,
or to monitor the impact of interventions.

Chapter 4 presents a randomised controlled trial to asbessfticacy of a candidate
vaccine in naturally infected young farmed deer. This fiéldlg was conducted in six
commercial venison production herds in the South Island @& Mealand and involved

3335 weaner deer. The primary outcome was incidence otalidisease, although other
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outcomes such as liveweight gain, faecal MAP shedding amssdymph node pathology
were also analysed.

Chapter 5 reports a cohort study to assess the potentiactropaaccination on diag-
nostic tests for bovine tuberculosis (TB) in deer in the samgulation as the Chapter
4 study. Additional data from a previous case control stutlgisk factors for clinical
disease were used to quantify the effect that MAP infegb@nse has on the specificity
of diagnostic tests for TB. An additional study objectiveswa generate hypotheses on
other potential risk factors affecting TB test specificitydeer.

The fourth manuscript (Chapter 6) presents the results aissesectional study designed
to estimate the characteristics of two diagnostic testiyidual faecal culture and an
IgG1ELISA test, to detect MAP infection in young deer. Thies@o gold standard test
available to detect MAP infection in live deer, thereforeyBsian latent class analysis
was applied to estimate the sensitivity and specificity ahe@st, using a zero-inflated
random effect logistic regression model.

The thesis concludes in Chapter 7, which considers the figsdiom the field studies in
the context of current knowledge and in the wider perspeativdisease control. The
chapter includes an examination of experimental designaaiadl/sis, reviews the study
limitations and offers suggestions on how the work couldehaaen enhanced and for the
direction of further research. Finally, the contributitwe thesis has made to understand-

ing key aspects of control of paratuberculosis in deer isugised.
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CHAPTER 2

Review of the evidence for the effectiveness and
cost-effectiveness of herd-level control measures
for paratuberculosis of potential relevance to

farmed deer

2.1 Introduction

Eradication may be defined as the “regional extinction oird@atious agent” (Thrusfield
1995). Eradication oMycobacterium avium subsp.paratuberculosis, by this definition,
has not been considered an achievable aim in countries ohyplairatuberculosis is preva-
lent in domestic livestock. The epidemiology of MAP infegtiis not fully understood,
the organism can persist for a long time in the environmertti{iiigton et al 2004) and
is present in wildlife populations (Pavlik et al 2000, Beatdal 2001). Additionally,
there is a lack of highly sensitive diagnostic tools to deitgfection and limited practical
interventions to reduce MAP transmission in all specied.oAthese factors mean that
eradication of MAP is not a goal for the majority of intermatal programmes.

Disease control, on the other hand, may be described ggnasatany effort directed
toward reducing the frequency of existing disease to levigkogically and/or econom-
ically justifiable or otherwise of little consequence” (Maret al 1987). In considering
herd-level control of paratuberculosis in particular,réhare a number of specific end-
points or outcomes that may be the aim of control. A contmaitegyy may be applied, for

example, to:
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Reduce clinical disease incidence

Reduce infection prevalence

Minimise subclinical losses

Preserve genetic potential
e Minimise risk of infected or test-positive sale animals

Although voluntary herd-level control programmes areméiesumed to be driven by eco-
nomic cost-effectiveness, there are outcomes other thodit praximisation that influence
decision-making by farmers (Edwards-Jones 2006). Lifesgultural and social goals
and values (Gasson 1973) contribute to outcomes for ingialithrmers, and attitudes to
animal welfare are often particularly relevant when coesity animal health measures.
Although recognised as important, further consideraticth@ese outcomes is beyond the
scope of this review.

Whatever the specific aim of herd-level control, the measapplied on-farm are directed
at reducing transmission of MAP to uninfected individuadéng three main approaches:
(1) identifying and removing infected or infectious anisékst-and-cull) (2) implement-
ing specific management practices to reduce transmissionnimise the impact of dis-
ease and (3) vaccination.

This chapter reviews the evidence forming the basis of elchent of these approaches
for control of paratuberculosis in farmed livestock, and/tioey may be applied to farmed
deer. The evidence underlying each approach is first redieimeluding pathogenesis
where this explains the basis of the measure. The publighiddmiological evidence of
effectiveness and cost-effectiveness of the outlinedvetgions is subsequently exam-

ined, with reference to the main target outcomes of herdHeantrol where possible.

2.2 Transmission and pathogenesis

Knowledge of transmission and pathogenesis is needednitifidthe measures that may
be effective in controlling infection and disease. An itbrief overview of transmis-
sion and pathogenesis of paratuberculosis is given in égisms). The published evidence

is discussed in more detail in the individual control measections, directly related to
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specific aspects of control.

Transmission of MAP is thought to occur primarily by the fakoral route from con-
taminated pasture, feedstuffs, soil, water or during sngk{Whittington and Sergeant
2001). Bacteria are shed in faeces, and although excratigneatest in the clinical phase
of disease, shedding also occurs while the animal is subalin affected (Harris and
Barletta 2001). Infection can thus be spreading in a pojmrdiefore obvious clinical
signs become evident. Passive shedding, in which ingesieéiia are shed in the faeces
without infecting the host may be important in environméotetamination and has been
reported in sheep, goats, cattle and deer (Whittington angeant 2001). Although MAP
is a facultative intracellular pathogen, growing and npljting only within macrophages
of susceptible hosts, it can remain viable for long perioda irange of environmental
conditions. Survival within macrophages is thought to bateel to the resistance of the
mycobacterial cell wall to destruction or penetration améactors that neutralise the an-
tibacterial chemicals within macrophages (Collins 2003).

The organism has been recovered from the milk of cattle¢&ret al 1995), sheep (Lam-
beth et al 2004), the mammary lymph node of deer (Thompsol2€07), and from the
semen of bulls (Larsen and Kopecky 1970) and rams (Epplestdiwhittington 2001).
In-utero infection has been demonstrated in cattle (S&&9), sheep (Lambeth et al
2004), goats (de Juan 2005) and deer (van Kooten et al 200@)ough these are all
clearly potential transmission routes, the relative intgmoce of each has not been estab-
lished.

MAP has been isolated from a wide range of ruminant and naorirant wildlife associ-
ated with clinically affected farms (Beard et al 2001). $&gdn Scotland have found a
positive correlation between infection in the wild rablitrgctolagus cuniculus) and do-
mestic livestock on clinically affected farms (Greig et 8D9). Long-term persistence of
infection in the rabbit population (Judge et al 2007), thrghh(i17%) prevalence of infec-
tion in rabbits and the infectivity and quantity of rabbi¢&es deposited on pasture suggest
that rabbits may be important in maintaining infection ie #gnvironment (Daniels et al
2003). In New Zealand, MAP has been isolated from the tisefibgedgehogs, rabbits,
possums, cats, hares, ferrets and birds and from faeceBlofsand hedgehogs (Nugent
et al 2007). However, the relative importance of wildlifetiansmission of MAP to do-

mestic livestock is not fully understood.
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Pathogenesis has been studied most closely in cattle balievéd to be broadly similar
in different ruminant species. Following ingestion, baietselectively adhere to M-cells
overlying Peyers patches in the small intestine and peedtia mucosa, where they are
phagocytosed by macrophages (Momotani et al 1988). Theyestlrvive and replicate,
and the inflammatory changes result in cell infiltration & thtestinal mucosa, decreased
absorption and ultimately a protein-losing enteropathagieg to death of the animal. Itis
thought that the low concentration of T-cells within theall®eyers lymphoid tissue and
thus the limited cellular immune response may favour saho¥the mycobacteria at this
location (Clarke 1997).

Histopathological changes may take a multibacillary ordepatous form with diffuse
large numbers of macrophages and epitheloid cells andfasidacteria, or a paucibacil-
lary or tuberculoid form in which there is a predominantlynighocytic reaction and few
or no acid-fast bacteria visible by light microscopy (Ca#097). Culture or PCR tech-
niques can, however, demonstrate the organism in sucmie@ighittington and Sergeant
2001). The variation in response is thought to be assocwitbchost immunity, with the
CMI response predominating in animals with paucibacill@sions, and a stronger hu-
moral response and weaker cellular immunity in those witltitacillary lesions (Clarke
1997). The cell-mediated immune response is thus considerémportant determinant
of the outcome of MAP infections, with IFN-the major cytokine involved in macrophage
activation and resistance to Map (Reddacliff et al 2005 fflammatory changes also
involve the lymph nodes draining the intestine and give tasthe thickened, corrugated
intestine, enlarged and oedematous mesenteric lymph aodetdilated serosal lymphatic
vessels seen at post-mortem of clinically affected caBigecies differences have, how-
ever, been recognised in the gross pathological featurdésiofes disease. In sheep gross
intestinal lesions may be mild, and thickening of the intedtwall is not always a fea-
ture. In deer, there may be no visible thickening of the ilebot thickened lymphatic
drainage vessels and enlarged mesenteric lymph nodes aneraan feature. A distinc-
tive gross finding is caseous necrosis within the jejunalieedcaecal or retropharyngeal
lymph nodes of infected deer, causing difficulty at routineatninspection due to a close
resemblance both grossly and microscopically to lesiortsitwérculosis (Mackintosh et
al 2004).

The key clinical features of paratuberculosis - diarrhosé \&eight loss - thus occur as
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a result of protein malabsorption and loss. In cattle anégha long incubation period
means clinical disease is chronic and progressive and sdgriroadult animals. Al-
though disease is seen in adult deer, clinical signs mayiseger as young as 8 months
of age, with rapid progression to death in a period of weekadiihtosh et al 2004).
However, the factors that influence progression from imdecto clinical disease are not
fully understood in any species. The evidence underlyimgrtie of host susceptibil-
ity and organism pathogenicity in infection and diseasedsseussed in more detail, in

relation to control of paratuberculosis, in the followirecson.

2.3 Control measures

2.3.1 Testand cull

Herd-level test-and-cull programmes are directed at iffeémg and removing infected
or infectious animals, thus reducing potential sourcesfigfation for other susceptible
livestock. This applies whether the overall aim of contsala reduce clinical disease in-
cidence, reduce infection prevalence or to minimise subeall losses. The term ‘paratu-
berculosis’ is applied in the literature to a range of cdod# including infected, infec-
tious, or clinically diseased. When assessing the perfocmaf diagnostic tests for use in
test and cull programmes, it is important to be clear whictihese is the target condition,
as the sensitivity of diagnostic tests varies with the steégafection and thus the target
condition (Nielsen and Toft 2008).

Dependent on the aim of control, specific objectives of tagt@ll may include identi-
fying animals likely to progress to clinical disease, idigirig animals that are infected
or infectious, or identifying animals that excrete a higmoentration (e.g. 1000 cfu/g)
of MAP in faeces. Clinically affected animals are likely te bhedding the organism in
faeces (Whitlock and Buergelt 1996) and are a source ofrtiesson via the intrauter-
ine route (Whittington and Windsor 2009), so removing theomtf the herd will remove
one identifiable source of infection. However, identifyisigh-clinically infected but in-
fectious animals is more challenging. Such animals may bddihg MAP before they
are detectable by diagnostic tests (Collins 2003) and tiney tepresent one of the major
limitations to the success of test-and-cull strategies dira to reduce prevalence of in-

fection.



12 Literature review

The diagnostic tests in current use in the live animal aredbagher on detection of the
agent, the cell-mediated immune (CMI) response, or the mahnmmune response, and
are considered in general below. The section concludesanigiview of diagnostic tests

specific to deer.

Detection of MAP

Isolation of the organism has been used as a diagnosticdoalrhost 100 years. Recent
advancements have included the use of radiometric cultodeliquid culture systems
(Collins et al 1990) to detect lower numbers of bacteria nnapadly and these techniques
have also increased the sensitivity of detection of the stegrowing ovine-strain of MAP
(Whittington 2010).

Intestinal tissue culture is regarded as the earliest arst samsitive means of detecting
MAP infection, as it may identify non-shedders and animatk waucibacillary intestinal
lesions (Perez et al 1996). Tissue culture is generallytéichio necropsy specimens, but
biopsy in the live animal is possible and has been used agjaahtic technique in cattle
(Pemberton 1979) and as a research tool (Mackintosh et &@a}01However, biopsy
does not have a practical application in screening prograsnso faecal culture or PCR
methods are those generally applied to detect the organigineilive animal.

Sensitivity of faecal culture varies with factors such as,amlture technique and strain of
organism. In dairy cattle, for example, the sensitivityadédal culture has been shown to
increase with age and lactational stress (Norton et al 2Q4Q)id culture methods, such
as BACTEC are more sensitive than solid culture to detect MPmodified BACTEC
12B is the only liquid culture medium that supports growtratbffcommon MAP strains
(Whittington 2010). Estimates of the sensitivity of faecalture by all methods range
from 23% to detect infected cattle, to 74% to detect infardioattle (Nielsen and Toft
2008).

PCR techniques were initially considered poorly sensitiM@iological samples (Grant et
al 1998), but recent advances in methodology mean they areowsidered to be possibly
as sensitive as culture (Bolske and Herthnek 2010). PCR raaplttinely applied to
milk, tissue or faecal samples, and has the advantage af rapiaround time and MAP
cell enumeration using real-time methods. It may therelfianee particular application in

identifying heavily shedding animals. In contrast to ctdtmethods, there is no loss of
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sensitivity when frozen faecal samples are tested (Khaaie26008).

Detection of the cell-mediated immune response

The cell-mediated immune (CMI) response is considered @ key determinant of im-
munity to all mycobacterial infections, with the humoraspense giving little or no pro-
tection (Chiodini 1996, Stabel 2000). The CMI response oxearly in infection (Stabel
2000), therefore tests to detect it have the greatest patéatdetect infected animals
before shedding of MAP occurs.

The intradermal skin test, using avian or johnin purified@iroderivative (PPD), has been
used in cattle to detect CMI response to the injected antigessays to detect gamma-
interferon (IFN+<) release following antigen stimulation of whole blood ha®o been
developed (Billmanjacobe et al 1992). There has been soseceshion in the literature
about the value of using IFN: Some authors (Jungersen et al 2002) advocate that in
young animals it is a measure of exposure rather than iofecéind should be used to
assess the effect of control interventions, rather thawleéatify candidates for culling.
The positive relationship in sheep between a strong CMlaese and reduced intestinal
pathology (Burrells et al 1998, Gwozdz et al 2000), and ewiéenf a correlation between
negative IFN+ test and higher ELISA OD values in cattle (Mikkelsen et al 20@ive
support to that suggestion. However, others assert thatimfected herd or flock, identi-
fying and removing exposed and thus potentially infectachats will ultimately reduce
MAP transmission and assist control (Bosward et al 2010)e Vdue of using IFNy
therefore, may be dependent on the specific aim of diagnodiggause may be indicated

more in infection eradication than disease control prognash

Detection of the humoral immune response

While serum antibody may be detected by complement fixatt#¥) or agar-gel immun-
odiffusion (AGID) techniques, the indirect antibody enaaimked immunosorbent assay
(ELISA) is the most widely used test for detection of the huah@nmune response to
MAP in serum or milk, and a variety of ELISA tests have beeneligyed for use in dif-
ferent ruminant species (Nielsen and Toft 2008). ELISAstesay be affected by the
variability of the immune response of the individual, thag& of disease and the type

of histopathological lesion i.e. paucibacillary or muiaeillary (Clarke and Little 1996).
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They have low (5-30%) sensitivity for detection of MAP-infed animals (Nielsen 2010).
However, they have the advantage that they may detect adfeatimals before they be-
come infectious, as antibody may be detectable before siggddl MAP; an important
feature when the aim of test and cull is reduction of infetfiwevalence. Sensitivity of
ELISA tests to detect infected cattle increases with irgirgpage, but sensitivity to de-
tect infectious cattle does not appear to be age-dependmté€én and Toft 2006). ELISA
tests have the advantage that results can be obtainedyrapidirelatively inexpensively
and they are generally considered to have good sensitk&86] for detection of animals
shedding high levels of MAP in faeces, although are lesstbengl5%) at detecting low
shedders (Whitlock et al 2000).

In a recent comprehensive review of ante-mortem diagnddidA®P, Nielsen and Toft
(2008) summarised and critically reviewed ELISA and othagdostic tests in a range of
species. Target conditions were classified as ‘infectedfectious’ and ‘affected’, with
‘affected’ defined as clinically diseased or showing redume@duction performance. The
review identified many reports of ELISA test performancehia literature, but poor re-
porting of target condition and study populations. The arghconcluded that for all

species there was a “profound lack of reliable test evadnati

Diagnostic tests relevant to deer

Limited information is available on the characteristicgl@gnostic tests in deer. A study
to evaluate a modified ELISA and individual faecal culturel@er (Schroen et al 2003)
reported that IFC detected 67.5% (112/166) of deer with ooefil JD. However, the case
definition of ‘confirmed’ appears to include faecal and tessulture and histopathologi-
cal examination and this figure is thus not a sensitivityneate. When assessed against
tissue culture as a gold standard, IFC detected 47% (441%8sae culture positive deer,
but identified six further tissue culture negative deer asPMAfected. However, faecal
samples were frozen prior to culture, which may have redtlieedubsequent recovery of
bacteria (Richards 1981).

The same study found maximum sensitivity of a deer-conpigatiSA was 51% when
specificity was 59%, while maximum specificity was 99.5% wkensitivity was 36%.
However, only 110 of the 172 serum samples originated froer teat were tissue cul-

ture positive; the remainder were from animals classifiethfested based on the results
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of histopathology or faecal culture. The source of samplas wecorded as “previous
diagnostic submissions”, abattoirs and whole-herd omfaasting. There were no data
presented on the age of sampled deer, nor was there infamari whether deer were
clinically or sub-clinically affected for all analyses. |A&if these factors suggest that there
is a possibility of bias towards samples from animals in naateanced stages of infec-
tion. This, together with the small sample size for testeatbn (172 “infected” animals
and 210 “non-infected”) indicates that the results shogldhiterpreted with caution.

An ELISA test used in farmed and wild deer populations in B&eyes-Garcia et al
2008) appears to have been evaluated using PCR on MLN fronLISAEpositive deer
and “microbiological data” from nine ELISA negative deedanis difficult from the in-
formation provided to assess the test accuracy.

The development and estimated performance of an IgG1 ELéSA the Paralida?, for
deer has been described by Griffin et al. (2005). Specifidi§9b% and sensitivity of
85% to detect infected animals was reported when the twgemsi under study (PPDj
and PpAg) were used in series. However, the selection pdoesamples for analysis
of test sensitivity was not fully described. Samples of seaumber not reported) from
10 farms with a history of clinical paratuberculosis wergimally submitted for ELISA
testing, and the infection status of the corresponding desrestablished by tissue cul-
ture and histopathology. Preliminary estimates of tessisgity were based on samples
from 102 animals in which infection was confirmed. Howeveis not clear whether the
102 selected comprised all confirmed cases or only a prapodr whether selection bias
may have been present, possibly influenced by knowledgewfrseeactivity. There was
no description of how the individual infection status of ttantrols or their source herds
was established, other than that serum samples were sduocedherds with “no prior
history or ongoing evidence &f. paratuberculosis infection”. Additionally, specificity
estimation is described as using data from 508 “test-negjatinimals. An estimate of
sensitivity (77%) was given for detection of sub-clinigalhfected animals (n=250), us-
ing tissue culture status as the ‘gold standard’ referefite ELISA cut point used for
this part of the analysis was not stated. A figure of 90% forsgmity of the assay to
identify infected deer with detectable pathology was basedhistopathological status,
although 75/150 (50%) of the histologically positive panelre tissue culture negative.

The estimate of sensitivity may thus be an overestimataségdathology is not perfectly
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sensitive and specific.

Recent advances in the application of PCR methods to Nevaddaleer samples include
the development of a quantitative PCR method for faecal zs1(®'Brien et al 2010).
The technique has the potential to identify deer sheddigh humbers of MAP organ-
isms for culling and thus may have direct application to omrprogrammes which aim
to reduce clinical disease and infection prevalence.

There has been no formal evaluation of the performance a¥iduhl faecal or tissue
culture to detect MAP infection in the New Zealand deer papoh. The sensitivity and
specificity of the Paralisa has not been independently atdi| and the performance of
the test in young naturally infected deer has not been esttnaData from an exper-
imental infection study in young deer (Mackintosh et al 28)0fbund 19/68 (28%) of
sub-clinically infected tissue culture positive deer taHagalisa positive. The proportion
positive was related to disease severity: 20% of deer withisible histopathology, or
“very mild non-specific lesions” were Paralisa positive @ared to 100% of the clini-
cally affected deer.

The effectiveness and cost-effectiveness of test-andstnaltegies as a control measure

for paratuberculosis are examined in more detail laterigréview.

2.3.2 Management interventions

On-farm management control interventions are directeddatcing exposure of suscepti-
ble animals to infection, or to the factors that may preeafgfprogression from infection
to disease. While identifying and removing infected aneatibus individuals by testing
and culling is one way of reducing transmission (Collins 20®ther control measures
can be implemented, often with little financial cost. Marragat programmes for inten-
sive systems, particularly for dairy stock, vary in detailaomplexity. A typical strategy
applying management principles is the “three-step calf’ptautlined for dairy herds in
the Australian Bovine Johnes Disease (BJD) programme (mons 2003). This ad-
vises removal of calves from dams within 12 hours of birtlpasation from adults and
their effluent, and not rearing calves up to 12 months of agpastures that have had
adult stock or stock that are known to carry BJD on them duttiegprevious 12 months.

The scientific evidence forming the basis of this type of edvs outlined below.
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Role of age resistance

Many management strategies, particularly for dairy cattte based on the principle that
neonatal infection is an important factor in the developtdrelinical paratuberculosis.
Young animals have long been considered to be more suskeefimfection following
exposure to the organism via colostrum or via infected faeederial from the dam or
environment (Manning and Collins 2010). Evidence for aggstance in cattle has been
examined in a recent meta-analysis (Windsor and Whittm@i@10), which concluded
that there is a significant age-related difference in suguéfy to MAP infection and
disease: calves less than 12 months old are more susceptibfection than adults, and
calves older than 6 months are less likely to develop clirdessease following exposure
to MAP than younger calves. Age resistance is not absolueigh, and Rankin (1962)
showed infection of adult cattle from a contaminated emviment to be possible, with
clinical disease developing in some animals.

In a review of pathogenesis in ruminants, Clarke (1997) estggl that the mechanism
for age resistance is related to the large area of mucosaglgid tissue or Peyers patch
present in young ruminants. The ileal patch has a low pragodf T-cells and so there
is a limited cellular immune response, favouring surviviaimbracellular mycobacteria.
Based on the work of Larsen (1975), Nisbet et al.(1962) aryh&lds and Morris (1983),
Clarke proposed that “the progressive decrease in subdiéptio M. a. paratubercu-
losis with increasing age is related to the concomitantlumi@n of the ileal patch and
the disappearance of this favoured site for mycobacteaedigtence”. Developing this
work further, Chiodini (1996) proposed that the differeniceclinical progression be-
tween calves and adult cattle could be explained by therdiifee in the particular T-cell
population that promotes the cellular immune responses THeell population suppresses
macrophage activation, and is larger in newborn calvesithadult cattle. Another sug-
gested mechanism to explain age susceptibility is thatther gut’ of the bovine neonate
allows MAP to penetrate the mucosa in the first 24 hours of 8f@eeney 1996). Others
propose that MAP concentrations may be affected by dilutiotime biological effects of
a functional rumen (Windsor and Whittington 2010).

Research by Sergeant (2005) has suggested that there isagenadfect in sheep, pos-
sibly dependent on level of exposure, and showed that urmhelittons of heavy natural

exposure adult sheep may be as susceptible as young stoekin@iings of a recent age
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resistance study in sheep (Delgado et al 2010) found 100%nab$ and 92% of adult
sheep challenged with a high dose of MAP developed histoébdesions which were
different in each age group. Lambs had larger and more nummgm@anulomata and more
acid-fast organisms in intestinal lymphoid tissue thantadimmune responses also dif-
fered, with significantly higher antibody response and ahezand higher CMI response
found in adults. Although the study examined only experitakemfection, the findings
are consistent with the hypothesis that a strong and early iI€@sponse limits disease
progression. The difference in this response between aldeéip and lambs may thus be
the underlying basis of age resistance to disease in sheep.

An age susceptibility study in deer (Mackintosh et al 2016npared the incidence
of clinical and subclinical disease in deer challenged WP as 3-month old wean-
ers (n=30), yearlings (n=20) and adults (n=20). A 50-weedeolmtion period followed.
Clinical disease (33%) occurred only in the group challehge weaners, despite MAP
infection being confirmed by mesenteric lymph node cultor@4% of weaners, all year-
lings and 90% of adults. A similar pattern was seen in hidgtogagy, with a higher le-
sion severity score (LSS), a measure of the degree of dipgageession as described by
Clark et al.(2010), seen in weaners (including clinicalesasthan in yearlings or adults.
A higher proportion of weaners (68%) were shedding MAP ircéseat week 24, com-
pared to yearlings (32%) or adults (5%). A major limitatidrttee trial was the lack of a
control group, and while deer were sourced from herds withismry of clinical disease
or typical pathology and were sero-negative to the Par#disiabefore the trial, this may
be insufficient evidence to be confident that animals weranietted prior to the trial.
Glossop et al. (2006), for example, observed approxim&@¥s of confirmed infected
herds experienced no evidence of clinical disease. Fumitve, adult and weaner deer
were sourced from a different farm than the yearlings, stetisethe possibility of a herd
effect, either genetic or from other exposures, confoundive results. The deer were
observed for 50 weeks so, although it was shown that infegesthers are more likely
to develop disease than older deer within that time sparstibe time-scale of the trial
means that an absolute resistance to disease in the oldendbe longer term was not

demonstrated.
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Role of host genetic resistance

The role of host genetics in resistance or susceptibilityamtuberculosis has been in-
vestigated by a number of studies. The Channel Islandedatked in the UK has been
associated with a higher incidence of clinical disease tthar dairy breeds (Cetinkaya
et al 1997). However, the finding came from an observatict@lys in which it was dif-
ficult to separate breed from herd effects. In Dutch dairflegKoets et al 2000) and
US Holsteins (Gonda et al 2006), evidence of genetic vanat susceptibility to MAP
infection has been demonstrated, although heritabilityreges were low (0.06 and 0.1
respectively).

