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A bstract: 

The obJectives o f  the research program ·were t o  obtain a better understanding o f  BCG a s  a 

tuberculosis vaccine in possums, and assess its potential as a tool for controlling 

tuberculosis i n  wild possum populations. A series of vaccination and challenge 

experiments vvere conducted, as well as studies on alternative experimental infection 

procedures . The program included tvvo field studies, one on the epidemiolo�:ry of 

tuberculosis in a population of possums regenerating after localised possum eradication, 

and the other examined the efficacy of BCG vaccine in a vnld population m which 

tubercu losis was endemic . 

The first experiments confirmed the earlier published findings that BCG delivered �Ls an 

mtranasal aerosol ind uced a protective response. The protective response \\as found to be 

present 1 2  months after vaccination and therefore of sufficient longevity to make 

vaccmation a practical control tooL A second study demonstrated that revaccmation of 

possums enhanced protection and a third showed that conjunctiml vaccination was as 

effecti ve as intranasal aerosoL These findings supported the development of a possum 

actimtcd sclf-vaccinator that would deliver vaccine as an aerosoL in delivering the spray to 

both the exiemal nares and the eyes a simple and cheap device could be designed to 

efficiently vaccinate wild possums. 

The intratracheal experimental infection procedure used in the vaccination and 

challenge experiments was not entirely suitable for our purposes . Altho ugh it provided an 

assured level of exposure and repeatable r esults. all mfected possums 

rap1dly progressne disease, irrespective of the vaccination regirne used. T\vo altemative 

methods of challenge were examined� the conjunctival route of infection, and natural 

transmission between experimentally infected possums and susceptible in-contact 

possums. Conjunctival infection vvas shown to be a reliable procedure for infecting 

possums, vvith the disease that resulted from infection having m any of the cardinal features 

of natural tubercu losis in wild possums. Infection follmving conjunctival inoculation 

progressed slowly and may be suitable for studying pseudo-vertical transmiss ion and the 

efficacy of post-infection vaccination. 

In studies with captive possums there \\"as little or no transmission of infection betvveen 

experimentally infected possums and susceptible in-contact possums in the same pen when 
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the experimentally infected animals were selected at random. However, when possums 

with high levels of social interaction were experimentally infected there was a significant 

increase in transmission rates. In addition, the possums that became infected by 

transmission were more socially active than those that remained free of infection. 

Two aspects of the pathogenesis of tuberculosis in possums were clarified during the 

experimental infection and natural transmission studies. The duration of preclinical 

infection, impossible to determine accurately in longitudinal studies on wild possums, was 

found to range from 6 - 20 weeks. Secondly, the pre-eminence of the aerosol route in 

naturally transmitted tuberculosis was confirmed. 

After eradication of possums from a 36 ha site, tuberculosis reappeared within four 

months. Re-emergence of infection on the site was due to immigration of infected 

possums, not to the survival of M. bovis in the environment. Each of the four restriction 

endonuclease analysis (REA) types of M bovis that caused disease in the possum 

population showed a different temporal and spatial pattern. 

BCG vaccine had high efficacy in a wild possum population. Over 2 years, 300 

possums were recruited to a study of BCG vaccination. Approximately 50% of the 

possums were vaccinated, where each possum was vaccinated using both intranasal aerosol 

and conjunctival instillation. There were significantly more cases of tuberculosis m 

unvaccinated possums than m vaccinates, with a relative risk of tuberculosis m 

unvaccinated possums of 3.21. The vaccine efficacy was 69%. The most important 

question relating to BCG vaccine that remains to be addressed is the ability of vaccination 

to control tuberculosis in possum populations. 

This research has demonstrated that BCG vaccine provided protection against Mbovis 

infection in both captive and wild possums. Future research should be directed towards 

developing delivery systems for vaccinating wild possums and strategies for vaccine use in 

wild tuberculous possum populations. 
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Intt·oduction 

The thesis is set out in 5 sections: an introduction, 3 sections describing the research 

with each focusing on a single theme, and a general discussion of the research findings. 

Section A: The introduction is a brief review of bovine tuberculosis in New Zealand, 

tuberculosis in possums. the role of the possum in the epidemiology of tuberculosis. the 

history of BCG vaccination in possums and BCG in other species and human. 

Section B contains three chapters that describe studies on vacc ination of captive 

possums against tuberculosis: the duration of protection, the effect of multiple doses of 

vaccine, and the efficacy of the conjunctival route of vaccination. 

Section C also contains three chapters and these address experimental tuberculosis in 

captive p ossums: a study of the social organisation of cap tive possum colonies, natural 

transmission of tuberculosis within captive colonies and experimental infection of possums 

using the conj uncliY al route of administration. 

Section D describes two studies in a wild possum population : t he epidemiology of 

tuberculosis in a possum population as it re-emerged after localised possum eradication. 

and the effi cacy of BCG vaccinat ion in a wild possum population. 

The final Section E is a general discussion of the research findings and their broader 

implications. 

At the beginning of each section is a brief description of the theme of the section and 

how the chapters in the section relate to each other. Each chapter is the manuscript of a 

paper p ublished i n  or submitted to a peer re\�ewed journal. Each chapter is \.vritten in a 

style to suit the readership of a particular journal and format of the manuscript is that 

required by the journal. 

The list of references used in the Introduction and in the General Discussion are found 

at the end of the thesis, and the references used in each of the research chapters are to be 

found at the end of each chapter. Pages, figures and tables have been numbered 

sequentially throughout the thesis. 
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Chapter 1 

Perspective On T uberculosis Vaccination Of Wild Possu ms 
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Introduction 

The epidemiology of bmine tuberculosis, that is, infection with Mycohacterium hovis. 
in New Zealand livestock and wild ammals has been the subJect of many studies at the 

EpiCentre, Massey University. The research commenced in l 98'J. '>\ith a focus the 

epidemiology of the disease in the bmshtail possum (Trichosurus vulpec!J.la) (Pfeiffer, 

1994 · Jackson. 1995). the interrelationship of tuberculosis in possums and other wild 

animal species (Lugton, 199G). the biology and interaction of possums and livestock 

(Paters on. 1993 ). and the control of tuberculosis in possums and li Ycstock (Jv1 cKcnzic, 

2000: Sauter-Louis, 2001) The fieldvYork vYas unde1iaken at Castlepoint in the Wairarapa, 

and at a range of other sites in the country where tuberculous vvildlife existed. These 

studies haye elucidated the part played by each animal species in the epidemiology as well 

as the role of ennronmental contamination and the elucidation of transmission pathvvays. 

The) have provided a dear picture of the temporal and spatial clustering of the disease, an 

important component in the design and evaluation of control programs at both the regional 

and indivtdual farms le\els. The potential integration of vaccination into control strategies 

provided the impetus for the research described in this thesis. 

OveralL the above theses have thoroughly revievved the epidemiology, immunology 

and pathogenesis M hovis mfection in animals. r have focused in the Introduction, on 

vaccination of possums, and aspects of M. hovzs· infection in domestic and wild animals in 

Nevv Zealand, necessary to fully understand the scope of the General Discussion. The 

literature relevant to each of the specific areas of study is reviewed in the introduction to 

each of the research chapters . 

In 1993, independent evaluations of vaccination concluded that the best prospects for 

achieving gains in tuberculosis control lay in vaccinating wildlife, possums in particular, 

rather than in vaccinating domestic stock (Morris et aL 1993). It was considered that 

vaccinating possums would be more effective than vaccinating livestock because it was 

believed the efficacy of the vaccine for livestock \Yould have to be high to prevent 

infection. In addition, vaccinating \Vild animals would be less likely to lead to international 

trading difficulties. A World Health Organization Expert Group on Animal Tuberculosis 

Vaccines recommended that priority should be given to the development and evaluation of 

vaccines for use in wildlife in those countries \\hich had a wildlife vector problem (WHO, 
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1995). They also concluded that the avirulent strain of M bovis, strain baci l le  Calmette­

Guerin (BCG) offered by far the best option for a first-generation vaccine for use in 

animals. 

Bovine tuberculosis puts at risk New Zealand's internat ional trade in dairy, beef and 

deer products. TubercuJosis in  possums is the principal reason for the persistence of the 

disease in New Zealand (Coleman and Livingstone, 2000). Possums are not just an 

economic threat to New Zeal and's l ivestock by harbouring and spreading bovine 

tuberculosis, but are seen as a pest for other reasons. Possums feed on trees, shrubs and 

pasture, they damage native and exotic forests, and commercial crops (Butcher, 2000). 

Through their selective bro,vsing of native trees they are modif),ing native ecosystems, and 

by predation are interfering with native birds, including some species threatened with 

extinction. There were an estimated 60- 70 million possums in New Zealand at the date of 

the most recent assessment (Co,van, 1991). 

The brushtail possum was introduced into New Zealand from south-eastern Australia. 

Releases began in the mid-l800s and continued until the early 1900s. Their liberation, in 

numerous sites on the two main i slands, was undertaken to provide the basis of a fur 

ind ustry. Unti l  the 1940s, the possum was protected from indiscri minate hunt ing to 

mai ntai n the population (Pracy 1962). 

Possums have been a very successful coloniser. They have adapted to extremes of 

latitude, being found from Northland to Stewart Island and from sea level to subalpine 

slopes, from dense temperate rain forest to open, tussock grass lands (Co\Yan and Clout, 
2000). To control possums and tuberculosis in the possum populations, it is necessary to 

understand not only the epidemiology of the disease in possums but also their population 

dynamics and behaviour. 

Bovine Tuberculosis in Animals 

Cattle are the natural host of M bovis (Theme and Morris, 1983). The agents of 

mammali an tubercu losis are members of the M. tuberculosis complex: M. tuberculosis, M 

bovis, M. microti, and M. a__fi-icanum. Bovine tuberculosis is found worldwide and is a 

disease of economic importance in both developed and developing nations. !vi bovis is 
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infective to all \Varm-blooded animals including humans (Pritchard, 1988) and most animal 

tuberculosis is due to M bovis (Cousins and Dawson 1999: Roberts et aL 1999). It has the 

widest host range of all knovm pathogens (O'Reilly and Dabom, 1995: Thome and Morris, 

l9R3) 

M bovis is a :;oonosis involving transmission from domestic and \\ild animal reservoirs 

to humans. An undetermined number of cases of tuberculosis in humans, especially m 

developing countries, are due to M bovis (Cosi\-i. 199S) There is an increased risk of 

human tuberculosis. including infection with A1. bovis. in people infected with the human 

immuno-deficiency virus (HIV), and especially those with clinical acquired immuno­
deficiency syndrome (AIDS) (van den Broek et al., 199 3:  O'Reilly and Dabom, 1995). 

Because of the risk to humans many developed countries have undertaken to eradicate 

bovine tuberculosis from domestic cattle and these have been successful in some instances, 

for example, Australia Canada. Denmark and S\veden (Clifton-Hadley and W ilesmith, 

1995 ). HO\-vever, \\here there is uncontrolled transmission of tuberculosis between 

domestic and wild animals. eradication of tuberculosis from domestic animals is 

impracticable. if not 1mposs1 ble. 

Bovine Tuberc ulosis in  \Vild Animals- Global pel'Spective 

Wildlife reservoirs of A1. bovis have been found in several countries. They have been 

identified, for example. in bison and whitetail deer in North America (Tessaro. 1986: 

Schmitt et al., 1997), badgers the UK and Ireland (Hughes et 1996 ). feral Asian 

water buffalo and feral pigs in Australia (Cousins and Corner 1998: Corner et al .. 1981 ), 

African buffalo in South Africa (Keets, 2000) and brushtail possum and feral deer in Ne\v 

Zealand (Morris and Pfeiffer. 1995) CuBing of the infected populations has been the 

preferred means of controlling tuberculosis in wildlife. Infection in feral buffalo m 

Australia \Vas eradicated by culling the buffalo population. With the eradication of 

tuberculosis from domestic cattle and the eradication of wild buffalo, the disease in feral 

pigs disappeared as the feral pig \Vas a dead end host (Cousins and Corner, 1998} Culling 

of infected v.ildlife populations is an unpopular option where the species has a high 

conservation value, as \Vith the bison. African buffalo and badgers, or has high economic 

value, as with the whitetail deer. I n  the United Kingdom and Ireland a m<�;Jor limitation in 
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controlling badger populations for tuberculosis control are conservation, political and 

emotional issues surrounding the badger . In the case of the badger, culling of disease sets 

has been undertaken but the effectiveness has been greatly debated (Krebs, 1997). In orth 

America both conservation and economic issues limit the available options for the control 

of the wildlife vectors. 

In Ne\v Zealand, the principal wildlife reservoir of tubercuJosis is the brushtail possum 

but tuberculosis is also widely distributed in feral deer and ferret populations. The role of 

the ferret in the epidemiology of tuberculosis is unclear (Morris and Pfeiffer 1 995) and is 

discussed in more detail below. All three species are regarded as pests. The possum is both 

an ecological and economic pest, ferrets are primarily an ecological pest, and feral deer are 

both an ecological pest and an economic resource. 

Culling of \Vildlife vectors in New Zealand is not \Vithout limitations. Apart from the 

expense of the control program there are concerns about the use of toxins for population 

control of possums, deer and ferrets. Control programs for possums and deer have 

significant positive ecological benefits but there are concerns about the ad verse effects of 

toxi ns on non-target species . Some of the proposed new control methods, for example, 

control using infectious agents, generate both animal welfare concerns and fears of risk to 

the human population. 

Culling of infected wildlife species is the most frequently used strategy for the control 

of tuberculosis in wild animals. Where the infected species has high value, alternative 

strategies for control will have to be developed. This \vill be especially true where culling 

alone is uneconomic. Despite intensive efforts to cull infected possum populations to levels 

below that estimated necessary to prevent transmission (Roberts and Kao, 1 997), 

tuberculosis has persisted in the culled populations. The most promising alternative option 

in the short term is vaccination and in the longer term vaccination and biological control. 

Bovine Tuberculosis in New Zealand 

In most countries bovine tuberculosis has been a serious detriment to the health of 

cattle and a risk to the human population. As a consequence, most developed countries, 
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incl uding New Zealand_ have embarked upon prO[,lJ"ams to eradicate bovine tuberculosis 

from d omestic l ivestock. 

The lu story o f  bo v ine tuberculosis  control i n  New Zealand is s imi lar to that in other 

developed countries . The transmi ssion of infe ction from dairy catt le to humans thro ugh 

consumptio n  of Fresh milk and d airy p roducts made from rav. milk. l ead to d isease i n  

chi l d ren. This in  turn lead t o  the introduction o f  pasteurisat ion o f  milk and the d esire, 

through voluntary and later compulsory schemes . to free dai ry cattle from tuberculosis.  

Control  of b ov ine t uberculosis in catt l e in New Zealand was initial l y  achieved. i n  the 

absence of possum tubercul osis. by maintaining s trict control of the movement of cattl e  

fro m  infected herds,  regular tubercul in test sunei l lance o f  all herds and abattoir 

mon i toring of s l aughtered catt le (Tweddl e  and Li vings tone, 1 994 ). The prospect for the 

successful eradication of bovine tuberculosis from New Zealand l ooked very good 

tiu·oughout the 1 960s and 1 970s (Tvveddle and Li v ingstone, 1 994 )_ National prevalence 

vv·as continuing to d rop and it vvas optim istical ly expected that bovine tuber culosis woul d 

be eradicated_ It was not unt i l  the prevalence \vas l ow, through the 1 970s, that the presence 

of wi ld l ife reservo irs became apparent The significance of these reserYoirs and there 

potential impact on tuberculosis control \\'as not immediately comprehended . 

The Nevv Zealand bovme tubercu losis  control strategy was. and sti l l  IS.  b ased on a test 

and s lau ghter program. Such programs have proved success fu l  in a number o f  countries. 

notably Australi a, North America and Western Europe. Hovvever. i n  N ew Zealand whi le 

domestic l i vestock are continual l y  being infected from wi l dl i fe reseryoirs, national 

eradication  is not possible. 

The designers of the earli er bovine tubercul osis eradication s chemes i n  1'\ev.- Zeal and 

were optimisti c  that complete eradication \\ as achievable .  In the design o f  the original 

campaign the only animal species im olved vvere cattle. They understood the epidemiology 

to invol ve a s imple transmission pathv.'ay. fro m  infected cattle to susceptible cattle. 

Detecting and removing infected animals would interrupt the transmission pathway and 

lead to eradicati on. The s ignificance of the 1 970 report of M bovis infection i n  wil d  

poss ums and the possibility o f  a wi ld  an imal reservoir o f  M bovis w as  not immediately 

appreciated (Davidson, 1 976) The info rmation did not have any i mmediate impact on the 

campaign or the expectations for eradi cation Localised possum control ,  associat ed Yvith 
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known foci of infection, was undertaken. It was not until the prevalence of bovine 

tuberculosis in cattle began to rise inexpl icably that there developed an appreciation of the 

s ignificance of wild animal vectors. With the escalating prevalence in the early 1 980s came 

the introduction of mass poi soning of possums (Tweddle and Livingstone, 1 994). 

The prevalence of bovine tuberculosi s i n  New Zealand escalated in  the early 1 980s 

through to the early 1 990s (Tweddle and Livingstone, 1 994) At the end of 1 994, the 

number of infected cattle herds was nearly three t ime that in 1 980, the year when herd 

prevalence was lowest (Animal Health Board, 2000a). In areas \Vhere feral animal vectors 

were absent, the test and slaughter policy, as originally conceived, was, and sti l l  i s ,  

effective (Tweddle and Livingstone, 1 994). The increase in  herd prevalence seen through 

the 1980s was the result of the expanding problem of possum tuberculosis, a lack of  

resources for both feral animal vector control and for the control p rogram in  fanned 

l ivestock, plus the lack of knowledge of the epidemiology of tuberculosis \V here feral 

animal vectors were involved (Tweddle and Livingstone, 1 994). Greater control and 

eventual eradication of tuberculosis from cattle and domestic deer is sti l l  the goal of the 

bovine tuberculosis p rogram in N ew Zealand. The draft Pest Management Strategy 

proposed by the Animal Health Board (Animal Health Board, 200 1 )  restated that intention. 

The epidemiology of bovine tuberculosis in New Zealand is complex. M bovis has 

been isolated from 1 4  different animal species (Morris and Pfeiffer, 1 995 ; Tab le 1 ) . 

However, the epidemiological p icture was significantly clarified \Vhen the affected species 

were divided into those that were maintenance hosts and those that were spil lover hosts. In 

a maintenance host infection pers ists \\ithout the need for the reintroduction of disease .  

That is, once infection is established a population remains cont inuously infected by 

intraspecies transmission. A maintenance host may be the source of infection for other 

species. In a spillover host, i nfection wil l  not persist indefinitely unless there is re-infection 

from another species, although re-infection may be infrequent. Transmission to other 

species from a spil l over host to domestic l ivestock may occur. That is, both maintenance 

and spillover hosts may act as disease vectors. 

The established maintenance hosts for tuberculosis in N ew· Zealand are the possum, 

cattle and deer (either domestic and feral) with most of the remaining species being 

spi l l  over hosts. Most of the latter species are of l ittle or no consequence in  the maintenance 
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of infection o r  its transmission to domestic stock. The role o f  the ferret i n  the epidemiology 

of tuberculosis is not final ly resolved. It cannot be considered a maintenance host over 

most of its range . H owever it  may sign i fi cant ly ampl i fy i n fection in some areas, for 

exam pl e, i n  No rth Cant erbu ry (P. Caley, pers co mm 2001 ) .  

In  New Zealand the spi l l over hosts share habi tat wi th possums and are infected from 

possums . Feral carni vores and omni vores become infected by scavenging the carcases of 

dead tuberculous possums. Paradoxically, the prevalence of d isease in some spi ll over 

spec ies may be substant ial ly hi gher than in the maintenance host. even where there is little 

or no intra-species transmission .  In these speci es there is a h igh frequency of exposure and 

the disease takes a chronic course. Tuberculosis in feral carnivores and omnivores mav be 

used to ind icate the presence of tuberculous possums. 

Table l . l  

Animal species found i n  New Zealand to be infected with Mycobacterium bovis 

Species Host status  Po tential source o f  i n fect ion for 

domestic l i vestock 

Brushtail p ossum Maintenance High 
Deer - both domestic and feral Maintenance High 
Cattle Maintenance High 
Ferret Spillover Generally low to moderate but high 

i n  some speci fi c areas 
Pigs ( feral ) Spill o v er Low 
Sheep Spillover Very low 
G oat Spi llover Very low 
Rabbit Spillover Very lov.' 
Hare Spillover Very low 
Hedgehog Spillov er Very low 
Stoat Spillov er Very low 
Weasel Spillover Very low 
Cat Spillover Very low 
Dog Spillover Very low 

Ref: Morris and Pfeiffer, 1995 

There is epidemiological evidence that deer played a central rol e  in infecting possums 

';vith M bovis (Morris et al. , 1 994) .  Deer d eve lop open draining sinuses and possums may 
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have become infected from environmental contamination. Alternatively, possums may 

have eaten from a tuberculous deer carcase as they have been observed feeding on deer 

carcasses (Nugent et al . ,  2000). I ronical ly, the prevalence of t uberculosis in feral deer 

populations is exacerbated by tuberculosis in the local possum population (Nugent et al . .  

1 997). 

In cattle  the principal route of transmission is respiratory with the majority of i nfected 

cattle having l ung l es ions (O'Reilly and Dabom, 1 995) .  The p redominance of aerosol 

transmission was establ i shed from the d istribution of lesions in natural cases and in 

experimental infection studies (Francis, 1972 ; Lepper and Pearson, 1973 ). Infection passes 

from one animal to another in aerosols of droplet particles containing M bovis. The 

infectious particles, tem1ed droplet nuclei, fom1 when the moisture evaporates from the 

aerosol droplets. Droplet nuclei, 3 - 1 0  J.lm in d iameter, may containing up to 1 0  bacteria. 

and are aerodynamically very stable, remaining suspended in air for long periods (Smith 

and M ay, 1994). 

Contamination of the physical environmental with M bovis is not a s ignificant source 

of infect ion for an imals. Considerable caution is necessary in inferring duration of 

infectivity in the envi ronment from the studies of survival times in laboratory studies. 

Although l arge numbers of M bovis bacteria  are shed in faeces, pasture contamination is 

not an important_ source of infection, nor are fomites substantial ly involved .  ln humans 

ingestion is 1 0,000 times l ess effective than inhalation as a route of infect ion due to the 

ki l l ing of the bacteria by gastric secretions (Smith and Moss, 1994). Notwithstanding the 

difficulty of infecting animals by the oral adm in istration of M bovis, and the dilution in the 

environment of any excreted bacteria the lvf bovis does not survi ve long in the 

environment so there wil l  be no bui ld  up of contamination. Some studies haYe 

demonstrated that lvf bovis may survive for long periods in faeces, sewage and soil 

(Francis, 1 947).  The bacteria not only haye to survival in the environment but in places 

\Vhere animals wi l l  be exposed to an i nfective dose. In two studies of M bovis survival on 

pasture both reported short survival t ime (Duffiel d et al . ,  1 985; Jackson et al. ,  1 995a). In 

New Zealand the bacteria remained viable for less than 4 days on pasture and to a 

ma--cimum of 4 weeks under the most favourable conditions (Jackson et al . ,  1 995a) .  

Environmental survival is affected adversely by u l tra-violet light, high environmental 

temperature and low relative humidity (Duffield et al. , 1 985 ;  J ackson et al . ,  l 995a) 
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Though !vi bovis may sun·i,·e in  possum carcases for several months. the o rganism is not 

read ily aYailable to infect other possums or l ivestock 

Biology of the B ntshtail Possum 

General Description 

Possums arc sol itary and strictly nocturnaL spending the daytime in d ens (Cowan, 

1 990: Cowan and C lout 2000). Indiv idual possums use many di fferent dens. up to 1 1 - 1 5  
different dens i n  a year. but most d ens arc used only o ccasional l y  They change d ens 

frequently. spending on average tw o out of  three days in different dens. Den sharing is 

unconm1on, but dens often are used sequenti ally by different possums (Caley et aL 1 999) . 

