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“Too much reliance on the absence of macroscopic lesions has always constituted a source of
error in pathological analysis.”

Innes (1949)

“Not invisible but unnoticed, Watson. You did not know where to look, and so you missed all that
was important”.

Sherlock Holmes

i -
Hogg J. The Microscope its History, Constsuction. and Applications
Herbert Ingram & Co., Londen, 1855
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ABSTRACT

The brushtail possum, Trichosurus vulpecula, is the main wildlife reservoir of Mycobacterium
bovis infection for domestic species such as cattle and deer in New Zealand. Tuberculosis
control and eradication are dependent on knowledge and understanding of the pathogenesis of
the disease in this pest species, regardless of whether eradication or control of the disease by

vaccination is contemplated.

Early field studies of tuberculosis in wild possums detected infected animals usually with
advanced disease, and showed the two most common sites for macroscopic lesions were the
respiratory tract and superficial lymph nodes. A comprehensive pathological study of the nature
and distribution of lesions of naturally occurring tuberculosis which involved 117 non-
terminally ill and 20 terminally ill possums was undertaken. Significantly more males (62%)
than females (38%) were affected by the disease, and this is probably related to differences in
behaviour. In non-terminally ill possums, the two most common sites for macroscopic lesions
were the superficial lymph nodes (75%) and respiratory tract (69%). However, microscopic
assessment of the distribution of total lesions disclosed 93% of lesions in superficial lymph
nodes compared with 79% in the respiratory tract, indicating that the former are a predilection
site for the establishment and development of lesions. This distribution raised the possibility
that infection may occur via the percutaneous as well as the respiratory route. It was found that
the disease disseminates early and rapidly via blood and lymph, and acid fast organisms

increase in number in concert with increasing size and development of lesions.

In order to understand why lesions are common in the respiratory tract, a morphological study
of the lung of the normal possum was undertaken. It revealed that the lung of the possum lacks
a conventional mucociliary apparatus, a prime defence mechanism of the proximal airways
against inhaled particles. However, this may be compensated for by the presence of Clara cells,
which were abundant throughout the bronchial tree. Additionally, the lung appeared to be
adequately supplied with mucosal associated lymphoid tissue. The lung of the possum may
therefore be more susceptible to the deposition of particles larger than droplet nuclei into the

airways than some other species.

Experimental respiratory infection with M. bovis involving the inoculation of 33 possums with
20-100 colony forming units (cfu) by the endo-bronchial route, and aerosol infection of 20

possums with 10-20 organisms, were completed over 4 and 5 week periods (respectively). This



Abstract iv

allowed the study of the nature and development of pulmonary tuberculosis in possums, and
comparison with the natural disease. Macroscopic lesions were largely confined to the
respiratory tract, and at the microscopic level, there was a paucity of lesions in superficial
lymph nodes, suggesting that in the natural disease percutaneous infection may be responsible
for lesions in these nodes. A progression of lesion development from granulomatous through
pyogranulomatous to large caseating lesions was observed. Rapid haematogenous and
lymphatic spread occurred early in the experimentally induced disease. These findings confirm
that the possum is highly susceptible to infection with M. bovis, and suggest that only an

extremely small number of tubercle bacilli may be required to initiate the disease.

The results of experimental intra-dermal (I/D) inoculation of 5 x 10° cfu of BCG injected into
the dorsal midline of the neck of 38 possums were followed over a 4 week period. This
produced evidence that infection through the skin is associated with lesions in superficial lymph
nodes. Although overall 76% of experimental possums had lesions in superficial nodes, few
animals (21%) had lesions in the lower respiratory tract. The phenomenon of lesion resolution
restricts the use of BCG to the study of early lesion development, however it avoids problems
with overwhelming disease encountered in experiments using M. bevis. Further work using a
very low dose of M. bovis via the percutaneous route will be necessary to understand whether
the I/D route of infection operates simultaneously or sequentially with infection via the

respiratory tract.
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CHAPTER 1. LITERATURE REVIEW

1.1 INTRODUCTION

Research efforts into the pathogenesis of tuberculosis have, up until recently, primarily focussed
on the human disease and associated studies on laboratory animals. Before the advent of
pasteurisation of milk, which was introduced into New Zealand in 1914, consumption of
tuberculous milk resulted in disease in humans, particularly children, as well as in some other
animal species (Figure 1.1). Although no more than 1% of tuberculous cattle excrete tubercle
bacilli through milk, up to 100,000 acid fast organisms (AFOs) may be excreted per mL of milk
(Feldman, 1941). The introduction of BCG vaccination and effective treatments of human
tuberculosis saw a decline in work on the disease. As the eradication of tuberculosis in dairy
cattle became a priority, the interest in disease caused by Mycobacterium bovis in animals
intensified. At first, most work was concentrated on applied research aimed at national
eradication programmes based upon test and slaughter regimes. The early success of
eradication programmes in cattle has, in countries such as Britain, Ireland and New Zealand,

given way to an appreciation that wild and feral animals infected with M. bovis constitute a

significant threat to final eradication of the infection in domesticated animals.