A study in naturally infected Merino sheep in Australia (Redliff et al 2005) examined
associations between specific host alleles (NRAMP and M@ )dsease susceptibility
or resistance. Although the study was limited to 2 flocks, emwdlved small numbers
of sheep (n=200), there were positive associations idedtifetween specific genotypes
and clinical disease as well as multibacillary pathologgghtive associations were also
found between genotype and absence of infection and disddmefindings suggested
that there may be a role for breeding for resistance in cbofqmaratuberculosis in sheep.
In a further study in naturally infected Merino sheep in Aak&, Dukkipati et al. (2010)
investigated immune responses to a killed MAP vaccine. Epexific genetic polymor-
phisms were found to be positively associated with H-Ikesponse to vaccination. If
these genetic associations can also be demonstrated wdehedhp are exposed to nat-
ural infection, the polymorphisms described may have aaelenarkers of resistance to
disease.

In red deer, resistance to tuberculosis has been shown ¢cahgenetic component and to
be highly heritable (Mackintosh et al 2000). The prosped similar genetic component
to paratuberculosis in deer led to a study comparing theseooir disease in young deer
bred from susceptible (S) and resistant (R) sires (Mackm&t al 2010a). Nine calves
from each sire type were orally challenged with MAP at 4 merdhage and monitored
for clinical disease and pathology at slaughter. Mesentgmph node biopsies were
taken at week 4 and week 13 post-challenge and scored faz@lefpathological change,
measured by LSS. Preliminary results showed that the meanityeof histopathological
lesions for offspring of S sires was significantly highertliaat of the R sire progeny at

necropsy. While histopathological lesions were seen injdjumal lymph node of all 18
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subjects at 13 weeks, the LSSs of the R sire progeny reduteede week 13 and week
49. One R progeny showed no signs of pathology or infectiomestk 49. Clinical dis-

ease was diagnosed in one of the R and two of the S progenylmstudy period. The
study was an important preliminary assessment of the gessifect of host resistance
on the pathogenesis of paratuberculosis in deer. Howewved] sumbers of deer (n=18)
were involved, and were the progeny of only two sire stagsnges-term studies in a
wider range of naturally infected deer herds are neededtfiroothe observations and to

assess the role of host resistance as a viable and pracitabkcmeasure in farmed deer.

Effect of MAP pathogenicity

Molecular characterisation by a variety of methods hastified two major groups or
strain types oMycobacterium avium subsp.paratuberculosis. Type | (sheep or s-strain)
has predominantly been isolated from sheep, and type Héaatc-strain), has been iso-
lated from cattle and a range of wildlife species (Motiwalal2006). However, although
a number of subtypes are recognised within the broad typd llarhassification, the full
nature of the relationship between organism genotypeleriog and host preference is
not yet fully understood. Although there appears to be rsthaist preference, no abso-
lute host specificity has been demonstrated. Type Il isplag®e been found in sheep and
non-ruminant hosts as well as cattle in Europe (Stevensalr2602), while type | isolates
have been identified in clinically diseased cattle in Ad&trand Iceland (Whittington et
al 2001). Different strain subtypes have even been isofabed the same animal (Pavlik
et al 1995).

Experimental infection of lambs with type | and 1l isolat®e(na et al 2007) found differ-
ences in immunopathological responses. Type | isolatasceaithe most severe pathol-
ogy with multifocal diffuse intestinal lesions, while srhgtanulomatous focal lesions,
mainly in lymph nodes, resulted from challenge with the t{ipsolate. Only one type

| isolate was investigated, but differences in virulencd anmune response were seen
between the subtypes of the type Il isolates.

An in vitro study (Gollnick et al 2007) investigated the dgixicity and intracellular sur-
vival in bovine macrophages of 4 different MAP subtypes ofhbtype | and type I
isolates. Differences in survival and phagocytosis weredbbetween the sub-types,

suggesting there may be an effect of MAP subtype on viruleBgamination of the im-
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pact of different subtypes on pathogenesis in the host wdwddever, need further in
vivo studies.

Red deer are susceptible to infection with both type | and typtrains of MAP, and both
can cause clinical disease (de Lisle et al 1993). Type Ihissl have been more com-
monly found than type | in deer (de Lisle et al 2006), beinguneld from samples from
91/95 (96%) of herds with type | isolated from the remaindgéowever, these findings
were based on diagnostic samples of TB-suspect granulsuhbtaitted from abattoirs.
A structured prevalence study to examine strain type Oigtion in deer is necessary be-
fore firm conclusions can be drawn, as it is possible that tyesimply more prevalent
in TB-suspect pathological lesions.

In an experimental infection study in deer (O’Brien et al @)Ghe type Il isolate used
had a higher infection rate and triggered a stronger CMlarse in young red deer when
compared with the same challenge dose of a type | isolatgestigg that it was more
pathogenic. However, no study examining the effect on gpehiwity of a wider range
of molecular sub-types has been reported, and more resisaneleded before firm con-
clusions about pathogenicity can be drawn from the restiis.same study found exclu-
sively type Il isolates in field clinical cases. The findingsrebased on a sample of 74
deer from 10 herds, which may not be representative of all derls, but they support
the hypothesis of an association between type Il isolatd<khmcal disease in deer.

With more research into the distribution of MAP isolates @edand other species in New
Zealand, and as advances are made in applying moleculatyguig methods, it will
be possible to investigate the relationships between MAdnsthost species and MAP
pathogenicity in farmed deer. There is a wide range of typieghods now available, and
increasing degrees of differentiation possible (Steverg@l 2009). Applying the infor-
mation at farm level to control MAP transmission or clinicikdease in deer may mean,
for example, avoiding direct or indirect contact betweeerdad potentially infected cat-
tle, if doing that is shown to be effective and cost-effeefior specific target outcomes of

control.

Culling offspring of clinical cases

Intrauterine transmission is recognised in cattle, withetaranalysis (Whittington and

Windsor 2009) concluding that approximately 9% of foetusa® sub-clinically affected
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cows and 39% of foetuses from clinically affected cows werfedted with MAP. Al-
though there is no evidence currently available on the apregces of infection, e.g.
whether calves infecteish utero progress to disease, the authors recommended that off-
spring of clinically diseased and sub-clinically infectamvs should be removed from the
herd. This recommendation may be relevant where the aim mfaais to reduce the
prevalence of infection. However, more information is resktb assess the impact on
clinical disease incidence and the biological and costetiffeness of the measure.

In a study of sheep from two heavily infected flocks in Aus&rab/5 clinically affected
sheep were found to have tissue culture positive foetusds Wth4 (1.9%) of foetuses
from sub-clinically infected dams were MAP positive (Lartibet al 2004). There is
again no evidence to show the effectinfutero infection on the risk of developing clini-
cal disease in sheep, but the authors recommended remdwiingity affected ewes and
their offspring from flocks with a high infection prevalendee low foetal infection risk
in sub-clinically infected ewes suggests that it is unlkel be economically viable to
identify such animals and remove their offspring.

Intrauterine infection also occurs in deer. In one field gtAP was cultured from 9/10
foetuses from clinically affected hinds (van Kooten et aD@)) while in a study of foe-
tuses from sub-clinically affected hinds, 14/18 (78%) weunéiure positive (Thompson
et al 2007). The high risk of foetal infection may be one of flagtors explaining rapid
clinical progression in some deer, although longituditiadlies examining the outcome of
foetal infection are required to test this hypothesis. Addally, the relative importance
of intrauterine infection as a transmission route has nehlestablished. The impact of
culling the offspring of clinical cases on the prevalencédisgase or infection in the herd

has not been formally assessed in deer, nor has the costhedfeess of the measure.

Reduction of stress

There is a hypothesis that stress has an effect on diseasspsibdity, due to the effect
of immunosuppressive glucocorticoid release on immunetfon (Griffin and Thomson
1998). The hypothesis is supported by a field study of deevhinh a group subjected to
increased social stress had lower T-lymphocyte reactikiéiy a control group (Hanlon et
al 1995). Deer are exposed to stress during weaning, traresps social mixing, as well

as when experiencing unfavourable nutritional and enwiremtal conditions. However,
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the effect of stress on the pathogenesis of paratubersuiasinot been quantified. While
minimising stress is recognised as a tenet of good stock geament, there are no data
identifying which practices may have the greatest impaatfisaase progression or how

they may be applied practically in deer.

Grazing management

Although unable to grow and multiply in the environment, thghly impermeable thick
waxy cell wall of MAP wall means that it can remain viable fonf periods in a range
of environmental conditions. Survival up to 55 weeks in gthdoil was reported in a
study (Whittington et al 2004) that also found evidence gsgige of dormancy of the
organism. Survival time was shortest (2 weeks) when faeedtnal and soil were fully
exposed to sunlight and where vegetation was absent. MARsatsives well in biofilms
on concrete and galvanised water troughs (Cook et al 201) recovery of the organ-
ism possible for up to 365 days.

A case-control study of risk factors for clinical JD in weartkeer identified an asso-
ciation between farmer-diagnosed disease and other spg@eing on the deer-fenced
area (Glossop et al 2007b). Grazing beef yearling cattlepgagively associated, while
grazing sheep was negatively associated with a diseasal@nee of more than 0.4%
in weaners. Analysis of data from the national surveilladatabase for deer and the
database of agricultural premises (Agribase) found a amaffect. Deer farms which
also had beef stock had a higher risk (RR 1.33, 95%CIl.1.2®flsuch pathology, i.e.
enlarged and/or granulomatous visceral lymph nodes, wieiég farms with sheep had a
reduced risk (RR 0.76, 95%CI:0.73-0.77) when compared &v-dely farms (Verdugo
et al 2009). The nature of the data sources meant that theeefjicontact or infection
status of the beef or sheep stock was unknown, so furthenfietld is needed to confirm
these findings. However, there are possible biologicalaations. Sheep graze close to
the soil, so that any mycobacterial contamination on pastuexposed to direct sunlight
and shade has been shown to have a protective effect on thessof type | MAP under
Australian conditions (Whittington et al 2004), possiblyedo the effects of temperature
flux. The presence of sheep, therefore, may reduce theyatlilMMAP to survive on pas-
ture. Another hypothesis is that exposure to a less pathoggre | strain, commonly

associated with sheep, may have a protective effect in deer.
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A direct application of the above findings to deer managementd involve young stock
avoiding pasture previously used by MAP-infected livektaar by cutting silage from
such pasture and applying effective disinfection to wataudhs. The specific impact of
grazing management practices on disease or infection Ipra&has not been assessed

in deer or other species.

Depopulation

Culling, or complete removal of all stock from an infecteémpises, accompanied by dis-
infection of buildings and equipment, and restocking wittinfiected stock is one possi-
ble herd-level control method for paratuberculosis. Inualgin sheep flocks in Australia
(Taylor and Webster 2005), farms were depopulated of attequttble stock for 15 to 21
months and restocked with sheep from flocks designated ats&vwf MAP infection on
the basis of a Market Assurance Programme standard. Whihae tyears of restocking,
28/41 (68%) of monitored flocks were found to be infected. 3tuely authors concluded
that depopulation was neither biologically effective nosteeffective as a measure to
eradicate infection. The reasons for failure of the measune reported as re-infection
from neighbouring flocks (14/28) or from restocking with shdrom an infected source
flock (4/28). The cause of the remaining 10 failures was ntardgned.

In contrast, culling all susceptible stock and maintairangeriod of depopulation is the
national policy applied in Swedish cattle herds when ingects identified (Sternberg et
al 2003). This measure has been successful, with no newtimfiecreported in cattle
since 2005 (Sternberg et al 2007). However, it forms partmditional-level programme
carried out in a country with a very low prevalence of infentivhich is not comparable

to a situation in which disease is endemic.

2.3.3 Vaccination

Vaccination as a control method for Johnes disease has Iseennworldwide since 1926
(Vallee and Rinjard 1926). Early vaccines were preparedftive attenuated MAP

strains, generally suspended in mineral oil, but conceansosnding shelf life, vacci-

nator safety and the possibility of environmental sprealivefvaccine strains led to the
development of vaccines containing killed bacteria (Enaerg Whittington 2004).

Local granulomatous reactions are common at the injecttero$ oil-adjuvant vaccines



2.3 Control measures 25

(Windsor and Eppleston 2006). Tissue reactions to earlgimas could be extensive,
affecting market value of the carcass. Accidental seltudation by the vaccine admin-
istrator is a serious concern, as it can result in severemmfiation requiring surgical
intervention (Richardson et al 2005, Windsor et al 2005).e ©hthe long-recognised
concerns in using vaccination in cattle has been the seasith of the animal to tests for
bovine tuberculosis (TB) (Doyle 1964, Kohler et al 2001)e do the close antigenic sim-
ilarity between mycobacterium species. This similaribgdther with the stimulation of
the CMI and humoral response by the oil adjuvant (Mackintisti 2005), may affect the
specificity of TB tests. As a result, cattle vaccination hasagally only been permitted
in herds at low risk of TB (Wilesmith 1982). Conversely, ishaeen shown in cattle that
intradermal tests for TB may interfere with diagnosis ofieddisease by ELISA for up
to 90 days (Varges et al 2009), and that TB infection itsely meluce the specificity of
ELISA diagnosis (Lilenbaum et al 2009).

Subunit vaccines, prepared from immunodominant protetigans, have potential to
overcome the TB test cross-reactivity associated with edoell vaccines (Huygen et
al 2010). They contain recombinant proteins, or DNA cod&tancoding specific anti-
gens, which induce an immune response. Identification délsl@ antigens has been
aided by the sequencing of the MAP genome, which has beenletedgfor the K10
strain, a bovine clinical isolate (Li et al 2005). Initial vkoon candidate antigens showed
a reduced quantity of MAP in the spleen and liver of mice gigeBNA vaccine and
challenged with MAP, compared to unvaccinated challengedrols (Park et al 2008).
Similarly, a goat challenge model demonstrated a signifiGivil response and lower
numbers of MAP bacteria in goats vaccinated with a multi-porrent subunit vaccine
compared to unvaccinated controls (Kathaperumal et al 2009

The development of novel live attenuated MAP strains sietétr vaccines is also in
progress at a number of research centres. Research isedirgtctieveloping strains of
MAP which are avirulent but which confer strong immunityti#dugh little of this work
has been published to date, a study using macrophage, modig®at models to assess
virulence of three candidate vaccine strains, developed@iansposon mutagenesis, has
been reported (Scandurra et al 2010). The study found diffetegrees of attenuation of
some candidate strains in mouse and goat challenge modegtgsing that trials in spe-

cific target species will be a particularly important asp#ataccine evaluation.
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Evidence for the effectiveness of vaccination as a methadwofrol in the main ruminant

species and in deer is reviewed in the following section.

2.4 Effectiveness of control measures

Ideally, the effectiveness of a specific control interventshould be assessed without
changing any exposures in the study population, other tharintervention under in-
vestigation. However, epidemiologically robust longinal field studies to quantify the
effect of control interventions can be complex to desigrd are time-consuming and
expensive. Consequently, published field studies asggssimtrol interventions are of-
ten limited to ‘before and after’ descriptions of effecteguently, different interventions
have been applied simultaneously. For example test-alhdhasi been used along with
calf management to reduce transmission of infection, ntpkidifficult to separate the
effects of individual interventions. For this reason, t@ence for the effectiveness of
test-and-cull strategies is reviewed below alongsideftrahanagement interventions.
Simulation modelling is one method to assess or compareffinet ef control strategies.
A number of studies use this approach and some are reviewedReduction of clinical
disease is rarely an outcome in such models, most likelyusecthere is little epidemi-
ological information on the factors that influence progi@sgrom infection to clinical
disease (Marce et al 2010). Nevertheless, where possibtdfictiveness of each control

intervention is reviewed with reference to specific aimsanfteol.

2.4.1 Test-and-cull and management interventions
Field studies

Early reports concluded that test-and-cull strategietdo@maduce the incidence of clinical
disease (Moyle 1975, Pearson and Ogg 1967). More recerdigsexriptive study (Jubb
and Galvin 2004) reported on 18 beef herds in Australia gggting in the Victorian
Johnes disease test and control programme (TCP). The stadgsed the effect on clin-
ical disease incidence of applying annual test and cullldEBISA positives, combined
with grazing management and culling of high risk groupsnichl disease incidence in

the participating herds was reduced: 20 cases were diagmoske 7 years before the
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TCP started and two cases were diagnosed in the 10 yearwifaiomplementation of
the TCP.

A six-year observational study in 9 Wisconsin dairy herdgly@pg a calf-rearing man-
agement and test-and-cull control programme (Collins 804D), assessed the effect of
the programme on prevalence of infection. A low-cost diagicatest was used, only
the cows with “strong-positive” ELISA results were culleahd analysis was limited to
‘before-and-after’ comparison of age-matched cohorts.eduction in sero-prevalence,
based on whole-herd testing, from 11.6 to 5.6% over the ghedyd was found, repre-
senting a significant reduction in 8 of the 9 study herds. &h&no discussion, though,
on why there was no significant reduction in sero-prevalemame of the herds, nor on
the data showing that, in two further herds, the proportibfirst-lactation cattle testing
ELISA or faecal culture positive increased over the studygoke

There have been few formal assessments of the relativetieéfieess of the individual
elements of management interventions. Ridge et al. (20469 survival analysis of
field data to assess the impact of the three-step calf repraxices (Anonymous 2003)
implemented on 137 infected dairy farms in Victoria, Aub&raThe outcome event of
interest was the date of birth of a clinical case or an ELIS#A p@sitive animal born after
two whole-herd tests had been completed and test positineadshad been removed. It
appears the study was assessing the effect of the inteswenni infection transmission,
although the abstract states the outcome as “the occurdrnmavine Johnes disease”.
The authors were unable to find an association between ingpiting the recommended
calf-rearing practices and subsequent evidence of trasson. However, it seems the
herds were also implementing a test and cull programme ¢iimawt the study period so
it is difficult to draw clear conclusions from the study.

While the above studies give an indication of a possible thp&the programmes as-
sessed, in the absence of clear control groups and with odtardt interventions, it is not
possible to separate the effects of each intervention agdess the influence of temporal
factors. Effectively, no conclusions can be drawn on thatméthe specific interventions
from these studies.

There have been no epidemiologically robust field studiesnéming the effect of test-
and-cull or management interventions in deer. However chsgdies from individual

farms have been reported. Bell (2005) described the resiutsplying control measures
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on one deer property from 2001 to 2005. Infection and disease first recognised in
2001 and control measures subsequently applied incluggénel-cull using the Paral-
isa, separating management groups from different souaoes;ulling clinically affected
deer. A “decrease in JD clinically affected animals” andghely reported a reduction in
the number of slaughter deer in 2005 with post-mortem patholThe 2005 clinical dis-
ease incidence was 4%, but there is no annual denominatopaegented for other years,
and for some years no numerator data either. Comparisor @irthual disease incidence
or proportion of deer identified with gross pathology over tibservation period is thus
not possible.

A case study examining the effect of culling adult and juleedieer on clinical disease
incidence in young deer was reported by Griffin et al. (200%)e Paralisa was used to
identify animals for removal in a “heavily infected” deerrieover a four-year period,
from 2002-2005. There were no data presented on clinicabdis incidence before the
intervention, other than that there were “significant datilosses” on the farm. The pro-
portion of mixed-age hinds that were test positive deciedisen 40% to less than 3%
over the study period, and there were no calves with clirdisgase reported in 2004.
However, there are no data on annual clinical disease inca&la calves over the obser-
vation period, and no description of case definition or howichl disease occurrence
was monitored.

Both of the above studies are descriptive, and it is diffimutjuantify the effect of specific
measures from the data presented. Other management claamteme-varying effects
may have influenced the outcome either positively or neghtiand the conclusions that
can be drawn from the above reports of control interventionsingle deer herds are

therefore limited.

Modelling studies

Collins and Morgan (1992) used a deterministic simulatiaydel, based on the Reed-
Frost method, to assess the effect of test-and-cull and geament interventions on con-
trol of paratuberculosis following introduction into a daherd. The outcome of con-
trol was not well defined, being described variously as “agref disease”, “infection

rate” and “prevalence of paratuberculosis”, although glevce of infection appears to be

the main outcome modelled. Limitations included modellimdy one route of infection
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(cow-calf contact) and the assumption that all infectedscosre infectious. Diagnostic
test sensitivity was found to be the sole determinant of ffecveness of the test-and-
cull strategy modelled. Test sensitivity needed to be graatin 70% to reduce infection
prevalence to less than 1% within 10 years, and control astrassion was more quickly
achieved when both calf management and test-and-cull mgtlere applied together.
The assumption that all test positive animals need to bevedas part of a control strat-
egy was considered in more detail by Lu et al. (2008). Theidyused a mathematical
model to assess the effect of culling only high shedders otralbof MAP transmission
in dairy herds. The strategy was found to be effective onliggnds with good hygiene
management; in herds with poor hygiene management culfilgnoshedding animals
was also needed to control MAP transmission. Further madtiead modelling of the
dynamics of infection and the effect of interventions (Luak2010) similarly concluded
that combining test-based culling together with hygien@aggment was more effective
in eliminating infection than either alone.

The Dutch JD control programme for dairy herds was develajsath a stochastic simu-
lation model ‘JohneSSim’ to assess the effectiveness dfadaools, including test-and-
cull and calf management (Groenendaal et al 2002). Testalhdlid not significantly
affect infection prevalence and effective control of inifen transmission was only pos-
sible with improved calf management. One of the JohneSSimeimassumptions was
that calves under 12 months do not shed MAP. However Webér €GiL0) concluded,
using a proportional hazards model, that the age at onseechf shedding was related
to within-herd infection prevalence. In dairy herds withapparent infection prevalence
greater than 20%, 20% of cattle were estimated to shed MAReoels before 2 years of
age. The JohneSSim model assumption may thus have resulbeériestimation of the
role of management strategies.

The various studies modelling paratuberculosis contesliewved in detail by Marce et
al. (2010), incorporate different assumptions and haverabeu of limitations. These
are generally related to the lack of available epidemiaalginformation when the mod-
els were developed. For example none consider genetidiearia susceptibility, or the
relative importance of infection transmission routes. Téngew authors suggested that
incorporating indirect transmission of MAP via the envinoent, between-animal contact

structure and transmission between calves in the modelsafi@ay more precise mod-
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elling of infection transmission.
To date, no modelling studies of the effectiveness of anyrobmterventions in farmed

deer herds have been reported.

2.4.2 \Vaccination
Cattle

Although a variety of studies have reported on the resulisipfementing vaccination in
ruminant livestock, again many have used a ‘before and aftatysis to describe vaccine
effectiveness. As a result, it is difficult to separate effexf vaccination from other mea-
sures implemented concurrently, such as improved hygiemnengporal effects such as
variation in environmental conditions. For example, the okthe live ‘Weybridge’ vac-
cine in 231 cattle herds in the UK was reviewed by Wilesmi®8@). Although clinical
disease was eliminated in herds that used the vaccine feast four years, vaccination
was accompanied by implementation of additional controhsnees, such as culling of
clinical cases and their offspring and improved hygienetras. The contribution of
vaccination itself to the reduction in clinical diseaseidienice is thus difficult to assess.
Vaccination in cattle herds in the Netherlands, similadgessed in a before-and-after
study (Wentink et al 1994), found a reduction in clinicaledise incidence from 7.8% to
1.8%.

There have been contrasting reports of the effect of vatoiman faecal MAP shedding
in cattle. A study using a killed vaccine in two Hungarianrgldierds, conducted over a
period of 5 years (Kormendy 1994), reported that the prexa®f faecal culture positive
animals reduced from 48% to 1.4% in vaccinates while remgiat around 30% in con-
trols. However a larger cross-sectional study of 58 commkButch dairy herds (Kalis
et al 2001) concluded that there was not a significant difflezebetween the proportion
of faecal culture positive cattle in vaccinated and norciraated herds (4.4% and 6.7%,
respectively).

A comprehensive review of existing MAP vaccines and thdecativeness (Rosseels and
Huygen 2008) provides a good synopsis of each vaccine agdttapecies, so further
detail is not given here. The review authors concluded thnieveurrently available vac-

cines were effective in reducing clinical disease incideribey did not reduce infection
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prevalence or prevent shedding of MAP in faeces.

In general, the uptake of vaccination as a disease contrasune in cattle herds has been
poor (de Lisle 2010). The limited uptake is attributed to iéufa of vaccine to prevent
transmission of infection, as well as concerns about creastivity to TB tests and inoc-

ulation site lesions.

Sheep

Vaccination of sheep with a killed preparation reducedicéihdisease incidence and post
mortem pathology in vaccinates compared to controls whetiepon affected farms
in Iceland (Sigurdsson 1952). The first account of vacoomain a commercial sheep
flock in England (Cranwell 1993) reported that after 3 yedirsaal cases of disease had
“virtually ceased”; numerical data were not presented. el@n, in the latter study, imple-
mentation of vaccination was accompanied by a selectivexlimg programme for disease
resistance, and culling of clinical cases and their offgpriMoreover, the study reported
a ‘before-and-after’ comparison so it is difficult to estiméhe contribution made by vac-
cination.

A five-year field trial of Gudair (Pfizer Animal Health), in sy@in Australia (Reddacliff
et al 2006) demonstrated a 90% reduction in clinical dis@gaseccinated compared to
control sheep. The prevalence of faecal culture positives seduced by 90% and the
onset of shedding was delayed for 12 months post-vaccmativaccinates compared to
controls. The total excretion of MAP in each cohort was eated, based on the con-
centration of MAP per gram of faeces, from individual or pablfaecal culture data.
The number of bacteria excreted daily by vaccinates wasaat e log lower than the
number excreted by controls, for up to 30 months post-vaticn. However, the seven
clinically diseased vaccinates observed all had multllzagiintestinal lesions, represent-
ing a potentially important source of infection for otheiraals. The study used only 3
flocks and one breed type (Merino) thus may not have been fefiyesentative of the
Australian sheep population and endemic strains of thentgsga Nevertheless, the trial
enabled registration of the vaccine in Australia and vaat@im now plays an important
role in the Australian Ovine Johnes Disease control progras; with infected flocks in
some states given financial support to implement it as a comiasure (Animal Health
Australia 2010).
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Deer

Reports of vaccination for paratuberculosis in deer oetsidNew Zealand are rare. One
vaccination programme in a herd of farmed red deer in Sco{Bawcett et al 1995) used
the Weybridge vaccine in conjunction with a serologicaesaing and slaughter policy.
A reduction in clinical disease incidence in yearlings frd61221 in 1985 to nil in 1989
was reported. However, the relative contribution of eaattrcd measure cannot be deter-
mined from the study.