Most mature females produce one joey p er year with the peak of matings occurring i n  

M arch - ApriL U p  to 40% of mature females breed again i n  the second matmg period . 

September- October. The possum is a marsupial and the young, called a ']oey··, 1 s  reared m 

a skin pouch o n  the female· s lower abdomen . The j oey i s  born 1 8  days ail er conception as 

a very underdeveloped foetus, and spends 5 months in the mother 's  pouch before lea\ ing 

the pouch and becoming a semi-mdependent " "backrider'·. J uveni le  possums, at 

approximately one year of age, beco me ful ly independent and estab l i sh their ovvn territory. 

The majority ofJuvenile females remain with in  the home range of the1r mother but a small 

proportion of females and a l arger proportion  of jmeni le males move mvay (disperse) fro m  

the area o f  their birth. Typically the d ispersal distances are up to several kilometres and 

they may travel 20 kil ometres o r  more (Cowan and Clout 2000) 

The home range characteristics of possums vary wi dely, and are dependent on the 

environment The shape and size of home ranges are influenced by habitat density relative 

to carrying capac i ty and absolute dens ity although the relativ e  influence o f  each feature i s  

not  known. Home ranges vary m s ize from about 1 to >30 hectares (Cov .. an and Clout 

2000). Possums confine their activ ity to their estab lished home range and do  not travel 

very far outside it Brockie et aL ( 1 989. 1 997) found that possums could not b e  d ravvn out 

of their home range and would not travel more than approximately 3 00 metres to a b ait 

station Males generally have larger home ranges than females . l lo me ranges overlap 

extensively both within and belYveen the sexes.  Activity within the common areas of the 

home ranges is governed by mutual avoidance betv.een eo-dominant possums of each sex 
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(Winter, 1976, cited by Cowan and Clout, 2000). Possum populations are spatially 

c lustered, and hab itat and carrying capacity of different habitat types dictate the spati al 

distr ibut ion more than any tendency to form social aggregations (Efford, 2000) 

Once established, an adult possum's  home range is stable  in both time and space, and 

they tend to occupy these home ranges for l ife. Removal of possums by control operations 

may result i n  some rearrangement of home ranges but only possums in the immediate area, 

those whose home range overlap the depopulated area, move to uti l ise the avai lable 

resource (Efford,  2000). That i s, possums show a l im ited tendency to actively spread 

themselves evenly over the available hab itat . A shift of more than a few hundred metres is 

highly unusual for adults (Cowan, 1 993). Not all of a possum's home range is used at any 

one time and seasonal movements to food sources constitute occasional use of specific 

parts at particular times. A possum may take 3 to 5 nights to completely cover i ts range 

(Cowan and Clout, 2000). 

The '·vacuum effect", the attraction of possums into a controlled areas from the areas 

immediately surrounding it, has been suggested as the reason for the rapid recolonisation 

of control led areas and the apparent fai lure of buffer zones to control the spread of bovine 

tuberculosis .  Efford et al . (2000) observed some local adjustments of home ranges by 

possums denning adjacent to the control led area in the 2 months after a control operation. 

The effect was detectable for 200 - 300 m from the edge and i nvolved only those possums 

whose existing home ranges overlapped the controlled area. There was no evidence of 

adult possums relocating over long distances. Numerous other studies in a variety of 

habitats and possum densit ies have failed to demonstrate a vacuum effect operating over 

more than few hundred metres (Green and Coleman, 1984; Cowan, 1993 : CO\�·.'an and 

Rhodes, 1993). 

Habitat Preference 

Possum population densities vary greatly between major habitat types and even within 

broad vegetation types there is considerable variation. Dens ities decl ine with increasing 

altitude, a pattern driven more by altitudinal zonation of p alatable vegetation than by 

physical variables of temperature and rainfall .  The highest possum densities occur along a 

250 m zone within a forest along pasture margins. Some of the possums withi n  the zone 

feed on pasture plants, but Efford ( 1 985 ,  cited by Efford, 2000) found that females living 
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\vithin approx. 200 m o f  the forest edge derived most o f  their food (abou t  93%) from 

\vithi n  the  forest. Males in  the same zone derived twice as  much of  thei r  food  from the 

pasture, b ut that was st i ll a smal l fraction of the total . The nutrit ion gained from pasture 

v\ as an msufTicient explanat ion to account for the populat ion edge erfect. The greater 

densities probably d er ive  from greater d i vers ity of food sources and greater biomass o f  the 

understorey along forest margins ( Elford. 2000). 

Population Structure 

The equi l ibrium structure o f  an undisturbed possum population depends upon habitat 

type, food and denning resources (Efford, 2 000). Without i mposed contro l s populations 

range within ± 5 0% of the long-term average carrying capacity. Females are longer l ived 

than males vvith annual survival being 90% for those aged bet\veen 2 and 5 years, 

comp ared with 80% for males in the same age range. Recruitment almosl exact ly balances 

losses, \vith a hrgh death rate in the young of each year. E ven \\ ithout the effects of 

imposed popu !anon control or natural causes of popu lation change, the movement of 

ju veni le possums contributes strongly to the structure and tumO\ er of local popu lations . 

Dispersal from natal areas occurs at a constant rate, not affected by local densi ties or the 

densities in the surrounding areas (Efford, 2000) 

Di.•ipersa! and Recolonisation 

Juven i l es become independent and establish t he i r  O\Vn home ranges usual ly before they 

are one year old (Cow an et aL 1 997) \Vith some do ing so as late as 18 months (EfTo rd, 

2000) Possums that d i sperse l ong d istances are almost al ways individuals that are 

und ergoing or  have recently undergone sexual maturation, and this group in cludes about 

four times as many mal es as fem ales .  Dispersal occurs most often about the of the 

peak in breeding, late summer and early autumn or spring for those popul ation that breed 

twi ce a year The average distance trm·ersed by a possum born in farm land o r  around a 

swamp in Hawkes Bay (where the movement exceeded 2 km) was in the range 3 - 1 L 5  

km, and one possum moYed 25 km (Cov\·an e t  al . ,  t 996) Approximately 20%) o f  juveni l es 

undertake such movements. The dispersal may be done in  a single moye or over several 

consecutive moves. Female dispersal behaviour differs from that o f  males. Females tend to 

establish home ranges close to or overlapping that of their mother (Clout and Efford, 

1 984). Ifjm enile females d isperse they move further and make more moves b efore sett ling 

(Efio rd, 2000). The b iological force for dispersal i s  unclear. 1t is not dependent on density, 
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as juveniles move out from areas of l ow density, may traverse depopulated areas o f  good 

habitat and l ow density, and through areas with an excess of food and dens s ites, al l 

·without settl ing. 

One o f  the maJor reasons for the expansiOn o f  tuberculosis-affected areas i s  the 

dispersal of infected j uven i l e  possums (Cowan et al. , 1 996). After natural or imposed 

population decl ine the population eventual ly  recovers thro ugh a mi xtu re o f  breeding by 

survi vors and l o cal recruitment of thei r  offspring, p l us immigration from surround ing 

areas. In the 2 - 3 years after an ini ti al control operation, immigration i s  l ikely to b e  more 

important than breeding (Efford, 2000). 

Social Structure 

Possums are solitary when feeding and when mo ving around at night ( Day et al . ,  2 000). 

They are generally solitary \vhen s leeping in dens with the clear exception of mature 

females with yow1g less than a year of age. Mature males may also share 'vith mature 

females d uring the breedi ng season. Possums may congregate around local ised sources of 

abundant food but  maintain some d istance from each other when doing so (Day et al. , 

2000 ). 

Possums do not defend a territory, but at low densities may maintain exclusivity in an 

area. Their social structure is fou nded on a dominance hierarchy and mutual avoidance 

(Clout, 1 977, cited Day et al. , 2000). They spend little t ime in direct social contact except 

duri ng b reeding. Den sharing is rare b ut they do not have exclusi ve use of dens. I f  

chal lenged, both male and female possums will defend their dens. When feeding o n  a 

concentrated source of food, possum usually keep distant from each other and feed alone. 

They may defend high q ual ity foo d  sources, for example, bait stat i ons, but wil l  not 

continue to defend the site after they cease feeding (Day et al . ,  2000). However, the effects 

of populatio n  density, habitat, climate and demographic structure on social organisation 

and behaviour are not fully understood. 

Tuberculosis in Possums 

The fi rst report of natural ly acquired bovine tuberculosis in a feral p ossum was in 1 967 

(Ekdahl et al . ,  1 970). It was found on a farm on the West Coast of the South Island where 
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tuberculosis was a persistent problem in cattle. I t  is not known for how long tuberculosis 

had been p resent in possums p rior to its first recognition in 1 967 .  C i rc umstantial evidence 

would suggest that i n fect ion had been estab l i shed a decad e or more earl i er and had spread 

relat i vely slowly i n  the local populat ion (Morris and Pfei ffer, 1 995). However. soon after 

the first report, further cases w ere fo und in a number of widely scat1ered l ocations 

involving both the Nonh and the South I s l ands.  To account for thi s p attern of disease, 

Morris and Pfei ffer ( 1 995)  postulated that i n fection probably entered the possum 

population during the decades of the 1 950s, 1 960s and 1 970s with feral d eer the p rinc ipal 

source o f  i n fection Transmission from deer to possums in as few as 50 locat ions during 

that period would account for the p attern of d isease reported (Morris and Pfeiffer, 1 995). 

Pathology and Transmission 

Tuberculosis i n  possums is usual ly p rogressive and fatal.  I n  possums i t  is p rincipal l y  a 

respiratory i nfection, with 8 5 %  of tuberculous possums havi ng l ung lesions (Jackson et al . ,  

1 995 b). The diagnosis of tuberculosis can only be made "vith high sensiti vity by post 

mortem examination Though c l inical signs are a v al uable indicator, they are less than 7 5 %  

sensitive but highly specific (J ackson e t  al . .  1 995c).  F rom the site o f  primary infect ion, the 

disease s preads rapi dly to other o rgans, and, body and superfi cial lymph nodes. Affected 

lymph nodes become enlarged and contain caseous, pale yel low semi-fluid pus. The 

swollen lymph nodes may rupture through the skin  to form d raining s inuses. The c l i n i cal 

s igns of infection include the presence o f  pal pable swel l i ngs in peripheral body lymph 

nodes of the a-....:i l l ar�· and i nguinal regions, the lymph nodes of head, and debility and 

wasting. I n  possums with superficial lymph node l esions, 45% were found to have formed 

draining s inuses (Cooke et al . ,  1 995) .  Lesions contain l arge numbers of M bovis 

organisms. Terminal l y- i l l  t uberculous possums have extensive lung l es ions and excrete 

large numbers of M bovis in tracheal exudates. In a study of 73 tuberculous possums 

macroscopic lesions were found most frequently in the l ungs (75%). The n umber of s ites 

with les ions ranged from 1 - 1 0  ( mean 4. 6), and a wide range of anatomical s ites were 

invo l ved (Jackson et al . ,  1 995c). Microscopic l ung lesions \vere found in 85% of infected 

possums, with a range of 1 - 28 sites and the mean number of sites 1 1 . 6 .  This pattern of 

infection indicates early general isation of i nfection. 

There are L\VO p rincipal transmission pathways for possum to possum transmission of 
tuberculosi s :  pseudoverti cal between mother and j oey and direct horizontal transmission 
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vm infectious aerosols between adults (Pfeiffer, 1 994). Pseudovertical transmission 

between mothers and their joeys occurs during the long period of pouch l ife up unt i l  

independence. It is the method of spread from one generat i on to the next. The potential 

transmission pathways incl ude aerosol from respirato ry lesions, the oral route of 

transmission from i nfected mammary glands and possibly direct cutaneous infection from 

contaminated sal iva. Direct horizontal tTansmission is  the method of spread within 

generat ions. The respiratory route is the princ ipal route of transm ission between adul t 

possums (Jackson et al . ,  1 995b ). It has been postulated that transmission occurs through 

intimate social i nteractions, \Vhen competing for dens, during s i multaneous den sharing, 

during courtship  and mating, and between males during competition for females. Studies 

on environmental survival have relegated indirect transmiss ion to a very minor role, both 

in the transmission from possum to possum and between possums and livestock (J ackson, 

1 995 ). 

Bovine tuberculosis ki l ls  possums but at prevalences found i n  most cross-sectional 

studies, between 1 - 10%, it does not appear to affect local population size (Co leman and 

Caley, 2000). The length of time from infect ion to expression of clinical disease is 

unknown and it is bel ieved that the progress ion from pre-cl in ical to cl inical d isease is a 

function of the combined effects of severe envi ronmental changes and other stresses, 

including the stress of reproduct ion (Pfeiffer, 1 994). Once cl ini cal s igns are detected 50% 

of possums died \vith in 2 months (Pfeiffer, 1 994), but one cl inical ly tuberculous possum 

was known to survive for 15 months (Jackson, 1 995) .  

The evidence for possums being a significa.nt maintenance host is very strong (Morris 

and Pfei ffer, 1 995 ) :  

1 . there are spatial and temporal associations between tuberculosis m possum 

popu lations and the incidence of tuberculosis in  domestic stock, 

2. infection is endemic i n  possum populations without the need for continued 

reinfection from other wild animal s or domestic stock, 

3. when tubercu lous possum populations are reduced, and therefore the number of 

tuberculous possums also, there i s  a long term decrease in the incidence of infection i n  

domestic catile and deer, and, 

4.  restriction endonuclease analysis (REA, a means of subspeciating M bovis) of 

i so lates of !YJ bovis from longitudinal studies show the same subtypes pers ist in possum 
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populations for e:x.1ended p eriods and IS consistent with long-term maintenance of  

i nfect ion. 

Spatial Distribution of Tubercufous Possums (Hotspots) 

Tuberculosis i n  possum populations is spati al ly  and temporally aggregated, in  what 

have been col loquial ly  termed .. hotspots". Spatial ly. tuberculous possums are many times 

more l ikely to be found denni ng, or to be trapped, within 50m o f  another tuberculous 

possum. Some of  these hotspots have been shovvn to persist for up to 25 years (Coleman 

and Caley, 2000) and in spite of popul ation contro l  p rograms (Caley et at , 1 999) .  

Pfeiffer ( 1 994) hypothesised that the spatial component of  the persistence of hotspots 

was due to the combined effect of pseudovertical transmiss ion, daughters establishing a 

home range that overlaps \\�th that of their mother, aggregated mating patterns and 

env ironmental stresses. Temporal c lustering was postulated as result ing from 

environmental stresses, including low temperatures, high rainfal l and poor nutrition. 

T r·ansmission of Tuberculosis from Possums to Livestock 

It was the frequency with which d raining s inuses were observed in infected possums 

that l ead to the in itial theory that the main route of transmission between possum and 

l ivestock was by way of pasture contami nation (Jul ian, 1 98 1 ) . It  \Vas postulated that 

tuberculous possums spread pus onto pasture and cattle were infected by ingestion of 

contaminated pasture. However, there is a low probab il ity of l ivestock becoming infected 

by i ngesting pasture contaminated \\�th M bovis, as yery high doses, in the order of 1 0  7 -

1 09 bacteria are required to init iate infection by this route (Frances. 1 947 ). 

Observations on cattle and deer behaviour showed that transmission of infection 

probable occurs by inhalation of an i nfectious aerosol .  Possums in the terminal stages of 

disease have been observed and their behaviour is demonstrably different to that of healthy 

possums. Normal ly nocturnal, agile and wary animals, when terminal ly i 11 they b ecame 

debilitated, were active during the day, were less inclined to retreat to the safety of dens; 

they appeared dazed, and developed a staggering gait .  They were unable  to avoid the 

approach of inquisitive l ivestock attracted by the abnormal behaviour (Paterson and 

Morris, 1 995 ; Sauter and Morris, 1 995). In s imulation studies us ing sedated possums, 
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cattle and deer investigated the possum and were seen to lick, bite and sniff the possum. 

During such investigations of a terminally ill possum there would be ample opportunity for 

transmission infection by aerosol .  

Control of Possum Tuber·cul osis 

As of J une 2000, tuberculous possums occupied 8 .95 million hectares, or 

approximately 3 3 %  of the land area of New Zealand (AHB 2001 ) . Diseased populations 

were present in 28 discrete areas, two main areas in the North Island (the central region 

and the Wairarapa) and three main areas in the South Island (Westland, N orth Canterbury 

and Otago; Coleman and Livingstone, 2000). These areas also contained approximately 

75 % of the infected cattle and deer herds in the country. 

The control of tuberculosis in possums is a complex process and involves an 

understanding of the mechanisms of transmission of M bovis between possums, and from 

possums to cattle and deer, as well as the biology and behaviour of p ossums and 

population dynamics. The current method of controlling tuberculous possum populations is 

culling. The population in areas where tuberculosis in possums is endemic are reduced by 

poisoning and trapping. Culling is effective in reducing the incidence of tuberculosis in 

livestock, with the effect being seen in the years fol lo\\ing the control (Tweddle and 

Livingstone, 1994; Pannett, 1 995 ; Caley et al. , 1 999). 

In a control program, the init ial cull of an area aims to reduce the possum population to 

1 0% of the pre-control level . Fol low-up culls, conducted annually or biennially, are 

undertaken to maintain the population at or below the 1 0% level (Coleman and 

Livingstone, 2000). Although population control can suppress the transmission of 

tuberculosis to li vestock for an extended period, such control measures do not led to 

disease eradication in the possum populations. Without ongoi ng maintenance control of the 

possum population, tuberculosis levels in livestock usually returns to pre-control levels in  

8 to 1 0  years as  possum numbers increase ( Barlo\v, 1 99 1 ) . The rate and scale of 

movements by possums in recolonising controlled areas, along with reproduction and 

sun·i va l rates, dictate the frequency with which control must be carried out to keep disease 

transmission risks at acce ptable levels (Efford, 2000). 
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Control of  infected populations by cul l ing is costly, requiring regu lar maintenance 

control and it does not eradicate tuberculosis. In most areas population control is  

undertaken for two reasons .  Firstl y  to decrease the spread of tuberculosis to domestic 

l i vestock by reduc ing the population of d iseased possums, and second ly to restrict the 

spread of  tuberculous possums into adjacent popu lations that are free of d isease .  Where 

possib le, natural barriers to possum movement, such as mountain ranges and ri vers, are 

emp loyed to help prevent the movement o f  diseased possums (Tweddle and Li v ingstone, 

1 994 ). 

Managing possum dispersal is the most important requirement in limiting the extension 

of possum populat ions infected with bovine tuberculosis and the recovery or repopulation 

of areas after control . When a population is culled in the area surround ing a knov-.n focus 

of tuberculous possums. the area is referred to as a "buffer zone·'. Bu iTer zones are areas 

where possum density relative to carrying capacity is kept very low. The concept 

underlying the function of a buffer zone is based on known d ispersal behaviour o f  juveni le  

possums, and the ·width of the zone is determined from knowledge of d ispersal patterns. 

The underlying assumption is that dispers ion of possums is contro l led by population 

dens ity and the force for dispers ion can be neutral ised by the ·'vacuum effect". The long 

distances moved by juven ile possums and the ir  ten dency to d isperse even w·hen p opulation 

densities are low means that buffer zones used for control of possum popu l ation will 

always be ' lea�.;:y' 

Tt  was initial1y contended that erad icat ion of tuberculosis from a possum populat ion 

\Vas possible by merely maintaining the population at a level below 5 0 % of i ts  carrying 

capacity for 1 0  years (Roberts, 1 996) Th is was found to be s impl istic and m isgu ided as 

epidemiological research showed that tuberculous possums are not found evenly  

distributed throughout contiguous po ssum populat ions but are clustered i n  both time and 

space. The clustering makes the control of possum tuberculosis using broadscale 

popu lation reduction measures very difficult. It has been proposed that vacc ination may be 

an alternative control strategy. 

There are three sources of M bovis that may lead to infection of the re-emerging 

population : survival of M bovis in the environment, immigration of infected possums, and 
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infected possums surviving an incomplete culling program. The relative importance of 

these three sources has not been determined. 

BCG Vaccine in Humans and Domestic Livestock 

Bacil le Calmette-Guerin (BCG) vaccine is a live attenuated strain of M bovis. It has 

been used for the prevention of tuberculosis in humans since 1 92 1  (Bloom and Fine, 1 994) .  

· BCG vaccine has an exemplary safety record (Hanson et al . ,  1 995 ; WHO, 1 995b). Overal l ,  

approximately 3 bil l ion doses have been administered, and of  these 2 bil l ion doses were 

given to newborn infants (WHO, 1 995b). BCG is the most widely used human vaccine i n  

the world, being used i n  1 72 countries (WHO, 1 995b). It is part o f  the childhood 

immunisation p rogram in many countries and is often administered at birth (Guerin et al. ,  

1 999). 

The efficacy of BCG in humans has been in contention for over 50 years. Between 

1 92 7 and 1 968, 2 1  control trials of BCG were undertaken and the efficacy ranged from 0 

to 80%. Between 1 988 and 1 995, 1 4  case-control studies were done and vaccine efficacy 

ranged from 2% to 83%. However, there is no consensus on the meaning of the results of 

these trials because there were many differences between them, both in design and in the 

vaccine used. Different strains of BCG were used, the vaccines were manufactured and 

stored in different countries and different regions (WHO, l 995b). A meta-analysis of 1 0  

randomised control studies and eight case-control studies was done by Rodrigues et al .  

( 1 993) .  When analysed in  thi s  way there was a consistently high protective effect (75% -

86%) against meningitis and rnilliary tuberculosis, the form of disease mainly found in 

children. No consistent protective effect against pulmonary disease was found. 

In humans vaccination does not appear to prevent pnrnary infection with M 

tuberculosis nor does it prevent an appreciable number of infectious pulmonary cases 

(Coldi tz et al. ,  1 995). Therefore, it would not significantly decrease transmission of 

tuberculosis in a community. BCG has its greatest value in protecting chi ldren (WHO, 

1 995b). 

BCG vaccination in most recipients causes conversion to tuberculin skin test positivity 

(Bloom and Fine, 1 994). The duration of the hypersensitivity i s  variable and the level of 
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reactivity wanes with time. There is no definitive evidence that BCG re-vaccination 

confers additional protection against tuberculosis m humans, irrespective of their 

tuberculin status before or after vaccination (Karonga Prevention Trial Group, 1 996; 

Reider, 1 996) and WHO discourages BCG revaccination (WHO, 1 995b). There is minimal 

risk in administering BCG vaccine to people vvith a positive tuberculin reaction, even i f  the 

reaction is due to natural infection or prior BCG vaccination (WHO, 1 995b ). An argument 

against adult BCG vaccination is that the resulting tuberculin hypersensitivity makes the 

interpretation of the tubercul in skin test difficult (Harries et al . ,  1 997). 

As with its use in humans, BCG vaccination of cattle has been dogged by controversy 

(Newell and Hevvinson, 1 995). The reported levels of vaccine efficacy ranged widely. As 

with the human vaccine trials with BCG, there were differences in the vaccine, the strains 

of BCG used, and the design o f  the experiments, all of which render direct comparisons of 

results difficult. Recent studies in cattle using low doses of BCG however have 

demonstrated high levels of protection (Buddle et al . ,  1 995a). Previous studies may have 

failed, among other reasons, because they used high doses of vaccine, in the order of 1 08 to 

1 0 10 cfu (Griffin et al.,  1999). 