== g e

igure 1.1 Iligesion of ;npasteurised mil

) N t.
k from a tuberculous bovine udder was a
common cause of tuberculosis in cats in Britain (Jennings, 1949).

(Frank Lane Picture Agency, Acme Cards, London).



Chapter 1. Literature Review 2

After a brief review of the historical aspects of tuberculosis, this review will concentrate on
existing knowledge of the pathogenesis of M. bovis infection in mammals as a basis for the
study of the infection in the Australian brushtail possum (7richosurus vulpecula). This animal,
which is thought to number between 60 and 70 million in New Zealand (Montague, 2000), is
now recognised as the major reservoir host for M. bovis infection in the New Zealand
environment (Julian, 1981), a role which is analogous to that played by the badger, Meles meles,

in the British Isles.

1.2 THE HISTORY OF TUBERCULOSIS

1.2.1 Early history of the disease

Tuberculosis has been known to exist in humans and other mammals since at least classical
times. It is likely it originated in Europe (Francis, 1958; Kiple, 1996), and the Romans
identified tuberculosis in their farmed animals (Hunter, 1996). Tuberculosis was discovered in
the mummified remains of a woman in the New World (Americas) dating back to

approximately 900 AD (Toufexis, 1994).

Koch was the first to see the tubercle bacillus. In 1882, using a strong blue stain, he detected
tubercle bacilli in lesions from a labourer who died of generalised tuberculosis. Later he was
able to develop media capable of growing the bacteria which had been isolated from humans
with “consumption” (de Kruif, 1927). Using his own postulates, he satisfied the four
requirements viz. (1) the specific organism must be proven to be present in every instance of the
infectious disease; (2) the organism must be capable of being cultivated in pure culture;
(3) inoculating an experimental animal with the culture would reproduce the disease; and (4) the
organisms could be recovered from the inoculated animal and grown again in a pure culture.
His persistent experimentation resulted in the reproduction of the disease in other mammals, it
provided proof of aerosol infection, and it demonstrated haematogenous spread. To quote from
de Kruif’s classical description of Koch’s impressions: “What devils they are, those germs —
from that one place in the guinea-pig’s groin they have sneaked everywhere into his body, they
have gnawed — they have grown through the walls of his arteries...the blood has carried them

into his bones...into the farthest corner of his brain...”

It was not until 1896 that Lehmann and Neumann named the tubercle bacillus Mycobacterium

tuberculosis. The “M. tuberculosis complex™ is now known to consist of four species:
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M. tuberculosis, M. bovis, M. africanum and M. microti (Cooper et al., 1989), although M. bovis
was not officially accorded separate species status until 1970 (Karlson and Lessel, 1970). In
more recent times, diagnostic and epidemiological studies on tuberculosis of animals have been
greatly facilitated by the advent of molecular technology. Techniques such as DNA
fingerprinting, hybridisation with DNA probes and PCR-based typing methods have all
provided new information on the nature and relatedness of tuberculosis isolates (Collins et al.,
1993; Aranaz et al., 1998; Costello er al., 1999). These technigues have proven to be
particularly useful for characterising ‘new’ or atypical isolates that are not readily typable using

tradiWonal methods.

1.2.2 Bovine tuberculosis in New Zealand

Bovine tuberculosis was most probably introduced into New Zealand with the importation of
cattle in the 1840°s (Hickling, 1991). For public health reasons, voluntary testing of dairy cattle
for tuberculosis was initiated in 1945, and became compulsory for all dairy herds in 1961.
Compulsory testing of beef herds began in 1970 and of farmed deer in 1990 (O’Neil and Pharo,
1995). However, in some areas, normal test and slaughter schemes did not have the expected
effects of disease eradication. The reason for this was the presence of infected possums, the
major local wildlife reservoir for M. bovis. It therefore became apparent that unless infected
possum populations could be significantly reduced and held at low levels, a test and slaughter
policy alone would be considered insufficient for adequate control of bovine tuberculosis in

New Zealand.

Prior to the discovery of the organism in brushtail possums in 1967 (Ekdahl er al., 1970),
tuberculosis was reported in wild red deer (Cervus elaphus) in 1956 (Livingstone, 1994), a
hedgehog (Erinaceus europaeus) in 1957 (Brockie, 1990), and in feral pigs (Sus scrofa) in 1962
(Allen, 1991). The most recent mammalian species in which M. bovis has been discovered was
a free-living hare (Lepus europaeus occidentalis) in 1992 (Cooke et al., 1993). Mycobacterium
bovis infection has now been recorded from most mammalian species in New Zealand, except
wallabies (Macropus, Petrogale and Wallabia spp.), bats (Mystacina tuberculata and
Chalinolobus tuberculatus), rats (Rattus spp.), mice (Mus musculus), pinnipeds, weasels
(Mustela nivalis), chamois (Rupicapra rupicapra), thar (Hemitragus jemlahicus), four cervid
species: sambar deer (Cervus unicolor), rusa deer (Cervus timorensis), white-tailed deer
(Odocoileus virginianus), and moose (Alces alces), llamas (Lama glama), and alpacas