Although studies to assess candidate vaccines in deer le@reunder way over recent
years in New Zealand, prior to the research reported in @ndpaf this thesis there were
no vaccines licensed for use in the species. The Neoparaseime (Merial NZ Ltd, vac-
cine now discontinued) was initially assessed for its ¢ftecdiagnostic tests for TB in
deer (Mackintosh et al 2005). TB test reactivity in vacoatbatieer was compared to test
reactivity in unvaccinated controls. The study found thetomation with Neoparasec did
elicit a cross-reactive immune response, with 15/15 vatespositive to the mid-cervical
test (MCT) 12 weeks after vaccination. However, 11/14 austwere also positive to the
MCT at that time. When the comparative cervical test (CCT3 wsed at 36 weeks post-
vaccination, all vaccinates and controls were negativetibady to bovine and Johnin
antigen persisted in vaccinates, resulting in positivetieas (13/15) to the ELISA test
for TB (ETB) at 39 weeks post-vaccination, while there weoepositive results in the
control group. Although there were moderate injection kEtgons, these were minimal
by the time of slaughter and easily trimmed from the carcase.

An efficacy trial of Gudair vaccine (Pfizer Animal Health) dsexperimental oral chal-
lenge with MAP (Mackintosh et al 2008a), finding a signifidamtifferent proportion of
vaccinates (0/30) with gross intestinal pathology comgpamecontrols (6/30). No signif-
icant effect of vaccination on liveweight gain was found.eTgroportion of vaccinates
and controls that were faecal culture positive at week 592686 and 21% respectively.
Twenty seven vaccinates and 27 (90%) controls were posditiee MCT at 23 weeks,
and one control and two vaccinates were positive to the CQeak 37, but by week 57
all animals were negative to the CCT. When tested with the BT ®eek 59, 27/28 of
vaccinates (96%) were positive. However, 23/30 controf84ywere also ETB positive
then, demonstrating the cross-reactivity caused by MA&cindn itself. It was not possi-

ble to assess vaccine efficacy against clinical diseaskheaxperimental infection model
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did not result in clinical disease in any of the trial animals

Another experimental challenge study (Mackintosh and Tipgon, 2007) involved Silirum
(Pfizer Animal Health), a vaccine licensed for cattle in Neealand, but not marketed
due to concerns about cross-reactivity to diagnostic fesfBB. The vaccine is a whole-
cell killed preparation of MAP strain 316F in a novel oil adfunt. The trial involved 40
vaccinated and 40 unvaccinated red deer calves, each mipadlevith MAP. One vacci-
nate and 4 controls developed clinical disease and at dawutifere were significantly
more gross pathological lesions observed in the MLN andtimtes of the controls com-
pared to the vaccinates<{[9.05). No significant effect of vaccination on liveweighimga
was shown in the study, and little difference between thegmion of vaccinates (15/37)
and controls (17/39) which were faecal culture positive ackintosh, pers. comm.).
There was similar reactivity (95% positive) to the MCT at 28eks post-vaccination in
both vaccinated and non-vaccinated groups. No deer weigvea® the CCT at week
52. At week 22 post-vaccination, 82% of the vaccinated desewositive to the ETB,
compared to 35% of the controls.

The studies described above evaluated the effects of \attminon clinical and sub-
clinical disease in deer. They also focused heavily on tfexebf vaccination on speci-
ficity of diagnostic tests for TB, as this has been shown torbissue in cattle vaccinated
against paratuberculosis. However, there is also potdatigaccination to have an effect
on the sensitivity of tests for TB. A study to investigate #ffect of vaccinating deer on
the sensitivity of TB tests to diagnose infection with bovis was therefore conducted
(Mackintosh et al 2008b). The study involved three-monthrell deer calves vaccinated
with Silirum (n=30) or unvaccinated controls (n=30). Halfeach treatment group was
experimentally challenged withl. bovis and responses to the MCT, CCT, ETB and a
modified interpretation of the ETB (mod-ETB) were monitarddCT sensitivity was
not affected by vaccination, as all vaccinated and TB-engiéd deer were MCT posi-
tive. However, CCT sensitivity was reduced in TB-challeshgaccinated deer, with 5/14
(36%) positive compared to 15/15 challenged controls. iBeitg of the ETB was also
slightly reduced in challenged vaccinates, with 12/13 (Pp%sitive at week 46 while all
of the challenged controls were ETB positive. The naturehefttial meant that small
numbers of deer were used, and there was no assessment dilitieral effect of MAP

infection on the outcome. It is thus not known whether conitamt MAP andM. bovis
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infection would improve or reduce TB test sensitivity in tiedd situation. The results
from this trial suggest that screening with the MCT may bewag to ensure optimal TB
test sensitivity. However, the previous experimental wiorkleer has indicated that TB
test specificity may be an issue when the MCT is used in vatazirdeer.

The experimental challenge trials have shown the potenéaéficial effect of vaccina-
tion on clinical and sub-clinical disease, while experita¢studies assessing the effect
of vaccination on sensitivity and specificity of TB tests dawdicated the possible limita-
tions of vaccination as a control measure for paratubescsiiao deer. However, whether
these results reflect the outcome in a natural challengatiity or how long any effects
may persist, is unknown. New Zealand is still implementingaéional TB eradication
scheme in cattle and deer herds, although at the time ofngritiere were only six deer
herds under restriction for TB infection in the South Islaadd none in the North Island.
In the future therefore, the effect of vaccination on TB fe=tformance may become less
of an issue.

The experimental work has provided critical inputs to theigle of a field study to assess
the effectiveness of vaccination in naturally challengedrdunder normal management

conditions, reported later in this thesis.

2.5 Cost-effectiveness of control measures

Establishing that a control programme reduces, for exantipéeprevalence of MAP in-
fection is only one aspect of its application. More relevantarmers is the economic
benefit of such a programme. In the following section, aredysf the economic benefit

of control strategies are reviewed.

2.5.1 Cattle

An early economic decision-tree model to assess a testahgrogramme in US dairy

cattle was developed by Collins and Morgan (1991). The amalgimed to assess the
impact of different factors affecting the economics of cohtrather than to describe the
specific cost-benefit. The threshold initial infection @ence, at which cost minus ben-
efit was zero, was described for factors such as herd sizgggdermance, and test cost.

The target outcome of the control programme was not cleadgidbed, but was assumed
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to be to reduce infection prevalence. A single diagnosst; epplied annually, was used
and all test positive animals were culled. The model showatl test-and-cull was not
cost-effective unless the initial prevalence of infectiwas higher than 5%. Increasing
test sensitivity from 20% to 70% did not affect the cost-bnlereshold, although more
sensitive tests increased profitability of the programmedrly as initial infection preva-
lence increased beyond the threshold. An increase in tesifipty from 90% to 98%
was inversely related to the cost-benefit threshold, whiek l@wer for less expensive
tests. The authors concluded that the optimal test was thevih the highest specificity
and lowest cost.

The model described above has since been enhanced (Darehais2006) to incor-
porate new information on disease epidemiology and theopaence characteristics of
five different diagnostic tests. The enhanced model alsarpurated the effect of differ-
ent management practices on economic efficiency. It wasdhlgsto identify the most
cost-effective control programme for a combination of hiencel factors, and to consider
test-and-management (of test positives) as well as testalh The best strategy for
control was found to require a farm-specific approach, wasxdent on herd prevalence
and hygiene levels and favoured low-cost diagnostics. Tiieoas concluded that “im-
proving herd management practices to control infectiomeaprhygiene) is often more
cost-effective than testing”.

Kudahl et al. (2008) used a herd-simulation model to asgesgtonomics of control
strategies for typical Danish dairy herd management syst&even scenarios were mod-
elled, including no control, test-and-cull, test-andteuth improved calf management
and different risk-based test-and-management stratedésk-based approaches were
found to be more cost-effective than other approaches iaciagd infection prevalence.
Test-and-cull alone was neither cost-effective, nor diédtuce infection prevalence. Im-
mediate culling of high shedding cows was only cost-effexiti transmission routes from
them could not be closed.

Vaccination as a control measure to reduce clinical disemsgence was evaluated in a
partial budget analysis of field data from Dutch dairy herdm(Schaik et al 2001). The
measure was shown to be profitable, with returns less castsated at US$142 per cow
over the 8-year trial period. Similarly, simulation modgj of the economics of vaccina-

tion in US dairy herds (Groenendaal and Galligan 2003) foraatination cost-effective
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in reducing economic losses associated with milk produactsarly culling and reduced
slaughter value. The minimum annual net present value @invation for a 100-cow herd

was estimated at US$959.

2.5.2 Sheep

In infected sheep flocks, the cost of testing individual pheakes test-and-cull an eco-
nomically prohibitive option (Whittington and Sergean02(. A simulation model (Juste
and Casal 1993) was developed to assess both strategieanisi®gheep flocks. Con-
trol of infection, based on vaccinating replacement ewask tonger than test and cull
but was the most cost-effective option at low (8%) and higt?42 initial prevalence of

infection. The limits of the approach included using a fixedkl size and modelling test
sensitivity at 95%. Even if tests with a sensitivity of 95%revavailable, test and cull was

not economic over a 10-year period.

2.5.3 Deer

There has been no formal economic analysis of the costte#eess of test-and-cull,
vaccination or specific management interventions for @bt paratuberculosis in deer
herds.

2.6 Conclusions

This review has focused on potential control measures arassessing the evidence for
the effectiveness and cost-effectiveness of controlesiras for paratuberculosis consid-
ering, where possible, the different measurable outcohssnay be the aim of control.
Studies evaluating herd-level test-and-cull programmesitle conclude that they are not
effective in the absence of other management measureshanevien with ‘ideal’ tests,
they are not cost-effective. However, outcomes other tednging infection prevalence
are rarely reported by studies modelling paratuberculosigrol. Defining the outcome
as reducing the incidence of clinical disease or minimigiognomic losseger se, rather
than eradication of infection would be more useful, as tmeag represent more realistic

aims of control interventions for deer. The effectivenasd aost-effectiveness of test-
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and-cull as a control measure has not been robustly quahfifieany target outcomes in
deer.

There is some preliminary evidence that breeding for rascst to paratuberculosis in deer
may be possible, although much more work is needed to as$etbav it may be a prac-
tical and cost-effective method of control. However, them@no quantitative measures of
the effectiveness of other individual management intefges in deer. Hygiene measures
effective in dairy systems are limited in their practicapbgation to deer farming. Calf
and dam separation, for example, is not a viable managermpraach for the majority of
deer breeding herds. Nonetheless, pasture managemess, istinimisation, early culling
of clinical cases and their offspring and breeding for tesise are all control measures
that could be applied in deer herds if shown to be biologycalid cost-effective. It is
necessary to determine the relative importance of trarssomsoutes, and to source more
robust epidemiological data on the effect of these measaethat input parameters to
transmission and economic modelling work can be more plciefined.

The outcome of experimental trials of vaccination in deerihdicated its potential value
as a tool in the control of clinical and sub-clinical paratdulosis in the species. As
in cattle, vaccination has not been shown to reduce faecdP Igidedding, suggesting it
may not have an effect on transmission and thus prevalengdexftion. The experi-
mental work has also highlighted possible issues of intenfee with diagnostic tests for
tuberculosis. The effectiveness of vaccination, and thecefind duration of effect on
diagnostic tests for TB when vaccination is applied in ratyrinfected deer herds has
not been assessed.

The current state of knowledge is not sufficient to make firoonemendations on cost-
effective control strategies to control clinical diseasguce infection prevalence or to
minimise economic losses from paratuberculosis in deetshdrhis review has identified
a number of key areas where robust data are needed, befdenegibased recommen-
dations on control strategies at the herd and industry lemelbe made. The next four
chapters of this thesis present the results of epidemicébgtudies designed to address a

number of the current knowledge gaps.
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Chapter 3 is prepared for submission to Epidemiology anedchign. It is intended for
publication alongside a study entitled ‘Association betw®ycobacterium avium sub-
speciegaratuberculosis and lymph node size in New Zealand farmed d&sryus ela-
phus)’ by J Hunnam, PR Wilson, C Heuer, L Stringer, RG Clark and C@&ckintosh,
which assesses MAP infection in grossly abnormal meseriigriph nodes of deer. At

the time of writing, permission from the funders to submé thanuscript was awaited.



CHAPTER 3

Prevalence ofMycobacterium avium subsp.
paratuberculosis in grossly normal mesenteric
lymph nodes of New Zealand farmed red deer

(Cervus elaphus)

LA Stringer, PR Wilson, C Heuer, JC Hunnam, C Verdugo, CG Niaosh

3.1 Abstract

This study estimated the prevalenceMycobacterium avium subsp. paratuberculosis
(MAP) in grossly normal mesenteric lymph nodes (MLN) in fagindeer slaughtered in
New Zealand, and assessed predictors of infection. MLN &z81{p=251) collected from
two North and two South Island slaughterhouses were cdtfioredMAP. Age, gender, and
the presence of other carcasses with enlarged and/or graatdus MLN in the same line
(line status) were assessed as predictors of infectiorgumaudtivariable logistic regres-
sion. A national cluster-adjusted individual prevalentd% (95% CI 30%-60%) was
estimated, with a North and South Island prevalence of 2B%(€1 16-45%) and 51%
(95% CI 36-66%) respectively. Line status was a strong ptedpf infection in young
deer (OR 7.1, 95% CI 2.4-21.5), but not in older deer. Thealence of infected herds
was 44% (95% CI 24-64%) in the North Island and 67% (95% CI 8%Bin the South
Island. Weighted adjustment resulted in a national herdtigrevalence estimate of 59%

(95% CI 41-78%).
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3.2 Introduction

The causal agent of paratuberculogisycobacterium avium subsp. paratuberculosis
(MAP), was first confirmed by culture in a clinically-affedtéarmed red deer in New
Zealand in 1986 (Gumbrell 1987). The disease results inatityrind subclinical losses
on affected farms, while granulomatous visceral lymph nledeons, caused by MAP,
confound post mortem inspection of slaughtered deer, lsecafl similarity to those
caused byM. bovis (Campbell 1995). Affected carcasses are detained pendbuyd-
tory investigation, as part of the national bovine tubewsid control programme (AHB
2005). A national surveillance system is now in operatioretmrd gross visceral lymph
node pathology consistent with paratuberculosis, i.earged and/or granulomatous (‘ab-
normal’) lymph nodes, at routine meat inspection. Data ftheninspection of every deer
slaughtered at deer slaughter premises (DSP) in New Zealanecorded to a database
and information is relayed back to herd-owners to alert tbéhkely infection status and
to encourage implementation of disease control measuraffemed farms. The database
is managed by a company established by the deer industnyeddhianagement Limited
(JML) (Lynch 2007).

Gross lymph node abnormality as described above is higldgcieted with the pres-
ence of MAP, with 92% culture positive, and a further 3% Hwsgacally typical of MAP
infection (JC Hunnam et al, unpublished data). Howevertiire animal and herd-level
prevalence of infection is likely to be higher than thatmstied by clinical or pathological
evidence alone. Additionally, the application of the ‘abmal’ lymph node classification
as the primary diagnostic criterion for a national suregitle programme requires, as a
point of reference, the prevalence of MAP in apparently ra¥ lymph nodes. A pilot
study conducted in DSPs in one region of the South Island of Realand in 2007 (JC
Hunnam, unpublished data) found MAP in 69% of grossly norihiaN.

The present study was undertaken to estimate the natioendlpnce of MAP infection
in grossly normal MLN of deer slaughtered in New Zealand, autovide data to assess
the significance of abnormal MLN as a predictor of MAP infeati Factors associated
with infection at the animal-level were investigated as eoséary objective, using a

multi-level regression modelling approach.
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3.3 Materials and methods

Study design

A cross-sectional study was carried out in four DSPs, twathdasland of New Zealand,
with samples collected between October 2008 and Janua. Zl0te study population
comprised deer slaughtered at DSPs in the southern andenontbgions of the South
and North Islands of New Zealand. Sample size calculatiogr® Wwased on estimating
an individual-level MAP prevalence of 40% , with 10% abselptecision and 95% level
of confidence. Sample size was increased by a design effeetriance inflation factor
of 2.5, since four samples were to be collected from eachdfretaughter deer and the
observations were thus clustered within herds. This reduit a required sample size of

230 lymph nodes.

Sample collection

A line was defined as a consignment of deer from the same heséipied for slaughter on
the same day. In each DSP, 15 consecutive lines of deer wenges over a number of
days. Sample collectors were instructed to select fousiimal tracts with grossly normal
MLN from each line by systematic randomisation. The numbesamples per line was
selected to minimise the effect on the analysis of clusgepinobservations within herds.
Classification of MLN as grossly normal was carried out byplant meat inspectors as
part of routine post-mortem inspection procedures. Thapaation includes specific crite-
ria for MLN classification whereby a ‘normal’ node is definedhaving a circumference
of less than 55 mm and no gross lesions, while an ‘abnormaén®defined as having a
circumference of 55mm or more and/or granulomatous lesidrsample of mid-jejunal
lymph node from each tract was collected into an individwdtlp, using new gloves and
sterile instruments for each sample, and kept chilled gdatespatch to the laboratory
in an insulated container. Samples were cultured for MARRgua decontamination step
with cetylpyridinium chloride and BACTEC 12B liquid culteirmedium containing egg
yolk and mycobactin, as described by Whittington et al. @99

Information on the age, gender and carcass weight of theadnand presence of ab-
normal MLN in other carcasses in the line was obtained andatlh were recorded to

Microsoft Excel ( Microsoft Corporation). Due to variatitsetween DSPs in the preci-
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sion of age recording, age was coded as a dichotomous \griabl or >27 months of

age, i.e. ‘young’ or ‘older’.

Data analysis
Herd prevalence

A herd was classified MAP positive if MAP was isolated fromesdt one MLN from the
herd, and herd-level prevalence was estimated as the pi@pof herds in each island
that were MAP positive. The proportion of infected herds was\pared between islands
with the Pearson chi-square test.

The national herd prevalence estimate was calculated agghtee mean, with weights
being the proportion of herds from which deer were slaugatat North and South Island
DSPs among all herds slaughtering deer throughout NZ (souiML Database). These
proportions were multiplied with the herd prevalence focressland, and the products

were added to derive the weighted national estimate.

Individual prevalence

Analyses were carried out using STATA 10 ( StataCorp LP)nkztes of individual preva-
lence for each island were adjusted to account for the clagtef individual observa-
tions within herds using a logistic regression model witheyalised estimating equations
(GEE), with herd as a subject effect (Diggle 2002). The euatljusted odds ratio and
p-value were used to compare individual-level prevalerstesben the islands.

A true prevalence (TP) estimate at national level was dédrfivem the apparent preva-
lence (AP), using the formula below (Rogan and Gladden 19%&) published values
for the sensitivity (92.7%) and specificity (100%) of tissudture in deer (Schroen et al
2003).

AP + specificity — 1

TP = — o
sensitivity + speci ficity + 1
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Factors associated with MAP positive MLN

Covariate analysis applied the Pearson chi-square or @tadeest of univariate associ-
ations between the outcome (isolation of MAP from individoarmal MLN) and each
of the predictor variables i.e. age, gender, carcass waightine status. Line status was
classified as ‘suspect’ if at least one carcass within theewias identified by meat inspec-
tion staff as having an abnormal MLN. Line rather than headust was used as the unit
of analysis for this factor as one of the herds from which 8dimere sampled had two
lines classified normal and one ‘suspect’.

A multivariable logistic regression model was developedga forward stepwise selec-
tion procedure. Improvement in the model by addition of afalkes was assessed with the
likelihood ratio test, using a retention criteria of£@.1. Estimates were adjusted to ac-
count for clustering of subjects within lines using GEE. Hffect of individual infection
status on carcass weights was examined in a multivariai@adiregression GEE model
adjusting for clustering by herd as a subject effect andgudie same variable selection

method and retention criteria.

3.4 Results

Herd-level MAP prevalence

Samples were collected from 60 lines from 57 individual Besince in the North Island
one herd presented two lines and another three lines din@gpimpling period. The herds
sampled were geographically representative of the regionkich the DSP were located,
and broadly representative of the underlying national teer distribution. Twelve of the
27 herds sampled in the North Island and 20/30 South Islardkiveere MAP positive.
The North and South Island herd-level prevalence estinvetes 44% (95% CIl 24-64%)
and 67% (95% CI 49-85%) respectively, a difference that vadstatistically significant
(p=0.09). The crude national prevalence estimate of iateberds was 56% (95% CI 43-
69%). The proportion of the deer Kill, by herd, slaughterethie North Island was 33%
and in the South Island 67%. When adjusted to a weighted nieamational herd-level
prevalence estimate was thus 59% (95% CI 41-78%).
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Prevalence of MAP in individual MLN

In total 251 MLN samples were collected, with the number ahgkes collected from
each line averaging 4 (range 3 to 6). Results are summariz8&&P and island in Table
[3.1. MAP was isolated from 98 normal MLN, a crude individuadyalence of 39% (95%
Cl 33-45%). The North Island prevalence of 29% (95% CI 21-3&%d South Island
prevalence of 51% (95% CI 42-60%) were significantly differg@<0.001). The cluster-
adjusted prevalence estimate for the North Island was 2%% @Il 16-45%) and for the
South Island 51% (95% CI 36-66%), with the difference renmgsignificant (p=0.047).

Table 3.1: Isolation of MAP from grossly normal MLN of deer (n=251) sadexgbin New Zealand
deer slaughter premises in 2008-2009

Deer slaughter plant Nodes cultured (n) MAP positive MAP prevalence

South Island 1 59 34 58%
2 59 26 44%
Total 118 60 51%

North Island 3 73 21 29%
4 60 17 28%
Total 133 38 29%

Both islands 251 98 39%

The proportion of individual deer slaughtered in the Nodlamd in 2008-2009 was 27%
and in the South Island 73%. Applying these proportions &pflevalence values for
each island, and adjusting for clustering, resulted in eonat individual animal apparent
prevalence estimate of 45% (95% CI 30-60%); this increag&dercentage points when

adjusted to true prevalence.

Factors associated with MAP positive MLN

Descriptive statistics and crude measures of associatiomdfin univariate analyses are
presented in Table 3.2. Age and gender information was ngdsr two of the samples,
so analysis was restricted to 249 observations. MAP waatewlfrom 35% of stags and

from 49% of hinds, and from 39% of young and 41% of older angm@lverall, 21 of 60
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lines sampled were classified ‘suspect’, nine of these iNitr¢h and 12 in the South Is-
land. Nineteen of the 21 ‘suspect’ lines and 16 of the 39 nblimes were MAP positive.
Isolation of MAP from individual grossly normal MLN was assated in univariate anal-
ysis with ‘suspect’ line status §0.001) and a lower proportion of stags were MAP-
infected (p=0.06).

Table 3.2: Univariate associations between isolation of MAP from nalrMLN of slaughter deer
(n=249) and predictor variables

Variable n  MAP positve OR 95% CI p
Line status

Normal 160 40 Ref

Suspect 89 58 5.6 3.0-10.4<0.001
Age

< 27months 212 83 Ref

> 27 months 37 15 1.1 0.5-2.2 0.9
Gender

Hind 82 40 Ref

Stag 167 58 0.6 0.3-0.96 0.03

Table[3.8 presents the output from the logistic regressiodeh An interaction between
age and line status was identified, with MLN of young deer usfect’ lines more likely
to be culture positive (OR 7.1,40.001) than those from young deer in normal lines. In
the older age stratum, no statistically significant effddire status was observed on the

risk of culture positivity (OR 1.7, p=0.4).

Carcass weight

The 2.9kg (95% CI -1.1-6.8kg) difference between mean saragight of MAP culture
positive (mean 57.8kg, SEM 1.2) and culture-negative (n&arkg, SEM 1.4) individ-
uals in univariate analysis was not significant (p=0.15).ewhdjustment for covariates
and clustering was applied in the multivariable model, asses with culture positive

MLN were 1.2 kg (95% CI -5.2-2.8kg) lighter than those withtate negative MLN (p=
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0.5).

Table 3.3: Estimates from a logistic regression model of isolation éf®4rom normal mesenteric
lymph nodes of slaughter deer (n=249)

Variable OR 95% Cl wald test p-value

Line status*Age

Young
Normal line Ref
Suspect line 71 24-215 <0.001
Older
Normal line Ref
Suspect line 1.7 0.5-5.9 0.39
DSP
South Island 1 Ref
2 14 0355 0.7
North Island 3 04 0.1-16 0.2
4 04 0.1-14 0.1
Gender
Hind Ref
Stag 0.6 0.3-1.3 0.2

3.5 Discussion

This study is the first to provide evidence of the prevalerfddAP infection in farmed
deer in New Zealand, based on sampling clinically normat det no evidence of gross
MLN pathology. Mycobacterium avium subsp.paratuberculosis was cultured from 29%
of MLN of deer in the North Island and 51% in the South IslantdeEstimated national
apparent prevalence was 45% of individuals and 59% of herds.

The prevalence of MAP infection in domestic livestock hasrbmvestigated in a variety
of studies in many other countries. In an abattoir survehe&WSA, 34% of cull cows
had MAP isolated from ileocaecal lymph nodes (Wells et al®0@hile in Canada and
Maine the figure was 16% (McKenna et al 2004). A study in the 0#hid 3.5% of cull
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cows were MAP-positive by PCR detection (Cetinkaya et al6)99n a recent review
of MAP prevalence in live farmed animals in Europe (Nielsad &oft 2009), individual
cattle MAP prevalence was estimated at around 20% and beedprevalence at over
50%, with flock-level prevalence for sheep and goats estichat over 20%. However,
conclusions about true prevalence were limited by the pyawéidata on the sensitivity
and specificity of the diagnostic tests used in those surveys

Few MAP prevalence studies have been carried out in farmed dikhough a number
have been done in free-ranging cervids. A seroprevalen@duf has been estimated
in wild deer in Spain (Reyes-Garcia et al 2008), while a stundfree-ranging white-
tailed deer populations in the south-eastern United S{Btagdson et al 2004) found an
animal-level prevalence of 0.3% by tissue culture. The eamftdifferent sampling tech-
niques, diagnostic tests and case definitions for infedtidhe studies described above,
though, makes any meaningful comparison between the pignaalifficult.