Vaccination of cattle, although capable of protecting against tuberculosis, is unlikely to 

be used in New Zealand as it may induce tuberculin reactivity. As the skin test is the bas is  

of the national tuberculosis control program, it would no longer be useful i n  vaccinated 

cattle. The economic cost to farmers from tuberculosis relates to the restrictions on the 

movement of their cattle. Therefore control strategies must to be aimed at eliminating 

disease so enabling farms to trade freely. Vaccination would not be cost effective as it is 

unlikely to be 1 00% effective under conditions of challenge from tuberculous possums. In 

that circumstance farmers would be in the worst of all situations, with the d isease present 

in their l ivestock but without the ability to differentiate infected from vaccinated animals. 

In addition, international markets may impose trade barriers on meat from vaccinated cattle 

or subject it to restrictions. 

Vaccination of deer by subcutaneous inoculation was effective in protecting deer 

against establishment of disease followi ng experimental challenge (Thomson et al., 1 995). 

Griffin et al. (1999) reported that when deer were given two doses of vaccine, it protected 

them against disease and infection. Outbreaks of tuberculosis in domestic deer may be very 
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dramatic \Vith rapid spread of infection. Vaccination of deer could be used to control these 

explosive outbreaks where testing alone has been inadequate . 

BCG Vaccination of Possums 

The existing strategi es for the control of  tuberculosi s in possums have been effecti ve in 

reducing possum numbers and thereby the number of tuberculous p ossum in an area. 

However where possum control has been used, there is rapid recolonis at ion when the 

control program ceases. These control programs rely heavily on the use o f  toxi ns and there 

is growing public concern over the continued use of large quantities of poisons. Culling 

programs are costly and alternati ve, more cost-effective progranlS are needed. A promising 

op ti on is vaccination of \Vildlife and a second, long tern1 option, is biological control 

(Buddle et al. ,  2000).  

The goal of wildl ife vaccinat i on would be to control infect ion in the animal reservo i r  

and possibly the eventual erad ication of  infection. The initial target would be to  reduce the 

susceptibility of the population to infections, and reduce the excretion of M. bovis from 

infected animals. These o utcomes would break the chai n  of infect i on betw·een possums and 

from possum to domestic  l i vestock. To achieve these goals a vaccine would not, o f  

necessity, have t o  prevent infection, but rather reduce the prevalence and i ncidence of 

infection to below a level capable  of sustaining the disease in  the population . 

Ald,�rell et al. ( 1 995a, l 995b) reported that BCG vaccinat ion of possums could reduce 

the severity of di sease and the degree of d issemination of infection after experimental 

chal lenge. S ubcutaneous, intratracheal, and intranasal aerosol administration of BCG al l 

proved effective. Buddle et al .  (1997) reported that BCG when del ivered d i rectly i nto the 

duodenum provided a level o f  i mmuruty eq uivalent to subcutaneous, intratracheal and 

intranasal vaccinat ion. Neither intragastric nor oral administration was effect ive, 

presumably because the bacteria were destroyed by gastric secretions (Aldwell et al . ,  

1 995 a, 1 995b; Buddle et al . ,  1 997) .  For oral delivery some fo rm o f  encapsulation would be 

required to overcome the vulnerability of the bacteria to gastric secretions. Should that be 

achieved del ivery of BCG as an oral bait could be used in a si mil ar fashion to toxin baits .  
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Based o n  the above, two methods of delivering BCG vaccine to  wild possums, aerosol 

and in baits, are feasible, at least in principle. Aerosolised vaccine could be deli, ered from 

a device d esigned to spray a possum when it enters. or BCG could also b e  i ncorporated i n  

bai t  but protected from gastr ic  secretions, and the b aits could be used akin t o  toxm baits . I f  

the delivery \vas safe and cheap, farmers could incorporate vaccinat ion as part of  their on­

farm control program. V accination could also be used on a l arger scale as p art of a 
integrated regional area control strategy. 

Outline of the research program in thi s  thesis 

The obj ective of my research program was to gam greater understanding of the 

potential o f  BCG as a vaccine to protect possums agamst tuberculosis. From tins program 

of study v:ve p lanned to d evelop a strategy for the uti l isat ion o f  BCG v accination. or any 

vaccine developed in the future, for use in wild possum populations. When the proJect 

commenced there had been substantial investment in New Zealand into tubercu losis 

vaccine development. The benefits of that effort would be gained only if the vaccine \Vas 

efTective and could be  delivered to wild possums. B efore ' accination could be adopted as a 

strategy for control l ing tuberculosis. a number of questions needed to be addressed. In 

order to determine the practicability o f  vaccinating wild  possums, and in the contexl of a 

field  disease control p rogram a series o f  research proj ects were undertaken. The research 

that makes up tins thesis  \Vas a series of studies aimed at add ressing some of these 

outstanding questions and advancing the use of vaccination as tool controlling 

tuberculosis in wild possums 

NB.  Detai ls of the references cited in  this s ection are l i sted at the end of  the thesis .  
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S ECTION B. 

BCG Vaccination  Stu d i es lJsi n g  Captive Poss u ms 
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I ntroduction 

The obj ective of the research program \Vas to gain a greater understanding of the 

potent i al of BCG as a tuberculosis vaccine  for possums. This 1vas to be achieved through a 

series o f  studies \\ i th c apti ve possums and the examination o f  the effect o f  vaccination on 

tuberculosis  i n  a ·wild possum populat ion. The program and results arc described in the 

fol lo\ving e ight chapters. 

B uddle and colleagues had conducted vaccinat ion and chal lenge studies with BCG 

vaccine and individually caged possums. They had shovm that BCG vaccine could be 

eJiecti ve I\ hen administered by a number of different routes i nc luding intranasal aerosol.  

Intranasal aerosol vaccination was chose n  for the i n it ial  studies in the present senes. I t  was 

an easy procedure to perform and cou l d  potentially be used for vacci natmg 1vild possums 

using a possum-activated vaccination-bait  station. BCG vaccine was used as it  had been 

effective in the initial cage studies and no other vaccine was m ai lable. 

The i nit ial stud i es demonstrati ng BCG vaccme efficacv 1v ere conducted at 

W al lacevi lle .  When p ossums are caged they exhibit s igns of stress (Pres idente and Correa 

1 9X I ,  Buddle et aL , 1 992) and stress d epresses immune responses. However. even under 

these conditions vaccinated possums st i l l  performed b etter than controls in experimental 

chall e nge studies. I n  h o u s ing possums in large outdoor enclosures in a bushland setting, vv e  

hoped to d ecrease the stresses associated with confinement and s o  b e  abl e  t o  b etter assess 

the l evels of protectio n  afforded by BCG \ accination. minimally confo unded bv 

intercurrent stress. 

B efore vaccinati o n  could be consi dered for field use and before field trials could be 

undertaken, a number questions had to be addrt-'Ssed Questions on the duration of the 

protective response and the effect of revaccination \vere addressed in the first hvo studies. 

The need for the third experiment arose out of consi derations on the design o f  a p ossum­

acti vated vaccinator-bait station. 

The first experiment (Chapter 2) had several o bj ectives. The first \vas s i mply to 

determine the level of p rotection ind uced when a s ingle  dose of BCG was administered as 

an i ntranasal aerosol .  The second obj ective was to  address the question of the l o ngevity of 
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p rotection induced by a single dose. For use in the field it v;as necessary to know how long 

protection from a sing le dose would  last - was i t  l i felong or would periodic boosting be 

necessary? 

The second experiment (Chapter 3) was des igned to invest igate the effect on protection 

of repeated doses of vaccine. Under field conditions the frequency of re-vaccination ·wi l l  be 

beyond i mmediate control and some possums may b e  exposed repeated ly over a short 

period of t ime or revaccinated after a period of  months .  It was not possible to predict the 

effect on the possum ' s immune system of these repeated exposures. In immunology ci rcles 

opinion was divided o n  the effect on protective immunity of multip le exposures to antigens 

that stimulate a cell mediated immune (CMI) response. In a broader context, the number of 

t imes any ,,.,.ild host may be exposed to vaccine vvi l l  largely be beyond control and so the 

answer to this  quest ion would have imp l ications for the use of al l vaccines for wi ldl ife, for 

al l  modes of delivery and all wi ld l ife species where the vacc ine rel ies on st imulati ng CMI 

for protection . 

The third experiment (Chapter 4) addressed vaccination by instil l ing BCG vaccine onto 

the conjunct i Ya as an additional route of vaccination. The need for thi s  experiment arose 

when we were cons idering the design of a dev ice to del iver an aerosol vaccine to wild 

possums, in the form of a special ised vaccinator-bait station. Possums wil l  investigate 

novel objects in  their environment, and by uti l is ing this aspect of a possum's nature, a 

possum- acti vated vaccinator that would spray vaccine into a possu m's face, could be 

des igned . Greater flexibi l ity i n  the design of the vaccinator, and a greater probabi l ity of 

del ivering an immuni s i ng dose wou ld be achieved if the vaccine were sprayed onto the 

possum's face. into the eyes as well as i nto the external nares . However, noth i ng was 

known about the cl ini cal and immuno logical effect of admin i stering BCG vacc ine to the 

conj unctiva. 



Chapter 2 

Aerosol vaccination of the brush tai l  possum ( Trichosurus 

vulpecula) with bacille Cal mette-Guerin: the d u ration of 

p rotecti on * 

3 5  

* Published a s  L A L  Comer. B M  Buddle, D U  Pfeiffer and R.S .  Morris ,  Veterinarv Microhiologv, 

200 1 , 81 , 1 8 1 -1 9 1 .  
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ABSTRACT: 

Bovine tuberculosis is endemic in wild b rushtail possums (Trichosurus 'v'U!pecula) in 

N ew Zealand .  The d isease is con trol led by reducing or el iminating infected possum 

populations. but c ontrol methods do not kill  a l l possums i n  the targeted area. l eaving 

some tubercul ou s  possums to maintai n  the disease. Vaccination with baci l lus  Calmette­

Guerin (BCG) has been sho\\11 to provi de significant levels of protect ion. Vaccination 

i s  a potential alternat ive or comp lementary control strategy if pro tecti on is  long last ing. 

Capt ive possums were vaccinated \Vith a s i ngl e dose of BCG by intranasal aerosol and 

chal lenged by  intratracheal insti l lation of lvfycohacterium hovis two. six or  1 2  months 

after vaccination . Vaccinat ion produced sigmficant immunity as measured by the 

lymphocyte pro li ferat ive response to bovine PPD and protection in response to 

challenge. The protective response -..vas seen as a decrease in the mass of  pulmonary 

l esions and decreased dissemination to the ab dominal organs and body lymph nodes. 

The p rotective effect was stro ngest at 2 months a fter vaccinat ion b ut was sti l l  present at 

a lovvcr level at 1 2  months. Dcli very or an aerosol vaccine to possums in the vvild using 

a sel f-del i v ery system cou l d  contrib ute  subs tant i ally to \\ i l dlife tuberculos is  contro l .  

I NTRODUCTION 

Bovine tuberculosis i n  wi ld animals, which act as reservoirs of infection for 

domestic an imals, other \vi l d  animal spec ies and humans_ is becoming a world wide 

problem. S 1gnificant \\ i ld  animal resen o i rs have been identi fied in cervids  in  North 

American (Schmitt et al . _  1 997), in badgers in  the United Kingdom and Ireland 

(O'Reil ly and D abom, 1 995 , Hughes et aL 1 996), m C ape buffalo in S outh Afric a  

(O ' Rei ll y and D abom, 1 <)95 ), and brushtail possum in  Ne\\ Zealand ( Morris et al . ,  

1 994). Vacc inat ion ofwi ld animals may be  the only alternative to  cul l ing as a means of  

controll ing infection in  wi ld  populations . Vacc ination \\ Ould be the preferred option for 

wild animal spec i es of high economic or h igh conservation value (Hughes et al. ,  1 996). 

In New Zealand, the introduced Australian brushtail  possum (Trichosurus 

vulpecula) is the major wi ldl i fe resen oir  o f  lviycobacteriu.m bovis (Ald\'vell et al . ,  

l 995a) for domesti c  cattl e  and deer, and also a sib:rni ficant environmental pest .  Infection  
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is  endemic in  possum populations in  many areas of both North and South Islands. 

Infected possum populations are cul led by t rapping and poisoning p rograms to reduce 

the ri sk of infection in domestic  stock (Caley et al . ,  1 999). Control of possum 

tuberculosis by population red ucti on is a costly and unending pro cess, for, without 

continued control of the population, numbers rapidly recover and with it  tuberculosis 

prevalence. In th e long term, new strategies for control of tuberculosis in possum 

populations wi l l  be required . Vaccinat ion of possums against tuberculosis is a 

p romising option (Buddle et al . ,  2000). 

Vaccination with baci llus Calmette-Guerin (BCG) has been shoVIrn to g1ve 

protection against experimental chal lenge with M. bovis in cattle (Buddle et al . ,  1 995),  

deer (Griffin et al . , 1 999) and brushtail possums (Aldwell et al. , 1 995a, 1 995b; Buddle 

et al . ,  1 997) Studies in humans fro m  several parts of the world have reported the 

p rotective efficacy of BCG as ranging fro m  negative to more than 90% (Rodrigues et 

al . ,  1 993) .  Possums when chal lenged seven to nine weeks after vaccination with BCG 

by vario us routes shovved protection, and vaccination significantly decreased the 

severity o f  disease and the dissemination o f  infection to the l iver and spleen (1\ldwel l et 

al . ,  1 995a, 1 995b; Buddle et al . ,  1 997).  BCG vaccination by i ntranasal aerosol (Aldwel l  

et al. ,  1 995b), subcutaneous inoculation (Aldwell et al. ,  1 995 a, 1 995b), intratracheal 

(Aldwell et al. , 1 995b) and intraduodenal (Buddle et al. , 1 997) inst i l lation have all been 

shown to be efficacious, but o ral administration was ine ffective ( Aldwell et al . ,  1 995a). 

The lat ter authors concluded that given a sui table deli very system, aerosol  vaccination 

o f  possums, used in conj unction with other control measures, might be a suitable 

method for reducing the spread of M bo vis from wildlife to domestic  animals (Aldwell 

et al . ,  l 995 a) . Mathematical modell ing of tuberculosis in -vvi ld possum populations 

p redicts that prevalence coul d  be reduced, possibly the disease eradicated using a 

vaccine, even where the vaccine had less than l 00% efficacy and only half the possum 

population was effectively p rotected (Roberts 1 996). 

A protective effect of BCG in possums has b een demonstrated seven to nine weeks 

after vaccinati on (Aldwel l et al. , 1 995 a, l 995b; Buddle et al . ,  1 997) bu t, for field 

application, protection over a longer period would be essential. The aim of our study 

was therefore to examine the duration of the protecti ve effect of a single dose of BCG 
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·vaccination administered as an intranasal aerosol .  In these studies we examined the 

l eye] of protect ion at two, six and 1 2  months after v accination. 

MATERIALS AND METHODS 

Animals 

Eighty-three adult male possums weighing 1 .5 kg to 3 . 8  kg \vere trapped in a rural area 

of the North Island (NZ), an area free of possum tuberculosis. The possums \vere 

housed communal ly o utdoors. in l arge \\ ire mesh-covered pens and accl imatised to 

captivity for a minimum of 42 days prior to experimentation. Vaccinates and controls 

\vere held in separate pens for two weeks after vaccination to minimise the risk of BCG 
spreading to the controls. 

For we1ghing. b leeding and vaccinating, the possums were sedated \\ ith 1 00 to 1 5 0  

mg of kctaminc hydrochloride (Pamdl Laboratories. East Tamah. i, }';Z) (Buddlc et al, 

1 994} The possums were examined 'isually each d ay, and weighed every 3 to 4 \veeks. 

Before administration of the chal l enge inoculum, p ossums were sedated \Vlth 70  mg of 

ketamine, and then anaesthetised w·ith l mJ of Saffan ( 1 2  mg/mL Pet Elite Ltd, Lower 

Hutt New Zealand ) administered by intramuscular inject ion. Possums were euthamzed 

by the intraperitoneal administration of an overdose of pentabarbitone while under 

ketamine sedation. 

E:Aperimental de ... ign 

Possum were on the same date and challenged at six and 1 2  'H'-'H'-' ........ 

after vaccination. At each time po int , nonvaccinated possums, trapped at the same time 

and held for the same time, were s imi larly chal l enged. We repeated the two-month post 

vaccination chal l enge trial (ln o-month Trial B) vvith possums captured in February 

1 997. Possums trapped m October 1996 \Vere aJ l ocated to one o f  three groups, to be 

challenged at two months (20 possums), six months (20 possums) or 1 2  month (23 

possums). Approximately half of  each !:,lTOup was vaccinated (Table 2 . 1 ). AllocatiOn to  

vaccinated or  nonyaccinated control subgroups was done systematical ly from a list of  

al l possums ranked on body \\'eight Possums for the two-month Trial B \vere all ocated 

to treatment groups alternately from a l i st ranked on body \veight .  At the t ime of 



40 

vaccination the median weights of all subgroups vvere s imilar. Vaccination of the first 

three groups was done in December 1 996 and of two-month Trial B in April 1 997 .  

Vaccination 

BCG Pasteur strain 1 1 73P2 was prepared as d escribed by Aldwell et al ( 1 995b) 

Briefly, broth cultures were grovvn to mid-log p hase in Tween albumin broth (TAB), 

the number of organisms was estimated from the turbidity of the cul ture and di lutions 

were made in  steri le TAB. The number of colony forming units (cfu) was determined, 

after the vaccine suspension had been used, by p lat ing I 0-fold dilutions on 

supplemented Middlebrook 7 H l l  agar. 

Possums were vaccinated once only. The possums were sedated and the vaccine 

was administered as a metered aerosol spray (Valois Spray atomisers, Douglas 

Pharmaceutical s Limited, Auckland, NZ) of l OO Jll di rected at each nostril from a 

distance of 1 to 2 cm. The BCG vaccine suspension used in December 1 996 and that 

used in April 1 997, contained 6 .5  x 1 06 cfu and 5 x 1 06 cfu per ml, respect ively. 

Cltalle11ge 

The challenge suspensiOn was prepared from M. bovis strain 83/6235, original ly 

isolated from a naturally-infected possum (Buddle et al. ,  1 994 ). The challenge 

i noculum was prepared in the same way as the BCG suspension. Possums in the 

vaccinated and control groups ·were challenged i n  t he same way. A 1 . 5 mm external 

diameter plastic cannula was passed through the mouth and down the trachea until the 

end of the cannula lay beyond the level of the tracheal bifurcation. Once in place, 200 

Jll of a M bovis suspens ion was i nstil l ed into the lungs and the cannula was flushed 

with an equal vol ume of sterile saline. After infection the possums were placed in left 

l ateral recumbency to recover. Possums in 2-month Trial A \vere chal lenged with 

approximately 28 cfu, those in 2-month Trial B and the 6-month trial with 78 cfu and 

those in the 1 2-month trial with 50 cfu. 

Necropsy 

All  possums were subj ected to a detailed post mortem exami nation. All possums 

surviving to the end of the 7th week after challenge, were euthanased . Post mortem 
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body and lung weights were recorded. At the necropsy examinat ion, the d istribution of 

macroscopic lesions was recorded . A sample  of lung (approximately 2 g) from a typical 

tuberculous abscess and one-th ird of the spleen was col lected from each ani mal for 

bacteriological examination. 

Tissue for histological examination was preserved in 1 0% buffered formalin. The 

fol lowing lymph nodes were col lected: mandibular, parotid, deep cervical, caudal 

cervical, deep axi l l ary, superficial axi l lary, inguinal ,  i l iac, hepatic, gastric, mesenteric, 

and mediastinal . Other t issues col lected for examination were the tonsi ls, l i ver, l ung, 

spleen, k idneys and adrenal glands. For examination, tissues were embedded in  

paraffin, sect ioned at 3 1-111\ stained with haemato:J�:ylin and eosin and by the Ziehi­

Neel sen method. Histological examination consisted of detection of tuberculous 

granulomas, characteri sed by the presence of acid-fast bacteria within the les ions . A 

tissue was classed as positive if it contained one or more tuberculous granulomas 

Bacteriology 

Bacterio logical examinati on consisted of decontamination of the macerated specimen 

with 0 . 7 5 %  cetylpyrid in ium chloride for l hour and centrifugation at 3 .500 g for 20 

nun The deposit was resuspended in sterile  distil led water and inoculated onto 

Lowenstei n  Jensen agar supplemented with pyruvate and modified Mycobacteria 7H l 1 

agar contain ing 1 0% sheep serum and 0. 5% lysed sheep red cell s .  Inoculated media 

were incubated at 37°C and inspected weekly. The identification of the mycobacteria 

isolated was determined as previously described (de Lisle and Hav i l l, 1 985 ) .  

The concentration of  Mbovis in lung and spleen was determined by the appropriate 

dilution of homogenised tissue in TAB. P lates of modified 7 H l l agar were i noculated 

with 0. 1 ml of a l/ 1 0  and l/1 000 dilution of the homogenised tissue. 

Lymplwcyte proliferation assay (LPA) 

Whole b lood preserved in heparin was col lected for the lymphocyte pro l iferation assay 

(LPA) before and four  weeks after vacc inat ion, and in two-month Trials A and B blood 

was also collected at eight weeks after vaccinat ion. Prol i feration responses of 

peripheral blood lympho cytes were measured using the method descri bed by Buddle et 

a1 ( 1 994 ) . Briefly, 1 ml of blood was added to 50 ml of lysing buffer contain ing 0. 1 7  M 
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Tris and 0. 1 6  M N�Cl, pH 7 .2  and incubated at 37°C for 10 min. The cel l suspension 

was centrifuged at 3 50 g for 10 ruin, resuspended and washed twice in PBS.  The cells 

were fi nal l y  resuspended in RPMI 1 640, containing 2% norma] possum serum, 2 mM 

glutami ne and ant ibioti cs.  To each well of a sterile cel l  cult ure microtitre plate was 

added 200 � of cel l suspension containing approximately 1 x 1 06 mononuclear 

cel l s/m!. Cells were cultured with bovine purified protein derivative (PPD: CSL Ltd, 

M el bourne, Austral ia), 60 �-tg/ml fi nal concentration, or Concanaval in A (Sigma, St 

Louis, M O, USA), 5 llg/ml final concentration. For the w1stimulated control \-veil s, 50 

J .. d of RPM I  1 640 med i um was added. Assay conditions, harvesting and �-sci nti l lat ion 

counting were as described previously (Buddle et al . ,  1 994). The prol iferative response 

to bovine PPD was expressed as the difference in mean count before and 4 weeks after 

vaccination. 

Statistical analysis· 

The fol l o\\� ng parameters for the vaccinated an d non-vaccinated subgroups at each 

chall en ge were compared using the nonparametric M ann-Whitney test :  body weight at 

chal lenge, the proportional change in body weight after challenge, l ung weights as a 

proporti on of the post mortem body weight, bacterial counts from the lun g, and 

bacterial counts from the spleen. Lung 'vveight was taken as an estimate o f  the mass of 

l ung les ions. For analysis, bacterial counts were log10  transfo rmed 

I n  the lymphocyte proliferation assay, the response to bovine PPD before 

vaccination was compared with that four weeks after vacci nation. In order to achieve 

normality, the raw counts per minute (cpm) v\"ere l og10 transformed and the differences 

compared using the unpaired t test. Comparisons were made bet\veen vaccinates and 

controls in each trial. 



Table 2. 1 .  

Response of possums, vaccination with bacillu s Calmette-Guer;n by intmnasal aer-osol, to challenge with Mycobacterium hovi.'l two, six m· 
1 2  months after vaccination. 