(L. pacos).
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1.3 MYCOBACTERIUM BOVIS

1.3.1 General characteristics of the organism

Mycobacterium bovis 1s a prokaryotic micro-organism belonging to the taxon
Mycobacteriaceae, in the order Actinomycetales, a group of Gram positive bacteria. It is a non-
motile, non-spore-forming pleomorphic rod-shaped bacillus with a lipid-rich cell wall,
necessitating the use of hot concentrated carbol fuchsin, as in the Ziehl-Neelsen (ZN) stain, for
visualisation. Once stained this way the bacilli are difficult to decolourise, even with acids,
hence the term acid fast organisms. The organism is an intracellular parasite, capable of

replication and multiplication in the cytoplasm of cells such as macrophages.

1.4 TRANSMISSION OF BOVINE TUBERCULOSIS

1.4.1 Introduction

The transmission of tuberculosis is inextricably linked with survival of the organism in the
environment. Factors affecting the survival and/or multiplication of pathogenic organisms in
the environment are the availability of nutrients, temperature, amount of organic matter present,
sunlight/shade, moisture, pH, oxygen tension, inorganic ions and microbial flora (Wray, 1975).
Protection of mycobacteria may be afforded by the presence of faecal material (Williams and
Hoy, 1930). Survival of pathogenic bacteria on grassland may be affected by their location on
the herbage or soil, or in the soil or sub-soil. This is because each location has differences in the
availability of nutrients, temperature, moisture, pH, exposure to sunlight (ultra violet (UV)
radiation), soil structure, dissolved oxygen, natural microflora and their interactions, presence of
naturally occurring antibiotics in soil, and whether the bacteria are in a vegetative or spore form

(Kelly and Collins, 1978).

Tanner and Michel (1999) emphasised that moist and shady conditions enhanced the survival of
M. bovis, and survival of the organism is also enhanced if desiccation and evaporation are
minimised. Mitscherlich and Marth (1984) found that M. bovis survived longer if shaded than
in direct sunlight. Survival of M. bovis is longer in winter than in summer (Williams and Hoy,
1930; Maddock, 1934; MAFF, 1979; Nolan and Wilesmith 1994). King et al. (1999)

demonstrated that the survival of M. bovis was favoured by low levels of UV radiation, low
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temperatures, and high relative humidity, which are typically experienced in spring in England.
However, there is a difference between the survival time of organisms and their remaining
infectivity (Morris et al., 1994), which is difficult to measure. The reasons for this proposed

phenomenon are not clear.

Most of the work on the viability of M. bovis in the environment has been experimental, and
conducted under unnatural conditions, resulting in survival times which are longer than in
naturally infected material (Morris et al., 1994). Additionally, many of these experiments have
been conducted in England, where the climate and farming practices differ from those in New
Zealand. It is probable that the survival rates of M. bovis in Britain are higher than those that

occur under most natural conditions in New Zealand, because of differences in climate.

1.4.2 Routes of infection and shedding

Indications of the route of infection can be gained by studying the distribution of macroscopic
lesions in the affected species. Infection via the respiratory tract typically results in a pattern of
disease characterised by a combination of the initial site of infection and lesions in the regional
lymph node (Dungworth, 1992). While it is a commonly accepted tenet that this pattern of
tuberculosis indicates airborne infection, the situation is less clear when retropharyngeal lymph
nodes or tonsils are affected. The former may indicate infection by either ingestion or
inhalation, as the retropharyngeal lymph nodes receive afferent lymph from the floor of the
mouth and pharynx and nasal cavity. Tonsils, on the other hand, have no afferent lymph

vessels.

The disease in non-bovine ruminants and other herbivores, except for horses (Equus caballus).
is essentially similar to that observed in cattle, in which tuberculosis is principally pulmonary
(Francis, 1958), and may therefore generate infectious aerosols. On the other hand, carnivorous
species, such as mustelids and cats (Felis catus), mainly attain infection via the oral route, with

lesions most commonly occurring in mesenteric lymph nodes (Lepper and Comer, 1983).

The biological behaviour of each species also has a bearing on the projected routes of infection.
This will involve the social interactions between animals of both the same and different species,
and is often related to behaviour such as dominance, inquisitiveness, and gregariousness. For
instance, Comner et al. (2000) found that disease transmission between possums in cage trials
was more likely to occur in those animals which were highly socially interactive. Although this

observation contrasts with the natural disease, where higher levels of tuberculosis are normally
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found in immature possums, this latter phenomenon is most probably due to pseudo-vertical

transmission, which is also closely associated with social behaviour in these animals.