Although no structured prevalence survey has yet beeredaotit on New Zealand farmed
deer, a study of case histories from 1986-2000 suggestetha infection and disease
has been spreading in deer herds (de Lisle et al 2003). Tharitgayf the cases in that
study were detected at meat inspection as being ‘suspegtidtuberculosis and submit-
ted for further laboratory investigation, therefore coutd be considered representative of
the whole farmed deer population. However, in the next 5g/88 number of deer herds
with microbiologically confirmed infection in the same tatgopulation had doubled (de
Lisle et al 2006). Pooled faecal culture in herds of unknomfadtion status investigated
for a case-control study in 2005 (Glossop et al 2007b) foutb 4f herds sampled to
be MAP-infected. Herds were not randomly selected, andteesiere not weighted by
island, so the study gives only a broad indication of posdigrd prevalence.

The random selection of herds and individuals reportedisyghper minimises the like-
lihood of selection bias in the resulting estimates of plewee of infected herds (59%),
and animals (45%). Our results do, however, represent tiel\staughtered population
of farmed deer, specifically those with no clinical or suimicll signs of disease, as ani-
mals presented at abattoirs must pass an ante-mortennagteinspection to be eligible
for slaughter for human consumption. Sampling at abattsitisus recognised to have a
bias analogous to the ‘healthy worker effect’ in human oetigmal studies (McMichael

1976), i.e. the working (or abattoir) population is liketybe healthier than the general
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population. However, this study aimed to report infectisavalence in clinically and
subclinically normal deer, and the bias described is uhlitehave a large effect on the
population estimates reported.

A seasonal pattern has been recognised in cattle MAP iofeati other abattoir stud-
ies, with McKenna et al. (2004) reporting a significantly treg proportion of MLN of
cows in Canada to be MAP culture positive at slaughter inpineag months. The abattoir
study of adult cattle in England (Cetinkaya et al 1996) sanhyifound a higher proportion
of PCR-positive intestinal LN in April compared to other ntlos, although this was not
statistically significant. A seasonal effect has been seedentification of gross lymph
node pathology consistent with paratuberculosis in deanftdm et al 2009) and in clini-
cal disease incidence (Glossop et al 2008), with a higheafgace of pathology recorded
in summer although clinical disease incidence on farm igérgn winter. The explana-
tion for this apparently paradoxical observation may lithe effect of environmental and
nutritional stress on disease expression in deer, as theg®d are both associated with
season (winter). The data source for lymph node pathologiyeisabattoir population,
which explicitly excludes clinically diseased animalsdaneasuring the prevalence of
this subclinical indicator may therefore be confounded égsen, as in winter more of
the subclinical cases may progress to disease and thustarepnesented in the data. It
is plausible therefore that there may also be a seasonat effienfection prevalence, as
measured by an abattoir study. One of the study limitatioas thhus the maximum one-
week sampling period in each DSP during the spring and earhnger, meaning that no
potential seasonal variation could be examined.

Sampling was carried out using a sterile technique, buethemains the possibility of
cross-contamination between intestinal tracts after k@infsom the carcasses by the
slaughterman, the meat inspector or via the ‘gut tray’, eethey reached the sampling
point. The effect of this is difficult to quantify, but sindeese results are limited to grossly
normal nodes, the tissues are less likely to have been ex¢égnbandled or incised dur-
ing the dressing or inspection procedure, lowering theafstontamination.

The accuracy of the true national prevalence estimate (48%gnsitive to the accuracy
of the parameters described for the tissue culture methdudle\d specificity of 100% is
generally accepted for MAP culture procedures, the seitgitf the test for deer lymph

node samples in New Zealand has not been formally validateel sensitivity estimate of
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92.7% used in calculation of true prevalence was derived fiesmall non-peer reviewed
study of 110 samples from an indeterminate number of Auatraleer herds and the true
prevalence estimate should therefore be interpreted demsg that limitation.

A previous report suggested a difference in prevalence fetciad herds between the
North and South islands. Glossop et al. (2006) found 29%6@)53f herds in the North
Island to have MAP isolated from pooled faecal culture comago 55% (35/64) of herds
in the South Island, although the herd sample was not randsefécted. The sensitivity
of pooled faecal culture is lower than that of individuastie culture (Schroen et al 2003)
but the herd-level prevalence of 44% in the North Island arfd & the South estimated
in the present study are consistent with those findings. atledf statistical significance
to this comparison at the herd-level is likely to be a functad the small sample size,
as the present study was designed primarily to estimateithdil-level rather than herd-
level prevalence. An average of four samples was collecezdipe of deer, thus the
sensitivity of detection at the herd level was not optimal &erd-level prevalence was
thus likely to be underestimated. However, studies to itigate the herd and geographi-
cal risk factors underlying the observed difference wowddMorthwhile. One potentially
valuable resource will be the use of molecular sub-typingrently under development
for New Zealand MAP isolates. Type | (sheep or s-strain),eie@mple, has been less
frequently isolated from deer lymph node lesions (de Lislal006) than type Il (cat-
tle or c-strain), and a type | isolate has been shown in ewpsrial infection studies to
be less pathogenic for deer than a type Il (Mackintosh et @V20Application of more
discriminatory sub-typing methods may help to gain insghto the epidemiology and
pathogenesis of MAP infection in New Zealand by examinirgrdgional distribution of
sub-types and by analysing associations between subggg®logy and clinical Johnes
disease.

Regional or DSP differences in sensitivity of detectionmieged MLN by meat inspec-
tors, i.e. the line status classification assessed in thevawidble analysis, have been pre-
viously recognised (Glossop et al 2007a) as an importantai¢ of the overall accuracy
of the surveillance system to identify MAP-infected hendss possible that, in this study,
the presence of researchers interacting with meat insetaecord the occurrence of
‘suspect’ mesenteric lymph nodes may have increased tleetdwt rates. Nevertheless,

a strong association was found between isolation of MAP aasigect’ line classification
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in young deer. This provides further data to support the tfeedabnormal’ lymph node
category as a predictor of MAP infection in deer herds. Havehis appears to be more
predictive in younger than older animals since this studgdeato find a similar associa-
tion in older animals. This may be a statistical effect ofgh®all number of older animals
in the sample, although there may be a biological basistecle the consequences of
infection itself. Deer presented as adults at the slaugbtese are those that have not
succumbed to clinical disease on farm and may represent gnat are more resistant
to infection. Evidence from a recent trial suggested a tegwi of MLN pathology and
possibly elimination of infection in some experimentaithected deer bred for resistance
(Mackintosh et al 2010a). Additionally, older animals mayrhore likely to have MLN
pathology as a result of other chronic conditions such asctidn with other pathogens,
parasites or neoplasia.

The isolation of MAP from 16/39 lines with no evidence of ggddLN pathology is
a finding which merits further investigation. Most of the gdes were taken in Octo-
ber/November and therefore may have originated from faritisimfection, but have only
included the better-performing animals, i.e. those reagbklaughter weight earlier in the
season, and so possibly less likely to have evident MLN pagfyo Longer-term studies
of the association between MLN pathology and MAP infectibtha herd-level would
therefore be useful to validate the overall surveillancey as a herd classification tool.
In summary, the data presented here provide a nationalibagekvalence estimate for
MAP infection at the individual and herd-level, and show atcast between the North
and South Islands. Industry-led surveillance is designeeéduce MAP infection levels
through feedback and advice to farmers of affected herabpesgress towards this aim
may be measured by reference to these data. More researsiestigate the factors con-
tributing to the difference in infection prevalence seetwieen the islands may help to

identify the measures necessary to achieve control of MAdear herds.
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Chapter 4 presents the results of a randomised controidatrvaccine efficacy, and has

been prepared although not yet submitted for publicatiaghejournal Vaccine.



CHAPTER 4

Efficacy of Silirum® vaccine in control of
paratuberculosis in naturally infected young

farmed deer

LA Stringer, PR Wilson, C Heuer, CG Mackintosh

4.1 Abstract

A randomised controlled trial to assess the efficacy of @il vaccine in the control of
subclinical or clinical paratuberculosis (Johnes dis€dBg) in young farmed deer was
carried out in 2008 in the South Island of New Zealand, in simmercial deer herds
with a history of a high £5%) annual incidence of clinical JD. Treatment allocation
was randomly assigned and farmers were blinded to the \atommstatus of the deer.
Vaccination used 0.5ml Silirum given subcutaneously inahterior neck in March/early
April (around 4 months of age). Vaccinates (n=1,671) androts(n=1,664) were grazed
together and weighed at vaccination and in July and Novembaecal samples were
collected from 125 vaccinates and 123 controls on five faimislavember. All deer
clinically affected by disease resembling JD were necempsind diagnosis confirmed
by culture forMycobacterium avium subsp.paratuberculosis (MAP). All surviving deer
were slaughtered between 11 and 20 months of age and themeeidf gross lymph node
pathology typical of paratuberculosis in deer, i.e. erddrgnd/or granulomatous visceral
lymph nodes, was recorded. Clinical JD was confirmed in 1&oband seven vaccinated
deer, resulting in a vaccine efficacy estimate of 60% (95%B3c833%, p=0.04). Overall

127 (51%) of faecal samples were MAP positive; 47% (95% Ci588%0) of vaccinates
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and 55% (95% CI: 46-64%) of controls (p=0.5). Average ddirgweight gain did not
differ between the cohorts. At slaughter 1.4% of vaccinaies 4.5% of controls had
lymph node characteristics typical of paratuberculosilative risk of 0.32 (95% CI:
0.19-0.54, pr0.001).

These data indicate that vaccination may have a role in negtilee incidence of clinical

and subclinical paratuberculosis in young deer.

4.2 Introduction

Paratuberculosis or Johnes disease (JD), a granulomatber®gathy caused biyly-
cobacteriumavium subsp paratuberculosis(MAP), occurs in a range of ruminant species
on every continent (Clarke 1997). The disease was first réased in deer in New Zealand
in 1979 (Gumbrell 1986) and since then, MAP infection hasimamnfirmed in an increas-
ing number of farmed deer herds (de Lisle et al 2003). Youreg Have a higher annual
clinical disease incidence than adults, with a median of @Yearling, compared to 1.3%
in adult stags on farms with clinical JD (Glossop et al 200B)e same study reported
annual disease incidence up to 21.5% in weaner deer, thumoafarms JD can result in
substantial economic losses (Bell 2006). Currently theedimited options for on-farm
control due to incomplete knowledge of the epidemiologywééction and disease in deer
or of the effectiveness of test and slaughter strategiesen lderds.

Vaccination as a control measure for JD has been used walddsimce 1926, primarily in
young animals since effectiveness of vaccination appessswhen used before or soon
after infection with MAP (Emery and Whittington 2004). Wheaccination was used
in cattle in the UK (Stuart 1965), Hungary (Kormendy 1994 &pain (Garcia-Pariente
2005), a reduction in clinical disease incidence resultddle Wilesmith (1982) claimed
that clinical JD had been eliminated in some UK cattle hendsised vaccine long-term.
A recent field trial of Gudaf?, a whole-cell killed vaccine, in Australia (Reddacliff dt a
2006) demonstrated a 90% reduction in mortalities due tsmJiaccinated sheep.
Experimental studies with oil-adjuvant vaccines in deefelghown that some reduce the
severity of subclinical JD (Mackintosh et al 2008a). An expental challenge trial using
Silirum, an oil-adjuvant vaccine licensed for use in cattbeind significantly less gross

pathology and a non-significant reduction in clinical dse€l/40 vaccinates vs 4/40 con-
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trols) in vaccinated deer (Mackintosh and Thompson 200fps€ observations justified
investigation of vaccination on commercial farms, invatylarger numbers of deer under
natural challenge conditions.

This paper describes a randomised controlled trial of Bilivaccine in commercially
farmed deer under field management conditions in a naturdigted young deer pop-
ulation. The primary objective was to estimate vaccine affycagainst clinical JD. The
effect of vaccination on average daily liveweight gain ci@eshedding of MAP and gross
lymph node pathology at slaughter was also assessed. Bhe/&is preceded by a study
to determine safety of the vaccine, immunological resppase optimal dose (Goodwin-
Ray et al 2008).

4.3 Materials and Methods

Study design

The study was conducted between March 2008 and August 2@D@rgalemented a ran-
domised controlled trial in commercial deer herds with d@dmgsof a high annual inci-
dence of clinical JD in young stock.

Six study farms were selected on the basis of a history oicelidD in weaner deer of
at least 5% in the previous two years, and with no recent asimcontrol interventions
or source of stock, i.e. they were anticipated to continugatee similar levels of disease.
All were finishing farms which sourced weaners from breedargns. Additional inclu-
sion criteria were previous confirmation of JD by cultured/an a history of typical JD
pathology at post-mortem examination. This history wagtam the incidence of gross
lymph node pathology consistent with JD in deer, i.e. thes@mee of enlarged and/or
granulomatous visceral lymph nodes, in all deer commédycddughtered as recorded in
a national deer JD database (Lynch 2007).

Regulatory compliance required that all study animals loallet destined for slaughter,
at around 12 -15 months of age, with none retained for brgealirvelvet antler produc-
tion, to eliminate the potential for cross-reactivity indte testing for bovine tuberculosis
(TB). Candidate farms were identified via previous partdipn in a nationwide case-
control study (Glossop et al 2007b) or were nominated by detarinary practitioners.

Any with an annual TB testing interval, i.e. were consideagdisk of bovine tubercu-
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losis, were excluded, due to concerns about cross-reaeitbnTB diagnostic tests. All
farms selected were in the South Island, and were locatdueitCanterbury, Southland
and Otago regions. They thus represented a reasonableagbagdistribution of South
Island deer finishing farms.

Vaccinated and control deer were grazed in the same managgnoeps to minimise po-
tentially confounding management and environmental &ffand to ensure each cohort
experienced similar levels of exposure to MAP during thal trThe deer were all veni-
son production stock comprising red de€ei(vus elaphus), and wapiti C.e.canadensis)

x red deer crossbreds, and were slaughtered, accordingnahmanagement practice,
from 11 to 20 months of age. Farmers and their veterinarytipiaeers, who performed

diagnostic investigations, were blinded to the vaccimasitatus of the animals.

Interventions

The vaccine (Siliruf®, Batch No.06/001, Pfizer Animal Health) is a whole-cell ithac
vated vaccine of MAP strain 316F in an oil adjuvant and isngs for use in cattle in
New Zealand. Vaccination was carried out by the researdietxgeen 15 March and 2
April 2008, when the animals were around 4 months old. Whaleswere yarded, and
deer were handled in holding pens in small groups of 6-10f étfadach small group was
randomly selected for vaccination and were injected sw@madusly in the right upper
neck with 0.5ml of Silirum, using a 1ml syringe and 18-G &l inch needle. Selection
was based on vaccinating every other deer starting alteehatrom the right or left, as
they stood side by side in the pen. The dose rate was detatrfrioia an earlier study
assessing immunological responses at dose rates of 0.stdnt 2ml (Goodwin-Ray et

al 2008). The control animals received no intervention.

Outcomes

The primary objective of the study was to estimate vaccifieagly against clinical Johnes
disease in young farmed deer. The secondary objective veastnine the effects of vac-
cination on subclinical disease, including faecal shegldinfVIAP and liveweight gains.

The primary outcome measure was clinical disease incidevitée secondary outcome
measures were daily liveweight gain, faecal MAP sheddimgsg lymph node pathol-

ogy, carcase weight, carcass grade and time to reach staugbight. Data were also
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collected on the occurrence of injection site lesions tegyfrom vaccination and their

effect on carcass quality.

Case definition

The definition of a suspected clinical case was ‘loss of bashddion and weight relative
to herd-mates in animals that are otherwise eating wellkness; poor coat appearance;
and/or diarrhoea; unresponsiveness to treatment’. Farmere asked to contact their
veterinarian when they identified suspected cases of JDahatimals. A clinical ex-
amination and on-farm euthanasia and post-mortem wereddweied out if considered
appropriate by the attending veterinarian. A standardispdrt on pathological findings
was completed and samples were taken from grossly affegtgehl nodes when present,
or a pool of anterior, mid and posterior jejunal lymph nodgnsents and ileocaecal lymph
node. Samples were submitted for confirmation of MAP by caltiDeer with suspect
clinical disease were defined as confirmed clinical casdseifetwas both typical gross

pathology and MAP was isolated from tissue samples.

Measurements

At vaccination in March 2008 the ear tag number, vaccinastatus and gender of each
animal were manually recorded and each deer was weighech d&amal was double
tagged. On four farms where additional electronic tags heehbapplied, individual
weights were automatically recorded to electronic file ehhe remainder were man-
ually recorded. Data were recorded to a relational datafidszosoft Access), with
double entry of manually recorded data to ensure accuragmgcription.

All deer were individually weighed in July/August and agairNovember, when faecal
samples were collected from the five herds retaining mosheif animals at that time.
Twenty five deer from each cohort were selected by systematidomization and ap-
proximately 10g of faeces were collected per rectum usingshfglove for each animal.
Samples were immediately stored on ice packs in an insutateiiner and were sent by
courier the same day to the bacteriology laboratory.

The culture procedure applied a decontamination step asitygpyridinium chloride and
BACTEC 12B liquid culture medium containing egg yolk and ralgactin (Whittington

et al 1999). Growth indices (GI) were recorded as a semiifative measure of the
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number of viable organisms in the sample (Reddacliff et 820Sample Gls were mea-
sured weekly and time to first detection of MAP in liquid cuéumedia, at a cumulative
growth index of 15, was recorded for MAP positive vials.

In November, the vaccination sites of trial deer on thremfawere palpated and callipers
were used to measure any reactions identified. The animais seat for slaughter at a
Deer Slaughter Premises (DSP) once they reached optimagldkr weight, at the discre-
tion of the farmer. Date of slaughter, carcass weights asgrgrade and gross lymph node
pathology at post-mortem examination were accessed frotnateecords maintained by
the processing companies and from the national deer JDakdalbime to slaughter was
calculated by assigning a common date of birth of 01/11/20041l trial deer, accord-
ing to accepted industry practice, as information was natlalvle on actual birth dates.
Analysis of carcass grades was limited to data from one psdtg company, to ensure
standardised classification.

All procedures on live animals were approved by the Masseayddsity Animal Ethics

Committee.

Sample size

The null hypothesis for the primary outcome was that the dative incidence of clinical

Johnes disease during the trial was the same in the vacdiaatecontrol groups. Sample
size calculations were based on a confidence level of 95%a aod/er of 80% to detect a
50% relative difference in disease incidence between thert® postulating an incidence
of 5% in the controls and 2.5% in the vaccinates. To examiaeeffect of vaccination

on the shedding of MAP in faeces, sample size was estimatgeblban an anticipated
prevalence of 50% of culture positive samples in controtg] 25% in vaccinates. A

design effect of two was included, to take account of an edggemoderate intra-class
correlation due to grouping of animals within the study Iserihe required sample size
to estimate efficacy against clinical disease was 3,600 (dg800 in each cohort), and

that for the faecal shedding was 232 deer. All trial deer wegighed.

Statistical analysis

The unit of analysis was the individual deer. Tdblée 4.1 sunsrathe objectives of analy-

sis and the statistical methods applied for each outcomaly&as were conducted using
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StatalO (StataCorp, College Station, TX). Crude assoaatbetween vaccination and
dichotomous outcomes, i.e. confirmed clinical cases, fadéd shedding and pathol-
ogy, were examined for significance with the chi-square shé&i’'s exact test on 2 x 2
contingency tables. Continuous outcomes i.e. mean livg@wejain, carcass weight and
time to slaughter, were tested for significance of assatiatith vaccination in univariate
analysis using the Student’s t-test.

Multivariable analysis was carried out using general Iimaadels to examine and control
for the effects of covariates (gender, herd, and weight etimation) on the association
between vaccination and each outcome. Binary outcomes aveakysed with logistic
regression and risk ratio estimates risk were then derigathunodified Poisson regres-
sion with robust error variance (Zou 2004) to adjust for tfieat of clustering of animals
within herds. Average daily liveweight gain (ADG) was cdlted using the difference
between individual liveweights measured in March, July Aledvember, divided by the
number of intervening days using the actual weighing dategéch herd. Analysis of
ADG used generalised estimating equations (GEE) to adjusépeated measures on the
same subject. The potential effect of clustering of the nlag®ns within herds on the
variance of the estimates was assessed by calculation ofttheclass correlation coeffi-
cient (ICC).

The vaccine efficacy (VE) estimate was derived from the pralde or attributable frac-
tion comparing the risk of disease (R) in vaccinated congptrenvaccinated individuals,

assuming equal exposure to the infectious agent in eachrtogtedloran et al 1999):

R(vaccinates)

VE=1-
R(non — vaccinates)

The denominators used were the number of individual animadsich cohort that were

enrolled in the trial.
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Table 4.1: Statistical methods applied to analyse the effect of vatmin on each outcome in a
Silirum vaccine efficacy trial in young deer

Response variable Measure of effect Objective of analysis taBistical technique

Clinical disease Risk ratio Compare the incidence of Logregression
clinical JD in each cohort

Average daily Mean difference Compare ADG in each cohort deariinear model

liveweight gain
(ADG)

Faecal shedding Risk ratio

Time to detection Hazard ratio

Carcass weight Mean difference

Time to slaughter Survivor

with GEE

Compare the proportion of deer gidtio regression
shedding MAP in each cohort

Semi-quantitative comjparis Cox regression
of MAP concentration in faeces
in each cohort

Compare carcass weights eakregression
between cohorts

Compare time to reach slaughteog-fank test

function weight in each cohort
Pathology Risk ratio Compare the incidence of lymph  Logiggigression
node pathology in each cohort
Grade Odds ratio Compare carcass grades Multinomial logist
in each cohort regression
4.4 Results

Experimental population

A total of 3,335 deer were enrolled in March 2008, with 1,6@ddomised to the vacci-

nated and 1,664 to the control cohort groups comprisingaltd@ds and 2,127 stags; the

gender of two animals was not recorded. Liveweights in M&@®8 ranged from 25 to

76 kg (mean 53.7, SD 8.0) in vaccinates and from 22.4 to 77(®lean 53.6, SD 8.5) in

controls. The majority of the trial deer (n=2,107) were veajditi crossbred, while the re-

mainder (n=1,228) were red deer. Management groups, or,mabsach farm consisted

of a single breed type. There was no statistically signitichifierence between the co-
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horts in the proportion of each gender (p=0.5), nor in themiwaweights at vaccination
(p=0.7).

Clinical cases

The incidence of confirmed clinical cases on each farm isemtesl in Tablé_412. All
trial farms experienced a lower incidence of clinical dsean the 2008/2009 season than
in previous years, evident in both the trial animals and rogimailar mobs on the farms.
Twenty two controls and nine vaccinates were investigasesliapect cases of JD, while
18 controls and seven vaccinates were confirmed by necrombygwdture. There were
no culture results available for two of the suspect caseth (baccinates), due to severe
autolysis of the carcass, two (both controls) showed noeevd of pathology and were
negative at culture, one suspect (control) had typicalgdagy but MAP was not isolated,
while at necropsy another suspect (control) was found te laashronic leg injury and no
pathological evidence of Johnes disease, despite being ddiBre positive. These six
suspect cases were thus not confirmed as clinical cases.

Five of the confirmed clinical cases were hinds, 20 were stalgide 13 were red deer and
12 were wapiti hybrids. No further analysis was possibleh@nireed data as it could not
be separated from herd effects.

The crude risk difference was 0.007 (95% CI: 0.0008- 0.01i#) = risk ratio of 0.39
(95% CI: 0.16 - 0.92, p=0.03). The risk ratio estimate antitteal significance of the
effect of vaccination was altered only slightly by multiize analysis, with the adjusted
measure of vaccine efficacy estimated at 60% (95% CI. 3-83%0,04). The ICC for
these data was 0.004, so no further adjustment for clugteras made.

While univariable analysis of the risk ratio of confirmednatial disease in stags (0.9%)
vs. hinds (0.4%) was not significant (RR =2.3, 95% CI: 0.85-6=0.09), after adjusting
for the effects of covariates, the RR for stags was 3.3 (9524 219.2, p=0.02).
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Table 4.2: Cases and cumulative incidence (Cl) of clinical Johne’sakg confirmed by pathology
and culture of MAP, in vaccinated and control deer in a rarnidechcontrolled trial of Silirum
vaccine

Vaccinates Controls

Farm n Confirmed cases CI1(%) n Confirmed cases CI (%)
1 90 1 1.1 90 0 0

2 563 5 0.9 557 12 2

3 269 0 0 270 2 0.7

4 295 0 0 296 0 0

5 311 1 0.3 309 4 1.3

6 143 0 0 142 0 0

All 1671 7 0.4 1664 18 1.1

Liveweight and daily liveweight gain

Liveweights measured at vaccination and mid-trial in Jalgust differed by less than
0.1kg between cohorts across all farms (p=0.4). Averadg lik@weight gain (ADG) was
119g/day for vaccinates and 118g/day for controls over tiieeemeasurement period of
March to November. No statistically significant differeade ADG were observed within
or across farms (p=0.6) (Figure 4.1).

Multivariable analysis found no significant associatiomween vaccination and ADG,
either over the whole measurement period or during the Bpd&ane periods of March to

July or July to November.