Trial Treatment No. in Challenge \Nl Weight change I Lung vvt I Lung bacterial Spleen bacterial No. of Tissues with 
subgroup subgroup (kg) challenge wt post mortem ""t COLmt COLml microscopic lesion b 

(kg I kg) a (g I kg) (log 10 cfu I g) (1og 10 cfu I g) 
2-month Trial A 0 Control 9 2 5 (2 .0, 2 . 8) d -0 . 25 (-0.3 5, +0.08) 40 ( 1 8, 5 1 )*** 7 .0 (7.0, 7 .4) 3 .8  (2.0, 4 . 8)** 281 1 03 (27.2%)* * *  

Vacc inates 1 1  2 .6 (2.0, 3 . 1 ) -0.20 (-0 .34, +0 . 20) 27 (9.2, 36 . 5)***  7 .0 (4 .4, 7 .2) 2 .3  (0. 3 ,  5 .0)** 41 1 35 (3 0%)* * *  

2-month Trial B Control 1 0  2.6 (2.4,  3 .3 )  -0.25 (-0 . 35 , -0 . 07) 26 ( 1 8, 45) 6 .8  (5 .5 ,  7 6)  2 . 2  (0 . 3 , 3 . 3 ) 6197 (6.2%) 

Vaccinates 1 0  2 6 (2.5, 3 1 )  -0. 1 9  (-0.42, -0 . 1 3 ) 27 ( 1 6, 5 1 ) 5 . 8  (4.4, 7 1) 0 .3 (0 3, 3 3 ) 91 1 1 4  (7 .9%) 

6-monlh Control 1 0  2. 7 (2 .5, 3 . 1 ) -0. 3 1 (-0.43, -0. 1 9)** 32 (24, 49) 7. 1 (6. 1 , 7 .5)  4 . 1  (2 . 9, 5.4)* * *  391 1 30 (30.0%)* ** 
Vaccinates 1 0  2. 7 (2.5, 3 . 1 )  -0. 2 1  (-0.36, -0. 1 5)* * 28 ( 1 8, 43) 6 . 8  (6.5, 7 . 7) 2 .4  ( 1 . 7, 3 .4)***  1 4/ 1 27 ( 1 1 .0%)***  

1 2-month Control 10 2 .9  (2.3 ,  3 .3 ) -0.29 (-0 35 , -0 . 1 6) 25 ( 1 9, 42) 6. 8 (4 .0, 7 . 3 )  2 . 6  ( 1 . 3, 5 . 4 )  28/ 1 67 ( 1 6. 8'Yo)*** 
Vaccinates 1 3  3 . 1 (2.5, 3 .5) -0. 3 1  (-0 .40, -0. 1 0 ) 28 ( 1 9, 39) 6.9 (4.0, 7 .5)  2 .2  (03, 3 . 3 )  1 1 1 1 6 1  (6. 8%)*** 

a Weight changes after challenge as a proportion of weight at cha llenge 

b The number of tissues, excluding those of the thoracic  and abdominal cavities, "vit h  microscopic lesions divided by the number of t issues examined 

c The Mann-Whitney U test was used to test for statistical significance except for the comparison of number of lesions where the Chi-squared test was used. Asterisks 

indicated the level of statistical significance, * p<O. I 0, * *  p<0.05 and • • •  p<O.O I .  

d Median with minimum and maximum values in parentheses 
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Tissues examined h isto logically ·were grouped into three anatomical regions : the 

thoracic cavity ( l ung, tracheobronchial lymph nodes), abdominal organs (spleen, l iver, 
hepat i c  and mesenteric lymph nodes, ad renal gl ands and kidneys), and body lymph 

nod es (mandibular, parotid, deep cerv ical , caudal cerv i cal , superfic ial ax i ll ary, deep 

axi l lary, inguinal , and i l iac l ymph nodes, and the tonsils) .  The numbers of histo logical 

l esions in each region in vaccinates and controls in each trial were compared using the 

Ch i-squared test .  

Statist ical analyses were conducted using SPSS for Windows version 9 .0  (SPSS 

I nc . ,  1 999). 

RES ULTS 

Lymphocyte Proliferation Assay 

The difference in the response to bovine P PD between the control and the vaccinated 

subgroups, measured at four weeks after vaccination, is sho'0.rn in Table 2.2.  There were 

s ignificant differences between the vaccinates and the controls in two-month Trial A, 

six-month Trial, and 1 2-month Trial but not in tvvo-month Trial B. In two-month Trials 

A and B, (the only groups examined eight weeks after vaccination) the response to 

bovine PPB peaked at four weeks and had declined by eight weeks after vaccination 

( data not sh0\\'11) .  

Clinical findings after challenge 

Cl inical signs were seen at five weeks and omvards in those possums with advanced 

tuberculosis. Wasti ng was seen in most possums, diarrhoea occasi onal ly and, in one 

instance, a possum showed laboured breathing. Possums that succumbed to infection 

were usually found dead on the ground or in a d en. F or each chal lenged group, there 

was a conspicuous decrease in food intake during the period from six to eight weeks 

after challenge. N o  palpable lesions were detected in any possum when they were 

examined four weeks after chal lenge or during post mortem examination. 

At the t ime of challenge, the median weight of the subgroups in the two-month 

Tri al s  A and B, and six-month groups were simi lar .  For the 1 2-month chal lenge ,groups, 

the median weight of vaccinates (3 .08kg) was greater than for the controls (2. 84kg) but 

the difference was not significant. 
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Table 2.2 

Lymphocyte proliferation response of possums to intra-nasal aerosol vaccination 

with BCG: the change in the response to bovine PPD four weeks after vaccination 

compared to non·vaccinated controls. 

Trial 

2 month Trial A a 

2 month Trial B 
6 month 

12 month 

Control 

Mean 

0.234 * *  

0 . 1 5 1  

0.208 * 

0. 1 08 * *  

sd 

0.255 

0.448 

0.241 
0.400 

Treatment Subgroup 

Vaccinates 

Mean sd 

0.794 ** 0 .248 

0.21 9  0.697 

0.580 * 0.359 

0.642 * *  0 . 5 1 2  

" The t test was used to compare means. Means in each row with asterisks are significantly 

different, * p < 0.05 and ** p < 0.01. 

Necropsy 

In each challenge group, one or two possums either died due to advanced disease, or 

were euthanased in extremis in the sixth week after challenge. Typical tuberculous 

lesions,  involving lobar consolidation with central necrosis, were observed in the lungs 

of all c hallenged possums. The mass of the lung lesions was estimated from the lung 

weight. Macroscopic lesions were seen outside of the thoracic cavity, in the spleen, 

liver, mesenteric and hepatic lymph nodes, and kidneys, but there were no significant 

differences between treatment subgroups in the number and distribution of these 

lesions.  In each trial except the two-month Trial B, there w as a significant difference in 

the number and distribution of microscopic lesions between vaccinates and controls 

(Table 2 . 1 ). 

For each subgroup, the ratio of weight change after infection to challenge weight,  

the ratio of lung weight to post mortem body weight, bacterial count for lung and 

spleen, and the number of microscopic lesions in body lymph nodes are shown in Table 

2. 1 along with the results of statistical comparisons. 

Possums challenged 2 months after vaccination - Trial A: The vaccinated subgroup had 

significantly less severe lung lesions than the control subgroup and the bacterial load in 

the spleen was also significantly less than for the control s ubgroup (Table 2. 1 ) .  The 

vaccinates lost less weight than the controls but the difference was not significantly 
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greater than for control possums. The bacterial count in the lungs of vaccinates was not 

significantly different for the controls .  S ignificantly fewer body lymph nodes contained 

l esions in vaccinated possums compared with the controls (Table 2 . 1 ) . 

Possums challenged 2 months after vaccinalion - Trial B: Although there vaccinates 

lost less vveight and had lower bacterial counts i n  the lungs and spleen, the d ifferences 

were not significant (Table 2 . 1 )  

Possums challenged 6 months after vaccination: The change i n body weight between 

chal l enge and death for vaccinated possums \Vas significantly l ess than for the controls 

(Table 2 . 1 ) .  There was a s ignificant difference in the progression of disease bet\-veen 

groups. The mean bacterial count in the spleens o f  vaccinated possums was 

signi ficantly less than for the control possums. There were no significant differences 

between treatment subgroups i n  mean bacterial l ung counts and mean lung weight . 

S ignificantly fewer body lymph nodes in vaccinated possums contained microscopic 

l esions compared with the control s  (Table 2 1 ). 

Possums challenged 12 months after vaccination.: There was no significant d i fference 

between the vaccin ated and control possums in the c hange in  body weight, lung 

weights and bacterial counts in lungs and spleen (Table 2 . 1 ). Significant ly fewer body 

lymph nodes in vaccinated possums contained microscopic lesions compared with the 

controls (Table 2 . 1 ). 

DISCUSSION 

In the present study a protective effect of BCG vaccine i n  possums was demonstrated at 

two, six and 1 2  months after vaccination. The three subgroups that vvere vaccinated at 

the one time (December 1 997)  showed simi lar early responses to vaccinati on, as 

measured by the lymphocyte prol iferation assay four weeks after vaccination. The 

differences seen in the response of vaccinated possums to experimental infectio n  over 

the 1 2  months of the study were consistent with the waning of protective i mmunity 

with t ime fol lowing a single vaccination. There ,,.as no indication of differences in the 

p rimary response to vacc ination . The waning of the effect of vaccination was seen in 

the decreasing differences between vacci nates and controls across the range of 
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measures of protection. At 1 2  months the only detectable difference remain ing betw·een 

> ac cinates and control s  >vas in the distribution of lesi ons. Factors that could have 

cont ributed to the d ecl i ne in the obsened l evel of p rotective immunity \Vere season, 

although both the 2 month and the 1 2  month challenges "' ere done i n  February, and the 

increasing age of the p ossums. Ho"' ever, the most p lausible exvl anation for the 

mcreased s usceptibility to chal lenge is the ·waning of the protecti \e i mmunity. 

Middlebrook (1 96 1 )  rep orted that 23 months after BCG aerosol vaccinat ion o f  guinea 

pigs a s i gn i ficant l evel of protccti n� i mmunity remai ned. although the l evel o f  

immunity h ad declined 

The protective effect of BCG i ntranasal aerosol vaccinat i on o f  possums was 

exhibited as a marked reduction in disease severity follov>ing challenge '.Yith virulent 

Af bovis and was in keeping w·i th the e ffects reported by AI dwel l  et al ( 1 995a). Possums 

chal lenged two months after -rac c ination (Trial A) had less sev ere l ung lesions, and 

l ung l es i on s  that contain ed fe,ver bacteria than contro ls . There \Vas less i nternal 

dissemination of infection to the s pleen and other t i ssues. and vacci nates l ost less 

\\ eight as a resull of challenge In all tria ls except 2-month Trial I3. ' accmation l imit ed 

dissemi natiOn of infect ion from the thoracic caYity to body l ymph n odes. In the 6-

monlh and 1 2 -month trials vaccination al so l imited t he development of lesions i n  the 

abdomi nal  cav ity In hum<ms and guinea pigs BCG vacc ination limits the i nternal 

dissemination of experimental infections (Lagranderie et al 1 993: Rodrigues et aL 

1 993). ln guinea pigs BCG pre\ ents the spread of infection fro m  the i ni t ial si te o f  

implantat i on ( F ok et al . ,  1 976, Legaranderie e t  a L  1 993) .  Sutherlan d  and Lindf,'Ten 

( 1 979) sho·wed also that BCG d i d  not protect init i ati on infection. that 

impl antat ion and persistence of v irulent infection,  but d i d  protect against the 

de-relopment o f  d isease. 

We were able to demonstrate that th e  vaccine significantly influenced the res ponse 

to chal l enge. but it was not always the same measurement vvhere significant effe ct s  

were s een. Nevertheless. the p attern o f  suppression of the d isease p rocess i s  evident i n  

the findings fro m  this s e t  o f  studies. I t  \'Vas no t  possi b l e  t o  directly compare the results 

of challenge at the different t ime points because of changes in the p ossums over time, 

the p ossible effect o f  season and d iffering chal l enge doses 
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One vaccinated group did not show a protective response matching that of the 

remaining groups. Vaccination failed to protect the two-month Trial B possums, the 

only group vaccinated on a different occas ion and v.�th a different BCG suspens ion . .  

The vaccine s uspension used with these possums contained essent ial ly the same 

concentration o f  BCG, but vaccination elicited poor and variable  LPA responses. After 

chal lenge the vaccinated group \'-'as not signi ficantly di fferent from the controls in  any 

measure except the concentration of Mbovis i n  lung tissue. We cannot explain 

defi niti vely why vaccinat ion of thi s  group fai led. Possible explanations, supported by 

the LPA data, are that the vaccine had poor immunogenic i ty due to reduced v iabil ity of 

the organisms or some similar explanation, or  less plausibly, that these animals were in 

some way immunosuppressed as a group and could not respond to the vaccine. 

Intratracheal infect ion resulted in severe, fulminant infection and a rap id  d isease 

course, v.�th some possums dying six weeks after infection. The challenge procedure 

led to severe lung lesions that mimicked those seen in natural ly infected wi ld possums 

l ate in the course of  the disease, but did not produce the degree of early peripheral 

lymph node involvement which is a characterist ic feature of the natural disease. 

Moreover, the t ime course of the resulting disease did not reflect that seen in wild 

possums, where the mean survival time from the appearance of clinical signs was 6 

months (Jackson 1 995) .  The results of intratracheal challenge in  this study are 

consistent with those reported in earl ier simi lar studies (Buddle et al 1 994). All 

challenged possums developed severe lung abscessation and the infection spread to the 

spleen in the majority of possums.  The rapid and somewhat atypi cal progression of the 

d isease after intratracheal infection of captive possums may be the result of either 

different pathogenesi s, the influence of maintain ing the possums in enclosures, or the 

interaction between the two. Challenge by "natural " transmission, from other d iseased 

possums, or from a procedure where infection progresses more slowly, may be 

necessary to determine vaccine efficacy in capti ve possums. A lternati vely, the vaccine 

could be assessed in a vvi ld possum population where tuberculosis is endemic. 

Vaccination has the potenti al to benefit the control of tuberculosis in wi ld possum 

populations. Possums in the terminal stages of tuberculosis are the most significant 

source of infection for cattle and deer (Paterson and Morris 1 995; Sauter and Morris 

1 995). We have shovm that BCG vaccination decreases the rate o f  disease 
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development. and slows the internal dissemination of infect ion. V accinated animals are 

therefore l ess l ikely to reach the highly infect ious late stages of the d isease before they 

d i e  of some other cause. Death from a c ause other than tuberculosis is an ad vantage m 

that i t  -vvould avoid the period of exposure o f  cattle and deer from possums termmal ly  

i l l  from tuberculosis. 

All strategies using vac cination for the control of tuberculosis in wi ld possum 

populations wil l  requ ire the population to be re'\ accinated at regular intervals .  

Revaccination \Vi l l  be needed to protect susceptible members o f  the p opulation :  

possums not vaccinated in an earl ier round of vaccination, immigrants to the area and 

possums born since the pre\ i ous round of vaccinations. Re-vaccination may also be  

required to b oost waning immunity. I f  a cost-effectiYe method o f  delivering yaccine 

can be  developed. such as by possums self-administering an aerosol vaccine fro m  a 

s pecially d esigned bait-station, ' accination could be a significant additional control 

measure to combat tuberculosis in possums. The approach may also be app licable to 

other wildl ife reservoi rs of tuberculosis, s uch as badgers and deer. 
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Chapter 3 

Vaccination of the b rushtai l  possum (Trichosurus vulpecula) 

against Mycobacterium bovis infection w ith bacill e  Calmette­

Gueri n :  the response to m ultiple doses * 

* Published as L A L  Corner, B M  Buddle, D.U. Pfeiffer and R S .  Morris, Vete:rinarv Microbiologv. 
2002, 84. 327-3 36. 



54 



55 

A BSTRACT: 

In New Zealand the brushtail possum (Trichusurus vulpecula) is the principal 

wil dl ife vector of  bovine tuberculosis . Control of infected possum populations 

contributes to the control of tuberculosis in  domestic l ivestock Vaccination i s  

potentially a complementary s trates') t o  population controL but to b e  cost-effective, 

administration of the Yaccine to possums vvould need to be from an appropriately 

designed automatic vaccinator . Possums themselves vYould activate the vaccinator so  

that i t  Kould d el i ver an aeroso l spray of vaccine. There vvould be  no direct vv·ay to  

prevent possums rece 1ving multiple doses of vaccine. Th1s study examined the effect on 

pro tective immunity of repeated v accination.  Captive possums were vaccinat ed with 

BCG strain 1 1 73  P2 either 1 2  times at week ly i ntervals. twice at six-weekly i ntervals. o r  

once. Vaccinat ion vyas by  a combination of i ntranasal aerosol and conjunctiva l 

mstl l l ation. Eight weeks after the las t  dose of vaccine, al l possums Yrere c hallenged 

mtratracheally V\ i th Mycohacteriwn hovis strain 83/6235. Vaccination induced a 

significant immune response as measured by the lymphocyte p rol iferation assay. A 

significant level o f  protection. as measured by the response to challenge, dev eloped in 

al l the vaccinated possum groups, and protectio n  was greater in the group vaccinated 

1 2  t imes . It vvas concluded that protection may be enhanced if vaccinations V\ ere 

repeated at short intervals (weekly) but no benefit or detriment resulted from 

re\ accination after longer intervals (one to  l\\ O  months) 

Keywords:  brushtall possum. hichosurus vulpecula, baci l le  Calmette-Guenn, 

vac cination, bonne tuberculosis. M_vcohacterium hovis. 

INTRODUCTION 

Wild animal populations i nfected with Mycobacterium bovis may act as reservoirs 

of infection for domestic ani mals, other wi l d  ammal species and humans. Wi ld life 

reservoirs of bovine tuberculosis are becommg a worldw-ide prob lem They have b een 

identified in cervids in North America (Schm itt et al. ,  1 997), badgers in the United 

Kingdom and the Republic of Ireland (O'Re il l y  and Dabom, 1 995: Hughes et aL . 

1 996). African buffalo in  South Africa (Keet et aL 2000), and b rushtai l  possums in 
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New Zealand (Morris et al . ,  1 994).  Vaccination of infected \vild  animal populations 

may be the preferred option for control where the animals have high economic or h igh 

conservation v alue (Hughes et al . ,  1 996), and it may form part o f  an i ntegrated control 

p rogram for other species. 

The b rushtail possum (Trichosurus vulpecula), introduced to New Zealand in  the 

middle of the nineteenth century, is now a maj or pest species. It causes eco logical 

damage and is the major \\� ldlife reservoir o f  M. bovis (Morris et al. , 1 995). 

Tuberculosis is endemic in  p ossums over a quarter of the country's land area ( Animal 

Health Board, 2000). Infected populations are controlled by trapping and poisoning to 

decrease the prevalence of d isease and the risk of transmission of infection to domestic 

stock ( Caley et al. ,  1 999) . Hovvever, population control progran1s are costly and 

without continued cul l ing populations rapidly recover (Coleman and Livingstone, 

2000). Even with intensive cull ing locali sed clusters of infection may not be eliminated 

and as the populat ion recovers, d isease prevalence increases again. Additional 

strategies are required to control tuberculosis in possums and vaccination is a 

p romising option ( Buddle et al . ,  2000). 

Vaccination \\�th the attenuated strain of M bovis. baci l le Calmette-Guerin (BCG), 

has been shown to signi ficantly decrease the severity of disease and the dissemination 

o f  infection following experimental challenge (Aldwel l et al . ,  1 995a and 1 995b; Buddle 

et al., 1 997 ; Corner at al . ,  200 1 ). Possums have been vaccinated successfully by 

intranasal aerosol (Aldwell et al . ,  1 995a), intratracheal inst i l lation (Aldwell et al. , 

1 995b), intraduodenal inst i l lation (Buddle et al. , 1 997) and subcutaneous inoculation 

(Aldwell et al . ,  1 995a). After intranasal aerosol vaccination, a protecti ve response ( as 

measured by reduction in disease severity) \vas sti l l  detectable after 1 2  months ( C orner 

et al . ,  200 1 ). 

For vacci nat ion of wi ld populations to be cost-effecti ve, possums wil l  probably be 

vaccinated by self-administration o f  an aerosol vaccine from an appropriately designed 

automati c  vaccinator or by oral bait vaccine. With self-administratio n  of vaccine there 

would b e  no immedi ate control over the frequency with which individual possums 

might be re-exposed to the vaccine. Possums might be exposed to multiple doses o f  

vaccine over a short perio d  of time o r  repeated doses over several months. The 
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obj ective of the p resent study vvas to examine the effect  on p rotection of multiple doses 

of BCG. administered over se' eral months. 

MATERIALS A-"lD METHODS 

Experimental design 

Possums were vaccinated either 1 2  times at weekly i ntervals, twice \\'ith six weeks 

betvveen doses or once. The response o f  vaccinated p os sums was compared with that of 

an um accinated control group. The response to vacci n ation was monito red using the 

lymphocyte prol iferation assay and the le\ el of p ro tection vvas determined b)' 

comparing the sev erity o f  d isease b et'' een treatmen t  groups after i ntratracheal 

chall enge with AI bovis. 

Animals 

Forty adult male possums weighing I .  7 - 4.2 kg \\ ere t rapped in an area free of possum 

tubercul osis. The possums \vere acclimatised to captivity for three to six w·eeks pri o r  to  

experimentation. Possums were al located to one o f  four treatment 6JfOups b ased o n  

body wei ght such that the mean body wei ght o f  each group was simi lar. 

Each treatment group was housed communall y  i n  a l arge \\ i re-mesh-covered p en .  

T o  minimise the risk o f  BCG bei ng t rans mi tted betvveen groups. they vvere housed i n  

separate pens. After chal lenge the possums were hel d  in tv, o pens, w ith o ne half of each 

group in each pen 

Throughout the study the possums were examined visually each day for signs o f  

health, especially for signs of adverse reactions to \ accmation. F o r  handling, the 

possums were sedated vx, ith l 00 - 1 50 mg ketamine hydrochloride (Pamel l 

L aboratories. East Tamaki, I\ ew Z ealand) given by intramuscular inj ection. For 

administrat ion of the chal lenge inocul u m, p ossums were sedated vvith 70  mg of 

ketaminc then anaesthetized with 1 2  mg of S afTan (Pet E l ite L td,  Lower Hutt, New 

Zealand) admini stered b�- intramusc ular i nj ection .  P ossums v\ cre cuthanascd whi l e  

under ketarnine sedati o n  b:v the intraperitoneal inj ection o f  pentabarbitone. 
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Vacci1tation 

BCG Pasteur strain l l 73P2 was gro\\1]1 to mid-log phase i n  Tween albumin broth 

(TAB) and the number of organ i sms estimated from the turbidity of the culture, with 

d i l utions made in sterile TAB ( Aldwel l et al . ,  1 995b) .  The number of colony forming 

units (cfu) was determined by plating 1 0  fold d ilutions on modified Middlebrook 7 H 1 1 

agar. The vaccination suspension contained approxi mately 1 x l 08 cfu per ml . A s ing le 

bat ch of vaccine was grown, divided into l 0 ml al iquots and stored at -80 °C before 

use. 

The vaccine was administered as a metered aerosol spray of l 00 �I (Valois  Spray 

atomisers, Douglas Pharmaceutical, Auckland) directed to each nostri l from a distance 

o f  1 - 2 cm and by insti l l ing i nto the conj unctival sac of each eye a drop (50 J.ll) of 

suspension. Conj uncti val vaccination has been shovm to be as effective as i ntranasal 

aerosol (Corner unpub l ished observations) and was inclu ded as the spray from a 

vaccinator may deliver vaccine to both the nasal cavity and the conjunct iva. 