RESPIRATORY INFECTION

Airborne infection occurs by spread of droplet nuclei and dust (Langmuir, 1961). Droplet
nuclei are droplets measuring less than 10 pm in diameter, expelled from the nose or mouth,
containing dissolved substances or solid matter, whereas particles 10 pm or larger are trapped
on the mucociliary surface of the upper respiratory tract and bronchial tree, or are expelled to
the pharynx and swallowed and digested. Droplet nuclei in the 0.5 to 3 pm diameter size range
escape upper respiratory tract removal, and have the highest probability for deposition in a
region of the respiratory tract susceptible to infection, such as the smaller bronchi (Sonkin,
1951; Middlebrook, 1961; Mullenax et al., 1964). The nuclei of these droplets settle slowly and
are carried long distances by light air currents (Wells, 1934). Wells and Stone (1934) suggested
that differences in the viability of a micro-organism in air seemed to be consistent with the
aetiology, epidemiology and pathology of air-borne infection. That is, the enhanced survival of
certain respiratory organisms in air may indicate an adaptation of these organisms to this mode
of transmission. As droplet nuclei are hygroscopic, small nuclei (approximately 1 pm in
diameter) increase in size (diameter) as the air becomes saturated with moisture in distal airways
and settle out in alveoli (Wells, 1955). In his summary of the distribution and deposition of
inhaled particles in the respiratory tract Hatch (1961) emphasised that droplet nuclei contribute
more significantly to air-bome infection than coarser dust-borne organisms. Among the most
likely candidates for aerial spread were those diseases which were uniquely dependent upon
deposition of inhaled particles in alveolar spaces or which were initiated by much smaller doses
in the lungs than at other sites. For instance, mice, which are relatively highly resistant to high
doses of M. bovis inoculated via subcutaneous (S/C) or intra-dermal routes, are susceptible to

comparatively small numbers (approximately 100 bacilli) inhaled via aerosol (Glover, 1944).

Aerosols derived from bacillary suspensions containing isolated tubercle bacilli are about ten
times more tuberculogenic than those containing larger bacillary groups. This is related to
clumping of bacteria, as well as the overall increased size of a droplet due to the increased
number of bacteria. Inhalation of about three viable, virulent tubercle bacilli in fine dispersion
results in a single pulmonary focus in the rabbit (Oryctolagus cuniculus cuniculus) (Lurie et al.,
1950). Ratcliffe and Pallidino (1953) found that a single tubercle bacillus, which is of the order
of 0.3 to 0.6 pm in diameter and 1 to 4 pm in length, deposited separately on alveolar surfaces
of the lung in a droplet nucleus, is capable of initiating tuberculosis. Similarly, Middlebrook
(1961) found that one in every three or four droplet nuclei bearing single tubercle bacilli inhaled

by guinea pigs (Cavia porcellus) reached pulmonary spaces. Particles such as these, which are
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deposited in distal, nonciliated portions of the lung, are quickly transported within macrophages

to a ciliated area or to regional lymphoid tissue.

Eructation results in transportation of aerosolised micro-organisms from the rumen to the
respiratory tract (Mullenax et al., 1964). As 200-300 L of gas is eructated daily by a mature
cow, it seems likely that considerable numbers of bacteria may enter the lung. Therefore, cattle
may indirectly develop pulmonary tuberculosis following ingestion of tubercle bacilli. Particles
in moist droplets are more likely to be deposited in the lung than are dry or unattached particles,

and many such moisture droplets probably exist in eructated gas.

Aerosols may arise from expectorated sputum, and act as potential droplet nuclei, or they may
be aspirated back into the lung, where they could set up another nidus of infection. In the
United Kingdom, the survival of M. bovis from infected badger excretions, secretions, and
carcases were assessed (MAFF, 1979). Bacilli from bronchial secretions containing 10,000 to
200,000 organisms/mL (Lloyd, 1976), were recovered in large numbers (700 organisms/mL)
after 4 weeks on grass in winter, and in scant numbers after 10 weeks, but survived less than 1
week in summer. Additional work by Nolan and Wilesmith (1994) showed recovery of viable
organisms from bronchial pus on pasture after 70 days in winter but less than 2 weeks in
summer. In North America, Whipple and Palmer (2000a) demonstrated respiratory infection of
calves with M. bovis via indirect contact with experimentally infected white-tailed deer through

contaminated feed/fomites.

ALIMENTARY INFECTION

As in the respiratory tract, the alimentary tract has local defence mechanisms which resist
infection. Ingested bacteria must survive passage through the stomach. The pH or acidity of
gastric juices do not usually kill or inhibit tubercle bacilli because of their waxy cell walls.
However, specific enzymes, the nature of which has not been determined (Schwarting, 1945),
may seriously injure tubercle bacilli, especially if they have been exposed to gastric juices for at

least 10 hours (Schwarting, 1948).

It is generally accepted that infective material coughed up in sputum and subsequently
swallowed can cause infection of the lower ileum/ileocaecal area of the intestine, and also result
in faecal contamination (Patel and Abrahams, 1989; Huchzermeyer et al., 1994). However, it is
not possible to differentiate the presence of tubercle bacilli in faeces due to the uneventful
passage of bacilli ingested from the environment, from bacilli passed in faeces by a tuberculous

animal. Infection of the liver and/or hepatic lymph nodes may occur from primary intestinal
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tuberculosis, secondarily from swallowed tuberculous sputum, haematogenous spread (Stamp,

1944), or from congenital infection.