4.4 Results 63

300
1
°

200
1
°

AlDO(CS) @
T
T+
1]
T
—I-

0
1
°
oo

-100

1 2 3 4 5 6
Farm

||:| Controls ] Vaccinates |

Figure 4.1: Boxplot of average daily liveweight gain (ADG) of vaccindtand control deer from
March to November 2008 for each farm in a randomised coetidlial of Silrum vaccine

Faecal culture

The proportion of faecal samples MAP positive for each fasmresented in Figufe 4.2.
MAP was isolated from 127 of 248 faecal samples (51%) cormgi47% (95% CI. 38-

56%) of vaccinated and 55% (95% CI: 46-64%) of control angndlhe prevalence on
individual farms ranged from 20% to 80%. The adjusted eftéataccination on faecal
MAP positivity across all herds was not statistically sfgraint (RR 0.9, 95% CI: 0.7-.1.1,
p=0.5).

Sixty one percent (94/155) of stags sampled were culturgipwsompared with 34%

(33/92) of hinds (RR 1.4, 95% CI: 1.02 -1.9, p=0.04).

The mean time to detection of MAP in culture was 5 weeks foheahort (p=0.4). The

comparison remained non-significant in multivariable gsial
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Figure 4.2: Proportion of faecal samples from young deer which were MAlRuge positive in a
randomised controlled trial of Silirum vaccine

Vaccination site lesions

Examination of vaccination sites of 486 deer in Novembeeadsd 181 (38%) with pal-
pable subcutaneous lesions. Reaction size ranged from&nm3dmean 14.4, SD 5.93).
Most were firm circumscribed reactions, although two disgimg sinuses were found.
No adverse events were reported following vaccination. |Anghter, meat inspection
staff reported that although vaccination site reactionsevesident, these were generally
circumscribed and were removed with the hide or were easityried. The recording
of the occurrence of these was not consistent between @arite data is not presented.
No difficulties were experienced with access to export mtarkeor was there any ap-
parent loss of carcass value of vaccinated deer due to imjesite lesions. The New
Zealand Food Safety Authority (NZFSA) currently requirdsligéional inspection of deer
vaccinated against Johnes disease: “Palpation and dasjomof the muscles lateral and
parallel to the ligamentum nuchae at or about the likely sftejection. Lengthen the
incisions when suspicious lesions have migrated alongythehatics of fascial planes”.
No tracking lesions were identified in vaccinated animala assult of these additional
procedures. A granulomatous lesion within the prescapyiaph node of one vaccinated
animal resulted in detention of the carcase in accordantteratitine TB suspect proce-

dures. Histological examination was unable to rule out Té thie lesion was cultured for
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M. bovis with negative results, allowing release of the carcass.

Carcass weight

Information on slaughter date, pathology and carcass peeamwere available for 2,516
of the trial deer. On-farm mortalities including clinicalspects numbered 88, of which
37 were vaccinates and 51 were controls, but the majorith@fmtissing data resulted
from a failure to adequately record individual animal idfecaition at slaughter due to
problems with barcode scanning equipment in the lairageefroeat plant. The missing
data were evenly distributed between vaccinates (n=36d)cantrols (n=364). Mean
carcass weight for all vaccinates combined was 52.2kg (95%&52.4) and for the

controls 52kg (95%CIl: 51.8 -52.2) (p=0.2). Carcass weigds Wwigher (1.3 kg, p=0.02)
in vaccinates only in herd 4.

There was no difference found between the cohorts in caveaigght after controlling for

the effect of covariates (adjusted mean difference 0.1k0,4).

Time to slaughter

Survival curves for time to slaughter of vaccinates andmdsiire presented in Figure 4.3.
The mean time to slaughter from birth was 441 days and wasatie $or both cohorts.
Mean time by farm ranged from 372-490 days, with no staafifisignificant difference
found between the cohorts within or across all herds. Thedod test for equality of sur-
vivor functions was non-significant (p=0.3) indicating rifetence between the cohorts

in distribution of time to slaughter.

Slaughter grade

The distribution of carcass grades was examined for 2,08@gkker deer comprising
1,040 controls and 1,039 vaccinates. No significant diffeeewas found between vacci-
nates and controls overall (p=0.3) or within each herd ivanmate analysis or following
multinomial logistic regression analysis, controlling the effect of gender and weaning
weight. Two carcasses were condemned by meat inspectibmtspast-mortem exami-

nation for reasons not associated with vaccination.
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Figure 4.3: Kaplan-Meier survival function from birth to slaughter afrirol and vaccinated deer
(n=2516) for each farm in a randomised controlled trial afomae efficacy

Pathology at slaughter

Data on gross lymph node pathology of trial deer are predantBigure[4.4. The over-
all cumulative incidence in the deer for which slaughteradatis available was 2.9%
(74/2516) comprising 1.4% (18/1267) of vaccinates and 4(5%61249) of controls,
(p<0.0001). Fifty stags (3.1%) and 24 hinds (2.6%) (p=0.5) weo®rded with pathol-
ogy. Two vaccinates and eight controls were recorded widmgilomatous lymph node
lesions (p=0.02). The adjusted risk ratio for gross lympHenpathology in vaccinates
compared to controls was 0.32 (95% CI: 0.19-0.54,(@001). The ICC for these data
was 0.004 so no further adjustment for clustering was agpli@ender was not a sig-
nificant risk factor in multivariable analysis (p=0.7). Casses with gross lymph node

pathology had lower mean carcass weight (1.3kg, 95% CI2@5p=0.001).
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Figure 4.4: Proportion of carcasses of vaccinated and control deergritss lymph node pathol-
ogy in a randomised controlled trial of Silirum vaccine

4.5 Discussion

This field trial found that vaccination with Silirum signiéintly reduced the incidence of
clinical Johnes disease and gross lymph node pathologyung/deer. There were no dif-
ferences between vaccinates and controls in average tatydight gain, carcass weight
or grade, time to slaughter, prevalence of faecal MAP shadde time to faecal culture
positivity, a semi-quantitative measure of shedding.

The low incidence of clinical disease recorded during thesi{1.1% in controls, com-
pared with approximately 5% reported previously on the faiams) limited the precision
of the estimate of vaccine efficacy. Incidence of clinical idDdeer is known to vary
between years, but one possible explanation is that incedesms influenced by the herd
immunity effect. Direct protective effects of vaccinatioocur at the individual animal
level and indirect effects at the herd level. Herd immuniitys refers to the protection
of non-vaccinates due to the presence of immune individauradisthe resultant reduction
in sources of infection (Fine 1993). At the design stage of $tudy, the decision was
made to maintain the vaccinated and control deer mixedhegét the same management
mobs. This was done to ensure that all trial animals had tie ggavironmental, manage-
ment and infection exposures. The effect of herd immunithisitype of design may bias

the estimate of vaccine efficacy towards the null, if vactorareduces transmission of
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infection and controls have reduced exposure as a resudte3timate is similarly biased
to the null if vaccinates are heavily exposed to the agenhéytesence of infectious con-
trols, thus overcoming their immunity (Dohoo et al 2003) wéwer, in deer, transmission
of MAP may be via the intra-uterine route (van Kooten et al@0thompson et al 2007)
and young deer on infected farms may also be exposed to MARf@eted colostrum
or milk (Thompson et al 2007) or from the environment in thetffew months of life.
The finishing deer were brought on to the individual triahfigrat around 4 months of age
and were thus expected to have already been exposed taonfeattheir farms of origin,
before the trial started. This was expected to reduce theeindle of herd immunity.

In addition, the presence of a herd immunity effect is notpsufed by results of indi-
vidual faecal sampling, since vaccination had no signifiedfect on the proportion of
deer shedding MAP in faeces, or on the semi-quantitativesareamnent of MAP. This
demonstrates the likelihood of continuing exposure ofr&l tleer to the organism. Fur-
thermore, other (non-trial) mobs of deer on the farms expegd similarly low levels of
clinical Johnes disease during the trial period. All of teedherd managers considered
that the mild winter and good spring pasture growth in 2008trdouted to lower than
previous disease rates. This evidence combined suggestsdid immunity was not a
significant factor in this trial.

Failure to find an effect of vaccination on faecal MAP sheddinevalence is consistent
with other studies of JD vaccination in deer (Mackintoshl&2G®8) and in dairy cattle
(Kalis et al 2001). In contrast, Reddacliff et al (2006) reépd a 90% reduction in fae-
cal shedding in vaccinated sheep, although some vaccidatelemonstrate high levels
of MAP excretion. The power of this study was designed to ctete25% difference
in prevalence of faecal shedding between the cohorts. Ateagmple size may indeed
have found statistical significance, but with 47% of vac@sashedding MAP in faeces,
it would not have altered the biological relevance in termsamtinuing transmission of
the agent. The isolation of MAP from the faeces of so many deefarms with little
clinical disease was notable. On farm 3, for example, MAP isalaited from 80% of all
faecal samples, yet the incidence of clinical disease @h déer was 0.4%, and this was
the best-performing herd in terms of mean November livelteigarms with the lowest
disease incidence had the lowest prevalence of faecal MARty although on farms

with no reported clinical disease, the proportion of cudtpositive control animals was
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still up to 30%. These proportions of potentially infectsoanimals raise questions about
the impact of infectiorper se and the specific factors that influence progression from in-
fection to clinical disease in deer.

The quantitative measure for MAP concentration in faecediegin this study was crude,
with analysis limited to time to first evidence of MAP in cuktumedia. Further work to
derive a more precise quantification measure is requireat®edbust conclusions can be
made.

Gender was found to be a risk factor in this study, with stamdry over three times
the risk of clinical disease and a higher risk (RR 1.4) of slegl MAP in faeces. This
confirms anecdotal reports by farmers and veterinary pi@ogirs that males seem more
susceptible to clinical disease. The explanation for thay tre in the effects of environ-
mental and nutritional stress impacting more on fastewgrg animals.

No effect of vaccination on average daily liveweight gaeraass weights, carcass grades
or time to slaughter was shown in this trial. The liveweightlfngs are similar to those
of a previous experimental challenge study of Silirum vaation in New Zealand deer
(Mackintosh and Thompson 2007), while a sheep vaccine (RRatdacliff et al 2006)
recorded significantly higher liveweights (0.73kg;@05) in young control sheep than
vaccinates only at 12 months post-vaccination. The stutdysheere selected to represent
herds with a high incidence of Johnes disease in young dekeresnlts may thus not be
generalisable to all infected herds. However, failure td fim effect in this population
suggests that a production effect is even less likely to s=ded in herds with lower
infection prevalence.

The data on gross lymph node pathology at meat inspectiondHte interpreted with
some caution. Although the sensitivity of meat inspectmdeétect enlarged and/or gran-
ulomatous mesenteric lymph nodes is estimated at 25% (di@ham, unpublished data),
the identification and recording of findings is known to beialale between individuals
and deer slaughter plants. However, any misclassificagidikely to be non-differential
between the cohorts, thus biasing estimates of effect ttsvéire null (Copeland et al
1977). The NZFSA requirement to carry out additional insjp&con vaccinated animals
meant that individual DSPs needed advance notificationativated animals were to be
presented for slaughter. In the majority of DSPs, thougiai$ logistically simpler to

treat the whole consignment as vaccinated rather thanaepte cohorts in the lairage
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and meat inspectors were thus effectively blinded to thesziddal carcass status. How-
ever, one DSP limited the number of vaccinates that couldrbsepted each day and
inspected them separately. Although the status of the ssesawould then have been
known, differential bias in reporting was considered ugllykbut, if present, was more
likely to bias the estimate of effect to the null since casessof vaccinates were sub-
jected to a higher degree of inspection. The finding of ancef vaccination on the
incidence of gross lymph node pathology is thus considesbdst. It is also important
in terms of efficiency of carcass processing. At presentsimélarity of granulomatous
lymph node lesions associated with MAP infection to thosgsed byM. bovis in deer
causes difficulty for the meat industry at post mortem inspag¢Campbell 1995), as car-
casses in which these lesions have been identified requieattn pending laboratory
investigation to exclud®l. bovis as a diagnosis. There are logistical implications and
increased costs for the meat plant and the authorities iplgatransport and laboratory
procedures and detained carcasses may miss the oppouiiséhe to export markets. A
reduction in levels of such pathology therefore benefith tioe¢ producer and the proces-
sor.

The deer in this trial were vaccinated around weaning, dogemonths of age, as this
was the first opportunity to do so on most of the trial farmss fiossible that vaccination
may be more effective if administered earlier in life, butrmany breeding farms deer
calves are not handled until this stage. Further researabsess the effect of the vaccine
when used at a younger age may be useful to inform those dewrgeis who are able or
willing to implement vaccination earlier.

In conclusion, Silirum vaccine was effective in reducing thcidence of clinical Johnes
disease and gross lymph node pathology in young deer vaedi approximately 4
months of age. The low incidence of clinical disease replattging the study means that
further data are required to more precisely quantify vaeeifficacy. No impact on excre-
tion of MAP bacteria in faeces was demonstrated, althougloie mprecise measure for
guantification of shed organisms is needed for fuller exadna Vaccination had no neg-
ative impact on carcass quality or on acceptability of vemito export markets. These
data therefore suggest that Silirum may be useful as an aidntyol losses associated

with clinical JD in young deer.
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Chapter 5 considers the effect of vaccination and infeadiodiagnostic tests for bovine
tuberculosis. The manuscript is prepared in the style ofNbes Zealand Veterinary

Journal and has been accepted for publication.



CHAPTER 5

Specificity of diagnostic tests for bovine
tuberculosis in paratuberculosis-vaccinated and
naturally infected farmed red deer (Cervus

elaphus)

LA Stringer, PR Wilson, C Heuer, JC Hunnam, CG Mackintosh

5.1 Abstract

AIMS : To assess reactivity to diagnostic tests for bovine tuldesis (TB) in deer vacci-
nated against paratuberculosis (Johnes disease) andeedposatural challenge witidy-
cobacterium avium subsp .paratuberculosis (MAP), compared with naturally challenged
control deer, and to investigate MAP infection as a factarBntest cross-reactivity at the
herd level.

METHODS: Study 1. Yearling deer (n=180 vaccinates and 181 contvsg¢ randomly
selected from three commercial deer herds participatirgremdomised controlled trial
of Silirum® vaccine. The deer were subjected to the comparative céskitatest (CCT)
for TB at 44 weeks post-vaccination. Interpretation as a-oaivical skin test (MCT)
was also recorded. Serum from deer positive to the CCT wadsctetl 3-4 weeks after
tuberculin injection and tested with the ELISA TB test (ETMA)h both standard and the
modified-ETB interpretations.

Study 2. The association between herd-level MAP infectiweh MICT reactivity was in-
vestigated in deer herds which completed a herd MCT test @b 20hd participated in

a national case-control study of clinical paratubercslosierds (n=102) were assigned
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as outcome positive if one or more deer gave a positive watt the MCT, and were
categorized MAP positive or negative based on results ofggbfaecal culture. Infor-
mation on a range of other potential risk factors was cati@dty personal interview of
the farmer with a standardised questionnaire. The data areakysed in a multivariable
logistic regression model.

RESULTS: In study 1, 79/180 vaccinates (44%) and 42/181 control%d)28ere posi-
tive to the MCT (p<0.001). Two vaccinates (1.1%) and three controls (1.7%gWET
positive. The two CCT positive vaccinates were both positeythe standard ETB and
negative to the modified-ETB. One of the three CCT positiveiais was negative to the
standard ETB while two were positive; both controls were iived-ETB positive.

In study 2, 58/102 herds tested were MCT positive. Signifigamore MCT posi-
tive herds (71%) than MCT negative herds (41%) were infeetgd MAP (p=0.003).
The OR for MCT reactivity in MAP positive compared to MAP négea herds was 3.1
(95%Cl1=1.3-7.5). Herd size was positively correlated Withtest positivity (p=0.004).
CONCLUSIONS: Infection with MAP and vaccination with Silirum increasté risk
of non-specificity of the MCT in deer. The CCT and modified-Eliged in series are
effective tools to resolve the reduced specificity of the MBdwever, where use of these
tests is not permitted, non-specificity related to infectamd vaccination will be more

difficult to address.

5.2 Introduction

Infection withMycobacterium avium subsp paratuberculosis (MAP) and vaccination for
paratuberculosis are both potential causes of crossirigaatith tuberculosis tests. A
randomised controlled trial to evaluate the field efficacgdifum® vaccine in the con-
trol of paratuberculosis in young deer reared for venisaapction in New Zealand has
recently been reported (Stringer et al unpublished datag.vaccine contains a whole-cell
inactivated strain (316F) of MAP, delivered in a mineraladjuvant. A long-recognised
concern in the use of such vaccines is the sensitisatiorearihmal to tests for bovine TB
(Doyle 1964, Kohler et al 2001) due to the close antigeniglanity between mycobacte-
ria species and stimulation of the cell-mediated and huhimraune response by the oil

adjuvant. Experimental studies in deer have suggestedtbas-reactivity wanes with
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time and that the comparative cervical test (CCT) or ELISgt fer TB (ETB) are effec-
tive as ancillary tests to resolve false positive diagndsdbe mid-cervical test (MCT)
(Mackintosh et al 2005). The MCT is used routinely as a herdesang test for bovine
TB in deer in New Zealand, and involves a single intradermjalction of bovine purified
protein derivative (PPD) while in the CCT, both avian andihewPPD are administered
at separate sites.

Mycobacteria within theM. avium-intracellulare complex (MAC) includingM. avium
subsp.avium andM. avium subsp.paratuberculosis have a close antigenic similarity to
M. bovis and are considered important factors affecting the spagifi€ diagnostic tests
for TB. Although clinical disease due to infection with MA@ganisms other than MAP
occurs only occasionally in New Zealand farmed deer, grgsgph node lesions asso-
ciated with MAC infection but similar in appearance to tha$év. bovis are relatively
common (Mackintosh and Carter 1999). Mycobacteria othemlh bovis have been cul-
tured from the tissues of TB test reactors (de Lisle and H&9B5, de Lisle et al 1995),
suggesting that they may play a role in reducing test spagifiexposure of animals to
saprophytic mycobacteria is a well-recognised cause dfitsgation to tuberculin skin
tests (Monaghan et al 1991). Moreover, mycobacteria gergish pond water and in
sphagnum moss vegetation in New Zealand have been showndibise guinea pigs to
bovine tuberculin (Kazda and Cook 1988). Deer are likelydcekposed to a range of
these organisms in their natural environment.

Factors other than paratuberculosis vaccination that rfiagtahe specificity of TB skin
tests in deer in New Zealand have not previously been foymallestigated quantita-
tively. The hypothesis that an increasing prevalence of Ni&€ction in deer is a factor
in TB test cross-reactivity has been proposed by field vedeians and is supported by
culture results from TB test reactors (de Lisle et al 2008)ispaper presents two studies
of cross-reactivity with TB testing in farmed deer in New Fewl. The first assesses reac-
tivity to diagnostic tests for TB in paratuberculosis-viaeted and control deer while the
second explores the association between potential riskraand diagnostic test results,
with the objective of quantifying the effect of MAP infectimn MCT skin test reactivity

at the herd level.
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5.3 Materials and Methods

5.3.1 Study 1: Effect of vaccination on diagnostic tests fobovine

tuberculosis
Study design

A full description of the selection process for the vaccifiicacy trial is outlined in
Chapter 4. Six farms in the South Island of New Zealand witlstohy of at least a 5%
annual incidence of clinical paratuberculosis in weanetZ3nonth old) deer were re-
cruited. Weaners were randomly assigned to receive vaceitethe untreated control
cohort within each mob on each farm. Vaccinates and contrete managed together in
the same mobs to ensure that exposures other than vacoimagie similar for each co-
hort. All trial deer were located on commercial finishingnfesrand intended for venison
production. The study farms were all considered low riskdedor TB, being either in
areas of low risk, as defined by the Animal Health Board (AHBjler the National Pest
Management Strategy (AHB 2005), or subject to abattoireillance only i.e. exempt
from routine on-farm diagnostic testing. Herds at highgk of TB infection are normally
required to complete regular testing of all deer over 8 mepnftage (AHB 2005).
Sample size calculations for the Tbh cross-reactivity stuslgd information from a pre-
liminary safety study (Goodwin-Ray et al 2008) that foun@&®&6f deer vaccinated with
0.5ml of Silirum were positive to the MCT. An absolute diface of 20% in the MCT
positive rate between vaccinated and control deer was lptstii Sample size was in-
creased by a factor of two, as observations were clusterddnwherds, therefore 60
vaccinated and 60 control deer were required on each of farees. The three farms
were selected as those with the most trial deer remainingrinary 2009. The deer were
selected by systematic randomisation from those remamafarm at around 44 weeks

post-vaccination, i.e. those that had not reached finishi#ight and been slaughtered.

Interventions and measurements

Vaccination with Silirum (batch 06/001, Pfizer Animal Hémalitd) was carried out be-
tween 15 March and 2 April 2008. A 0.5ml dose was deliveredutbcataneous injection

in the right upper neck using a syringe and sterile 18-G x leedithe gender of all deer



5.3 Materials and Methods 77

was recorded.

In January 2009 there were sufficient numbers of deer lefhogetof the vaccine trial
farms to carry out the study reported here. The CCT was cdaduzy one operator
(LAS), in accordance with the test procedure and interpioetaas defined by the AHB.
Briefly, hair was clipped to 2mm over two injection sites afh@insion 2100mm x 100mm
in the mid-cervical region. The difference in double skifdfthickness was measured
with vernier calipers before and 72 hours after intradetimjattion with 0.1ml (2500 1U)
of avian and 0.1ml (5000 IU) of bovine PPD. The test was imttgdl as both a MCT,
for which a positive test was defined as “any palpable or iggiaction (excluding 2mm
nodular or ‘rice-grain reactions’)”, and as a CCT for whicpasitive test was defined as
“any reaction at the site of the bovine tuberculin which is1@ @r more and this reaction
is equal to or greater than any reaction at the site of thenauiaerculin”.

The ETB is an ELISA test which may be used as an ancillary t8sb133 days after a
positive reaction to the MCT. Applying the standard intetption, if bovine PPD minus
avian PPD= 20 ELISA units, then the ETB is positive. At the discretiontioé AHB, a
modified interpretation of the ETB may be used in herds at iskaf TB infection. The
modified-ETB adapts the standard ETB to include interpiataif antibody responses to
Johne’s protoplasmic antigen (PPA) and bovine specifigantMBP70. If the MBP70Q>
50 ELISA units, then the modified-ETB is positive. If the MBIP<Z 50 ELISA units and
the PPA> bovine PPD and PPA: 50 units, then the modified-ETB is negative (Mackin-
tosh et al 2008b).

All deer positive to the CCT were sampled by jugular venejpunec3-4 weeks after tu-
berculin injection and serum was submitted to the Disease&teh Laboratory (Otago
University, Dunedin) for ELISA testing. The standard ane thodified interpretation of
the ETB were both reported.

All interventions and measurements involving live animaése approved by the Massey

University Animal Ethics Committee (protocol 07/166).

Statistical analysis

The association between TB test reactivity and vaccinatiatus was assessed at the in-
dividual animal level. The chi-square test was used to coenttee proportion of positive

MCT results in vaccinated and control deer. Possible iot@m and the extent of con-
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founding of this association by gender was assessed ugrgdhtel-Haenszel technique
to derive a pooled relative risk estimate (Rothman 2002¢ pdétential effect of cluster-

ing of individual observations within herds on the variaestimates was examined by
calculation of the intra-class correlation coefficient@QDohoo et al 2003). Values of

the ICC range from 0 to 1, with a low<(.1) value indicating little clustering.

5.3.2 Study 2: Risk factors for MCT reactivity
Study design

This was a cross-sectional study using data collected g@ainationwide case control
study. Herds were selected from those participating in #s&-@ontrol study, which as-
sessed risk factors for the presence of MAP at the herd I&lels6op et al 2007). In
that study, 174 deer herds were selected from an initial ladipa of 315 responding to
a postal questionnaire. In 2004/2005, six pools of faega® f£0 adult breeding hinds
on each farm were cultured on BACTEC media (Becton Dickingparks, Maryland,

USA) and herds were classified as MAP positive or negativerdargly. Herd charac-

teristics and risk factor data were collected at the same kiynpersonal interview of the
farmer with a standardised questionnaire and, with farreemgssion, the TB test history
of the property was obtained from AHB records. Herds forusan were those that had
carried out a whole or partial herd MCT between 1 January 200531 December 2005
(n=111). Nine herds that had been classified as TB-infecyethd AHB within three

years of this test were excluded from analysis. The studyladipn thus numbered 102
deer herds. The spatial distribution of study herds istithted in Figuré 511 The original
guestionnaire collected data on 300 risk factors; onlyeéh@s=14) biologically plausi-

bly associated with TB test specificity and possible conétig factors were selected for

inclusion in this study.

Statistical analysis

The unit of analysis was the herd. A binary outcome was MCtpeor negative based
on one or more deer being MCT positive, or all being negatiespectively. The chi-
square test was used to examine associations between tmereuand herd MAP infec-

tion, along with each of the other risk factors. Fisher'sattast was applied if the value
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of any of the cells of the contingency table was less than Stdfs associated with the
outcome at probability values0.20 in univariate analysis were included in a multivari-
able logistic regression model, using a forward stepwitecien method. Improvement

in the model by addition of variables was assessed usingkilénbod ratio test, with the
criteria for retention set at40.1. First order interaction terms were tested and consitler
for inclusion if significant (p<0.05), although none were found. The Hosmer-Lemeshow
goodness-of-fit test was used to assess model fit. All statistnalyses were carried out
using STATA10 (StataCorp, College Station, TX).

A Study herds

Figure 5.1: Study 2: Spatial distribution of New Zealand deer farms @2)1participating in a
case control study of risk factors for TB test reactivity
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5.4 Results

541 Study1

Intradermal tests results are summarized by herd in Flgide®ne hundred and eighty
vaccinates and 181 controls were tested and, across adl, /@ daccinates (44%, 95%CI=37-
51%) and 42 controls (23%, 95%CI=17-29%) were MCT positpxe(.001). Five CCT
positive deer were identified, of which two were vaccinates three were controls. Both
CCT positive vaccinates were positive to the standard ET@&imetation and negative to
the modified-ETB. One of the three CCT positive controls wegative to the standard
ETB interpretation while the two remaining controls werghbmodified-ETB positive

and were slaughtered as TB reactors, under AHB regulatidiere were no macro-
scopic lesions identified at post-mortem inspection, aegtiesence dfl. bovis was not

confirmed by culture in either of the animals.
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Figure 5.2: Study 1: proportion of vaccinated (n=180) and control (nk)18eer positive to the
mid-cervical (MCT) and comparative cervical (CCT) testsbovine tuberculosis applied during
a randomised controlled trial of Silirum vaccine

Stratified analysis revealed no evidence of confoundingdmdgr of the relationship be-

tween MCT result and vaccination. The ICC was calculated@t,&o no adjustment for
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clustering of observations within herds was made. The gatik for MCT reactivity com-

paring vaccinated with control deer was therefore the casfienate of 1.9 (95%Cl=1.4-
2.6). The risk difference was estimated at 20% (95%CI=1@%)3 The association be-
tween vaccination and CCT positivity was not significant mvariate analysis (Fisher’s
exact p=1). The low numbers involved precluded furtheristiaal analysis of covariate

effects.