Possums in Group 1 were vacci nated 1 2  t imes at weekly i ntervals, those i n  Group 2 

were vaccinated twice, in Weeks 6 and 1 2, and those in Gro up 3 were vaccinated once, 

in  Week 1 2 . The final vaccination for Groups 1 and 2, and the vaccination of Group 3 

was performed on the same day. Group 4 were the unvaccinated controls. 

For the first, s ixth and twel fth doses of vaccine for Group 1 ,  and for al l the 

vaccinations of Groups 2 and 3, the possums were sedated and vaccinated by both the 

intranasal and conjunct ival routes. For the remaining vaccinations of Group I ,  the 

vaccine was admini stered by the intranasal route on ly, with the possum fully conscious 

but restrained. 

Lymplwcyte proliferation assay (LPA) 

The i mmunological response to vaccination was monitored \Vith a lymphocyte 

p rol i feration assay at one, six and 1 2  weeks in to the vaccinat ion program, four weeks 

after the last vaccination, at challenge, and four weeks after challenge. The p roliferat ion 

assay \Vas performed as previously described (Cooke et al . ,  1 999). Briefly, 1 ml of 

b lood \Vas added t o  50 mJ  o f  lys ing buffer contain i ng 0. 1 7  M Tris and 0. 1 6  M NHtCI ,  

pH 7 . 2  and incubated at 37°  C for 10  min. The cell suspension \\'as centrifuged at 350  g 
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for l 0 min, resuspended and washed hvi ce i n  PBS.  The cell s  were finally resuspended 

in RPMI 1 640. containing 2% normal possum serum 2 mM glutamine and antibiotics. 

To each "vell of a steril e cell cultu re microtitre plate v\ as ad ded 200 J..tl of cel l  

suspension containing approx imately l x 106 mononuclear cel l s/m! .  Cells were c u l tu red 

with specific  antigen bovine p urified protein deriYati vc (PPD�  C S L  Ltd. Melbourne. 

Austral ia), 60 j..tg/ml final concentrat ion, or a non-specific mitogen Concanavali n  A 

(Con-A S igma, S t  Louis, \10. USA), 5 j..tg/ml final concentrat ion .  Concanm alin A vvas 

inc luded to d emonstrate the v iab i l ity o f  the 1ymphocytes i n  the blood samp les . For the 

unstimulated control vv ells .  5 0  Ill of RPMI 1 640 medi um was added. Assay conditions, 

harvest ing and �-scinti l l ation counting were as described previously (Cooke et al . ,  

1 999). The response to Con A v\as i n  the range o f  50.000 t o  5 00.000 counts per minute 

(cpm). The s timulation index (SI) \Vas calculated as the mean response to bovine PPD 

d i \  ided by the mean or the unstimulated control wells .  

(/wllenge 

The \ accinated poss u ms H ere chal lenged eight weeks after the last \accination. i n  

Week 20, at the same time that the control possums were chall enged The chal l enge 

suspension was prepared from M bo vts strain 83/623 5 .  original l y  isolated from a 

naturally infected possum (Buddle et al. . 1 994) .  The preparat ion of the chall enge 

inoculum was as described prcnously (Aldwcll et aL l 995b) For inoc ul ation a 1 . 5 mm 

external d iameter plastic cannula was passed do\m the trachea unt i l  the end \\ as below 

t he bifurcat i on. When it \vas in  p lace. 200 f.tl o f  the A1 bovis suspension. containing 

approximately cfu, was inst i l led mto the lungs and the was 200 

j..tl o f  steri le s al ine The possums \V ere then placed in left l ateral recumbancy to reco\ er . 

Necropsy 

Al l  possums were examined post mortem using a standardised pro cedure Possums 

surviving to the ninth vveek after chal lenge \Vere euthanased. Post mortem body weight 

was recorded, as \Vas l ung weight . At necropsy the d is tr ibution of macroscopic l es ions 

i n  the l ungs and other tissues and organs were recorded. Lung weight was taken as a 

measure of the severity of l ung lesions, whi le  the number o f  macroscop i c les ions in the 

spleen and the colony count from the sp leen vvere taken as measures of disease  
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progresswn. The ventral third of the sp leen and a samp le of a typi cal l ung lesion 

(approxi mately 1 g) were collected from each possum for bacteriological examination . 

Tissues were col lected for histol og ical examination and preserved in 1 0% formalin .  

The fol lowing paired lymph nodes were col lected : mandibular, parotid, 

retropharyngeal, caudal superficial cervical, deep a.-..; i l lary, superficial axi l lary, inguinal , 

i l iac and tracheo-bronchial; and the fol l owing single or groups of lymph nodes : hepat ic, 

gastric and mesenteric . Other tissues co l lected for histo logical examination were the 

tonsi ls, l i ver, lung, spleen, k idneys and adrenal glands. For examination t i ssues were 

embedded in paraffin, sect ioned at 3 !Jm, and stained \Vith both haematoxyl in and 

eosin, and by t he Ziehl-N eelsen met hod . Histological examination consisted of 

detection of granulomas that contained acid-fact bacteria (AFB). A tissue was s cored as 

pos itive if it contained one or more tuberculous granu lomas . 

Bacteriology 

Bacteriological examination was as described by Corner et al . ( 1 995) and isolates of M 

bovis were i dent i fied as described by de Lis le and Hav i l l  ( 1 985). For the enumeration 

of mycobacteria from lung and spleen, appropriate di lutions of ho mogen ised tissue 

were made in TAB. Plates of modified 7Hl l agar medium were inoculated with 0. 1 ml 

of a ]  /1 0 and ] / 1 000 dilution. 

Statb;tical analysis 

The counts per minute m the LP A were l og 10 transfo rmed to achieve normality.  

ANOV A was used to compare LP A responses at each bleed, the p roporti onal change in 

body weight (kg/kg) between challenge and necropsy and l ung weight at post morrem 
as a proportion of body weight at chal lenge (glkg) . Statistical significance for the 

ANOVA was set at p < 0.05 .  The Kruskal-Wal l is test was used to compare group 

med ians for lung b acterial counts and spleen bacterial counts. Where a significant 

difference was found with the Kruskai-Wal l i s  test, four pairwise comparisons were 

made using the Mann-Wh itney U test and the signifi cance level adj usted for the 

multipl e comparisons (p <0. 0 1 ). For analysis, bacterial counts were log10  transformed . 

For the analysis of the d i fference in the frequency and distribution of  microscopi c  

l esions, each t issue was coded in a b inary fashion according t o  the presence o r  absence 
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of l es ions (L 0 respectively). A random effects, binary, lo�ristic regression analysis was 

then performed to determine the e ffect o f  treatment on the o utcome whi l e  t aking into 

account the clustenng of t i ssue sampl es at the possum l evel .  Model fit  \vas checked 

using the deyiance and extra dispersion \ al ues . 

Statistical analyses were perfo rmed in SPSS ( vers ion 9.0, W\\W. spss . com. ) and SAS 

(versi on 8 .0 ;  \\ WW s as . com. ). All comparisons \vere p erformed at a =  0.05. 

RESlJLTS 

Clinical ohsenatimls 

There were no cli ni cal effects follo \v ing \ accinat ion i n  any possum. After challenge, 

clinical  s igns V\ ere seen in possums vv ith advance d  tuberculosis W asting \Vas the most 

common sign. with diar rhoea occas io nally seen. N o  palpable l esi ons vvere detected in 

any possum when examined four weeks after challenge, or at necropsy 

Four possums died due to advanced tuberculosis .  One possum from the control 

gro up ( Group 4) and one from Group 3 died in Week 27 (seven weeks after chall enge), 

whi l e  possum from Group 2 and one from Group l died in Week 28 The remaining 

possums \\ ere euihanased in Week 29.  

Lymplwcyte Prol�feration A.�.my 

After v accination the possums responded strongly t o  bo\ine PPD in the LP A ( Figure 

3 . 1  ) . At Week 6 the bovme cpm for Group ! ,  Yrhich at that time had been vaccinated 5 

times, was signi fi cantly greater than for the other three groups (Figure 3. 1 ). At Week 

Group I (vaccinat ed l l  t i mes) and Group 2 (vaccinated once). had signifi cantly 

greater responses than the other t>vo groups, but the response of Groups l and 2 were 

not s ignificantly d ifferent. By Week 16, the response of Group l ( v accinated 1 2  times), 

Group 2 (vaccinated t wi ce) and Group 3 (vaccinated once) were each significantly 

greater than Group 4 (control) but the three v ac cinated groups \\ ere not significantly 

d ifferent from each other. When c hal lenged at Week 20, the responses of the 

·vaccinated groups had fallen but all \\ ere si!:,rni ficantly greater than Group 4, and Group 

3 \vas s ignificant ly  greater than Group 1 .  At fou r  weeks after chal lenge all groups 

showed a marked increase in  their LP A responses but Group l was si&'llificantly less 

than Group 4. 
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Figure 3. 1 

Respon se of possums to bovine p urified protein derivative in  the lymphocyte 

p•·oliferation assay (counts per minute; cpm) after vaccination with bacille Calmette­

Guelin and challenge with Mycobacterium bovis: Possums were vaccinated either 12 

times at weekly intervals (G r-oup t �  x), twice six weeks apar·t (G roup 2 ,  .A ), once 

(G•·oup 3 •) or we•·e unvaccinated (G•·oup  4, +). All possums were challenged in Week 

20 and examined post nwrtem in \Veek 29. Bar indicates SE. 

Necropsy 

A summary of the necropsy findings are shO\vn i n  F igure 3 .2.  All possums had 

macroscopic lung lesions. Lung weight, as a proportion of body weight at chal lenge, in 

Group I vvas significantly less than each of the other three groups (Figure 3 . 2 A). The other 

two vaccinated groups, Group 2 and 3, were also significantly l ess than Group 4, although 

not different from each other. Possums in G roup 1 ,  2 and 3 had s ignificantly fe,;�,rer 

microscopic l es ions than did those in Group 4, but these three gToups 'vere not 

significantly different from each other (Figure 3 . 2B) .The proportional change in body 

weight (change i n  body weight between challenge and necropsy divided by the body 
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Group 
D. Bacterial count in lW1g 

Response of possums to challenge with 1Wycohacterium hovis: Possums were 

vaccinated 1 2  times at weekly intet·vals (Ga·oup 1 ), twice six weeks apaa1 (Gr-oup 2 ), 
once (Group 3) or remained unvaccinated (Gnmp 4). All possums wen� challenged in 

Week 20 and examined post mortem in Week 29. The box and whiskea· plots show the 
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mean ( b•·oad central line), the inte•·qua•·ti le range (box ), the range of values (ba•·s) 

and outliers ( cir·cles). Bar in Figur·e 3.2B indicates SE. 

A. Lung weight as a propor1ion of body weight: lung weight (g) divided by body 

weight at challenge (kg). 

B. Number· of tissues with mict·oscopic lesions. Bat· indicates +95% confidence 

intetval. 

C. Pt·opot1ional change in body weight: body weight at challenge minus body at 

necropsy d ivided by body weight at challenge. 

D. Lung bacterial count (log10 counts/g). 

E. Spleen bactet·ial count ( log10 counts/g). 

weight at chal lenge; Figure 3 .2C) in Group 1 vvas significantly less than in the other three 

groups. Although Groups 2 and 3 l ost less weight t han Group 4, the differences were not 

significant. 

Each of the vaccinated groups had a lower mean bacterial counts in the lungs than 

Group 4 (Figure 3 .20) but only the difference between Groups l and 4 were s i gn i fi cant . 

AJI the vaccinated groups had l ower bacterial counts in the spleen than Group 4 (Figure 

3.2E) b ut only Groups 1 and 3 had significantly lo,�rer counts than the control group . 

DISCUSSION 

A protective effect of BCG vaccination was d emonstrated with each o f  the vaccination 

regi mes . The protective eiTect, seen as less severe l ung lesi ons and fewer mi croscopic 

l esions, was observed in each of the v accinated groups. In p revious BCG vaccine 

studies in possums, lung weight has been used to assess the response to chaJ ienge and 

d ifferences in lung weight between treatment groups was used to define protection 

(Aldwel l  et al . ,  1 975a; Buddle et al . ,  1 997: Corner et al . .  200 1 ). In the current study the 

l ung weight of the possums vaccinated 1 2  t imes was s ignificant ly less than those 

vaccinated once or twice. A visual appraisal of Figure 3 .2  shows that the group 

vaccinated 1 2  times was consistently less  affected by challenge than the unvaccinated 

group, and the difference was statistically for all  variables. Groups 2 and 3 were always 

i ntermediate between Groups 1 and 4, b ut differences were not al l statistically 

significant. 
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Revaccination after a period of six weeks had no beneficial and no deleterious 

effects on the level of protect ion induced by a single dose of vaccine. This has also 

been the find ing in  human subj ects where re-vacc inat ion prov ided no add i t ional 

protecti on in the prevent ion of cl in ical cases of t uberculos is (Karonga Prevent ion Trial 

Group, 1 996; Reider, 1 996) . Also revaccination did not extend the duration of 

protectJOn and did  not lead to ad verse effects (Cohn, 1 997) .  Our findings do not agree 

with those o f  Griffin et al . ( 1 999) who demonstrated increased p rotect ion against 

disease, but not against infection, in deer given hYO doses of BCG vaccine two months 

apar t 

Although the pro tect ive effect of BCG was modest, it should be noted that the 

experimental chal lenge is particularly severe, with all possums developing severe 

tuberculous pneumonia by 6 - 8 weeks. In natural l y infected possum populations the 

prevalence of disease estimated from cross-sectional surveys is typical ly in the range 1 

- 1 0% (Coleman and Caley , 2000) and the progress ion of the d isease is considerab ly 

slower (Jackson, 1 995). The experimental challenge used in this study is relevant for 

identifyi ng the best options for field evaluation. A study in a wi ld possum popu lation 

has shown BCG vaccine had relat i vely h1gh efficacy . Over a two-year period four M 

bovis infected possums were identified in  1 49 BCG -vaccinated possums compared \vith 

13 infected among 1 5 1  unvaccinated possums (Corner unpublished obsenations) . 

The LPA response increased markedly  fo l lowing BCG vaccinat ion, but \"1as not 

boosted by revaccination . This was seen in both groups that received multiple doses of 

vaccine. At chall enge al l the vacc inated groups had a sign ificant ly greater LPA 

response than the controls and the response of Group 3, vaccinated only once 4 weeks 

earlier, was greater than the other two vaccinated groups. There was a difference 

between groups four weeks after challenge, with the group vaccinated 1 2  times 

showing the lowest response. That is, the group that had the greatest level of protection 

showed the l owest response to challenge. Budd le  et al . ( 1 995) reported a simi lar pattern 

in cattle, where those protected by vaccinat ion with BCG had a lower response 

fol l owing chal lenge. 

Our findings that revaccinat ion wil l  at best enhance protecti on and at worse have no 

deleterious effects, means that simple strategi es can be developed to incorporate 

vaccination into the control of wild possum tuberculosis. Population dynan1ics, cost-
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effectiveness. and the need to achieve a high l evel of exposure within the population 

will determine the freq uency of vaccination. These strategies can be developed without 

concern for over exposure of indi viduals to vaccine. Other than to d i scourage '1-vastage. 

vaccine d ispensers w i l l  not have to incorporate des ign features that d i scourage possums 

from repeatedly us ing them. 

The results of this study should remove fears that repeated exposure to vaccine, 

which may occur when wild possums administer vaccine by self activating an aerosol 

spray of vacc ine, wil l  have adverse effects on the l evel of protection. Repeated 

exposure to vaccine at short intervals over several weeks increased pro tection and 

repeating vaccination after an interval of six weeks did not change the protection 

induced by the first dose. These resul ts may be applicable to a wide range of wild and 

domestic animal species .  Tuberculosis i s  endemic in  one or more wil d  animal species 

in several countries and the disease i s  a threat to their conservation, as wel l  as a threat 

to domestic animals and humans. Vaccination could be useful ly incorporated into the 

control of tuberculosis wherever animals of high economic, social or conservation 

value are involved and test and slaugh ter or cul ling programs are not applicab le . 
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ABSTRACT: 

The brushtai l  possum (frichosurus vulpecula) serves as the principal wildl ife 

reservoi r  of Mvcobaclerium bovis i n  N ew Zealand. The current procedure for control 

of disease in these populat ions is by cul l ing. Vaccination of possums against M .  bovis  

infection i s  potentia l ly an al ternative or  complementary control procedure. Vaccine 

could be del ivered to possums using an aerosol vaccinator and the current study 

investigates the effectiveness of vacci nation via the conj unctival route. Nine adult male 

brushtai l  possums were vaccinated by the inst i l lat ion of approximately 1 . 5 x 1 05 colony 

forming units (cfu) o f  baci l le Calmette-Guerin (BCG) strain Pasteur 1 1 73P2 into the 

conjunctival sac of each eye. There was no conjunctival inflammation or other adverse 

reactions to  the admini stration of the vaccine. By 8 weeks after vaccination there was a 

sign ificant immune response to M. bovis antigens, as measured by the lymphocyte 

prol iferation assay. At that time the vaccinated possums and 1 0  unvaccinated control 

possums were chal lenged by intra-tracheal i nsti l l at ion of approximately 50 colony 

forming units of M. bo v is . Conj uncti val vaccination induced a significant level of 

protect ion .  Al though al l possums had di sease, the vaccinates had s ign i fi cant l y  l ess 

se\'ere l ung d isease and less disseminat ion of infect ion to the spleen. BCG vaccine 

sprayed into the eyes and nose of a possum using an aerosol vaccinator could be 

effective in  preventing the spread of this d isease in  wi ld  possum populations 

INTRODUCTION 

Bovi ne tuberculosis in wi ld animals that then act as a reservoir  of infection for 

domestic animals, o ther wi ld ani mal species or humans, is becoming a world wide 

problem. Significant wi ld  animal reservoirs have been identified in  cervids in  North 

America (Schmitt et al . ,  1 997), in  badgers in England and Ireland (O'Reil ly and 

Dabom, 1 995: Hughes et al . ,  1 996), i n  Cape buffal o  in South Africa (O'Rei l ly  and 

Dabom, I 995}, and brushtail possum in New Zealand (Morris et al . ,  1 994). Vaccinat ion 

of wild animals may be the only alternative to culling as a means of control l ing 

infection in wild populations. Vacci nation would be the p referred opt ion for wild 

animal species of high economic or high conservation value (Hughes et al . ,  ] 996) 
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In  N ew· Zealand, the introduced Austral ian brushtail possum (Trichosurus vu lpecula) 

is the most s ign i ficant wildl ife resen,oir of Mvcobacterium bovis for domestic stock 

and other wi ld l i fe spec ies (Morris et al , 1 994: Morris and Pfei ffer, 1 995 ) Infection i s  

endemic in possum popu lations in  over a quarter of  the country' s land area (O'Nei l l  and 

Pharo, 1 995) .  To decrease the prevalence and inc idence of tuberculosis in possums, and 

to interrup t  transmission of infect i on to domestic stock, possum popu lati ons are 

control led by trapping and poisoning programs (Caley et al , 1 999). A sign i :fi  cant 

decrease in the transmission to cattl e and deer can be achieved by these procedures 

(Caley et al , 1 999). Contro l of possum numbers by popu lation reduction i s cost ly and 

an unending p rocess. Without continued pressure populations rapidly recover and 

d isease prevalence rates increase and may return to pre-control levels in two years 

(Comer unpubl ished) . 

Possums are controlled m and around areas \\·here tuberculosis i s  endemic, to 

contain infection, and prevent spread to adjoining pop u lati ons . The depopu lated areas 

adjoining endemi c areas are cal led buffer zones. The width of the buffer zones are 

based on the dispersa l behaviour of juveni le  possums (Barlow, 2000) and require 

annual or b iennial maintenance (Coleman and L i v i ngstone, 2000) .  Vacc i nat ion o f  

possums with 1 .bovis strain baci l lus Calmette-Guerin (BCG) has b een shown in  cage 

trials to induce significant levels of pro tection and so vaccination is potentially an 

al ternat i ve control s trategy (Morris and Pfei ffer, 1 995 ). Buffer zones where the possum 

po pu lations are vaccinated may have advantages over depopulated buffer zones. 

In BCG vaccine research with captive possums a number of d ifferent routes of 

administration have been tri aled successful ly .  Possum have been vaccinated by 

i ntranasal aerosol and subcutaneous i noculation ( Aldwell et  al. ,  1 995a), intra-tracheal 

(Ald,.vell et al . ,  1 995b) and i ntra-duodenal instillation (Buddle et al . , 1 997). Oral 

admin istration of vacc ine vvas no effective p robably due to the bacteria being kil led by 

gastric secretions (Aidv.reJ l et al . ,  1 995b).  After being chal lenged with M. bovis , 

vaccinated possums develo p  less severe d i sease than unvacc inated posssums . 

Fo l lowing a singl e intranasal aerosol dose of BCG, the protecti ve effect was 

demonstrabl e  for u p  to 1 2  months (Corner et aL, 2001 ). 

The routes of administration of BCG to wi ld possums are l imited to aerosol and oral 

ad min istrat ion are l imited by their free ranging nature, and the animal's ·wi l l ingness to 



i nvestigate n m·el o bjects i n  their enYiro nment. Intranasal aerosol vaccination of 

possums is very effecti ve. When possums were vaccinated by intranasal aerosol,  a 

stTong i mm une response vvas obtained ,  and the e ffect was long l ast ing. Oral 

vaccinat ion, which has not yet been success fu l ,  may b e  considered i f  a su i table 

encapsulation system to protect the bacteria. can be developed.  

The potential of aerosol vaccine is  not restricted only to v.ild possums,  but could be 

appl ied to tuberculosis v accines of domesticated and wild animals. Vaccination could 

be used to control the d isease in wild animal popul ations, avoiding the n eed for b road 

scale population control,  the only al ternat i ve currently avai l able. In addition, other 

types of l i v e  bacterial vaccines, viral vaccines or even subunit vaccines that are 

effective when applied to mucous membranes, cou l d  all be delivered using simi l ar 

technology. 

Aerosol vaccinat ion of possums with BCG could be achie,·ed using an appropriately 

designed vaccinato r-bait stat i on. Possums wi l l  i nv estigate novel o bj ects in their 

envi ronment. Uti l i s i ng thei r i nq uisiti ve nature, a possw11-activated vaccinator-bait 

station that sprays vaccine into a possum's face, could b e  designed. Greater flexibi l ity 

in  the des ign o f  the vaccinator would be a\'ai lable, and a greater probab i l ity of 

deli vering an immunising dose would be achieved, if the vaccine were sprayed onto the 

possum's face, into the eyes as vvel l as into the external n ares. How·ever, nothing i s  

known about the cl inical and inmmnological effects o f  administering BCG vacc i ne to 

the conj unctiva. 

The study reported here examined the efficacy of BCG vaccination when the 

vaccine suspension was del ivered to the conj uncti va 

MAT E R IA LS A N D  M ETHODS 

Animals 

Nineteen adu lt male posswns weighing 1 . 9 kg to 3 . 8  kg were trapp ed in a regi o n  

free o f  wi ld l ife tuberculosis.  The possums were accl imatised t o  captiv ity for a 

minimum of 6 \Veeks prio r  to experimentation. The communal housing and handl ing of 

the possums were as described previo usly (C orner et al. ,  200 1 ). Possun1s were all ocated 

to the vaccinated group (n = 9) or the unvaccinated group (n = 1 0) al ternately from a 

75 



76 

l i st of all possums ranked on body weight, such that the mean weight of the two groups 

were s im i l ar, 2 .48 kg and 2 .5 5  kg respecti vely .  E ight weeks after vaccinat i on al l 

possums were chal lenged by the intra-tracheal instil lation of  M .  bov i s  (Pfeffer et al . ,  

1 994) and euthanased 7 weeks after chal l enge. 

Possums were examined visually  every day, and were weighed at vaccinat ion, 4 and 

8 weeks after vaccinat ion, when challenged with M. bovis , and 4 weeks after chal lenge. 