Bovine faeces have long been considered an important source of environmental contamination
with tubercle bacilli, yet the number of organisms in faeces is difficult to ascertain. This is due
to a number of factors, such as the presence of other organisms and the bulk of faecal material,
and just as it is not possible to differentiate pathogenic from non-pathogenic mycobacteria, it is
not possible to distinguish viable from non-viable bacilli. Hancox (1999) recently claimed that
tuberculous cattle with macroscopically visible lesions can shed 38 x 10° bacilli/day/30 Ibs of

faeces, but this wasnot substantiated by experimental data.

Although it is widely accepted that thousands, often millions, of tubercle bacilli are required to
establish infection via the oral route, supportive evidence is scant (White and Minett, 1941;
Dannenberg, 1989). M’Fadyean (1910) reviewed experimental evidence which showed that
10 mg of infective material was necessary to infect calves via the oral route. It has been
estimated that 1 mg wet weight of animal material contains approximately 2-10 x 107 tubercle
bacilli (Brown, 1983). Chaussé (1913) found that 13 million tubercle bacilli would not always
infect sheep (Ovis aries) by the oral route. Lurie (1930) crowded guinea pigs together with
tuberculous cage-mates, producing extensive faecal contamination of cages, which resulted in
intestinal tuberculosis, whereas pulmonary tuberculosis was established when faecal
contamination was eliminated. When both routes of infection could operate, lesions were more
prominent in alimentary sites, which Lurie believed indicated that the establishment of

alimentary tuberculosis somehow inhibited the development of pulmonary tuberculosis.

Maddock (1933, 1934, 1936) used guinea-pigs to test the viability of M. bovis excreted in the
dung from calves artificially infected with large numbers of organisms and from a naturally
infected cow, as well as that on artificially infected grass. While S/C inoculations produced
disease and death in guinea-pigs, oral inoculations required prolonged exposure to high levels of
infection to accomplish disease. Similarly, calves grazing contaminated pasture became
infected only after repeated infection of pasture (at very high levels) over a prolonged (4 month)
period of time. These experiments demonstrated that for cattle, the duration of infectivity was
much shorter than the period during which organisms could be recovered artificially, and
emphasised the decreased susceptibility to infection via the oral route. Maddock (1936)
concluded that the likelihood of infection via the oral route in cattle through grazing would be

remote, with spread of the disease most likely occurring by animal-to-animal contact.
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Reports from Northern Ireland have supported findings which suggest that cattle become
infected with M. bovis from faeces of other tuberculous cattle, and this is associated with the
method of storage and application of manure and slurry (Christiansen et al., 1992; Griffin,
1992). Hahesy et al. (1992) recovered mixed bacterial contaminants of slurry up to 300 metres
from its distribution source using conventional slurry spreading methods in windy conditions.
Schellner (1959) showed that the infection of two cattle occurred one week after grazing pasture
plots irrigated with 10-10"2 M. bovis/mL. A slurry of tuberculous tissues in saline stored at
5-10°C yielded M. bovis after one year, but M. bovis survived only 18 days in pond water
contaminated with tuberculous cattle organs (Mitscherlich and Marth, 1984). Under usual
farming practices, situations such as these would be extremely unlikely to occur, and if they did,
they would be unlikely to cause infection via the oral route. However, Collins (pers. comm.)
mentioned that the tubercle bacillus becomes inactive in slurry or on pasture, and although it
will not culture on artificial medium very well, it can still infect a live host. Thus the issue of

direct or indirect infection from infected slurry remains unresolved.

Survival of M. bovis in soil is generally longer than on pasture, particularly if it is protected
from soil insects, (burrowing) animals and birds (Maddock, 1933; 1934), and appears to be
longer with its increasing depth in the soil (Genov, 1965). Compared with experiments
conducted in Europe, recovery of M. bovis from artificially infected soil in the warmer climes of
Australia (Duffield and Young, 1985) and South Africa (Tanner and Michel, 1999) was shorter
and negatively related to sunlight and temperature. Thus, despite grazing cattle ingesting up to
450 kg of soil per year (Healy, 1968), accumulations of bacilli in soil are unlikely to pose a

great risk of infection to them.

Although tubercle bacilli might survive in undisturbed dung pads during the spelling of
paddocks for 4-6 weeks prior to graaing under a rotational grazing system, one would expect the
risk of infection via the oral route unlikely to increase. Mitscherlich and Marth (1984) reported
that pastures on which tuberculous cattle were kept remained infective for healthy cattle for
7 days after their removal, whereas Jackson et a/. (1995c) believe that contaminated pasture,
particularly in summer, may be relatively unimportant in the epidemiology of tuberculosis in
cattle, deer and possums. Francis (1947) pointed out that young cattle grazing heavily infected
pasture, or grazing with heavily infected stock, have a low incidence of tuberculosis until they

enter the cowshed.