5.4.2 Study 2

The deer herds in Study 2 included 30 herds in the North Isdawald7 2 in the South Island.
The relationship between herd-level MAP infection and T& feositivity is presented in
Table[5.1. The majority of herds completed a herd MCT tesDiD&2 although two herds
carried out a partial test. The proportion of MCT positivedeanged from 0.07% to
12.8%. MAP was the only mycobacteria isolated from poolextdh samples from the

study farms.

Table 5.1: Study 2: Herd-level results of the mid-cervical test (MCai Ibovine tuberculosis and
presence of MAP in New Zealand deer herds (n=102)

Herd MCT result Total

+ -
Herd MAP+ 41 18 59
Herd MAP - 17 26 43
Total 58 44 102

The summary and results of univariate analysis of the oibkrfactors for TB test pos-
itivity that were investigated are detailed in Tablel5.2.eTdiude association between
herd MCT result and MAP infection status was significant (983), with an OR of
3.5 (95%CI=1.5-8.0) comparing MAP infected and cultureateg herds. The Mantel-
Haenszel pooled OR for herd MAP status stratified by herdvgae3.1 (95%CI=1.5-8.3).
Grazing deer on hill or high country was a marginally sigmifitfactor (OR 2.3, p=0.048).
The multivariable logistic regression model output is swuamnsed in Tablé 5]3. Factors
retained in the model were herd-level MAP infection statod Berd size. After adjust-

ment, the odds ratio for MCT positivity comparing MAP positito MAP negative herds,
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was 3.1 (95%Cl:1.31-7.4940.01).
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Table 5.2: Study 2: Univariate associations between postulated astofs and reactivity to the
mid-cervical test for bovine tuberculosis in 102 New Zedldeer herds surveyed with a question-
naire in 2005

Risk factor Category Control herds Case herds OR95%Cl) p
(n=44) (n=58)

Deer herd size 1(1-630) 21 13 Ref

2(636-1499) 15 17 1.8(0.7-4.9)  0.23

3(1500-9370) 8 28 5.7(2.0-16.1)  0.001
Season of test 1(summer) 5 4 Ref

2(autumn) 1 5 6.3(0.5-77.5)  0.15

3(winter) 22 39 2.2(0.5-9.1)  0.27

4(spring) 16 10 0.8(0.2-3.6) 0.07
Hill or 0 No 32 31 Ref
high country 1Yes 12 27 2.3(0.98-5.5)  0.048
Island 1 South 28 44 Ref

2 North 16 14 0.6(0.2-1.3) 0.18
Downlands 0 No 20 20 Ref

1Yes 24 38 1.6(0.7-3.6) 0.26
Ducks 0 Non/rare 8 7 Ref

1 abundant 36 51 1.6(0.7-3.6) 0.39
Still water 0 No 15 24 Ref

1Yes 29 34 0.7(0.3-1.7) 0.46
Grain fed 0 No 25 31 Ref

1Yes 19 27 1.1(0.5-2.5) 0.74
Flat pasture 0 No 18 22 Ref

1Yes 26 36 1.1(0.5-2.5) 0.76
Irrigation 0 No 38 49 Ref

1Yes 6 9 1.2(0.4-3.6) 0.79
Sheep on DFA 0 No 17 21 Ref

1 Yes 27 37 1.1(0.5-2.5)  0.80
Closed deer herd 1 Yes 13 16 Ref

2 Sire stags 9 15 1.4(0.4-4.1) 0.59

3 No 22 27 1.0(0.4-2.5) 0.99
Cattle on DFA 0 No 10 14 Ref

1Yes 34 44 0.9(0.4-2.3) 0.87
Gulls 0 none/rare 23 31 Ref

1 abundant 21 27 0.9(0.4-2.1) 0.91
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Table 5.3: Study 2: Output of a logistic regression model of factoreisded with reactivity
to the mid-cervical test for bovine tuberculosis in deerdsgin=102) in New Zealand (Hosmer-
Lemeshow p=0.7)

Variable OR 95%Cl p-value
Herd MAP status 3.13 1.31-7.49 0.01

Herd size category 1 Ref
Herd size category 2 1.54 0.55-4.29 0.41
Herd size category 3 4.9 1.66-14.47 0.004

5.5 Discussion

The results presented here showed that 44% of young deenatexd with Silirum in the
study were positive to the mid-cervical tuberculin testiorine tuberculosis 44 weeks
later and that 23% of control deer were also MCT positive. Vaccinated and three con-
trol deer were positive to the CCT and, while the vaccinatessvsubsequently negative
to the modified-ETB, two of the controls were positive. Timdicates that non-specificity
due to the vaccine alone can be distinguished by ancillatg.t& he study also found that
MAP positive herds are 3.1 times as likely to experienceefalssitive MCT results than
MAP negative herds.

A herd selection criterion for the vaccine efficacy trial vedsistory of at least 5% annual
incidence of clinical paratuberculosis in weaner deer,h&se herds represent a popu-
lation believed to have significant exposure to MAP infetti®&ince this is the type of
herd most likely to use vaccination as a means of controllingcal disease, they are
considered representative of the target population. figstith the MCT and CCT during
a preliminary safety study (Goodwin-Ray et al 2008), in adheith no clinical history of
MAP infection, found similarly high levels of MCT reactiyi{50%) in vaccinated young
deer after 48 weeks, although no CCT positives. Howeveha $tudy there were no
MCT positive control animals. An experimental challengal fMackintosh and Thomp-
son 2007), in which young deer were vaccinated with Silirunt then vaccinates (n=39)
and controls (n=40) were experimentally challenged withfound a high proportion

(95%) of both vaccinates and controls to be MCT positive 2@ksepost-vaccination.
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All subjects were negative to a CCT at week 52 post-vac@natiAlthough that study
was not directly comparable since it used a higher dose (dfmfaccine and artificial
challenge with MAP, the findings are consistent with thossented here, i.e. that MAP
infection itself is a cause of MCT positivity. It also indiea that the CCT may resolve
false positive reactions resulting from either vaccinatio MAP infection.

The herds in this field trial were considered to be at low ristuberculosis infection, be-
ing either exempt from on-farm testing or in triennial tagtareas. The skin test reactions
are thus considered likely to be due to non-specificity. Blssumption was endorsed by
the Animal Health Board, as none of the herds were classiddfacted with TB as a
result of the tests carried out during the trial. Furthemaone have been classified as
infected during the last 10 years.

However, test sensitivity is also a potentially importas#iie in vaccinated animals. The
CCT and ETB ancillary tests are used in deer to increase theifgjity of diagnostic
screening, rather than to enhance detectiav dfovis. Therefore, AHB policy currently
prescribes that the CCT may not be approved as a stand-aloeensg test in TB risk
areas due to a lower sensitivity to bovine TB than the MCT. iy the modified in-
terpretation of the ETB may only be used at the discretiorhefAHB, in herds at low
risk of TB infection. This is an important issue, since theainated deer in this study
were determined negative only by the modified-ETB integdreh, suggesting that diag-
nostic specificity could be a problem if vaccination was usedarms on which use of
the modified-ETB was excluded.

Preliminary data from an experimental infection study eixang the effect of paratu-
berculosis vaccination on the sensitivity of diagnoststgd¢orM. bovis infection in deer
suggest that both MCT and CCT sensitivity is reduced in veaateid animals (Mackintosh
et al 2008b). However, investigation of two novel serolagiests for TB diagnosis in
deer experimentally infected witkl. bovis (Buddle et al 2010), found a higher propor-
tion of test positives in TB-infected deer vaccinated witARIcompared to unvaccinated
deer. Although sensitivity of both novel tests to detectcuaated deer infected with.
boviswas 100% (13/13) two weeks following the CCT, specificity led hovel tests was
low at 64% (9/14) in the vaccinated deer compared to 100% mtrots. Test specificity
was also low (60%) in deer naturally infected with MAP, ilikeging again the effects of

MAP infectionper se on test specificity.
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At present, Silirum is recommended for use in New Zealang onfinishing deer des-
tined for slaughter at a young age, prior to becoming elgyfbl TB testing. These deer
are monitored at post-mortem inspection at the abattoiraaadhot normally included
in on-farm TB surveillance tests. In addition, an officiatraarking system to identify
vaccinated animals has been made compulsory. Both of thessures exist to assist
interpretation of the results of diagnostic tests in vaat@d deer that are required to be or
are inadvertently TB tested. As the number of deer herdstedewith TB has fallen from
74 in December 2003 to 7 in June 2010 (M. Bosson, AHB, pers.nedntontinued suc-
cessful progress with the national TB control programme faayer reduce restrictions
on use of the CCT and other ancillary tests and thus permdination in deer intended
for breeding.

Study 1 examined the effect on diagnostic testing at a stilgkeinterval post-vaccination
(approximately 44 weeks). Previous experimental studa@s Buggested that skin test re-
activity may reduce as the time interval from vaccinatiorréases. When tested at week
24 and week 36 post-vaccination a reduction in reactivigasured by the average differ-
ence in skin thickness at the bovine tuberculin injectio®, svas recorded in deer treated
with oil-adjuvant MAP vaccine (Mackintosh et al 2005). A seqte study involving a
different oil-adjuvant MAP vaccine (Mackintosh et al 20D&#so found a reduction in
the skin thickness difference at the bovine tuberculindtipm site between weeks 37 and
57. There would therefore be value in further studies to emartine longer-term effect of
vaccination on the MCT. If the vaccine is used in deer to baimed on farms for breed-
ing or velvet antler production, they would normally becotast-eligible only from 15
months of age, and some may not be first tested until they aezadg/ears old.

In this study, the CCT was applied as a screening rather tham ancillary test, for lo-
gistical reasons. However, depending on the outcome dfdudtudies on the persistence
of cross-reactivity, and approval from the AHB, the CCT maytbe most appropriate
screening test for TB surveillance for vaccinated comnaéieer herds. Although the
CCT is more expensive initially, this would largely obvisibe additional cost and incon-
venience of using ancillary tests on MCT positive vaccidateer. However, in addressing
cross-reactivity due to vaccination, the effect of natumtdction with MAP per seon TB
testing should not be overlooked. Two of the controls fatiedlear ancillary tests and

had to be slaughtered as TB reactors, indicating that ilfeeione can reduce the speci-
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ficity of TB tests.

The results of the second study presented here demongtrassaciation between MAP
infection and MCT reactivity at the herd level, with MAP-atdted herds having 3.1 times
the odds of a positive MCT test result. There were limitadianthin the data available,
as no record of the identity of individual animals is maintad in the AHB database if the
MCT result is negative. This meant that no analysis coulddvged out at the individual
animal level. However, the herd-level approach is readenala study designed to gen-
erate hypotheses on risk factors for TB test reactivity. ihfi@mation on exposures and
outcome at the herd level related to the same time periodb)2€tus addressing the issue
of temporality. Classification of herds as MCT positive ogatve using the test records
kept by the AHB was objective. In practice, though, the apib detect a positive MCT
reaction may be influenced by factors such as adequatergghtid restraint of stock,
and misclassification of the outcome was thus possible. Mervany misclassification
was unlikely to be biased by the exposures under study. Ttegaasation of herds as
MAP-infected was also a possible source of misclassifina##dthough faecal culture is
considered 100% specific for presence of MAP, sensitivithatindividual animal level
is estimated at 47% when compared against tissue culturegaklatandard (Schroen
et al 2003). The sampling protocol applied for the clasdificaof herds for this study
was estimated to have a herd-level sensitivity of 81% (Glpst al 2007b). It is therefore
possible that some MAP-infected herds were incorrectlysifeed as MAP negative. This
could bias the observed estimate of the effect of MAP stahesdirection of bias being
dependent on results of the MCT test of wrongly classifiedsier

The original case-control study from which the data for $t@dwere sourced investi-
gated over 300 exposures as potential risk factors foraoalrparatuberculosis, but for
this study only those plausibly biologically associatethwiiB test reactivity were col-
lated. Exposure to avian wildlife, for example, was inclddes a potential source of
M. avium exposure, as this organism has been recognised as a passilske of cross-
reactivity to bovine tuberculin (Griffin and Buchan 1991)relminary reports of risk
factor studies for clinical paratuberculosis (Glossopl @ 7b) have suggested that the
presence of sheep on the deer fenced area is negativelyaiedgoaith clinical disease in
weaner deer, while the presence of cattle is positively@atad. These exposures were

investigated as independent risk factors in this studyt msspossible they may have an
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effect on MCT specificity through the introduction of otheoss-reactive antigens to the
deer population. However, no statistical association wasd between either of these
factors and MCT positivity at the herd level.

The association demonstrated between increasing herdrsizz positive herd-level MCT
result is explained by the probability of at least one faissitive test result increasing
with the number of animals tested with an imperfectly spet#st (Christensen and Gard-
ner 2000), thus a herd size effect could be anticipated. wassshown in analysis to have
a slight positive confounding effect on MAP infection as skrfactor. Failure to find
significant associations with the other risk factors musintberpreted in the light of the
relatively small sample size and therefore power of theystlilose factors that appeared
marginally significant in univariate analysis, i.e. seaebtest, topography (hill or high
country) and island, may be subjected to more detailed iigason in a study using a
larger, national dataset of TB test results, post-mortegicators of MAP infection and
spatial information that is currently being planned.

In conclusion, infection with MAP and vaccination with &ilim increases the risk of non-
specificity of the MCT in deer. The CCT and modified-ETB usedeénies are effective
tools to resolve the reduced specificity of the MCT. Howewdrere use of these tests is
not permitted, non-specificity related to infection andomation will be more difficult to

address.
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CHAPTER 6

Bayesian estimation of the sensitivity and
specificity of individual faecal culture and
Paralisa’ " to detectMycobacteria avium subsp.

paratuberculosis infection in young farmed deer

6.1 Abstract

A Bayesian latent class model was used to estimate the iségsand specificity of an
IgG1 serum enzyme-linked immunosorbent assay (Paralishinaividual faecal culture
(IFC) to detect young deer infected wiiycobacterium avium subsp.paratuberculosis.

A zero-inflated random effect logistic model was developedltow for zero-infection
herd status, as well as capturing between-herd heterdgesditional on a positive
infection state. Paired faecal and serum samples werectadlebetween July 2009 and
April 2010, from 20 individual yearling (12-24 month old) etein each of 20 South
Island (SI) and 17 North Island (NI) herds and subjected ttuceiand the Paralisa test,
respectively. Two faecal samples and 15 serum samples fBhiNBdeer, and 55 faecal
and 37 serum samples from 401 South Island deer, were posiistimates and 95%
credible intervals (Cl) are reported, based on the medid2abP6 and 97.5% quantiles
of the posterior distribution. The estimate of IFC sengitiwas 77% (95% CIl 61-92%)
with specificity 99% (95% CI 98-99.6%). The Paralisa sewisjtiestimate was 19%
(95% CI 10-30%), with specificity 94% (95% CIl 93-96%). All imsates were robust
to variation of priors and assumptions tested in a sentsitanalysis. These data inform

the use of the tests in determining infection status at tbidual and herd level. They
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may therefore be applied to developing herd classificattogqammes and to monitor the

effects of control interventions in New Zealand deer herds.

6.2 Introduction

Deer farmers in New Zealand have been seeking to reduce tfegrmrnmpact of paratu-
berculosis caused bylycobacterium avium subsp.paratuberculosis (MAP). In contrast
to the chronic disease syndrome seen in adult sheep an€, ¢a#lhighest incidence of
clinical paratuberculosis or Johnes disease is recordgdung « 2-year-old) farmed
deer, which succumb rapidly to emaciation and death, ofiémmweeks (Mackintosh et
al 2004). Industry-funded research has been directed estiigating risk factors for dis-
ease (Glossop et al 2007b), the influence of age at exposulisesse outcome (Mackin-
tosh et al 2010b) and the efficacy of candidate vaccines (Mtagh et al 2008a, Stringer
et al 2009a). A national surveillance system to monitor tieedience of gross pathology
typical of paratuberculosis, i.e. enlarged and/or gramalimus visceral lymph nodes, in
the deer slaughter population has been established (Lyd@h)2 The aim of slaughter-
house surveillance is to feed back information to affectedisand to encourage disease
control, ultimately reducing the impact of paratubercida farm level and the preva-
lence of infection and gross pathology in deer presentedl&mghter.

A baseline estimate of individual animal (45%) and farm (59@fection prevalence in
slaughtered deer has been established (Stringer et al R@0@itiow the effect of this and
other interventions to be monitored. However, the factaftaéncing progression from in-
fection to disease in deer are still poorly understood, anthom management measures,
other than test-and-slaughter, are generally aimed atmeglexposure to the organism
and minimising environmental and nutritional stress (filend Castillo-Alcala 2004).
On farms believed to be free of infection, ensuring thataepments are sourced from
herds of similar infection status is an important factor iaimtaining that status. It is also
an expectation that stud deer presented for sale shouldenioffdcted. Herd classifica-
tion programmes may be set up to assist such herds, usingadithgtesting to support
absence of infection in putatively uninfected herds. Ex@atin of herd classification and
on-farm control programmes for deer requires an estimateeadiccuracy of the currently

available diagnostic tests, namely faecal culture and &1 lgerum enzyme-linked im-
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munosorbent assay, commercially marketed as the ‘Pdraksewledge of diagnostic
test sensitivity allows herd classification programmesealbveloped using an accurate
estimate of the number of animals that require to be testedhierd for a given level of
confidence in freedom from infection. The threshold numbgrasitive results that can
be found while still concluding that the herd is free fromeiction at the given confidence
level requires knowledge of the test specificity.

Where a ‘gold standard’ reference test exists that peyf@bintifies true infection status,
sensitivity and specificity of a second test may be direcitineated. Although intestinal
tissue culture is considered an early and sensitive methodssifying true MAP infec-
tion status (Whittington and Sergeant 2001), there is nd gtdndard test available for
MAP infection in the live animal. The true infection statudlze live individual is there-
fore unknown (‘latent’). In this situation, latent class tmeds (Hui and Walter 1980)
may be used to evaluate two conditionally independent wesén applied to two popula-
tions of differing infection prevalence. Modelling may usaximum likelihood methods
(Pouillot et al 2002) or Bayesian inference (Johnson et @lL20The Bayesian approach
incorporates prior information on test accuracy and inéecprevalence, and has the ad-
vantage that point estimates and probability interval¢det parameters can be estimated
without the need for a large sample size (Enoe et al 2000).

The test characteristics of individual faecal culture (Jlf@ve not previously been estab-
lished in the NZ deer population. While estimates of Paaadisnsitivity and specificity
have been published for clinically affected deer (Griffirae2005), there is limited data
on the performance of the Paralisa in young and sub-cligigaected deer.

The aim of this study was to estimate the sensitivity andifipig of IFC and the Paralisa
to identify young deer infected witllycobacterium avium subsp paratuberculosis. The
unit of analysis was the individual, and the primary objeztvas to assess test accuracy
for the purpose of herd classification or ‘freedom from itf@c type sampling. Esti-
mates of test sensitivity and specificity may also be usedijissafor misclassification in
surveillance studies of the target population, i.e. infgrtrue from apparent prevalence,

therefore the accuracy of the tests for use in prevalenace&sbn was also assessed.
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6.3 Materials and Methods

Study populations

Two populations of deer with differing infection prevalengere required for the analysis.
Previous studies have suggested that the prevalence ihtlifisease and MAP infection
in deer is higher in the South Island (SI) of New Zealand camgao the North Island
(NI). A national questionnaire-based study (Verdugo etG® of deer farms carried
out in 2008 found 25% reported suspect or laboratory-coefirparatuberculosis in the
NI compared to 39% in the SI, while a prevalence study of dyassrmal mesenteric
lymph nodes of slaughter deer in 2008/2009 (Stringer et @@BpPfound MAP in 29% of
samples from the North Island and 51% from the South Islahes& data supported the
use of North and South Island deer as the two populationsss=sectional sampling of

these populations was carried out between July 2009 and 2q40.

Herds

Samples were sourced from deer herds participating in ametmulti-species paratu-

berculosis and leptospirosis prevalence study involvipgstal survey and on-farm sam
pling of a sub-set of responding farms. The survey is deednb detail by Verdugo et al.
(2010). The deer herds used for on-farm sampling were seldadm a sampling frame
of farmers with at least 40 deer (n= 241) who responded to &@pgsestionnaire provid-
ing information on clinical incidence of paratuberculosiger the previous three years.
Sample size for the test validation study reported here Waised to 750 paired sam-
ples for logistical and resource reasons. A subset of 20shfendh the South Island and
18 from the North Island were selected for blood and faeaalpda collection, based on
maintaining the same proportions of clinically affected autatively infection-free herds
as calculated from the postal questionnaire data. Twergypfvcent of North and 40% of
South Island herds reported clinical paratuberculosigerstirvey, therefore samples were
processed from 5 on-farm survey herds that reported suspecinfirmed disease from
the North Island and 8 from the South Island. Sampled herds distributed throughout
the deer farming regions of New Zealand (Figure 6.1).
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A sampled herds

Figure 6.1: Distribution of deer herds (n=37) used for a test validagardy of individual faecal
culture and Paralisa in yearling deer
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Tests

Samples were collected on-farm by veterinary practitisrmertechnicians supplied with
comprehensive written instructions. Whole managemenigg®f deer 12-24 months
of age were gathered and samples of faeces (10g) and blood)(4@re collected from
twenty randomly selected clinically normal individual déeeach herd. Faecal samples
were taken per rectum using a fresh glove for each sampleland bamples were col-
lected by jugular venipuncture into 10ml vacutainer tulusing a new sterile needle for
each animal. The sampling instructions were field-testel thiree veterinary practition-
ers at the beginning of the survey to ensure they were claarderstand and practical to
implement. Confirmation was sought from each veterinatian fresh gloves had been
used to collect each faecal sample before the samples weddarsthis study.

Fresh faecal samples for MAP culture were sent in chilledlated containers to the my-
cobacteriology laboratory at the National Centre for Baas#y and Infectious Diseases
in Wellington, New Zealand. The culture procedure applieéeontamination step using
cetylpyridinium chloride and BACTEC 12B liquid culture mach containing egg yolk,
mycobactin and antibiotics as described by (Whittingtoal 999). All positive cultures
were confirmed for presence of the IS900 sequence by PCR.

Blood samples were centrifuged at 3000rpm (1512xg) for Iftuteis and serum samples
were drawn and tested fresh with the Paralisa at the DiseaseaRch Laboratory, Otago
University, Dunedin. The Paralisa is a customised IgG lbaly ELISA test (Griffin et al
2005) that uses two antigens, MAP protoplasmic antigen ¢PRAd MAP purified pro-
tein derivative (PPDj), and an in-house anti-deer antibddpgtical density (OD) values
were converted to ELISA units by subtracting the OD of a knowgative and multiply-
ing by 100 and samples were scored positive or negative ittheoint of 50 ELISA

units was reached for either antigen.

Statistical analysis

A Bayesian latent class model, based on the two-test, typaHption model described
by (Johnson et al 2001), was developed to estimate the sggsaind specificity of the
IFC and Paralisa tests. The estimates were derived from traéam of the posterior

distributions of the parameters and associated 95% ceedibérvals. The model was
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fitted using WinBUGS (Spiegelhalter et al 1996) and was ruri@®,000 iterations, after
discarding a burn-in period of 5,000.

Leta € {0, 1} be the outcome of test, andb € {0, 1} be the outcome of te§, with 1
denoting test positive, and 0 the converse. ThemJgbe the probability of observing
the respective test combinations. For example,is the probability that both tests are
positive. Se and Sp denotes test sensitivity and specitiitgsta (Paralisa) or tesh
(IFC). Independent multinomial distributions of the data= (vi1ik, Y10k, Yorik, Yooik,)

within each herdk) in island {) were modelled such that:

Yir ~ Multinomial(nig, P11k, P1oik, Potik, Pooik)

and

Priik = Tk Seq Sey + (1 — ) (1 — Spa) (1 — Spy)
Proik = TipSeq(1 — Sep) + (1 — mir ) (1 — Spa)Spe
porik = Tk (1 — Seq)Sep + (1 — mir) Spa(1 — Spy)
pooir = Tix(1 — Sey)(1 — Sey) + (1 — mix) SPaSps

The true prevalence;; in the kth herd on thath island is a zero-inflated logit-normal
random variable such that

*
Tik = ZikT L

where

Zik « Bernouilli(y)
and

logit(myy) = o + ik
where

a ~ Normal(—0.26,0.42)
and
Wi~ Normal(0,1/7)

where

T v Gamma(1,1)
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Thusz;;, takes a value of 0 or 1, allowing herds to have a non-infedtails, informed
by ¢;, which takes a beta prior distribution of the proportionmeicted herds in each is-
land. Then, conditional op;;, =1, the within-herd prevalence is modelled using a normal
linear model with a logit link function. The logit-transfoed within-herd prevalence for
both islands is represented bywith = the precision ofy, while the random effect,
captures herd-level heterogeneity. The model assumethihawo tests are independent
conditional on true infection status, with constant testuaacy across populations. Ex-
pert opinion and data from previous field studies providedghor information on test
sensitivity, test specificity and prevalence of infecteddsen each island. Uncertainty
about these values was modelled using independent betadistdabutions (Tablé 611),
derived from the modal (most likely) values and 5th or 95ticpatiles using the Beta
Buster software programme (Chun-Lung 2010). For examp&nost likely value for
IFC specificity was considered to be 98% and the expert was@5tain that the value
was greater than 95%, corresponding to beta (151.8, 4.08).