A who le  b lood sample was col lected into heparinized vacutainers (Becton-Dickinson, 

F ranklin  Lakes, NJ) at each of these times for the lymphocyte pro l iferat ion assay 

(LPA). 

Possums were sedated by the i ntramuscular i nj ection of 1 00 mg to 1 50 mg of 

ketamine hydrochloride (Pamel l Laboratories, East Tamaki ,  New· Zealand ) to faci l i tate 

hand l ing and vaccination. For intra-tracheal insti l lation of M. bm�s possums were 

sedated with ketamine, than anaesthet i sed with 1 2 mg of Saffan (Pet E l ite, Lower Hutt, 

New Zeal and) . 

VaccinaTion 

Mycobacterium bovis_BCG strain Pasteur 1 1 73P2 was prepared as described by 

Aid wel l  et al .  ( 1 995b ). Briefly, a suspension was gro'Wn to mid -log phase in Tween 

albumin broth (TAB) and the number o f  organisms est imated from a visual 

examination of the turbidity of the culture. For use, the suspension was di luted to the 

requi red concentrati on i n  steri le TAB. The number of colony form ing units (cfu)  in the 

vaccine suspension was determined by p lating 1 0  fold dilutions on supplemented 

Midd lebrook 7Hl l agar. The BCG susp ension used contained approximately 3 x l 0
6 

cfu per ml .  

Possums were vaccinated by instil l ing 1 .5 x I 05 cfu (a  5 0  1-1-l drop of  BCG 

suspens ion) directly  into the conj unct ival sac of each eye. To accommodate the drop 

the upper and l ower eyelids were retracted and the eyeball was depressed slightly. The 

eye was held in  th is position for 3 0  to 60 sec after the drop was delivered, to al l ow t ime 

for i t  to be absorbed, or to drain away through the lachrymal duct . For 1 4  d ays after 

vaccination, during the daily v isual examination of al l  possums. special note was taken 

of the condition of the conj unctivae of vaccinated possums. 



Challenge 

The chal l en ge suspension \Vas p repared fro m  M .  bov!Lstrain 8 3/6235. orif:,rinally 

i so l ated from a n aturally i nfec ted p ossum (Buddle et aL , 1 994) The procedure for 

p reparing the chall enge i noculum was the same as for the BCG vaccine suspension. 

The M. bovis suspension contained approximately 2 . 5  x I <i cfu per mL The vaccinated 

possums vvere chal l enged 8 v;·eeks after vaccination, at the same t ime as the 

unvac cinated group. A I . 5  mm external d iameter p lasti c  cannula vvas passed through 

the mouth down the trachea unt i l  the end l ay beyond the level of the tracheal 

b i furcation. \Vhen in p l ace 200 !J.l of  the M. bO\ i s  suspension (approximately 50 cfu) 

vYas i nsti l l ed into the l ungs and the cannula vv as fl ushed with an equal volume of steri l e  

saline. The possums \\ ere then placed m left lateral recumbency to  recover. 

Necropsy 

All  possums were subjected to a detai led examinat ion .  Possum 

s urvi v ing to the 8 th weeks after c hallenge were euthanased. Post mortem body vveight 

was recorded. as vvas the weight of the lungs. D uring the necropsy, the distr ibution o f  

gross l esions i n  the lungs. and else\vhere. vvas recorded. along \Yi th a description of 

m acroscopic  lesions.  A sample of l ung l es ion ( approximately 2 g) and the \ entra1 1 /3 of 

the spleen was collected fro m  each animal for b acteriological examin ation. 

Tissues for histologi cal exam i nation were preserved in 1 0% buffered formalin.  The 

follo\ving lymph n odes \vere collected : mandibulaL p arotid. caudal cervicaL deep 

axi l lary, superficial axi l l ary, mguinaL i l i ac.  t racheo- bronchiaL hepatic. gastric, and 

mesenteric Other t issues col lected \v·ere the tonsi ls. J iver, l ung, spleen. k idneys and 

adrenal glands. For exan1ination., t i ssues w ere embedded in paraiiin, secti o ned at 3 �un, 

stained with h aematoxyl in  and eosin and by the Zichl-N eelsen method.  A t ub erculous 

l es ion vvas defined as a granuloma containing acid-fast b acteria ( AFB) 

Bucterwlugy 

Bacteriolog1cal e xamination of the l un g  and spleen for M. bovis '' as as d escri b ed 

previously (de Lis le  and Hav i l l, ! 985) The concentration of l ung and 

spleen wa'> determined by the appropriate d i luti on of homogenised t issue in TAB .  
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Plates of modified 7H l l  agar \Vere inoculated with 0.1 ml of a l l l  0 and l l l 000 dilution 

of the homogenised l ung t issue and 0.1 m1 of undiluted and 1 / 1 00 dilution of 

homogen i sed sp leen. 

Lymphocyte prol�feration assay (LP A) 

The prol iferation response of peripheral b l ood lymphocytes was measured using the 

method described by Buddle et al . ( 1 992). Briefly, 1 m1 of b lood was added to 50 ml of 

lysing buffer containing 0 . 1 7 M Tris and 0 .1 6 M NJLC l , pH 7 . 2  and incubated at 3 7°C 

for 1 0  min. The c el l  suspension was centrifuged at 350 g for 1 0 m in, resuspended and 

,,.-ashed twice i n  PBS.  The cells were final ly resuspended in RPMI 1 640, containing 2% 

normal possum serum, 2 mM gl utamine and antibiotics. To each well of a steri le cel l 

culture microt itre plate was added 200 J..i.l of cel l suspension containing approximately 1 

x l 06 mononucl ear cells I ml.  Cell s  were cultured with bovine p urified protein 

derivat ive (PPD; CSL Ltd, Mel bourne, Australia), 60 !J.g/ml final concentration, or 

Concanaval i n A ( S igrna, St Louis, MO, USA), 5 J..l.g/ml final concentration. For the 

unst imu l ated control wel ls ,  50 J..i.l of RPMI 1 640 medium was added . Assay condi t ions, 

harvesting and J3-scint i l lation counting were as described by Cooke et al. ( 1 999) The 

prol iferati ve response to bovine PPD was expressed as the d i fference in mean count 

before and at 4 and 8 weeks after vaccination. 

Statistical analyszs 

The proportional change in body we ight between chal lenge and necropsy, l ung 

weight divided by body weight at necropsy, and the bacterial count for l ung and spleen 

samples , were compared using the t test. Lung weight as a proportion of body weight at 

post mortem was taken as a measure of the severit y of lung lesions. For analysis the 

bact erial counts for the l ung and spleen were log10 transformed . -

I n  the LP A, the a priori hypothesis tested was that the vacci nated group had a 

si gnificantly greater response to bovine PPD than did the unvaccinated group. The 

change in the bovine PPD response at weeks 4 and 8 were compared us ing the 

ANOV A The raw LPA data (counts per minute, cpm) were not normal ly distributed 

and for analys i s  ·were log 1 0  transformed. 



Statistical analyses \Yere conducted u sing SPSS fo r Wind ows version 9 0 (SPSS  

Inc. , 1 999). 

RESULTS 

Clmtcu.l Findings 

No i nflammatory responses were obsen ed in the conj uncti \ ae of possums following 

vaccination. C linical si gns of d isease were seen following chal l enge with M . bovis .  The 

most consistent sign was vvasting, with a few possums also s hovving d i arrhoea. I n  the 

last 2 weeks of the challenge period, the possums as a group , showed a conspicuous 

decrease in food intake. The p ossums vvere examined for superfici al lymph node 

enl argement at 4 \veeks after challenge and at necropsy but none \vere d etected. 

Three v accinated possums d ied from tuberculos is  at 40. 47 and 49 days after 

i n fect ion and three un v accinated possum d ied at 4 L 48 and 49 days . The remainder 

v\ ere eu thanased at 50  to 5 1  days after infection. 

r.vmphocyte Prolt/'eratwn Assay 

The v accinated possums respond ed stro ngly to b o vin e PPD in the L P  A after 

vaccmat i on and both vaccinated and unvaccin ated possums after chal len ge. At vvcck 8 

after vacc inat ion the i ncrease i n  response to bovine P P D  o f  the vaccinated group was 

significantly greater than in the unvaccinated group (Table 4. L p = 0 03). Both th e  

vaccinated and the un ,acci nated groups showed a l t o  2 log i ncrease i n  the b ovine PPD 

response challenge compared pre-vaccmation (data not sh0\\11) . 

Necropsy 

No significant d ifferences were found between the body \Veights of vaccinated and 

unvaccinated possums at necropsy, nor in the change in b ody \Veight between chal lenge 

and necropsy (Table 4.2) .  

The mean l ung weight of vaccinated possums was s ignifi cantly less than for the 

unvaccinated possums (Table 4.2) Gross lesions of tuberculosis were s een in the lungs 

of a11 possums in both treatment groups.  I n  the most se, erely affected possums the 

tracheo-bronchi al l ymph nodes w ere enlarged and p rominent. 
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TABLE 4 . 1 . 

Conju nctival vaccination of possums with bacillus Calmette-Guerin:  Changes in the 

lymphocyte pr·oliferation r·esponse to bovine pul'ified p r'O tein derivative at 4 and 8 

weeks after vaccination (geomen; c mean). 

Treatment Group 

Weeks after vaccination 

4 ·wks 

8 wks b 

Vaccinates 

352 (43 ,  29 1 1 )  a 

6 1 94 (598, 63973) 

a Geometric means and 95°/o confidence l imits of the mean 

Unvaccinated 

1 03 ( 1 3 ,  857) 

1 75 (2 1 .  1 452) 

b At 8 weeks after vacci n ation the vaccinates bad a significantly greater response than at  4 week.� (p = 

0.05, adj usted for multiple comparisons: Least Significant Difference) a nd to the unvaccinated 

poss u m s  (p = 0.03, adju sted for multiple comparisons: Least Signi ficant Difference) 

Gross lesions of tu berculosis were seen outside of the thoracic cavity in 8 animal s . 

In one vaccinated possum there were l esions in the spleen and liver. S even 

unvaccinated possums, had lesions in the spl een, and in 2 of these 7, there were l esions 

on the liver. Lesions in the spleen and liver ranged in size from 1 to 6 mm in diameter. 

The number of unvaccinated possums with macroscopic spleen lesions was 

significantly greater than for the vaccinated possums. 

There was no signi ticant di fference in  the distrib ution of microscopic t uberculous 

lesions between treatment groups. 

Bacteriology 

M. bovis was isolated from the lungs of al l of the challenged possums and from the 

spl eens of 7 vaccinates and 8 unvaccinated possums. Although the mean count of 

bacteria in the spleens o f  vaccinated animals was less than for the unvaccin ated 

possums, the difference was not significant (p = 0.48; Table 4 .2). The mean count of 

bacteria in the l ungs was similar b etween t reatment groups. 
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TABLE 4.2. 

Conjunctival vaccination of possums with bacille Calmerte-Guerin: Response to 

i ntratracheal challenge with Mycobacterium bovis. 

Treatment Group 

Vaccinates ( n :;::: 9) a Unvaccinated (n == 10) 

Parameter mean sd mean sd 

Challenge vvt 2 .97 0 . 57 3 .08 0.54 

Weight change I challenge wt " -0. 1 8  0 .02 -CJ2 1 0.09 

Lung v1t I post mortem wt c 22 .6  * 9 . } 32 . 1 "' 1 0.2 

Lung bacterial cmmt cfu) d 6. 1 2  0 82 6 1 3 0 .89 

Spleen bacterial count cfu) 2 . 87 17 1  3 43  168 

Proportion v,ith macroscopic splenic lesions " 1 /9 * 7/1 0  * 

a n = number of possums in the t reatment group 

b Weight change (kg) between challenge and post mortem divided by challenge weight (kg). 

< Lung weight (g) divided by post mortem weight (kg). 

d The t test was used to compare means and Fisher' s exact test (two t ailed) to compare differences i n  
proportion of macroscopic lesions i n  the spleen. I n  each row, asterisks indicate comparisons t hat were 
statistically significant, p < 0.05. 
cfu = colony forming units 

• The numbe r  of possums -with macroscopic lesions in the spleen as a proportion of t he possums i n  t he 
group. 

DISCUSSION 

The instill ation of a suspension of BCG into the conjuncti val sac v-vas an etTecti\ e 

means of vaccinating possums. ConJuncti-val Yaccinat ion led to a strong LP A response 

to bovine PPD and the vaccinated possum shov ... ed  a significant l evel of protection to 

challenge vv:ith M---'-bov_!s. The immune response following vaccination, as measured 

the LP A_ d eveloped more slowly than we reported following intra-nasal aerosol 

vaccination, where the peak response was seen at 4 vveeks after vaccination (Corner et 

aL. 20()1 ) Fol lowing v accination v ia the conjuncti v al route the response to bovine PPD 

vvas higher at  8 v-veeks than at  4 \veeks. 
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Although the challenge procedure resulted in all  possums developing lesions of 

tuberculosis, a p rotective e ffect of BCG vaccination was seen. Vaccinates had less 

severe di sease as m easured by the extent of lung lesions, and vaccination retarded the 

dissemination of disease from the l ungs to the spleen. In this regard, conj unct i val 

vaccination was as effecti ve as intra-nasal administration (Aid well et al . ,  1 995b; Corner 

et al . ,  200 1 ) .  

I t  is possible that the BCG suspension, when placed in  the conj unctival s ac, led to 

infect ion of the conj unctivae, and, following drainage through the lacrimal d uct, 

infection on the mucosa in the posterior nasal p assages. Inhalation into the l ungs from 

the nasal passages may also have occurred . After experimental conj uncti Yal infection 

'"ith M. bovis 90% of possums developed l ung lesions (Corner, unpublished 

observations).  It is unl i kely that any BCG that was swal lmved wou ld have induced an 

immune response (Aldwell et al. , 1 995b). A systemic immune response \\·as c learly 

present 8 weeks after vaccination, i ndicating that BCG infection had b ecome 

established. 

The LPA responses were slower to deYelop after conj unctiv al i nst i l lation than after 

intranasal aerosol i ndicati ng that infection took longer to establ i sh .  This may h ave been 

due either to fewer bacteria being retained to estab l ish infection on the nasal m ucosa, or 

fewer b acteria being i nh aled directly into the l ungs. This i s  consistent with our 

experience with conj unct i val infection with M . bovis, where 25 t imes more b acteria 

\Vere required to establish infection by the conj u nctival route than by the intra-tracheal 

rout e  (Corner, unpublished observat ions)_  Aerosol vaccination of guinea pigs is more 

effect i ve than the intra-cutaneous route ( Middlebrook, 1 96 1 ) . Effecti ve aerosol 

vaccinati on of guinea pigs vvas demonstrated using very small doses, 20 cfu of BCG. 

Delayed type hypersensitivity was established but took more than 3 months to d evelop; 

when a dose 50 times l arger was used the response developed in l ess than 2 months 

(Middlebrook, 1 96 1  ) . 

Vaccination of possums has the potential to be of great benefit in the control of 

bovine tuberculosis. It has b een postulated, and supported by circumstantial evidence 

and behavioural studies, that possums terminal ly-i l l  with tuberculosis, are the most 

significant source of infection for cattle and deer (Morris and Pfei ffer, 1 994; P aterson 

and Morris, 1 995 ; Sauter and Morris, 1 995) .  We have shown that BCG vacci nation 



decreases the seYerity of disease and s lows the progression fro m  infect ion, thereb:v 

i ncreasing the chances of a possum surviving tuberculosis and dying of o ther causes . 

Death from other causes is an advantage i n  protecting domestic l ivestock as it would 

avoid the risk o f  them bemg exposed to terminal ly- i l l  tuberculous possums. 

Vaccination o f  free-ranging '"' i ld  possums has shm\n BCG vaccine t o  haYe high 

efficacy and to be practical (Corner, unpublished observations). V accinat i on of wild 

populations could interrupt not only possum-to-possum transmission but also 

transmission fro m  possums to domestic liv estock. It co uld be app lied both at the 

individual farm level and on a regional le;el.  Popul ation control alone has not b een 

eiTective in controlling the expansion of the areas infested with tuberculous possums 

(Coleman and Livingstone, 2000). Population control and vaccinatio n  could be used i n  

combination t o  control the spread t o  new wi ld l ife populations b:v creating a buffer area 

of i mmune possums. 

V accin ation i s  p otential ly  a useful tool for the control of tuberculos is  in wi l d  possum 

populations. For BCG Yacci natlOn of v�,·i!d possums to be adopted. a p racticaL cost 

e1Tective delivery system is required. The means for administering BCG to vv ild  

possums has vet to b e  determined. Intra-nasa L intra-tracheal and i ntra-duodenal 

administrat ion have all been s hov\11 to induce p rotection in c aptiv e  possums. 

Conj unctival administration c an nm' be incl uded in the range possible methods for 

v accinating wild possums. By using an aerosohsed vaccine, the m ucosa of the upper 

and lower respiratory tract and the conJ unctna would be exposed, thereby m axmusing 

the chances of producing a strong protect ive response. 
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9 1  

Introd uction 

In the first three experiments the chal l enge procedure used was the intratracheal 

insti l lation of virulent M bovis, a p rocedure developed by Buddle  and col leagues at 

AgResearch That procedure was u sed to ensure equal and rel iable exposure of all possums 

to infect i on and readi ly estab l ished infection in all possums. However, it results in a 

fulminat ing, rapidly fatal infect ion, with death occurring i n  6 to 8 weeks. The disease 

process d id not mimic that seen in naturally- infected possums in the wi l d. In addi tion both 

vaccinated and non-vaccinated control possums developed severe disease. However, even 

under these severe challenge cond i t ions an effect of vaccination was s een - less severe lung 

lesions, less dissemination of i nfection beyond the lungs, l onger survival time after 

infection and vacc inates lost  l ess body weight. In an attempt to better emulate the disease 

as seen in naturally-infected '.vil d  possums, alternative ways of infect i ng possums were 

i n vestigated, natural transmission bet\veen possums and conjuncti val infection. 

We \Vanted to undertake a study of vaccine efficacy and tuberculosis pathogenesi s  i n  

captive possums where the transmission of infection was by a natural path. By  doing this 

we expected the disease in the '"naturally'' infected possums would more closely resemble 

that seen in  the wild .  We intended to use experimental ly infected possums as the source of 

infection to other possums in the same colony. The work drev .. ' on previously unpubl ished 

research by Bryce Buddle (Experiment 1 in Chapter 6) and an experiment specifical ly 

designed and conducted to exami ne transmission between possums randomly al located to  

treatment groups. In these experiments only c lose proximity of diseased and susceptible 

possums \Vas cons idered. 

[t was apparent after conducting  the pi lot study that close proximi ty of infected and 

susceptible possums influenced the risk of transmiss ion but the frequency and duration of 

social interaction would also influence the risk. We had observed that captive possums 

were nocturnal, that they occupied a single den during the day and that den sharing 

occurred frequently.  The closest proximity and the longest period of contact occurred when 

the possums shared a den. The common airspace of the den would be an ideal vehicle for 

the transmission of the infectious aerosol .  

In the fourth experiment (Chapter 5) we undertook a study of the den sharing behaviour 

of groups of captive possums. Sociometric techniq ues and social network analytical 
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procedures were used to exami ne the i nteractions, to analyse the structure of the social 

network: and, to explore the effects of  alterations to the environment on the social network. 

A natural transm ission study (Chapter 6) was undertaken to establ ish a p rocedure to 

chal lenge vaccinated possums in a way akin to that which occurs in the wild. Using social 

net\vork concepts and analytical techniq ues the social structure of two coloni es was 

determined using den-sharing behaviour. We identified and i nfected the most social ly 

active possums and studied the pattern of disease in the in-contact animals. Social network 

analysis (SNA) was used to obtain standardised measures of interactions.  We attempted to 

determine the efficacy of BCG vaccination under the conditions of "'natural chal lenge". 

An experiment on conj uncti val i nfection (Chapter 7) was conducted to establ ish i f  th i s  

route of infection would result i n  a disease process that would more closely reflect t h e  t ime 

course of infection i n  naturally infected \Vi ld possums than other procedures. Vacci nat ion 

via the conjuncti val route had been successful so it  was considered that experimental 

i nfection using this route would be effect ive. We postulated that admini stration of M bovis 

by trus route would lead to a slowly progress ing infection w·here the time course and the 

nature of the les ions would reflect that seen in  naturally infected wild possums. This could 

provide a b etter means of assessing vacci ne efficacy than intratracheal infection. 
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Chapter 5 

E xa m ination of contagious disease t ransm ission p rocesses by 

social network analysis - using Mycobacterium bovis infection as 

an example * 

* Submitted as L.AL. Corner, D.U Pfeifler and R S. Morris, to Preventive Veterinary Medicine 
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ABSTRACT 

Whil e  the study of disease incidence data in populations is a cornerstone of infectiOus 

disease epidemiology, there is considerable difficulty in examining the q uestion of which 

animal s  b ecome in fected, and why. Wi ld brushtail possums (Trichosurus vuipecula)  are 

the main source of A{vcohacterium bovis i nfect ion for New Zealand livestock. The d isease 

i s  spread principal l y  by mfectious aerosoL and therefore the extent of social interactions 

largely determines disease transmission. In captive possums d en -sharing behaviour 

p rovided the g reatest risk of t uberculosis transmission b etween animals. Social net\vork 

anal ysi s (SNA) concepts and methodologies were used to d ev elop a model to describe 

patterns of so cial b ehaviour and to predi ct tuberculosis transmission. Den sharing between 

individual possums \vas used as the unit of analysis, as it represents a quantifiable 

op portunity for achieving close proximity b etween animals  over extended periods . 

Alterat ion of the physical environment o f  the pens, such as changing the number o f  dens or 

relocating the group to a nev, enclosure, had l i ttle effect on social structure. The 

importance of the measures of s ocial structure deriYed from SNA was assessed durin g  the 

di sease transmission study. The p ossums that became infe cted had sib111ifi.can tly b'feater 

closenes s and llov ... -betweenness scores than those that remained free o f  infection.  

Although simpler measures_ such as the number o f  p artners and the frequency o f  den 

sharing events, were signific:mtly higher for the infected compared to the poss ums free of 

infection, the SNA-specific measures were more precise, able to be comp ared across  time 

cmd between b'foups S't\A \Vas a useful tool for describ ing and analysing the social 

relationships quantitat ively and imestigating the relationship between an indivi dual 

animal's  role \vi thin its soc1al group and the o f  disease 

Introduction 

Although transm i ss ion o f contagi ous diseases bet\veen animals or p eopl e  by means of 

social interaction is  the principal mechanism by w hich d isease spread occurs, 

epidemiolog 1sts traditionally characterise such processes p ri marily by rates assessed i n  

anonymous populations, where the detail of  how animals i nteract is ent irely lost. Whil e  

this i s  necessary for many purposes, i t  would be valuable to b e  able t o  mvcstigate which 

animals are more li kely to transmit or recciYc. and \vhich animals may_ by their b ehaviour_ 

be protected from infection. Social nehvork analysis offers a \vay of representing an 
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additional dimension to disease transmission, by characteris ing i n  a quant itative way which 

ani mals are more l ikely to be involved in disease transmission, and why. 

The b rushtai l  possum (Trichosurus vulpecula) is the m ost i mportant wildl i fe reservoir  

for bovine tuberculos is in New Zealand (NZ) (Morris and P feiffer, 1 995) .  C u l l ing of 

infected popul ations i s  used as the principal control m easure, but when used alone does not 

eradi cate the disease (Caley et al . ,  1 999). Vaccination has been sho'<vrl to induce a 

si gn ificant degree of protect ion i n  captive possums ( Aldwel l et al . ,  1 995 ; B uddle et al . ,  

1 997 ; Corner et al . ,  200 1 ) and i s  potent ial ly an alternat i ve or complementary control 

strategy. 