Whipple and Palmer (2000b) determined the survival of M. bovis on feeds used for baiting
white-tailed deer and isolated the organism from various feeds stored at 8°C for at least

16 weeks, and at 22°C for 7 days. Although these feeds could act as a source of infection for
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other animals, infection via the oral route would probably be a rare event, due to the number of

viable organisms required to initiate disease by this route.

INFECTION VIA THE INTEGUMENT

Mycobacterium bovis infection has been acquired via the integument in cats, ferrets (Mustela
Jfuro) and badgers (Tables 1.1 and 1.2). In cattle, Thoen and Himes (1986) stated that cervical
lymph node lesions are evidence of infection through skin abrasions, since afferent lymph
vessels are primarily from skin over the neck and caudally to rib 12, and over the forelimbs.
M’Fadyean (1901) explained the presence of lesions in peripheral lymph nodes in experimental
intravenously infected cattle by the escape of a trace of inoculum into the associated connective
tissue during withdrawal of the needle from the vein. He noted that the affected nodes were on
the same side as the site of inoculation, and because lesions were absent in lymph nodes on the
opposite side of the animal, he believed that peripheral lymph node involvement was not an
indication of generalisation of the disease. Brown (1983) found that the bulk of a S/C
inoculation in rabbits localised at the injection site and some drained to the regional lymph

tissue.

Glover (1944) calculated that the minimum infective dose of M. bovis for a guinea pig via the
S/C route is approximately 10 bacilli. The experimental studies on possums by Corner and
Presidente (1980, 1981) and Buddle er al. (1994), demonstrated the establishment of skin
infection, and in the case of the latter work it was achieved with only small numbers of bacilli.
DNA restriction analysis of a cluster of M. bovis skin infections in cats in the Hutt Valley, New
Zealand, produced strong evidence that the source of infection most probably originated from a
three-clinic veterinary practice in the region (de Lisle ez al., 1990). The site of the skin wounds,
especially in the shoulder region, ithplies infection may have involved the inoculation of a small

number of tubercle bacilli during either routine vaccinations or antibiotic injections.

The distribution of macroscopic lesions, and the likely routes of infection and shedding that
have been recorded in M. bovis infection in species of mammal present in New Zealand, and
overseas reports in mammals either not present in New Zealand or which have not been

recorded in this country are presented in Tables 1.1 and 1.2 (respectively).
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Table 1.1 Patterns of disease seen with Mycobacterium bovis infection in species of mammal present in

New Zealand
Route(s) of Route(s) of
Species Macroscopic lesionsites infection shedding
ARTIODACTYLA:
Bovidae:

Cattle (Bos taurus)

Goat (Capra hircus)
Sheep (Ovis aries)

Cervidae:
Fallow deer (Dama dama)

Red deer (Cervus elaphus elaphus)

Sika deer (Cervus nippon)
Wapiti (Cervus elaphus nelsoni)

Suidae:
Pig (Sus scrofa)

CARNIVORA:
Canidae:
Dog (Canis familiaris)

Felidae:
Cat (Felis catus)

Mustelidae:
Ferret (Mustela furo)

Stoat (Mustela erminea)

INSECTIVORA:
Erinaceidae:
Hedgehog (Erinaceus europaeus)

MARSUPIALIA:
Phalangeridae:
Brushtail possum
(Trichosurus vulpecula)

PERISSODACTYLA:
Equidae:
Horse (Equus caballus)

RODENTIA:
Leporidae:

Hare (Lepus europaeus occidentalis)

Rabbit (Oryctolagus cuniculus
cuniculus)

Lung"", retro In'""2,

mesen ln3,4,6,8‘9‘11-14,16
Lung’'?%, head In*

33 . . 2 3
Lung?”*, mesen In?"%, liver®2

Head ln.a4-.38’ lung‘54,35,37~40’
mesen In*>*
34,40-55
Retro In’ ,
40,41,43 47-54,56

mesen In
lung34,41 -45,47-58

Lung®, retro 1n**%?, GIT®'
Lung®¥, retro In%*¢7,

4
mesen In***’

Head 1n68,69-76

b
70-73 77 477
mesen In’*">7> 74,

, lung

79-
81 mesen

9-83

. .79,80.
Liver lnl 79,80.82

Lung’

bl

. -9 6 -

Sklnl,82,85 0’ mesen lnl, 8,82,85 91’
. ,86,89-92

submandibular In-3%%-°

Mesen  retro In”>Y,

pre-scap In”>'"!