Sensitivity analyses were conducted to assess the influgrtbe prior distributions on
parameter estimates, using a Uniform (0, 1) distributiomfibhin-island herd prevalence
and optimistic and pessimistic priors for test accuracy.

Model convergence was assessed in WinBUGS by examiningderies plots and by
specifying three sets of initial parameter values and erargithe corresponding Brooks-

Gelman-Rubin plots and convergence statistic.

Table 6.1: Prior information on test sensitivity and specificity, hgnetvalence and within-herd
prevalence for Bayesian latent class analysis

Parameter Prior estimate 5th/95th percentile Distribution

Herd prevalence North Island 0.50 >0.1 Beta(1.53, 1.53)
Herd prevalence South Island 0.70 >0.5 Beta (6.33, 3.28)
Sensitivity faecal culture 0.50 >0.2 Beta (3.26, 3.26)
Sensitivity Paralisa 0.77 >0.1 Beta (1.35, 1.10)
Specificity faecal culture 0.98 >0.95 Beta (151.8, 4.08)
Specificity Paralisa 0.995 >0.95 Beta (70.9, 1.35)

Within-herd prevalence 0.30 <0.9 Logit-normal (-0.24, 0.42)
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Examination of the MCMC mixing indicated dependence betwbe random effect and
the precision of the within-herd prevaleneg.(A partially non-centred MCMC algorithm
was hand-coded to test for the effect of mixing quality on régults (Papaspiliopoulos
et al 2007). This technique helps to reduce the dependenaed®r and the vectoy,

thereby improving algorithmic efficiency. However, theuks obtained were very close
to those obtained using the less efficient, centred algaras implemented by WinBUGS
indicating that the dependence betwegnandr did not bias the estimates. Modelling
and sensitivity analysis was therefore carried out in WikE) due to its operational

convenience.

6.4 Results

Descriptive

Data were available for 737 paired samples from 37 herdxpdated in the North and 20
in the South Island and are presented in Table 6.2. Contaiminaf 7/20 of the faecal
samples from the 18th herd sampled in the North Island méanté-culturing on solid
media was necessary and results were not available at tleeofinvriting. Overall, 57

faecal samples were culture positive and 52 serum samplesRegalisa positive.

Table 6.2: Individual faecal culture (IFC) and Paralisa results bgnsl

IFC + IFC -
North Island
Paralisa + 1 14
Paralisa - 1 320
South Island
Paralisa+ 10 27
Paralisa - 45 319

The herd-level results are summarised in Fiduré 6.2. Thebeurof culture positive
samples in each herd ranged from 0-17, while the number @iBarpositives ranged

from 0-7. In samples (n=259) originating from herds repuytat least one suspected or
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confirmed case of clinical paratuberculosis in 2006-08gtheere 23 IFC and 25 Paralisa
positives. There were 34 IFC and 27 Paralisa positives imkzs1(n=478) from herds

that did not report suspicion of disease.

North Island

=
(O] .
> "°
D N l N l N
o _ | |
o o
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F o
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0 _| —
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o |
—
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o
Herd
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Figure 6.2: Number of faecal culture and Paralisa test positive deeflivi Berds sampled in the
North Island and 14/20 herds sampled in the South Island of Realand

Test sensitivity and specificity

The sensitivity of faecal culture to identify young deereiated with MAP was estimated
at 77% and that of the Paralisa was 19%. The specificity etsrfar IFC and Paralisa
were 99% and 94% respectively. The estimates and 95% ceeithitarvals for the test
parameters are summarised in Tdbleé 6.3, while the assdqaterior distributions are
illustrated in Figuré 6]3.
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Figure 6.3: Prior and posterior distributions, and posterior medidnes of sensitivity (Se) and
specificity (Sp) of individual faecal culture (IFC) and thar8lisa from Bayesian analysis

Sensitivity analysis

Applying weakly informative priors for herd prevalence,mpre pessimistic priors for
test specificity, did not affect the estimates. Amendingdisésensitivity priors influenced
the median of the posterior distributions of the amendedrpater, although the change
was small in relation to the credible interval around thenpestimate. In one herd, 15
faecal samples were IFC positive, but all serum samples Waralisa negative. The

model was run excluding all data from this herd to assess dahesponding influence
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on the estimates. The estimates remained similar for aflmaters except the Paralisa
sensitivity estimate, which increased to 27% and had a vadstible interval (15-41%).
There was no evidence of lack of convergence of the model wiitated from different

starting values

Table 6.3: Posterior median estimates, SD and 95% credible intergalsined from Bayesian
analysis, of sensitivity and specificity of individual fagéculture (IFC) and Paralisa to identify
young deer infected witMycobacterium avium subsp.paratuberculosis

Parameter Median SD 2.5% quantile 97.5% quantile
Sensitivity IFC 0.77 0.08 0.61 0.92
Sensitivity Paralisa  0.19 0.05 0.10 0.30
Specificity IFC 0.99 0.004 0.99 1.00
Specificity Paralisa  0.94  0.009 0.93 0.96

6.5 Discussion

This study used a cross-sectional sampling design and Baykdent class analysis to
estimate the performance of individual faecal culture {IR@d Paralisa to identify MAP-
infected yearling deer. Sensitivity of IFC and Paralisa wasmated at 77% (95% ClI
61-92%) and 19% (95% CI 10-30%) and specificity at 99% (95%9100%) and 94%
(95% CI 93-96%), respectively.

Direct estimation of test performance is carried out usiolyl gtandard methods, with
samples from animals of known infection status. As thesenaoessarily classified by
one or more reference tests, they may have an inherent fepeof disease’ bias, as they
often represent the more severe cases or most heavilyedfectbjects in a population.
Internal validity, i.e. the generation of unbiased estesats more important than preci-
sion in test evaluation, since biases of estimates at theidual animal level may have
a significant impact when applied to herd-level interpieta{Christensen and Gardner
2000). Latent class methodology has the advantage thatatss of test accuracy can be
obtained without the need for a ‘perfect’ reference tesd, s thus less prone to bias
introduced by the reference test. In addition, establslaipanel of samples of known

status for gold standard methods can be logistically chgitey and costly for the required
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sample size, even if partial verification methods are usedtle population is screened
with the new test and only a proportion are followed up wite gold standard (Begg
and Greenes 1983). A further advantage of the Bayesian agipiis thus the reduced
requirement for a large sample size. The selection of thesian latent class method for
test evaluation was therefore not only related to the lack @bld standard test for MAP
infection in the live animal, but also to consideration ofgutial bias and cost. Bayesian
methods also allow complete blinding at all levels of sangoldection, processing, test-
ing and analysis. No herds or animals for which test resudt®wavailable were excluded,
so another possible source of selection bias was eliminated

A key assumption of the model used in this type of study is thatcandidate tests are
conditionally independent, i.e. that the outcome of onedess not depend on the results
of another for infected and non-infected animals. TestsWwhieasure different biologi-
cal processes are likely to be independent of each othed(®gret al 2000). Since faecal
culture identifies the presence of the MAP bacteria and Rardktects serum antibody,
the assumption of conditional independence is theref@somable.

Variation in test sensitivity and specificity between andhn populations is recognised
(Branscum et al 2005), and it was expected that there woultiffezences in infection
prevalence between the herds. Individual within-herd aleswce was therefore modelled
using random effect logistic regression. The estimatewetfrom this analysis were
population-averaged sensitivity and specificity valueswelver, it is recognised that if
there is a difference in test performance between the two p@pulations, in this case
the North and South Islands of New Zealand, there may be &smonding effect on
the estimates of test sensitivity. They may be biased tosvdrel population with highest
disease prevalence, since most of the data supports tiaaesiToft et al 2005). The
sensitivity of the tests may therefore be overestimatethamajority of the data on test
positive animals (92/109) originated from South Islandliser

The target population was clearly defined as clinically rargearling deer and the pri-
mary test purpose was ‘freedom from infection’ samplingthes may be used in devel-
oping herd classification schemes. While the specificityudfuce methods to identify
the presence of MAP is considered to be 100%, it is thoughtdahanals may ingest
MAP which is then detectable in faeces although the animabtanfected, referred to

as ‘passive shedding’. The frequency of occurrence andellegance of this in disease
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transmission have not been established. It is difficult tovkmvith certainty that faecal
culture positive animals are not infected, given the lackldolute sensitivity of tissue
culture and histopathology methods. If passive sheddieg docur, the specificity of IFC
to classify deer as infected may be less than 100%. The digtimis not an important
one when herd infection status is the ultimate aim of testig it may be relevant when
the test purpose is animal-level infection prevalenceregton.

Accordingly, the prior value used for specificity of faecaltare was 98%, and a more
pessimistic lower bound of IFC specificity was modelled dgsensitivity analysis. The
posterior distributions for the test parameters remaim@dlas using the adjusted prior,
and it is thus reasonable to use the summary values repogtedas test accuracy for
prevalence estimation.

The source population for the study was based on responsgdstal questionnaire and
active participation in a nationwide on-farm sampling gyrfor paratuberculosis and lep-
tospirosis. The resulting sampling frame can introducs,l@ia farmers with experience of
these diseases may be more likely to respond, and thus ammaalibe less representative
of the target population. However, the postal survey paditts may have responded due
to an interest in either leptospirosis or paratubercu)ésace lowering the risk that there
was bias in response due solely to experience of paratuberguAs there was a similar
distribution of positive results in samples from herds tiegtorted suspect or confirmed
paratuberculosis and those that didn't, it is unlikely tfeeponse bias, if present, had an
effect on external validity.

The estimate for the sensitivity of the Paralisa was lowanttine estimate of 77% previ-
ously reported in sub-clinically infected deer (Griffin €2805). However, that study was
carried out in clinically affected herds, in older animatglan the context of a test-and-
cull control programme. Sensitivity of ELISA tests for paaerculosis is related to the
stage of infection, being lower in the early stage, and highkigh faecal MAP shedders
(Collins 1996, Whitlock et al 2000). An estimated sensiyivaf 91% for the Paralisa in
clinically affected deer has been reported (Griffin et al200hdicating the effect of stage
of infection on test sensitivity. It is plausible that teshsitivity in heavily infected and
diseased herds is higher, as such herds are likely to hawghartproportion of animals
in more advanced stages of infection than herds with nocalirdisease.

A recent study in cattle has shown age to be a determinant (8Alest performance,
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with test sensitivity higher in older than in young dairytt&i{Norton et al 2010). The
application of control programmes themselves may affettterformance. For example,
the removal of test-positive animals may increase spewifiyi removing both infected
animals and false positives from the population (Greiner@ardner 2000). As test vali-
dation should consider the target condition, test purpadelze distribution of covariates
that may influence performance in the population in whichtése will be applied (OIE,
2004), direct comparison of these estimates is difficult.

In an experimental challenge trial in young deer (Mackihtes al 2007), the Paralisa
identified 27% (19/68) of sub-clinically infected deer inialihn MAP infection was con-
firmed by tissue culture. The proportion of sub-clinicalhfacted deer that were IFC
positive was 4/68 (6%). The sensitivity of IFC in the studysvi@ver than previous esti-
mates and the estimate presented from our study. One possilanation is that during
the experimental trial, faeces were stored at -20C priouttue. These storage condi-
tions can lead to significantly reduced MAP viability andgHawer culture sensitivity
(Khare et al 2008). Our point estimate for Paralisa sentit{t9%) was lower than the
27% described by Mackintosh et al. (2007) but that obsermdtills within the bounds of
the credible interval of our estimate (10-30%). Additidpathe range of different herd
and environmental exposures, MAP sub-types, and hostigenetluded in our study
means that the results are a population-averaged estirfnas performance, rather than
limited to a single specific combination of conditions.

In an Australian study (Schroen et al 2003), a deer-conguB&atSA had a sensitivity of
33% in sub-clinically infected deer, when compared to #ssulture as a gold standard,
using a cut-point giving a specificity of 99.5%. In contrdbg sensitivity and specificity
estimates obtained in our study are more comparable to tige raf values for ELISA in
the same target condition (infection) in cattle, as regbirtea review by Nielsen and Toft
(2008), i.e. sensitivity 7-22%, specificity 85-100%.

The sensitivity estimate for individual faecal culture ¥)/is high but plausible. Quan-
titative studies have suggested that the concentrationAR i faeces of infected deer
is an order of magnitude greater than that of cattle (O’'Beeal 2010). Faecal samples
from clinically normal 11-month-old deer tested with IFCamprevious study (Stringer et
al 2009a) found animal-level apparent prevalence of up % B0Oherds where there was

clinical disease.
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Although a number of studies have used latent class metlwodstimate sensitivity of
IFC in cattle (van Schaik et al 2007, Norton et al 2010, Wdllal006), finding values
ranging from 40% to 75%, there have been few reports of IF@peance in deer. In the
Australian deer study, (Schroen et al 2003) IFC detectefi% af deer (112/166) with
“confirmed JD” and 47% which were tissue culture positivewedwer, the case definition
of “confirmed” includes faecal and tissue culture and hiatbplogical examination and
there is no information on age or clinical disease statugjmgacomparison difficult.
Clinical disease is seen in yearling deer more frequentlyiimier and spring (Glossop et
al 2008) and, as sensitivity of both tests is related to dissaverity, season may have an
influence on the resulting estimates. In yearling deer iiffscdlt to separate the effects
of herd, age and season to examine seasonal effects on tiestr@nce. The sampling
period covered all seasons and ages of deer from 12-24 mahttsshad the advantage
that average values for test performance in yearling dess wlatained.

The sensitivity analyses showed that the model outputs vedmest to changes in prior
values, being driven by the data rather than the prior valliég inherent difference in
prevalence of infection between the islands was the keyedo¥ the robustness of the
estimates, although the relatively small number of posg@mples meant that there were
wide credible intervals around the sensitivity estimates.

The hypothesis that there is an effect of strain type on MAfRgIgenicity in deer is sup-
ported by evidence from the previously described experiat@nfection study (O’Brien
et al 2006, Mackintosh et al 2007), in which a type | MAP iselased was found to be
less pathogenic in young deer than a type Il isolate. It isglde that there could be a
corresponding effect of MAP type on test sensitivity. Thealsa was developed using
samples from clinically affected herds, in which type Ille&ges may be more prevalent.
The MAP pathogenicity study of Mackintosh et al. (2007) fdurd11 (9%) of the sub-
clinically infected deer challenged with a medium dose eftifpe | isolate were Paralisa
positive compared to 5/16 (31%) of those challenged withstimae dose of a type Il iso-
late. There are no robust data on the relative prevalencgpefitand type Il strains of
MAP in deer in New Zealand either in clinically affected obstlinically infected herds.
Investigation of the effect of strain type on test perforceamwould therefore be a useful
enhancement to this study.

In summary, this study has estimated the sensitivity anditpigy of Paralisa and IFC to
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identify yearling deer sub-clinically infected with MAPhE& estimates may be applied in
developing herd classification programmes and to moniweffects of control interven-

tions in New Zealand deer herds.
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CHAPTER 7

General Discussion

7.1 Introduction

The aim of this thesis was to provide epidemiological evaetiat can be used to inform
strategy, at industry and farm-level, for control of diseasd infection due ttMycobac-
terium avium subsp paratuberculosisin deer.

The work presented in the previous chapters has estableéshadeline individual animal
and herd-level prevalence estimate for MAP infection imigleter deer, assessed the effi-
cacy of a candidate vaccine for control of clinical and surchl disease in young deer,
examined the effect of using the candidate vaccine as wsllAR infectionper seon the
specificity of diagnostic tests for bovine tuberculosis @edand estimated the sensitiv-
ity and specificity of faecal culture and the Paralisa to deW®AP infection in clinically
normal young deer.

The thesis began with a review of the evidence base for thHedical and cost effec-
tiveness of interventions that may be applied for herdileeatrol of paratuberculosis
in deer. The individual epidemiological studies condudtedchieve this aim were then
presented as papers prepared for submission to referegdicijournals, and referenced
existing knowledge in each discussion section. That foattattvs only limited critique of
the science, relevant literature and implications. Theeefin this concluding chapter, the
methodology and results of the thesis studies are considedévidually in more detalil,
with suggestions for how they could have been enhancedwetl by recommendations
for future work. The chapter concludes with a discussiomefimplications of the thesis

findings for control of paratuberculosis in deer at the natl@nd herd-level.
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7.2 Review of the individual epidemiological studies

The individual studies are considered in more depth in thitisn, which includes a
discussion of design issues, collaborative work and amtthtidata collection or analysis
which was originally planned or now recommended. The ingpians of the results of

each study in the wider context of paratuberculosis comtr®ldiscussed in section 7.3.

Nationwide MAP prevalence study

The aim of the prevalence study (Chapter 3) was to estimatpriavalence and describe
the geographical distribution of MAP infection in the Newatand deer population. The
study was the first to establish national MAP infection plemee in slaughter deer. There
had been no previous work to determine the national pregalehinfection or incidence
of clinical disease in New Zealand deer or deer herds. Sorbksped articles refer to
a high clinical disease incidence-20% in weaners, i.e. up to 1-year of age) in some
New Zealand deer herds (Griffin et al 2005, Mackintosh et @42@lossop et al 2008).
However, the reports are based on information from indiaicaffected herds; the na-
tional prevalence of herds experiencing such levels ofadisdnas not been established.
A study by our research group is currently under way to edarttee national prevalence
of deer herds with MAP infection and clinical disease (Vegoet al 2010). Although
the Chapter 3 study provided an estimate of infected herdafgece, it was designed
for individual animal rather than herd level infection paance estimation; four samples
per consignment of slaughter deer were collected, whichneasufficient to determine
infection status at the herd level, and only 57 herds weregpkain The prevalence of
infected herds was thus likely to be underestimated.

The abattoir population was chosen for several reasonglsallection was logistically
fairly straightforward and could include a larger numbehefds in a short period of time
than on-farm sampling; a highly sensitive and specific tes$e culture) could be ap-
plied to samples; and random selection of carcasses and henimised the selection
bias that may result from voluntary participation in stsdseich as that of Glossop et al.
(2007b). However, abattoirs are not a sterile environmewntiich to take bacteriological
samples and although sample collection was carried outantierile technique, the risk

of cross-contamination remained. This is less of an issuerevthe data are used as a
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baseline against which to measure future abattoir-basm@lence estimates. However,
as a stand-alone measure the prevalence may be over-estifrabss-contamination did
occur.

Concern about the possible public health implications if Mghould be shown to be a
causal factor in Crohns disease may make interpretatidmegbtevalence data more im-
portant. Therefore in the paper prepared for publicatianeftl reference was made to
sampling of nodes rather than carcasses, as no inferenbe pnegsence of MAP in mus-
cle tissue was intended.

At the design stage of the prevalence study, a specificlioibgctive was to characterise
the resulting MAP isolates. This work would have been a tatly to describe the dis-
tribution of molecular sub-types in the population, as nchsstudy had previously been
carried out in the New Zealand deer population. | was pddrbuinterested to compare
sub-type distributions between the North and South IslaRosvious work (Glossop et al
2008) had suggested a higher prevalence of infected deds hrethe South Island, and
this was also found in the nationwide prevalence study.dnded to test the hypothesis
that molecular sub-type is a factor explaining this obsgiéference, and also intended
to use the data to examine the association between the peeseabsence of MLN gross
pathology and sub-type. Although there is limited inforioabn the molecular sub-types
of MAP found in cases of Crohns disease, it appears that aplart group may be as-
sociated with human infection (Motiwala et al 2006). Knowimhich strains affect deer,
and whether infection with these may be detected at postemogxamination may have
an impact on how human health risks are managed, should MAéhie=a public health
issue.

Accordingly, | initiated a collaborative project with thedvedun Research Institute in
Scotland and undertook training in pulse-field gel eledimypsis and MIRU-VNTR meth-
ods. The work was intended as a pilot study to help deternhi@ertost suitable method
for characterising the New Zealand MAP isolates. Howevespide obtaining an import
licence and setting up export certification, we were unablgdt agreement to access
the stored isolates from the laboratory at Wallacevillebstguently, the development of
a sub-typing system for New Zealand MAP isolates was fundethé national Johnes
Disease Research Consortium. Unfortunately the systeraruelelopment for the NZ

population of MAP isolates was not finalised at the time otiwwg, but tissue and isolates
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have been stored so that the work described above can berdtheefuture.

The prevalence data from the Chapter 3 study may be usedtwrirfecisions about con-
trol at the industry level, and provides a baseline agaimsthvto measure industry-level
interventions. The data may also be used to validate themadtdeer surveillance system
operated by Johnes Management Limited (JML). The cultute agpresent one input to
estimating sensitivity and specificity of the whole systendétect a MAP-infected herd,
using for example scenario tree modelling, and have already used as part of a val-
idation study of MLN size as a predictor of MAP infection (J@mham, unpublished
data). The recently developed mission statement of JML fslégelop and maintain a
database for the monitoring of Johne’s Disease in deer astatfective tool for reducing
the risk and cost of this disease to the New Zealand deertiryd¢S. Norton, JML, pers.
comm.). JML feeds back information to deer farmers on pasttem pathology typical
of paratuberculosis, and supports them in controllingaliseon-farm, using a network
of veterinarians trained as advisors in on-farm managewfgrdratuberculosis. The im-
pact of the initiative on infection prevalence in slaughtedeer can now be measured,
by comparing the results from similarly conducted prevedestudies against the baseline
data from Chapter 3. Providing data to assist in validategsurveillance system, as well
as a means to measure progress, is important in motivatoshgnamtaining action. The
work presented in Chapter 3 thus contributes to control aditp@erculosis in a broader

context.

Vaccine efficacy trial

The vaccine study was conducted as a randomised controdé€(RCT), long recognised
as the most rigorous way of determining the effect of an uaetion. Sir Austin Brad-
ford Hill is credited with introduction of this methodologyto medicine in the UK in the
mid-1940s, to test the efficacy of the pertussis vaccinetlam®&CT has since become the
foundation of evidence-based medicine (Stolberg et al R004

The initial experimental design for the study was a rathebitious effort. It included
plans to test a proportion of all trial deer with the Paralisfore vaccination, and to con-
tinue to serially test the controls with the Paralisa andwathorts with faecal culture.
The aims were to: (1) estimate the proportion of deer Pargsitive in each cohort

at the beginning of the trial; (2) assess the associatiowdsat Paralisa positivity and
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clinical and subclinical disease outcome; (3) compare inacefficacy in deer that were
Paralisa positive and negative at the beginning of the taldescribe the time of onset
of faecal MAP shedding; and (5) assess the relationshipdmivonset of faecal MAP
shedding and Paralisa titre. In an ideal situation, withraitéd financial and manpower
resources, and farmers with limitless time and patienesatiditional data collected may
well have expanded our knowledge. However, the cost andtiogiof the extra work was
substantial, and with the benefit of hindsight (particyldie small number (n=25) of
clinical cases which occurred), the decision not to proceasl fortuitous. Furthermore,
the results of the Chapter 6 test validation study suggasttisclassification of infection
status by the Paralisa may have affected some of the infesdnam the additional anal-
yses.

| was very keen that the field work of the vaccine trial woulsbdbenefit other paratuber-
culosis researchers, and held discussions with other gronpluding AgResearch and
the Pathobiology group at the Hopkirk Institute, Masseyversity, to see what other
useful data or samples could be collected. An initial sutigego collect blood samples
from all trial deer for host genomic research again provedambitious logistically, but
we were able to provide lymph node samples from clinical €dseAlan Crawford at
AgResearch for that purpose. Serum samples from clinicd@saere also provided to
Made Sriasih in the Hopkirk Institute, where they were used PhD project to identify
proteins secreted by MAP strain 316F (the vaccine strainpfplication in diagnostic
tests.

The decision to manage vaccinated and control deer in the ssanagement groups was
taken only after much consideration of the practical acsges and the potential effects
on the outcome measures. Ensuring that vaccinates andisohad the same expo-
sures other than the intervention was high priority, anddégign also helped to blind
the farmer and clinician to the treatment group. An adddlmonsideration was ensuring
farmer compliance with the trial protocol by keeping the ag@ment of vaccinates and
controls as simple as possible, i.e. within already esthbll mobs. However, vaccine
interventions are generally applied at the populationlleds discussed in Chapter 4, the
disease challenge represented by the presence of unvaectindividuals in the design
used can result in an underestimate of the effectivenessoainvation when compared to

applying it to the whole population. There are methods atéaé which use simulation
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modelling to extrapolate the effect of vaccination in a véhpbpulation from a study in
which partial vaccination has been carried out (Carpen®®1p Applying such mod-
elling to the data from the vaccine trial may be useful addai work. The results could
then be used as an input to evaluating the cost-effectigerfeghole-herd vaccination for
a range of population sizes.

Although the vaccine study found that vaccination redutedincidence of clinical dis-
ease and subclinical pathology, it showed no effect on pthalu parameters such as
liveweight gain, or time to reach slaughter weight. Therétie evidence in the pub-
lished literature of the effect of infectiquer se on deer production measures. One study
(Thompson et al 2007) reported a lower pregnancy rate inlisidadly infected hinds
selected for a study examining intrauterine MAP transmissiompared to “unaffected
animals” from the farms (69% vs 85-90% pregnant). The finsliwgre essentially anec-
dotal, as only the infection status of the 24 deer selectetthéotrial was established; there
were no data presented on infection of the remainder of hondbe farms. Production
losses, particularly of milk production, associated witiAR1in dairy cows have been
well documented (Benedictus et al 1987) but in deer thereaarget, no robust data on
production losses associated with subclinical infectiothe live animal.

There are, though, data on the effect of lymph node pathaogyarcass weights in young
deer. Carcasses with MLN pathology, as recorded to the JMbdae, were 2.6-4.7kg
(p<0.001) lighter than those with no recorded pathology in teega January to June
2010 (Goodwin-Ray 2010), while the proportion of carcasgitis MLN pathology was
0.36%.