Vaccine efficacy studies have been conducted using capt ive possums. These rely on  

experimental infection. and intratracheal inoculation has been the favoured p rocedure for 

chal lenging vaccinates ( Buddle et al. , 1 997; Corner et al . ,  200 1 ). The proc ed ure, although 

rel iable and repeatab le, results in a fulminant, rapi d ly fatal disease, whi c h  is unl ike that 

seen in natural ly infected possums. The efficacy of vaccination in those studies was 

assessed on the relative severity of lesions in vaccinates and controls. 

To better evaluate vaccme efficacy a procedure was requi red that ·would rel iab l y  

achieve natural transmiss ion among captive po ssums, resulting in more natural patterns of 

d isease. However, studies have shovvn i t  i s  d ifficult t o  achieve natural transmi ssi on i n  

capti ve possums . Aerosol and d irect transmission occurred infrequently between possums 

held in small cages (Boll iger and Bolliger, 1 948;  O'Hara et al . , 1 976; Corner and 

P residente, 1 98 1 )  and no transmission occurred when possums were housed communal ly 

i n  a large pen (Corner et al . ,  2002) .  These studies involved random al location of  possums 

to the different treatments based on the assumption that the proximity resulti ng from 

sh aring a cage was the main factor associated vvith transmission. No consi deration was 

given to the possible confounding effect of soci al interactions .  

An understanding of the nature of the interactions between captive possums that result 

in trans m iss ion of M bovis was required. To achieve transmission we needed to know 

which p ossums to experimental ly  infect in order to ma--ximise the l ikel ihood of spread to 

other possums sharing the same pen. We also needed to ensure an equal risk o f  exposure of 

different treatment groups, to counter the confounding effect of social behm·iour. 
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Disease transmi ssion by aerosol or contact i s  predicated o n  social i nteractions. For 

transmission to occur, more is required than s i mp ly p lacing infected and susceptible 

animals in  close proximity .  Transm i ss ion of infection is  the result of a compl ex interaction 

of ind i v idual an i mal behaviours. A social network perspective focuses on the relationships 

among social entit ies, e .g. ind iv idual animals. Social network analysis ( SN A) describes the 

relat ionship patterns among interacting indi vid uals using a wel l  establ ished set of precise 

formal definitions for the relationships (Wasserman and Faust, 1 998). I t  p rovides a 

col lect ion of structural models, standardised procedures and stati st ical methods to describe 

and analyse the relationshi ps within social networks as a whole and at the level of the 

i ndiv idual. The relationships are defined using the interactions between each social entity 

and all other ent i t ies in the group. SNA has its basis in graph theory, where individuals 

constitute nodes or vertices in a graph and the l ine j oini ng vertices have defined properties 

that describe the connections. l n  disease transmission studies. the paths between 

indiv iduals can imply a route of transmission. SNA has been applied to the epidemiology 

of HIV and A I D S  ( Rothenberg et al . ,  1 996), and syphi l is  ( Rothenberg et al . ,  2000). In 

these studies SNA was used to identify at-risk indi victuals and predict the outcome of 

infection entering social groups. SNA was seen as a potent ial ly useful technique for 

understanding the network of social i nteractions in  captive possums. 

Tuberculosis in possums is a respi ratory d isease and i nhal at ion of infect ious aerosols is 

the main means of transmission (Jackson et al . ,  l 995a) Horizontal transmi ssion is  

postulated to occur during direct social interactions, such as mating, fighting, den sharing 

or competing for d ens (Jackson, 1 995 ). In the wild, possums sleep in dens during the day 

(Cowan and C lout. 2000). Dens cons ist of hol lo\vs in trees, clu mps of vegetation, or 

burrows made by other animals (Cowan, 1 990). Analysis of disease patterns in wi l d  

populations has i nd icated that t ransmission is strongly associated with possum denni ng 

areas (Pfeiffer, 1 994; McKenzie, 1 999). 

The d uration and nature of possum interactions are factors that influence transmiss ion. 

In communally housed possums, sharing of dens occurs frequently (McLeod et al. ,  1 997), 

and the closest p roximi ty and the longest period of contact occur when possums share a 

den (Corner unpubl ished observations). The common airspace of the den was cons idered 

an ideal vehicle for the transmission of an infec tious aerosol .  An understanding of the 
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social patterns of denning behaviour in captive possums would help to identify an effective 

system for achieving natural transmission of M bovis among captive possums. 

SNA was used to develop a social model of  the denning behaviour of capti ve possums, 

to investigate if ch anges to the environment of the holding pen had an infl uence on social 

patterns, and to val idate the resulting model by comparing the asso ci at ion between 

tuberculosis transmission p atterns and denning patterns. 

Matetials and methods 

Overview 
The patterns of denning behaviour \'\·ere studied in 4 groups of captive possums (Table 

5. 1 ) . Over a period of d ays the 'den '  in which each possum slept during the day was 

recorded. Repeated observat ions were made on all groups to determi ne factors that 

influenced social structure and its stab il ity . The influences examined were those of -

1 .  time, 

2 .  movi ng the possums to a different pen, 

3 . increasing or decreasing the possum:den ratio, and, 

4. the introduction of nev.- members. 

Tuberculosis \Vas introduced into 2 groups to val idate the use of denning patterns as a 

model to represent transmission patterns of M bovis infection. Conventional analytical 

procedures were used to describe the behaviour of individual possums, and social network 

anal ysis was used to examine possum-to-possum interact ions and to analyse the structure 

of the social network. 

Study population 

The study groups comprised adult male possums captured in  a region free of  

tuberculosis in wi ld  possums. They were held in large enclosures w-ith floor areas of  1 70 

m2 - 240 m2 Hessian sacks were hung i n  shelters within each pen for the possums to use as 

dens. Possums were individually identified with a numbered metal ear tag (National 

Banding Office, Well ington) and a passive transponder (ID 1 00, Trovan Inc . )  implanted 

subcutaneously over the shoulders that t ransmitted a unique 1 0-digit number. The 

transponder was detected using a handheld detector (LID-500 Hand Held Reader, Trovan 

Inc . )  held c lose, less than 20 cm, to the possum. This enabled possums to be identified in  
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their d ens without them being disturbed. The denning location of possums \Vas recorded 

each day during the observation period.  

Table 5.1 

The design of studies to examine the social network of groups of captive b rushtail 

possum using observations on den-shadng behaviour. 

----- -------- --�-----�---------�·---------"-----�----�· 

Group Period a D uration Pen I\ umber of Possum d en 

(davs) possums ratio 
--- ----· �----"-�---�------"- --�----�-------"-�"------· -"_"_ 

A A l  2 1  2 9  l l 

A2  2 1  29  1 : 0. 8 

A3 2 1  2 2 8  1 l 

A4 2 1  2 / ""  _ .)  l :  L 6  

B B l  7 20 l ' l 

B2 7 "' '? ')  l : l  .) '-' "--

c C l  1 4  3 24 1 0. 9  

C2 1 4  3 24 1 : 0 .9 

D D l  1 4  4 24 1: 1 

D 2  1 4  4 , .... "' .) I ·  l 

a Group A were first observed 8 mon t h s  after ca pture a n d  then at 9, 10 and 12 months. Groups B, C 
and D were fi rs t  obse rved 1 month after captu re a nd again at .t month�. 

Study design 
Group A 

The influence of  time, moving the possums to a different pen and changes to the 

possum : den rat io  were stud ied in Group A Possums \Vcrc obscn cd for 4 periods, each of  

2 1  d ays, at approximately monthly mteryals, beginning R months after capture (Table 5. 1 ). 

During the first period (A l )  they were in P en 1 ( 1 70 m2) with a possum:den ratio o f  1 • 1 .  

1l1e number o f  dens v\·as decreased between the first and second period (A2) when the 3 

most frequently and the 3 least frequently used dens \Vere removed, giv ing a possum:den 

ratio of 1 •0 .8  The p ossums were moved to a l arger pen (Pen 2 ,  240 m2) bet\veen the 

second and third penods (A3 ) and the possum: den ratio was 1 : 1 .  B etween the third and 

fourth periods (A4) the possum:den ratio was increased to 1 : 1 . 6 \Vi lh the addition o f  8 
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dens. During the course of the study the number of possums in Group A decreased from 29 

to 23 due to the death of 6 possums that were not replaced. 

Group B 

The i nfl uence of  time, moving the possums to a d ifferent pen and the introduction of 

new members \vere studied in Group B. Possums were observed for 2 periods of 7 days, 

\·Vith the first p eriod (B 1 )  commencing 1 month after capture and the second (B2) 4 months 

later. Between the observation peri ods 1 possum d ied and the group was moved from Pen 1 

to Pen 3, a pen of a s imi lar s ize. Three new members were added to the group 3 weeks 

before the second period commenced. 

Group C and D 

The influence of t ime was studied in Groups C and D, as wel l  as the association 

bet\veen denning behaviour and the spread of tuberculosis. Each group was observed for 

two periods of 1 4  days. The first period (C l and D l )  was I month after capture and the 

second (C2 and 02) was approximately 4 months after the first Tuberculosis was 

introduced into each colony 25 days before the beginning of the second period. 

Bovine tuberculosis was introduced by experimental infection of 4 possums in each 

group. The possums that were experimentally infected vvere selected on the basis of their 

frequency of den sharing, and the number of other individuals with whom they had shared 

dens d uring the first observation period. The subset of 4 possums was selected such that no 

other combination of 4 possums interacted with more possums and on more occasions.  

Possums were experimentally i nfected by intratracheal inst i l lation of approximately 1 00 
colony formi ng units of M bovis (Pfeffer et al. ,  1 994 ). 

Half of the remaining possums in each group "vere vaccinated four weeks befo re the 

introduction of infection to the colonies. To allocate possums to the vaccinated or 

unvaccinated groups, the possums were ranked on number of partners and frequency of 

i nteractions. From a l i st ordered by rank, possums \vere allocated alternately to either the 

vaccination or unvaccinated control subgroup. Vaccination was achieved by the 

administration of BCG suspension as an intranasal aerosol (Corner et al . ,  200 1 ). 
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The transmission of infecti on was determined by post mortem examination of the in­

contact possums, 22 ·weeks after the i ntroduction of i nfect ion . The presence of M bovis 
i n fect ion was determined by an exten s i ve necropsy exam ination of each possum for 

macroscop ic les ion s, with confirmation by bacteriological examination of  l esion materi al,  

and the hi sto logical examinat ion of a set of 28 t issues from each possum. From possums 

with no macroscopic lesions, a pool of ti ssues consi st i ng of l ung, l i ver, sp leen and 1 0  body 

l ymph nodes was submitted for bacteriological exami nat ion. 

Data analysis 
Denning behaviour was analysed usmg two approaches. The first consisted of 

quantitative descriptions of den use, number of partners and number of interactions . The 

second consisted of calculati ng structural parameters using social net\vo rk analysis (SNA) 

Analysis of standard quantitative descriptor statistics 

Den use, number of partners and frequency of i nteractions v,:ere standard ised as a rate 

per 7 days to enable comparisons of data between periods of different d uration . The data 

on the number of partners and frequency of interactions were log10 transfo rmed to achieve 

normal ity. D i fferences i n  d en use, number of partners and frequency of interact ions were 

compared between ob servat ion periods us ing analys is of variance. Anal ys i s of variance 

\\'as also used to compare the association between post mortem disease status of possu ms 

i n  Groups C 3.!1d D, and den use, the number of partners and the freq uency of interactions 

in Periods C2 and D2. Descriptive stat i stics were performed in SPS S (version 9.0; SPSS, 

Chicago, I 1 l i nois) and analys i s of variance in  SAS (version 8 .  0; SAS Institute, Cary, North 

Carol ina) . Al l compari sons were performed using a statistical significance level of a = 

0.05 . 

ln  each o bservation period possums vvere ranked on the number of p artners and the 

frequency of den sharing i nteractions and these were compared using Spearman rank order 

correlat ion (Cramer, 1 998) . 

Social network anolysis (SNA) 

Social netv,rork analys i s  provi ded a collection of structural models, stand ardised 

procedures and statistical methods to describe and analyse the rel ationships as defined 

through den sharing within a colony as a whole and at the level of the individual .  The 
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social netvvork was constructed as a representation of each possum' s den-sharing 

interactions with other possums in the colony. 

A social network cons ists of the interactions between i ndiv iduals within a group and 

these interactions form quantifiable patterns. Social network analysis describes the social 

position of each i ndi vidual us ing both direct and indirect contacts . The analysis of social 

structure is based on graph theory \vith social networks represented as a graph with 

i ndividuals as vertices and interact ions as lines joining the vertices (Borgatti ,  1 995).  

Centrality is  a structural attribute of each individual in  a network and is a measure of 

their importance or prominence in the network (Degenne and F orse, 1 999). It is  a measure 

of the extent to which the social network revol ves around each individual. A centralisation 

index, which summarises the scores of al l the i ndiv iduals in the network, is a measure of  

the heterogeneity of the network. The i ndex allows comparisons to  be made between 

different net\vorks, or repeated observations on the same network C loseness and tlov.' 

betweenness were the tv.ro measures of centrality calculated . 

Closeness is calculated as the sum of the distances between a given possum and al l 

other possums in  the network along the shortest path betw·een them using both direct and 

indirect interact ions (Bell et al . ,  1 999). A di rect interaction means a possum shared a den 

with another possum. An indirect interaction between two possums means that while there 

might not have been any den sharing between the two, they both might have shared a den 

on di fferent occasions with a thi rd possum and therefore had indirect contact. This concept 

of indirect interaction can be extended to more than one intermediate contact, resulting in 

an increased number of contacts bet\veen possums. The calculation of c loseness (Cc) uses 

only dichotomous data The total d istance that possum '"i'' is from a11 other possums is :  

Cc (n) = [t.d(n, n) r 

where g = number of possums in the group, and d(ni, nj) = number of l ines l inking possums 

i and j (Wasserman and Faust, 1 998). 

The higher the closeness score the more central is the possum in the social group. 

Closeness describes how readily a possum can make contact with or "reach" any of the 
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others in  the t,'foup. For example, in the context of d isease transmission, t,riYen that an 

infect io us organism enters a social n ehvork, closeness describes for each i ndi v iduaL the 

"time-un t i l-arnval " of the mfect i o us o rgan ism. assuming that i n fect i on takes the shortest 

path (Borgatti. 1 995) .  This  means the more remote an md i v i dual possum is in the netvvork 

the l ess l i kelv it is that it w i l l  become infected. and also l ess able to i n fect others . On the 

other hand a · central ' poss u m  will be more l ikely to b ecome infected and wi l l  be verv 

e1Tecti ve  at spreading i nfection through the network. 

The closeness centralisation index is a measure for the whol e group and it quantifies 

closeness over all i ndividuals in the group. It is the sum o f  the differences in c loseness 

score between the most central member (highest i n d iYi dual c loseness score) and each o f  

the members o f  the group d ivided by the maximum c loseness score possib le  for the group. 

As the i ndex increases. i nd i v i d ual possums i n  the netvmrk behm e l ess alike. that is, th ey 

are more heterogeneous . It reaches its ma'i.imum \\ hen there is one central mdi vid ual 

(maximum heterogeneity). and mini mum \Vhen al l i nd ivi d u als in the group are equally 

c lose (Wasserman and Faust, 1 998) .  In the context of disease transmission, this m eans that 

in a network \Vith a high c loseness  central is ation i nd ex. infecting the central i ndi-vidual will 

result i n  efficient d isease spread, \vhereas i nfectiOn in less central animals \Vi l l  be less 

I f  social i nteract i ons are i nterpreted as representing a commu ni cati o ns nenvork, then 

fluw-betvteenness i s  a measure of the number of paths that pass  through a possum along the 

shortest paths bet\veen al l other possums (Freeman et al . ,  1 99 1 ). It could be envi saged 

an indiY id ual that l ies on the shortest path regulates the flow of commu ni cat io ns between 

tYvo indirectly l inked indiv1 duals (Borgatti , l 995). The p rominence or importance of each 

p ossum i n  the netv\ o rk is the number of d irect and indirect connections pass in g thro u gh i t  

as  a proportion o f  the total flow in the network. Thi s  normal ises the score and allows 

c o mp arisons between d i lTerent networks (EYerett and Borgatti ,  1 999). Flovv b etweenness 

(CB) is calculated u s i ng the following formulae: 
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where m jk (x i)  is the maximum flow that passes from x 1 to x k through p ossums x 1 along 

the shortest paths and where j < k and i * j * k (Freeman et al. ,  1 991 ). 

The higher the flow betweenness score the more prominent and i nfluential is t he 

possum I f  an individ ual with high flow-betweenness central ity is removed from the 

network, the speed and certainty of transm ission from a random indi v idual withi n  the 

network to another is more affected than i f  an indivi dual with a l o w  score is removed 

(Borgatt i,  1 995).  

The .flow-betweenness centralisation index is an overall measure of the variabi l ity in 

the network. It i s  the sum of the indi vidual scores divid ed by the total possible score for the 

group. A minimum of zero arises when al l individuals have exactly the same flow­

betweenness index and a maximum of one when one individual l ies on the l inks between 

al l  others (Wasserman and Faust, 1 998).  In the context of d isease transmission, assuming 

that contact is important, infection wil l  spread quickly in a network with high tlO\v­
betweenness index b ecause, even i f  an animal with low flow-betweenness score is infected 

first, it should  not take long for another with high flow-betweenness score to become 

infected, and from then on infection s hould s pread very q uickly. 

The social i nteraction that was measured in this study was den sharing. A possum 

sharing a den w!th another possum was considered a pair and each pair forming was 

termed an ' interaction · .  Each o ther i ndivid ual a possum shared with d uring an observat ion 

period was termed a ' partner' ,  which was recorded as a dichotomous variable (0 = no 

recorded pairing, 1 = contact). A social network was constructed using the number of 

partner pairs that formed and the frequency of their interactions. Social network analysis 

was performed with the SNA software UCINET for Windows version 5 . 1 .  1 . 1  ( Anal ytic 

Technologies, Harvard, Massachusetts, USA).  The relations within the social network w·ere 

Yisualised as t\;o,io-dimensional graphs generated using the network graphing software 

KrackPl ot (version 3 .2 ;  Krackhardt et al. ,  1 994). 

The closeness and flow-betweenness scores for Groups B, C and D were compared 

between periods using the t test. Non-parametric tests w·ere used for Group A because of 

large d ifferences in  the variances between the observation periods. For G roup A the 

closeness and flow betweenness scores were compared between p eriods firstly with t he 
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Kruskal-Wall is test and, where si gnificant (p < 0.05), painvi se comparisons were made 

using the M ann-Whit ney U test. For the Mann-Whitney U test the significance was set at p 

<0 0 1  because mult ip le pairwise comparisons vlere made. Social rank ing of possums 

w ith i n al l groups. as d etermined by closeness and fl ow-betweenness scores, w ere 

compared between observation periods using Spearman ' s  rank order correlation. 

Logist ic  regression analysis  was used to analyse the relationship betvveen the r isk of 

in fect ion and the poten tial r i sk  factors of vaccination status, group and their interact ion 

terms, as wel l as the social beh avi our scores for closeness and flow-betweenness scores. 

The analys is  was performed using S AS (vers ion 8 .0 ;  SAS Inst i tute. Cary, North C arol i na). 

Results 

Den use allll den sharing 

Box and \..vhi sker p lots o f  the number of d ifferent dens used by an ind i vid ual possum, 

the number of other possums with which each possum shared a den ( partners) and the 

frequency of den sharing (interactions) are shown in Figures 5 . I A, 5 . 1 8  and 5 . 1 C, 

respecti vely . 
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Figul'e. 5.1A 
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Figure. 5.1 .  Obsenations on the behaviour of four groups (A, B, C and D )  of 

communally housed captive brushtail possums. Each gt·oup was observed between 2 

and 4 times. For Group A the environment of the pen was changed between pet·iods 

Al and A2, A2 and A3, and A3 and A4, and for Group B, 3 new members wet·e added 

to the gt·oup between Periods B l and B 2. 

A. The n um ber of dens used per 7 days for each of the four groups (A, B, C and D)  at 

each o bservation petiod. In Period Dl one possum did not use any dens. 
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B. The number of othe•· possums in the g•·oup that each possum shared dens with 

(partners) pe•· 7 days. 

C. The number of interactions each possum had with other members of the group 

(interactions) pe•· 7 days. 

Den use: There was considerable \·ariat ion in the \·vay indi vidual possums used the 

avai lable dens (Figure 5 . 1  A). The mean number of dens used by al l possums across all 

obserration per iods was 2 .9  ( range 0 to 4 .7)  per 7 days. In Group A there vvas a sign i ficant 

decline in the number of dens used in Periods A l ,  A2 and A3 compared to Period A4 (p < 

0. 05 ) . In Group B there was a s ignificant dec li ne in the number of dens used in the second 

period (p < 0. 05) .  There was also an increase in the number of dens used in Group C, 

howerer this \vas not statistical ly sign ificant (p=0.46). In Group D there was a signi ficant 

increase in the number of dens used. ln Period D l ,  one possum did not use any dens but 

s l ept on the ground or on elevated \·Valkways. 

Partners : There was considerable variat ion in  the number of other possums with ,;�,,hich 

each possum shared a den. The median for al l possums oYer al l  periods was 2 (range 0 to 

1 0 ) per 7 days . The medi an number of partners decreased i n  al l  groups bet\Yeen the first 

and l ast obseryation periods (Figure 5 . 1 B). There was a sign ificant difference between 

obserYation periods for Groups B (p < 0 .00 1 ), C (p < 0.00 1 )  and D (p < 0 .00 I ) . In Group A 

there was no differences in  the mean number of partners per possum for Periods A I ,  A2 

and A3, however the values were signi ficant ly lower in Period A4 compared with each of 

the other three periods (p<0.05 ). 

Interactions: There was considerable variation m the frequency of den-sharing 

interactions among possums and the median decreased in  al l groups in successive  

observation p eriods (Figure 5 . 1 C) .  The median for all possums over al l periods was 3 .  5 

(range 0 to 23). There were s ignificant differences between the first and second periods for 

Groups B (p<O.OO l ), C (p<O.OO I )  and D (p<O.OO I ). ln Group A there were s ignificant 

decreases between Periods A l ,  A2 and A3 when compared with A4 (p<O.OO l for each 

comparison) and when Period A2 was compared to Period A3 (p = 0.029).  
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Social uetwork analysis 

Box and whisker plots for closeness and flow betweenness for each period are sho'vvn in 

F igures 5 . 2  and 5 . 3  respectively .  Closeness central i sation indices and flow betweenness 

central isation ind ices for each period are shown i n  Table 5 . 2. 

Table 5.2. 

The effects of time and changes to their· environment on the structure of the social 

networ·k of communally housed captive possums: Changes in closeness and flow­

betweenness 

Group Period Centralization index 

Closeness Flow-betweenness 

A A l  8 1 0  

A2 1 6  8 

A3 7 1 0  

A4 " 2 1  ;) 

B B l  1 6  8 

B2 5 32 

c C l  29 4 

C2 7 1 3  

D Dl  27  4 

D2 6 1 4  

Closeness : In Group A, closeness increased significantly when the possum:den ratio 

was increased (Period A l  to A2, p < 0 .000 1 ), decreased signi ficant ly when the ratio was 

decreased (Period A3 to A4, p < 0 .000 1 ), and also decreased significantly after the 

possums were moved to a new p en (Period A2 to A3, p < 0.000 1 ). After they were moved 

to a new pen and 3 new members were introduced the measure decreased significantly i n  

Group B ( p  < 0 000 1 ) .  In Groups C and D, where the environment of the pens was left 

unchanged, the measure decreased significantly between periods (p = 0.007 and p = 0.003 

respectively) .  
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Figure 5.2. Observations on the behaviour of four  groups (A, B, C and D) of 

communally hous ed captive bmshtail possums. Each gmup was observed between 2 

and 4 times. For Gr·oup A the environment of the pen was changed between periods 

A l  and A2, A2 and A3, and A3 and A4, and for Group B, 3 new members were added 

to the group b etween Periods B l and B2. 