95-100
In

Mesen In'%

106-102

Lung

Lung, peripheral In®

21,78.117-121
Mesen In ,
78.117-121 4. 17
spleen’® , liver?!:117:120

105.123,124 124

Lung , mesen In
125,126

Lung, kidney ,
pre-scap In'?®

3-6,9,11-13,15,17-19
Resp: ,9,11-13

0ra14,12,19
Respzz‘ZJ
OralZ7.28,.\2’ I_esp27

Resp3*3738
31%'38 ’

1,52,54
Ora15 ,52,54,55

9
34,48,51,52,54.55
resp.s4, 8,51,52,

Resp‘“

Oral 7378

1,80,82,84
Oral s

respgz‘g“

Oral] ,26,82-86,88

bl
wounds®2#>%8

7,99,102-
Oral95,9 ,99,102-104

wounds’>!%

Oral'®®

Oral'”, resp'®

109-113

Resp R

pseudo-vert'**!"!,
109.1 12-114
percut'®> 1011214

1
01'31]09’ 10

18,119,122
Orall 119,1

Resp?'®
Oral'*®

*Aerosol”%®
16.17.20

Aerosol®

Aerosol®’

Disch”’,
aerosol*®
Disch?554¥
saliva“s‘ss'sg’
aerosol45‘52‘§4'59
facces?S5459 ’
Aerosol®!
Aerosol66466:67

Aerosol™

Urine®

82,93
Aerosol?*$+%,

- 6 -94
disch®°**

. 7103
Disch®97103,
. 101.103
saliva'®"'%,
milk'®

AerOSOI] 114211546
disch109-112v115,116
saliva, faeces,
urine'?

For reasons of space, references can be found in Appendix IV.
retro = retropharyngeal; In = lymph node; resp = respiratory; mesen = mesenteric; disch = discharging

(wounds/sinuses); GIT = gastrointestinal; pre-scap = prescapular; pseudo-vert = pseudo-vertical;

percut = percutaneous

*Aerosol excretion in cattle also includes nasal mucus

2See Table 1.3 for full details



Table 1.2 Overseas reports of features of Mycobacterium bovis infection occurring in mammals 12

either not present in New Zealand or which have not been recorded in this country

Route(s) of Route(s) of
Species Macroscopic lesion sites infection shedding
ARTIODACTYLA:
Bavidae:
Antelopes:
Antelope (Oryx beisa) Lung' Aerosol, faeces’
Arabian oryx (Oryx leucoryx) Lung"? mesen In? Resp® Aerosol, faeces,
urine’
Gemsbok (Oryx gazella) Lung'
Greater kudu (Tragelaphus strepsiceros) Lung**, spleen’, subparotid In** Resp, oral®’, skin’ Disch®
Kafue lechwe (Kobus leche kafuensis) Lung, mesen In® Resp® Aerosol, faeces®
Springbok (4ntidorcas marsupialis) Lung’
White-bearded gnu (Connochaetes albo-jubatus) Lung'
White-tailed gnu (Connochaetes gnou) Lung'®
Bovine:
American bison (Bison bison) Head In'"*?, resp tract''"? Resp, oral™
Buffalo (Syncerus caffer) Resp tract™"* Resp® 14151718 Aerosol' 5
European bison (Bison bonasus) Lung, mesen In*°
Hiriana cattle Mediastinal In, bronchial In?*!
Water buffalo (Bubalus bubalis) Resp tract?*? Resp™*2¢ Aerosol™
Zebu cattle (Bos indicus) Retro In, resp tract” Resp, skin®’ Aerosol”
Caprine:
Chamois (Rupicapra rupicapra) Lung®*
Ovine:
Burrhel sheep (Pseudovis nahura) Lung'
Camelidae:
Camel (Camelus spp.) Lung®*, liver”', kidney™ Resp®' Urine®
Cervidae:
Axis (chital) deer (4xis axis) Lung"*
Mule deer (Odocoileus hemionus) Bronchial In, head In**
Reindeer (Rangifer tarandus) Lung'*°
Roe deer (Capreolus capreolus) Lung®* mesen In**
White-tailed deer (Odocoileus virginians) Lung®*™, retro In* Resp, oral*® Aerosol®®
Suidae:
Warthog (Phacochoerus aethiopicus) Submaxillary In* Oral®
CARNIVORA:
Canidae:
Fennec fox (Fennecus zerda) Liver, kidney, lung®* Urine*!
Fox (Vulpes vulpes) Mesen In*? Oral™* Disch*
Wolf (Canis lupus) Mesen In*
Felidae:
Amur leopard (Panthera pardus) Lung* Oral?*
Cheetah (Acinonyx jubatus) Resp tract*”* Oral®’ Aerosol”
Lion (Panthera leo) GIT* bone, eye’, lung®*"* Oral*¥’ resp*’*®  Aerosol*’#%*°
Snow leopard (Panthera uncia) Lung* Oral?*
Mustelidae:
Badger (Meles meles) Lung™®, Kidney'! 5354565862 Regp¥saererst Urine?hs8646669-71
head 1n55‘56 wound553'57'61'67, faeces52-59.66.67.69*71’
0ral53,56,68’ disch51~55.53‘66.69-7],
pseudo_vertsl‘SS.Sﬁ aeroso]53-56,5&5&64.6’7.69’”
sputum?'-5>57.6665.7t
Mink (Mustela vison) Mesen in*", rero in™ Oral***+* Disch®
Otariidae:
Sealion (Otaria bryonia) Lung* Ora?™
Procyonidae:
Coati (Nasua narica) Peritoneal serosa'
Ursidae:
Sun bear (Helarctus malayanus) Lung, mesen In*°
Viverridae:
Pardine genet (Genetta pardina) Chest'
CHIROPTERA:
Fruit bat (Preropus giganteus) Peritoneum, mesen In*
Indian fruit bat (Ptero pus medius) Lung' Resp'
MARSUPIALIA:
Macropodidae:
Rat kangaroo (4e pyprymnus rufescens) Lung’
PERISSODACTYLA:
Rhinocerotidae:
African rhinoceros (Rainoceros bicornis) Lung'
Black rhinoceros (Diceros bicornis) Lung, liver™
Southern white rhinoceros (Ceratotherium simum simum) Lung™
Tapiridae:
Malay tapir (Tapirus indicus) Lung"
PROBOSCIDEA:
Elephantidae:
African elephant (Loxodonta africana) Peritoneal cav, mesen In, lung*
RODENTIA:
Brown rat (Rattus norvegicus) Intestine?® Oral®
Porcupine {Hystrix spp.) Lung”™ Resp™