It was not possible to source data from the culture procedsrige a robust quantitative
measure of the amount of MAP excreted by vaccinates. How#wercrude analysis of
time to culture positivity data did not find a difference betm vaccinates and controls,
suggesting that vaccination may not lead to a reductiorainsimission or consequently
within-herd infection prevalence. The benefits, therefofeusing Silirum vaccine may
be limited to the effect on clinical losses. A detailed costefit analysis of vaccination is
recommended, but using the crude data from the herds whpriexced clinical disease
during the trial, the cost of vaccine ($5.25 a dose) was $b6v#tile the benefits, in terms
of venison weight at 2008 market prices ($9/kg) was $5,10e dlinical disease inci-

dence of 1.5% recorded in the vaccination study was too logrefore, for vaccination
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to be an economic option. Benefits do not exceed costs ustittis a disease incidence
in excess of 3%. The vaccine trial provided the first estinuditdhe field efficacy of a
vaccine for paratuberculosis in naturally infected youegrdunder normal management
conditions. Consequently, Silirum has been licensed andwsmarketed for control of

clinical paratuberculosis in deer in New Zealand.

Effect of vaccination and infection on TB test specificity

The original design for the Chapter 5 (TB test specificitydstinvolved carrying out TB
testing and faecal sampling, at the same time and on the samala, during the vaccine
efficacy trial. The effect of MAP infectioper se on the specificity of TB tests at the
individual level could have been assessed using the ddtctad. However, there was a
conflict between the timing of the field work for each purpoBke faecal sampling was
done in November 2008, when the final liveweight measuresna@ete being taken, as
by then finished deer were already being slaughtered andojnéation was becoming
less representative. However, deer are not normally TRdesttil they are 15 months of
age, so the optimal time for TB testing was in February 20@9addition, the logistics
of weighing and faecal sample collection and despatch nthahTB testing at the same
time was not feasible. In the end, the TB testing was carrigdroJanuary 2009, as by
February there were likely to be few trial deer left on farm.

Another initial aim of the TB test specificity study was to &ss how long after vacci-
nation animals would still react positively to the TB tesfdthough most venison deer
are slaughtered at 10-15 months, some specialist supptiapg finish venison produc-
tion deer over a 24-month period. Such a group was identifi¢de North Island, but it
proved difficult to recruit individual farmers and this elem of the study was not pur-
sued. A study to evaluate the persistence of MCT reactimitsaiccinated deer is therefore
still recommended, to provide further data to farmers arltypanakers on the longevity
of the effect of vaccination on TB test specificity.

A proposed extension of the TB test specificity study aimeskgess and quantify, at na-
tional level, the association between deer farms with MC3itpaty and those identified
as having slaughtered deer with gross MLN pathology typaédMAP infection, using
data from the JML database. A relative risk map was planmedes$cribe the spatial dis-

tribution of the relationship and to examine any variatiomigsk between the North and



116 General Discussion

South Islands. | planned to use spatial regression techsitpuanalyse the data further,
incorporating information on potential environmentaltéas such as soil type, rainfall,
and humidity. The planned study was essentially a hypatkgesnerating one: to identify
geographical and environmental factors for more detameéstigation, and to explore
possible factors to explain the apparent difference in MAfledtion and disease preva-
lence between the islands. Both the Animal Health Board (A\&tigl JML were keen to
collaborate and provide data, but limited resources at tH8 Aneant that the TB data
could not be provided in time for the study to be included ia thesis. However, | still
hope to obtain the data and carry out the study, and it maylse@ossible to additionally
incorporate MAP molecular subtype information in the asedy

The results of the TB test specificity study were considendthié context of those from
other researchers in Chapter 5. However, only the spegifisipect of test performance
was assessed, as that was a significant concern of farmeeseffBet of vaccination on
sensitivity of TB diagnosis is clearly the more importargus for the national TB con-
trol scheme. Recent research on novel serological testd{Bet al 2010), discussed in
Chapter 5, suggested they may have high sensitivity forctiate TB-infected vaccinated
deer. If this proves to be the case, it may be appropriateethesCCT as a screening test
in vaccinated herds. Further data are needed, but hertisiensitivity may be sufficient
to detect a TB-infected herd and following confirmation dértion, the novel serological
tests may then have an application in within-herd TB control

The work presented in Chapter 5 was important in providingieoal data to address
concerns about reduced TB test specificity in vaccinated déke data informs both
individual farmers and the national authorities about thesfble consequences of using
vaccination to control paratuberculosis, and thus coute to the wider evidence base

underpinning decision-making on control options.

Latent class analysis to evaluate diagnostic test perfornmee

The Chapter 6 study was undertaken to establish some of thenfemation needed
to design a paratuberculosis herd classification schemaefar farms. The estimates of
diagnostic test sensitivity and specificity may also be usdadterpret the data from in-
fection prevalence studies applied at farm or national léMee test characteristics of IFC

had not previously been established in the NZ deer populagiod there was limited data
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on the performance of the Paralisa in young and sub-cliyiaaflected deer. The origi-
nal study design applied a gold standard approach, usinglearcollected at slaughter.
Blood samples were to be collected from stunned deer atittiergj point in the abattoir,
and MLN and faecal samples were to be collected from the sa®e Hines of slaughter
deer in which there were carcasses with MLN pathology welgettargeted as a poten-
tial source of infected deer for sensitivity estimation,ilehines in which all carcasses
had normal MLN were a possible source of uninfected deer.hi$terical data on gross
MLN pathology would also have been sourced from the natidhtl database for herds
presenting normal lines.

However, the original study design was not used, as datag@ett, pers.comm) showed
the sensitivity of the Paralisa was reduced in serum c@tepbst-mortem compared to
ante-mortem sampling. The logistics and cost of sourciegdhand serum samples on
farm from tissue culture positive and negative deer in otdeapply a ‘gold standard’
analysis were prohibitive. It was also possible that a pafrh of tissue culture positive
deer may have been biased towards animals in the more advatages of infection.
These factors, combined with the lower sample size reqfineBlayesian methods, made
the study design and statistical analysis described in teh&xhe method of choice for
the study. Latent class analysis is a well established et is recognised by the OIE
as part of the validation process for diagnostic tests (@IE42.

The estimates of Paralisa performance (sensitivity 19%cifipity 94%) differed sub-
stantially from the results (sensitivity 77%, specificit9.9%) previously published by
the Disease Research Laboratory (DRL) at Otago Univer@itiffin et al 2005), where
the test was developed. The sensitivity analyses carriedlmwed the model outputs
to be robust to changes in the priors for herd prevalencéjnviierd prevalence and test
specificity and only slightly affected (by a maximum of 5 peErtage points) by adjusting
the priors for test sensitivity. The small number of testifposs in the dataset accounted
for the effect of the priors on test sensitivity, as thereaviesver data than for the other
parameters. There is a view among some Bayesian statngithat adjusting the prior
estimates should not be part of the modelling process, hat the prior belief should
not change. However, in this particular analysis it was irtgott that the process was as
transparent as possible, and ultimately the robustnesgahbdel was supported by the

sensitivity analyses.
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As discussed in Chapter 6, there were limited independeatatginst which to compare
the Paralisa sensitivity estimate. Experimental chakenigls are one possible source of
data, but may not represent the natural challenge fieldtgtyaas there is often a high
proportion of experimentally infected animals in a managethgroup. For example, in a
trial to assess the effect of different MAP strain types anichl disease and pathology
(Mackintosh et al 2007), one group of control deer were gtavi¢h a group treated with
a high dose of a type 1l MAP isolate. The control group becanfected naturally, with
16/17 deer tissue culture positive at slaughter, althongletwere no clinical cases. Paral-
isa testing the control group found 11/16 (69%) to be testipes However, the incidence
of disease in the co-grazing challenged group was 31% (5&b@l)the natural challenge
to the control group was thus likely to be higher than that frela situation. Addition-
ally, Paralisa testing was carried out two weeks after dermal TB testing. Intradermal
TB tests involve injecting avian or bovine tuberculin, andynncrease ELISA sensitivity
(Mackintosh et al 2008), while reducing specificity (Varggsl 2009). In experimental
trials, deer are often sourced from a single farm, and chgdld with a single MAP sub-
type. All of these factors may explain the variation in Paeatesults from experimental
trials of vaccine efficacy (Mackintosh et al 2008a, Mackstt@and Thompson 2007), age
susceptibility (Mackintosh et al 2010b), MAP pathogeri¢hMackintosh et al 2007) and
genetic resistance (Mackintosh et al 2010a). The propodiosub-clinically infected
young trial deer that have been Paralisa positive in thegerarental trials ranges from
28% to 69%.

Faecal samples collected during the test validation stuelgwalso subjected to quanti-
tative PCR analysis, as part of a collaborative project WRL aimed at validating the
PCR to detect deer shedding a high number of MAP organisnaeies (specific data not
presented). Only one of the 33 faecal culture positive sasiiiat were scored non-nil
by the PCR was classified as a ‘moderate’ shedder. The repradfithe faecal samples
were classified ‘low’ or ‘suspect’ on PCR, suggesting thatiajority of deer sampled
on farm for the study were shedding at a low level. These dataaiso explain the rel-
atively low sensitivity of the Paralisa estimated in thigdst compared to the published
sensitivity estimate (77%). The latter was achieved in terdl with “significant losses
due to JD”. There may have been more high-shedding deer$e therds and correspond-

ingly increased test sensitivity, although there were nangjtative data on concentration
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of MAP in faeces presented by Griffin et al. (2005) to supporefute this explanation.
The test validation study was designed to estimate populdtével sensitivity and speci-
ficity for the purpose of herd classification or prevalendeesion. The study popula-
tion thus comprised herds of unknown infection status. Taate the test for use in a
test-and-cull programme would have involved a differentigtpopulation of herds, for
example those with a history of a high (e.g5%) annual clinical disease incidence, as
these are the herds most likely to implement a test-andpcaojramme. Test sensitivity
may be higher in those herds than in the Chapter 6 study hesdkey are likely to have
a higher proportion of animals in more advanced stages etiidn, both clinical and
subclinical. Sensitivity of ELISA tests is related to infien stage: test sensitivity can
be considered as a “direct function of the distribution @ thfection stages in the test
population” (Collins and Sockett 1993), therefore it canne assumed that the results
of the Chapter 6 study are directly applicable to use of teeitethe initial stages of a
control programme.

It was useful to estimate the sensitivity of IFC to detecivithally infected deer. How-
ever, it has the disadvantage of expense ($55 per sampleacedhip $15 for the Paralisa)
and results take up to three months to be confirmed. Duringdhéation study, faecal
samples (n=10) from individuals were also pooled and cettuFurther work, combining
the data from individual and pooled cultures is plannedhst the sensitivity of pooled
faecal culture can be estimated. Pooled samples represeateacost-effective way of
establishing herd infection status, but there is currentlypublished data for the tech-
nique in the New Zealand deer population.

There was, however, a significant disadvantage to usingatieatl class modelling ap-
proach. The statistical analysis underlying the methodommex, and is not easily
explained or understood. Although Bayes theorem has begledpn statistics over
hundreds of years, statisticians and epidemiologists wgria the veterinary field have
only recently begun to use Bayesian analysis. The numbegtefimary epidemiologists
experienced in the method is therefore limited. Commuimgahe results of the study in
a clear and transparent way, and having them understoodcaegtad by other scientists
was already difficult. An even greater challenge was to hiagestudy results accepted as
robust by industry leaders and decision-makers. Indeetheaime of writing, the fun-

ders of the study (DEEResearch) have refused permissidindavork to be submitted for
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peer-reviewed publication, and have prevented the rdseiltg) communicated to the deer
industry or field veterinarians. | recognise that there dhewissues including political
and commercial sensitivity surrounding these decisionswéver, given the controver-
sial nature of the results, | believe a straightforward dgslandard’ analysis producing
the same results would have been more easily understoodaarechiad a greater chance

of acceptance.

7.3 Implication of thesis findings for paratuberculosis con
trol

Eradication may be considered as the ultimate achieveniesdndrol (Schukken et al
2007), but it is not feasible, or possibly desirable, to exaig every disease that can be
controlled. One definition of eradication is “terminatidradl transmission of infection by
extermination of the infectious agent through surveillaand containment” (Last 2001).
However, international initiatives to eradicate humarhpgens have been successful in
achieving eradication, according to that definition, omthe case of smallpox (Fenner
1988). A definition of eradication possibly more relevanvé&erinary medicine refers
to the “reduction of prevalence in a specified area to a letveléch transmission does
not occur” (Andrews and Langmuir 1963). Eradication is ¢desed to be a “time-limited
capital investment” (Yekutiel 1980). Conversely, controplies an on-going process, and
therefore continuing financial support, to “reduce moryidnd mortality from disease.
embracing all measures intended to interfere with the araieed occurrence of disease,
whatever its cause” (Thrusfield 1995).

The lessons learned from public health campaigns have ldtetdevelopment of three
types of criteria to take into account when considering @dieation programme: “(1)
biological and technical feasibility, (2) costs and besedihd (3) societal and political
considerations” (Aylward et al 2000). These criteria mayikirly be applied when con-
sidering eradication or control of infectious diseasevastock populations. The first two
criteria described are relevant to voluntary action ondivek disease at the farm level,
while the third is also pertinent to national level prograesmFor example, risk to public
health is one obvious driver for a compulsory livestock dgseeradication campaign such

as the one for BSE in Europe.
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Considering paratuberculosis specifically, there have bew national-level attempts at
eradication. Few countries consider eradication of MARGLDN in domestic livestock
to be a realistic goal. The ‘biological and technical fedisyb criterion against which to
consider eradication has not been satisfied in many regiluresto the complexity of the
host-pathogen interaction, persistence of MAP in the envitent and in wildlife popula-
tions, lack of highly sensitive diagnostic tools to detedéection and limited evidence of
the effectiveness of individual interventions to reduemsmission in all species. The fo-
cus of efforts internationally, therefore, has been onrbtf paratuberculosis infection
and disease rather than eradication of infection. Multigighary collaborations such as
the US Johnes Disease Integrated Programme (JDIP) and tbpdam ParaTBTools ini-
tiative have been established to research diagnostic me#red other aspects of control
of paratuberculosis in domestic livestock.

In New Zealand, the Johnes Disease Research ConsortiunC)JR4R been established
to direct research that may provide tools for control sg@®for paratuberculosis within
the sheep, cattle and deer industries. National-levetobmtogrammes have not yet been
implemented, as “current methods are not considered edormmoapable of delivering
significant benefit to farmers if used as the basis of a ndtmorarol programme” (Bur-
ton, 2007).

One of the objectives of JDRC is “a reduction in human exp®samMycobacterium
paratuberculosis from animals or products” (Burton, 2007). The studies pnesgin this
thesis have provided evidence to inform strategies diddcigards that objective, but they
have also raised issues that have implications for suadessitrol of infection. The high
prevalence of infected slaughter deer (45%) and herds (5@%ay in the Chapter 3 study
indicated the extent of the task of reducing infection fagedational level. That clinical
disease is the exception in MAP infection was aptly demauetr by the proportion of
deer that were faecal culture positive in the vaccine effistiedy; 80% in one herd which
had a clinical disease incidence of 0.7%. The vaccine stodyest validation study both
found infection in herds with no concurrently observedichhdisease.

These findings raise questions about the benefits that chdiVfarmers will realise from
attempting to control infectioper se. While the Silirum vaccine was shown to be effec-
tive in reducing the incidence of clinical disease and dubeal pathology, there was no

demonstrable effect on infection prevalence (as measwrdddeal culture), or on pro-
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duction parameters.

However, whether reducing sub-clinical infection is anremmoically desirable goal for
individual herds, in the absence of losses from clinicadds®, needs closer examination.
There is very little data quantifying the impact of subatatiinfection in deer, and data
from both the vaccine trial and the prevalence study did hotwsan effect of infection
on production performance in terms of mean liveweight gaiceocass weight. The JML
database recorded 0.36% of carcasses with MLN pathologyenwhs figure is com-
pared to the carcass infection prevalence estimate (3@¥) @hapter 3, even taking into
account the sensitivity of detection and temporal diffegrletectable pathology appears
a relatively uncommon outcome of infection. Therefore,dhse for MAP infectiorper

se being a source of economically significant losses in deenbabeen made.

The upper CI limit of the estimate of Paralisa sensitivitysirb-clinically infected deer
was 30%, suggesting limited usefulness as a tool for hekifieation. However, the
Paralisa may be more effective in identifying high faecal Ri8hedders, or deer most
likely to progress to clinical disease. The sensitivity apécificity of the Paralisa to de-
tect these target conditions, and the effectiveness arteeffestiveness of the approach
when applied at the herd-level, has still to be quantified.

The challenge for decision-making on herd-level contropafatuberculosis, therefore,
lies in defining the aim of control and therefore the levelrdérvention needed for indi-
vidual herds. It may be that for some finishing herds with talyhical disease incidence,
for example, control of clinical losses is the most pradtarad cost-effective outcome.
Reducing infection prevalence per se may not be an outconghwinm the absence of
public health or market access considerations, is ecoradiyiattractive. Even in fin-
ishing herds with clinical losses, the losses may not becsesffi to warrant the costs of
control. Despite reports of annual clinical disease inetgeof up to 20% in young deer,
farmers experiencing such large losses proved difficultémiify when | was trying to
recruit herds for the vaccine efficacy trial. Deer veteligras were able to suggest clients
with maximum JD-related mortality losses of 5-7%, and eVvesé were few in number.
It may be, therefore, that a small number of widely publidibéh incidence outbreaks
have created an impression that clinical disease is a megeiént outcome than is the
case in the deer herd population. Data is needed to desbibaigtribution of clinical

disease incidence, as an input to economic analysis of thadthof paratuberculosis in
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New Zealand deer herds. Such work is currently under wayinvihr research group.
Indeed, it may be that rather than defining the target outcasneontrol of disease or
reduction of infection prevalence, a better approach airtiidual farm level would
be to examine what level of intervention is economicallyimpd. Previously described
modelling studies (Dorshorst et al 2006) measured netluarsefit outcomes for a com-
bination of control strategies as an outcome, and it may b&lt apply this decision
analysis approach to paratuberculosis control in deer.

Assuming that control of infection or disease causedVlygobacterium avium subsp.
paratuberculosis will remain a voluntary commercial decision for individualestock
enterprises overlooks the potential impact of MAP beingsifeed a zoonotic pathogen.
The deer industry is therefore wise to prepare for such anteaéty, but needs much
more robust data (summarised in the following section) witlich to make informed
decisions. Evidence of a link between MAP infection and @sHisease has been ac-
cumulating over the last number of years, with a meta-amabf€28 human case-control
studies (Feller et al 2007) finding a statistically significassociation between the pres-
ence of MAP and Crohns disease. The organism has not yet heeam $o play a causal
role in the aetiology of Crohns disease, but research isragng. Although there have
been no studies to confirm the presence or absence of MAP isorerthe deer indus-
trys aim to reduce the prevalence of MAP infection in the dggughter population thus
addresses risks to public health and to export market acstesdd MAP be declared
zoonotic. The challenge facing deer farming is to identifig@ive and cost-effective

means of achieving that aim.

7.4 Future work

The studies presented in this thesis do not provide all oitfeemation needed to recom-
mend biologically effective and cost-effective contrabségies for minimising economic
losses from paratuberculosis in deer at herd or at natiewel.| The following suggestions

for further research identify some of the key areas whereerdetailed data is required:
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1. Amore accurate estimate of the prevalence and impact of MAgetion on clinical
disease and subclinical losses within and between herd=eenl, as inputs to assessing
the economic impact of paratuberculosis at the industryfard level. The inputs are
also necessary for modelling and comparison of the biodgind cost-effectiveness of
different control strategies. Current research at Masseydssity is directed at estimating
between-herd prevalence and will provide some data on thgoption of deer herds with
reported clinical disease.

2. Longitudinal field studies are required to provide data targify the biological
effectiveness and cost-effectiveness of test-and-aallesiies or of applying other specific
interventions such as breeding for resistance in New Zdalaer herds. While simulation
modelling can be used to evaluate control strategies, tdieltsdata is needed to provide
accurate input data to such modelling.

3. The effect of MAP molecular sub-type on pathogenicity inrdegs not been ex-
plored beyond experimental infection work using singleety@nd type Il isolates, and
the observation that type Il is the predominant isolate fohimical cases of paratubercu-
losis in deer. Once the sub-typing system for the NZ poputadf MAP isolates has been

finalised, there are a number of epidemiological studiesstauld be implemented:

e The distribution of MAP sub-types in sheep, cattle and deeukl be examined
on multi-species farms. Molecular epidemiology of MAP &tek from different
livestock sources on such farms may help to define the roletef-species trans-

mission in introducing and maintaining MAP in deer herds.

e The geographical distribution of sub-types should be a®alyto test the hypothesis
that the difference in prevalence of infection and incideatclinical paratubercu-

losis between the islands is explained by differences in M#dRecular sub-type.

e Isolates from normal and abnormal MLN should be typed toya®athe effect of

sub-type on MLN pathology.

e Typing the MAP isolates from the test validation study woalldw assessment of
the effect of sub-type on diagnostic test performance akaselescribing the range

of isolates found in individual herds.
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4. The relative importance of vertical, pseudo-vertical andizontal transmission
routes for MAP infection in deer is not known. A longitudirgtudy to quantify the
relative risk of infection and clinical disease in calvesrbtw infected dams would be a
key input to assessing the effectiveness and cost-efeews of culling the offspring of
clinically diseased or infected hinds.

5. A survey on three MAP-infected deer farms found hedgehaisits, possums,
cats, hares, ferrets and birds to be MAP tissue cultureipegitlugent et al 2007). The
importance of wildlife in the epidemiology of MAP infectioim deer, though, is not
known. Wildlife may be spillover hosts or may be importanttees representing a risk
to programmes to reduce of infection prevalence on deer ipesmm Again, molecular
epidemiology may give insights to the role of wildlife in intlucing and maintaining
paratuberculosis in deer herds. If indicated, longitudatadies could be used to com-
pare the effect of wildlife control on the success of strege¢p reduce within-herd MAP

prevalence.

7.5 Conclusion

This thesis has provided epidemiological evidence thatbeansed to inform strategy, at
industry and farm level, for control of paratuberculosigieer. The baseline prevalence
estimate of MAP infection in the subclinically normal sléer deer population gives the
industry robust data on which to base decisions about ex@olicor control. Considering
the experience of eradication attempts in other countiiescurrent state of knowledge
of the epidemiology of paratuberculosis in deer, and thke tdquantitative data on the
impact of test and cull and other management interventitiesgonclusion is that eradi-
cation of infection is not a realistic national goal for theeed industry.

While vaccination was shown to be effective in reducingichhdisease incidence in
young deer, it appears unlikely to reduce infection prevade In high disease incidence
herds, it may be a tool to minimise economic losses assalcvweté clinical disease, but
appears unlikely to have an effect on infection prevalertmvever, the consequences of
vaccination for the sensitivity and specificity of screentasts for TB is an issue which
has still to be resolved; the optimal test strategy to mas@naiagnostic test sensitivity

while maintaining acceptable specificity has not yet beentified.
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Investigating the characteristics of diagnostic testsvatbthat individual faecal culture
was more sensitive than Paralisa for use in herd classditathemes. An estimate of the
sensitivity of pooled faecal culture is under way, as IFCr@hibitively expensive. The
industry is still considering whether to implement a hemkssification scheme and these
data provide some of the inputs to developing testing gjregefor that purpose.

The research presented in this thesis contributes to kidgelen different aspects of
paratuberculosis control in the New Zealand farmed deeulptipn, as well as highlight-
ing to farmers, scientists and industry the areas where spdeemiological information

is needed.
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APPENDIX A

Appendix 1: WIinBUGS Bayesian model code

model

# Population 1

for (i in 1:nyl) {

myN1[i] <- y1[i,1] + y1[i,2] + y1[i,3] + y1[i,4]
y1[i,1:4] © dmulti(p1[i,1:4], myNZ1[i])

pl[i,1] <- pil][i] * Separa * Seifc + (1-pil[i]) * (1-Sppara) * (1-Spifc)
pl[i,2] <- pilli] * Separa * (1-Seifc) + (1-pil[i]) * (1-Sppara) * Spifc
pl[i,3] <- pil[i] *(1-Separa) *Seifc + (1-pil]i]) * Sppara * (1-Spifc)
pl[i,4] <- pil][i] * (1-Separa) *(1-Seifc) + (1-pil[i]) * Sppara * Spifc
pilli] <- z1[i] *  pistarl][i]

z1[i] © dbern(phil)
logit(pistarl[i]) <- alpha + U1]Ji]
U1[i] © dnorm(0, tau)

}

# Population 2

for (i in 1:ny2) {

myN2[i] <- y2[i,1] + y2[i,2] + y2[i,3] + y2[i,4]
y2[i,1:4] ~ dmulti(p2[i,1:4], myNZ2[i])

p2[i,1] <- pi2[i] * Separa * Seifc + (1-pi2[i]) *(1-Sppara) * (1-Spifc)
p2[i,2] <- pi2[i] * Separa * (1-Seifc) + (1-pi2[i]) * (1-Sppara) * Spifc
p2[i,3] <- pi2[i] * (1-Separa) *Seifc + (1-pi2]i]) * Sppara * (1-Spifc)

p2[i,4] <- pi2[i] *(1-Separa) =*(1-Seifc) + (1-pi2[i]) * Sppara * Spifc



A-2 Appendix 1: WinBUGS Bayesian model code

pi2[i] <- z2[i] * pistar2|i]
z2[i] ~ dbern(phi2)
logit(pistar2[i]) <- alpha + UZ2Ji]
U2[i] © dnorm(0, tau)

}

## Priors

# Sensitivity and specificity

Seifc © dbeta(3.26, 3.26) ## Mode=0.50, 95% sure Seifc >0.2

Spifc ~ dbeta(151.77,4.08) ## Mode=0.98, 95% sure >0.95

Separa ~ dbeta(1.35,1.1) ## Mode=0.77, 95% sure Separa >0.1

Sppara ~ dbeta(70.9, 1.35) ## Mode=0.995, 95% sure Sppara >0 .95

#herd prevalence given infected
alpha ~ dnorm(-0.26,0.42) ## Mode=0.3, 95% sure <0.9

# precision (1/variance) of within-herd prevalence (alpha )

tau = dgamma(1,1)

#proportion of infected herds each island
phil ~ dbeta(1.53,1.53)#NI mode 0.5, 95%sure >0.1
phi2 ~ dbeta(6.33,3.28)#SI mode 0.7, 95% sure >0.5
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