Forreasons of space, references can be found in Appendix V.

mesen = mesenteric; In = lymph node; resp = respiratory; disch = discharging (sinuses/wounds}); retro = retropharyngeal;

T = mactraintoctinal tract neanda.vert = neendn.vartical' rav = ravity
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1.4.3 Modes of transmission in selected species

CATTLE INNEW ZEALAND

Because the principal route of infection for cattle is the respiratory route, with the oral route of
lesser importance, lesions are most commonly seen in the respiratory tract and retropharyngeal
lymph nodes. Spread of infection from possums to cattle occurs relatively easily, but only
rarely in the reverse direction (Collins et al., 1988). Contact between possums and cattle
probably occurs because of the natural curiosity of the latter and their tendency to investigate
terminally ill possums, which may behave abnormally by wandering aimlessly in daylight
(Morris and Pfeiffer, 1995) (Figure 1.2). As with deer (Cervus spp.), it is usually those animals
high in the dominance hierarchy which are most inquisitive, and therefore most likely to
contract tuberculosis (Morris and Pfeiffer, 1995). Conversely, sheep are less inquisitive than
cattle and are very cautious about approaching different species (Morris and Pfeiffer, 1995). It
is this behaviour, together with husbandry practices (Cordes et al., 1981), which is likely to be
why the disease is rarely reported in sheep kept outdoors, although sheep are considered highly

susceptible to experimental infection with M. bovis.

Figure 1.2 Investigatory sniffing of a dazed possum by a heifer.

The main mode of cattle-to-cattle transmission is by aerosol inhalation. Mcllroy et al. (1986)
believed that all tuberculous cattle with lesions in lymph nodes associated with the respiratory
system should be considered possible producers of infected aerosols and thus important sources
of infection for other cattle both within and between herds. Infection of retropharyngeal lymph

nodes may occur via either the respiratory or oral routes, but because of their common
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association with respiratory tract lesions, the majority are thought to be due to inhalation (Stamp

and Wilson, 1946).

CATTLE IN GREAT BRITAIN

As yet, no work has been undertaken to answer the question of whether an infective dose of
M. bovis may be inhaled into the respiratory system during olfactory investigation, but Benham
and Broom (1991) offered a suggestion from their behavioural studies of cattle. Cattle grazing
pasture contaminated with badger excreta might create an aerosol when grazing the tops of
grasses laden with heavy dew. Contaminated herbage was more commonly ingested when
cattle were forced to be less selective due to limited supplies of attractive food. On the other
hand, Hutchings ez al. (1999) found that reducing badger population densities did not produce
commensurate reductions in disease transmission risks from badgers to cattle, as the population
reduction altered the badgers’ scent-marking strategy, leading to subsequent changes in
investigative and grazing behaviour of cattle. Badgers placed a greater proportion of urinations
at crossing points rather than at latrines. Crossing point urinations are not avoided by cattle,
whereas latrines are. These authors believed that olfactory investigation of urine-contaminated
pasture by cattle was far more likely to create explosive aerosolised inhalation than was faecal

contamination.

CERVIDAE

The high prevalence of tuberculosis in feral deer in densely forested areas of New Zealand
suggests that deer-to-deer and/or possum-to-deer transmission must occur in order to maintain
the disease in deer (Nugent and Lugton, 1995). Sauter and Morris (1995b) demonstrated that,
as with cattle, deer high in the dominance hierarchy may investigate tuberculous possums, and
thus risk becoming infected with M. bovis. Lugton et al. (1998) believed that deer-to-deer
transmission is density-dependent and that the threshold for disease “retention™ between deer is
at or above the densities at which deer routinely occur in the wild in New Zealand. Deer-to-
cattle transmission appears a rare event, although infected farmed or dispersing feral deer are
thought to be the principle initiator of entirely new areas of wildlife infection, apparently via
scavengers feeding on infected deer carcases (Morris and Pfeiffer, 1995). Deer-to-possum

transmission may occur when possums feed on tuberculous deer carcases (Nugent et al., 2000a).

A study by de Lisle and Havill (1985), found 75% of tuberculous feral deer had lesions in the
thorax, whic