Closeness centralt.mtion mdex In Group the index i ncreased v\hen the possum: den 

ratio increased (Period At to A2), decreased when the ratio decreased (Period A3 to A4 ), 

and again decreased after the possums \\'ere moved to another pen (Perio d  A2 to A3) In 

Group B after they \\ ere moved to a new p en and 3 new members were i ntroduced the 

i ndex decreased. In Groups C and D, where the environment of the pens was left 

unchanged, the index decreased between periods. 

FLow-heMeenness : For Group A, this  m easure did not Yary significantly between the 

first 3 periods but it was significantly lower i n  P eriod 4 when compared with the first three 
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periods (p< 0.0001 for each comparison) . In Group B flow-betweenness decreased 

significantly between obsen,at ion periods Bl and 82 (p = 0.0001 ). In the undisturbed 

Groups C and D, the mean flow-betweenness decreased sign ificantly between periods (p< 

0.000 1 for each comparison). 
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Figure 5.3. Observations on the behaviour of four· groups (A, B, C and D) of 

communally housed captive brushtail possums. Each g.-oup was obse.-ved between 2 

and 4 times. For· G roup A the envi.-onment of the pen was changed between period s  

A l  and A2, A2 and A3, a n d  A 3  and A4, a n d  for G.-oup B, 3 new members wer·e added 

to the group between Periods B l and B2. 

Flow-benveenness centralisation index: For Group A, the index did not vary greatly 

'"'hen the fust three periods were compared with each other but it was markedly higher in 

period A4. In Groups B,  C and D, the index i ncreased markedly between observation 

periods. 
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!Jldil•idllal 's  position in tlte network 

The possums were ranked in  each observation period according to their c loseness and 

flow betweenness scores and their  ranks vvere compared betvveen success i ve periods (Table 

53) For Group A i nd i v idual possums· ranks were h ighly correlated between periods but 

the d egree of correlation declined progressi \  ely b etween s uccessive periods . For Group B 

there \V as litt le correl ati on i n  possums· ranks betv, een periods  New possums i ntroduced 

before p eriod B2 were not includ ed i n  the ranking. Jn Group C there was a s igni ficant 

correlation in ranks b etween periods while there V1 as l ittle correlat ion in Group D. 

No correlation \Vas found between social positwn and body \veight, nor behveen socwl 

position and changes i n  body wei ght (data not shown). 

Table 5.3 

Stability of the social rank of captive possums housed communally. The mnk of each 

possums was detet·mined separately for closeness and flow-benveenness. 

Group Periods Correlation  coefficient a 

Closeness Flow-bet\veenness 

------- �- - - ---- -·-----·-·------ - ----�--

A A I  A2 0. 9 1  

A2 A3 0. 74 

A3 A4 0 59 

A I  A3 0. 72 

A2 A4 0.  66 

A I  0 .62 

B B l  B2 0.2 1  

c C 1  C 2  0 .52 

D D J  02 0 .02 

a Spcarman rank o rder correlation coefficient (Cramer, 1 997) 

Tuberculosis transmission 

-- --��� 

0. 85 

0. 65 

0 69 

0 72 

0 64 

0.60 

0.29 

0.67 

<O. l 

Follm>v ing experimental infection of 4 highly social ly interacti,·e possums in each o r  

Groups C and D. 6 of 20 susceptible possums i n  Group C and 1 2  of 1 9  susceptible 
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possums in Group D were found to have become infected with M. bovis when examined 

post mortem. In each group the possums that became i nfected had , significantly greater 

number of partners and shared dens more frequently during the transmission period than 

did those that remained free of infection (Table 5 4) .  A network diagram i l lustrati ng the 

interact ions between possums for Group D in Period D2 is sho"vn in Figure 5 .4 .  

Table 5.4 

Den use, number of partner-s and fr·equency of interactions for the 4 possums that 

were experimentally infected, those that became infected by tr·ansmission or 

a-emained fr-ee of infection in G roups C and D: data fa·om the exposure period. 

Group Period Disease Status Dens used Partners Interactions 
a 

mean Sd  geometric ± 95% ci geometric ± 95% ci 
mean mean 

c C2 Experimental ly 2 .0  0.4 2 .3  2 .0 ,  2 . 7  5 . 1 4.4, 5 . 8  
infected 

Naturally 2 .2  0.9 3 . 2  * 2.9, 3 . 5  5 .0 * 4 .3 ,  5 . 8  
infected 

Free o f  2 .8  0 .8  1 .2 * 0. 7 ,  1 . 8 2 .0  * 1 . 1 , 3 . 3  

infection 

D 02 Experimental ly 2 .5  0 .4  1 . 8 1 . 5,  2 . 1  3 . 1 2 .3 ,  4 . 1 

infected 

Natural ly 3 . 2  0 .6 2.0 * 1 . 5,  2 .6  2 .9  * 2 .0,  4.0 

infection 

Free of  3 .3  1 .0 0 .5 * 0.2, 0 .9 0 .7  * 0.2, 1 .3 
infection 

a In each group den use, n umber of partners and interacti ons of the naturally i nfected possums 

and those that remaj  ned free of i nfection were comp a red using the t test ("' p < 0.05). 

The mean closeness and the mean flow-bet\veenness scores of the 4 possums 

experimental ly  infected in each group, those that became infected, and those that remained 

free of infection are shown in Table 5. At the time when disease transmission was 

occu rring in both Groups C and D, there was a significant difference in  c loseness and flow­

betweenness for the possums that became infected and those that remained free of 

infection. In analysing the effect of vaccination on the risk of d isease transmission using 
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lo.s:ristic regression, no effect o f  vaccination (OR = I .  L (5% Cl  0.4 3 .  I )  \Vas seen whil e  

controll ing for closeness (OR= 0 .97: 95% C I  0.94 - 1 . 00), flow-betweenness (OR = I .O L  

9.5% Cl 1 . 003 1 . 02 1 )  and the groups to  ·which possums belonged (OR = 0. 1 3 : 95% Cl  

0 .04 0 .4 1) 

D 

D 

0 

Figure 5.4. An example of a social networ·k gmph: G1·oup D in Pedod D2, after· the 

introduction of infection and during the period of exposure. The geometric forms 

represent possums: d iamonds a•·e expe•·imentaUy infected possum, ovals a1·e possums 

that acquir·ed infection and rectangles are possums that 1·emained ft·ee of infection. 

The five p ossums sho·wn to the tight of the netwot·k did not share a den with any 

other possums during the period. The width of the lines between p ossums denotes the 

frequency of the interaction (range 1 to 7 .5). 

Discussion 

The structure and dynamics of the soci aJ organisation of groups of captive possums 

were analysed on the basis of den sharing behaviour. as an example of the use of SNA to 
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characterise the nature of disease transmission processes \;\,'ithin a small popu l ation . SNA 

was a useful means of modell ing socia l  contacts between possums and i t  prov ided a 

comprehens ive descript ion of  the social organi sat ion . SN A ,;o,,as more comp rehens i ve than 

anal ys i s  of partners or interact ions, as i t  used more of the avai lable  data, co mbining the 

number of partners and the frequency of both d irect and i nd irect i nteractions. The 

standardi sed measures enabl ed direct comparisons to be made between d i fferent groups 

and repeated observations  on the same group . The analysis demonstrated that there were 

cons iderable differences between the behaviour of ind iv idual s  i n  the groups, between 

groups and that there were changes over time. 

Table 5.5 

Mean closeness and flow-betweenness  scores  for the possums that were 

experimentally infected, those that became infected by transmission or· r·emained free 

of infection in Groups  C and D: data f.-om the exposure per·iod. 

Group Period Disease Status a Closeness Flow-betweenness 

mean sd mean sd 

c C2 Experim entally  infected 1 7 .0 0 .8 95 . 5  40.5 

Naturally infected 1 7 . 7  * 0.4 1 1 3 .5  * 54.2 

F ree o f  infect ion 1 3 .4 * 6. 1 50 .3  * 62.8 

D D2 Experim entally infected 1 4 . 5  0.6 38 .0  1 7 .9 

Natural ly  infected 1 4 .0 * 3 . 1 5 1 . 5 **  35 .3  

Free of  infection 8. 7 * 5 .5  8 . 1 ** 1 5 .2 

• In each group closeness a n d  flow between ness scores of the naturally i nfected pos s u m s  a n d  those 

that remained free of i nfecti on were compared using the t test ("P<0.05, * * P<O.Ol ) 

The most important and consistent influence on the social structure of groups was the 

length o f  t ime the group had been together in captivity. This was seen in all groups and 

was most  marked i mm ed iately  after the groups had been formed. Over time the social 
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distance betv,:een possums increased (that is, individual c loseness scores d ecreased). the 

social network b ecame more homogenous (decreased closeness centralisat ion index) and 

i ndi v iduals became less difTerentiated from each other ( indiYidual tlov, bet\veenness scores 

decreased) Ho·wever, wtth t ime the ind i v iduals in the group that v\ ere d i tTerent to the 

majority were more pro minent in the netv\ ork (increased tlmv betweenness centralisation 

i ndex). The measure that undenvent the greatest change was c loseness .  

In each group during e ach observat ion period there vvas l i ttle variat ion  i n  closeness 

scores between individuals, compared with the mnation that o ccurred bclvvccn observation 

periods. The range of values sho\-vn by individuals in a group m each obserYation period 

appeared to hm e been influenced by the behaviour of the group at that time, and was not 

an enduring characteristic of the individual By contrast individual flov\ -bet\veenness 

scores showed a wide range of ' alues at each observation period and the range '" as less 

afiected by the length of time the group had been in captivity Flow-betweenness appeared 

to be a measure of an enduring characterist ic of an indiYidual There v;ere t\vo exceptions 

to this. ln Group B in both o bservation periods there \\ as less variabil ity in flo·w­

betweenness scores than seen in other groups. and in Group A duri ng the fourth 

observation period ·when many possums d id  not share a den. 

Across all the possums studied. and vvi th in  each group. there ,,-as great d iversity the 

vvay the available dens were used . Ho\\ ever, individual possums were consistent in thei r  

behanour. Some had a strong preference for particular dens and ·would use them 

repeatedly ,  whi l e  others used a variety of d i fferent dens. No possum used the same den 

more than 50% of the t ime and some possums changed dens daily, None of the groups, as a 
whole. used all the avai lable dens. b ut showed p reference for certain d ens . There were no 

identifiable distinctive characteristics ofthe preferred dens. 

In each group there were some possums that never, or rarely, used dens . In 8 of the l 0 

observation periods there vvere some possums that did not share a den with another possum 

and so were socially i solated. The possums isolated during one period v.;ere not al\'rays the 

same as those isolated during subsequent periods, but some individuals  were isolated 

during more than one period_ As the length of t ime that each group had been together 

increased. the number of possums that \-\ ere isolated increased and in Group A in Period 

A4,  the majority of possums were isolated. The number o f  isolated possums \\as affected 
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by changes to their environment. A decrease in the number of available dens increased the 

number of isolated possums and so did moving them to a new enclosure. This ran contrary 

to the effect o f  ti me. 

Between groups the stab i l i ty of the social organisation varied widely. In some gro ups 

there was a high correlation between observat ion periods and i n  others there 'vvas no 

correlat ion at all .  In the group that had been together for the longest time, 8 months, there 

was an initial h i gh correlation b ut it decreased over time. Among the 3 groups that were 

fi rst  observed after a month in captivity one shO\ved a stab l e  social organi sat ion, but in the 

other 2 there was little stability. It is not possible therefore to reliably predict the social 

position of most possums at any one t ime based on past observat ions. However, there was 

a d egree of stability in the members at the top of the social order. It is not clear if the 

instabi l ity in Group B was the result of the i ntroduction of nev., members to the group o r  

that the structure o f  the group was inherently unstable. The new· members ranked low in  

the social structure as judged from their lo'vv· closeness and flow-betweenness score. 

The social network based on den sharing was a good model for describing the risk o f  

disease transmission within groups. The social position o f  a possum had signifi cant bearing 

on the ri sk of b ecoming infected, as those that b ecame infected had si gnifi cantly higher 

closeness and flow b etweenness scores. That i s. the infected possums were more central 

and prominent, tryan those that remained free of infection. As a result of experimental l y  

infecting highly socially acti ve possums i n  each group \Ve achieved a high level of  

transmi ssion of  i nfection to in-contact possums. The rate of  transmission was substantial ly  

higher than in  p revious studi es where the possums that \vere experimentally infected had 

been randomly selected. There were d ifferent rates o f  transmission of infecti on to the in­

contact possums in each of the groups with 3 0% and 63% b ecoming infected . However 

there were only minor differences in the measures of social behaviour for the groups 

overall and none clearly stood out as an explanation for the differences. 

As sho\vn in the present study, social positi on had a significant effect on the risk of 

transmission. In future studies of d isease transmission within groups, social behaviour 

must be controlled ,  either in the design of the study or in the analysis  of the data. Control 

for social position in the design of studies wo uld be preferable, but unfortunately the social 

o rder of possums is not always stable over time. Therefore, social position wil l  have to be 
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determined at the time of transmission and inc l ud ed as a confounding variable in the 

analysi s of  the data. 

The analys is of den sharing d id not fully desc ribe the socwl b eha v iour of the possums 

nor d id  it account ful l;. for the risk of  in fection . Obsen ations on the denning behaviour 

\-Yere only cond ucted for 1 4  d ays at a time when the infected possums were expected to be 

excreting Nf bovis . Den shari ng \\ as, hmvever, a com enient  and pract ical parameter to  

measure in a co lony contain ing a large number o f  i nd i "r iduals and a mean i ngful parameter 

in the context of the d i sease of i nterest S ome transmission may haYc o ccurred during o ther 

social interactions but such interactions were difficult to measure. Disease transmis siOn 

may also have resulted from sequential den use as M bovis can surYive i n  the em ironment 

for several days (Jackson et aL l 995b). 

The nsk of mfect ion in 1he vaccinated and unvaccinated m-contact possums was 

compared using logist ic  regression treating social net\York measures as confo und in g  

variables, but  no s1gnificant efJect o f  v accination was found. This finding i s  m sharp 

contrast to previous studies where v ac cination provi ded s ignificant p rotection (Aldvvel l  et 

al. .  1 995 , Buddle et a! , 1 997, Corner et aL 20() 1 ). One expl anat ion for the lack of  a 

vaccine e ffect may l i e  i n  the l ack of suffic ient stat i st ical povver. o r  the differences in social 

behaYiour between the tv>o groups . 

The social organisat ion o f  captive possum groups \vas complex and imoh ed many 

factors The multidimensional nature of the social organisation described using SNA 

measures was eas i ly appreciated ·when the social net\vork was represented as a three­

dimensional graph: \V ith the third dimension being 1he frequency of mteractions. The 

complex nature of these relationshi ps was poorly represented by a s imple hierarchy 

cons tructed through ranking p ossums on the basis o f  the number o f  d ifferent den s  used, or 

the number of different partners or frequency of den sharing episodes . These latter 

analyses, however, provided additional information about the behav-iour of captive 

possums. 

The social structure of possum colonies can be described in a variety of ·ways and vvhen 

different behaviours are used, different s tructures are described. The measures chosen will 

be relevan t to and dependent on the u se that \Vil l  be made of the structure. Interactions that 
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may determine status of individual s  for one purpose may be inappropriate for others. 

S tudies on the social organisation and behaviour of capti ve possu ms usually focus on 

dominance relationships and mati ng behav i our (Day et al . ,  2000). The organi sat ion i s  

usually described in  l i near terms, such as h ierarchi es. However, they are more complex, 

'vith an i ndiv idual ' s  rank determined by factors other than s imply the results of agoni st ic  

encounters (Biggins and Overstreet, 1 978). When possums in male only groups were 

ranked on the outcomes o f  agonistic enco unters, the position of the dominant individual 

was found to be stable (Biggins and Overstreet, 1 978 ;  MacGibbon, 1 980, cited by O ldharn, 

1 986).  This was not the case when ranking possums on the number of partners and 

frequency of den sharing. Biggins and Overstreet ( 1 978) found that new· individuals in a 

colony occupi ed low po sitions in the hierarchy, which agrees with our findings. 

The measures of social structure d erived from SNA were highly rel evant to the 

understanding and prediction of the patterns of disease transmission seen in the capti ve 

possums. Although simpler measures, such as the number of partners and the frequency of 

den sharing events, were s i gnificantly h igher for the infected compared to the possums free 

of infecti on, the SNA-s peci:fic measures were more precise and were able to be compared 

across time and between groups SNA was a useful tool for describing and analysing the 

social rel ati onships quantitat ively and i nvestigating the relationship between an ind i v id ual 

animal ' s  role within its social group and the risk of disease transmission. 
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ABSTRACT: 

Aims: To examine natural transmission of bovine tuberculosis (Mycobacterium bovis 

infection) in captive possums and to determine i f  i t  could be employed to chal lenge 

possums in vaccination studies. 

Methods:  Three experiments were conducted. In the first  experiment p airs of possums 

were held in  cages with one of the pair experimental ly i nfected with M. bovis. Five o f the 

1 1  in-contact possums were vaccinated with BCG. In the second experiment, three 

susceptible possums were pl aced in a colony of 1 9  possums experimental l y infected with 

M. bovis. In the th i rd experiment, the 4 most social ly active possums in each of 1\�10 

colo nies (24 possums i n  one colony and 23 i n  the other) were experimental ly infected with 

M. bovis, and 1 0  of the remaining possums in  each colony were vaccinated with BCG. 

Results : In the first exp eriment , transmission of infection occurred in only 1 / l l pairs, but 

in the second experiment, none of the 3 in- contact possums became infected In the third 

experiment , i nfection \vas transmitted to 5/20 in-contact possums in one co lony and 1 21 1 9  

in-contact possums i n  the second. The possums that became infected by natural 

transmission were significantly more socia l ly interactiv e  than those that remained free of 

infection (p<O.OS). 

Conclusions:  When susceptible and infected possums were randomly mixed, the rate of 

transm iss ion of M. bovis was low, but when highly sociable possums were the source of 

infection the rate of transmission increased greatly. The risk of transmission was dependent 

on the close proxi mity of infected and i n-contact susceptible possums and the frequency 

and durat ion of their social interact ions . However, variation in the rate of  transm iss ion of 

infection make it unreliable for assess ing vaccine efficacy. 
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INTRODUCTION 

In N ew Z ealand,  bovine tuberculosis affects a range of domestic and wi l d  animals, but 

it is the i ntroduced b rushtail possum ( Trichosurus vulpecufa) that i s  the maj or wildl ife 

reservo i r of Jvfycobacrerium bovis (Mo rris and Pfe iffer. 1 995) .  Infection is endemic in 

possum populations in over 30% of New Zealand (AHB, 2001 ). Infected possum 

populations are cul led by trapp ing and poisoning programs to reduce the spread of 

infection to domesti c l ivestock (Cal ey et aL. , 1 999). Cu l l ing of infected possum populations 

is a cost ly and unend ing process, for wi thout cont inued control popu lati ons rap id l y recover 

and the number of tuberculous possums with it. In the long term, new strategies for control 

of tuberculosis in possum populations will be required . Vaccination of possums again st 

tuberculosis is a promising option (Buddle er aL. , 2000). 

In cross-sectional studies of wild populations, the majority of natural ly i nfected wi ld  

possums had tubercu lous lung lesions which contained large numbers of M bovis (Cooke 

et aL. , 1 995). Approximatel y  75% of the wi ld tuberculous possums also had les ions in 

superficial lymph nodes and half of these lesions had develop ed into drain ing sinuses 

(Cooke et al. , 1 995) .  The ayerage length of clinical disease was estimated to be 2-6 months 

(Pfeiffer, 1 994; Jackson. 1 995),  but the length of the pre-clinical phase remains unknO\'vn. 

The main route of transmission of infection between possums is thought to be the 

inhalat ion of infect ious droplets excreted from the resp iratory tract (J ackson, 1 995 ). 

There i s  strong circumstantial ev idence to impl icate tuberculous possu ms as the source 

of infect ion of domest ic l i vestock (Caley et al. , 1 999). Heal thy possums are no rmal ly 

nocturnal and avoid the inquisitive beha\'iour of cattle and deer (Paterson and Morris, 

1 995) .  However, terminal ly i l l  possums have been observed to change thei r behaviour . 
They become acti ve during dayl ight, appear dazed, weak and d i soriented , and fai l  to 

respond when approached (Jul ian. 1 98 1 ) . Possu ms that behave abnormal ly are k'llown to 

attract the attention of l ivestock, which investigate them by sn iffi ng, l icking or bit ing 

(Paterson and Morris, 1 995 ; S auter and Morris, 1 995). Should l i vestock investigate a 

terminally il l  tuberculous possum i n  this manner, infection could be transmitted by an 

infect ious aerosol excreted by the possum 

Experimental infections have been established i n  possums using a variety o f  routes, 
i ncluding sub cutaneous , intranasal, intramuscular and i ntratracheal inoculation (Bolliger 
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and Boll iger, 1 948; C orner and Presidente, 1 98 1 ;  Julian, 1 98 1 ;  Pfeffer et al. , 1 994 ). Intra­

tracheal inoculation has been the method o f  choi ce for pathogenesis  stud ies and for 

chal l enging possums in vacci nation studies because it l eads to a repeatable experimental 

d isease with an assu red l evel or exposure (Aid wel l e1 al , 1 995 ; Corner et al . ,  200 1 ) . 

However, al l these procedures result  in a disease characterised by a short period of c l in ical 

i l lness and the absence of palpabl e les ions in superficial  lymph nodes . 

Usi ng the i ntratracheal challenge procedure, vaccination with M. bovts strain baci l le  

Calmette-Guerin (BCG) has b een shown to provide p rotection against d isease, where 

p rotection was seen as a s igni fi cant decrease in the severity of d isease and l ess 

dissemination of infect ion fol lowi ng chal lenge (Aidwel l et al. , 1 995: B uddle et al. , 1 997; 

Corner et al. . 200 1 ). Under field conditions. vaccine efficacy was 69% (Corner et  al., 

2000 ). However, studi es of vaccine effi cacy in captive possums using i ntratracheal 

challenge differ from conditions in the field, as al l c hallenged possums develop 

progressi v e, rapidly fatal tuberculosis. The deficiency may l i e  i n  the chal l enge procedure, 

s ome aspect of the vacci nation and chall enge paradigm, or the possums may be 

i m munocomprornised due to the stresses associated with captivity ( Buddle el al. , 1 992). 

The object i v e  of the study reported in thi s paper was to determine if natural 

transmission between possums could be employed as a means of challenge i n  stu dies to 

determine the p rotection induced by vaccination. Natural transmission of tuberculosis 

between capti ve possums. by aerosol and contact, \\'as fi rst reported by Bol l i ger and 

Bol l iger ( 1 948), and later reported by others (Corner and P residente. 1 98 1 ;  Buddl e et al, 

1 994). I n  these studies the possums were hel d  i n  smal l cages . We undertook 3 experiments 

on natural transmi ssion of tuberculosis in captive possums.  In the first experiment pai rs of 

possums were held in a smal l cage and I of the pair  was experimental ly i nfected. In the 

second experiment, 3 susceptible possums were housed vvi th I 9 experi mentally infected 

possums as a single colony in a l arge pen. In the third experiment the 4 most social ly  acti ve 

possums in each o f  two colonies, of 23 and 24 possums respectively, were experimental l y  

infected and were the source o f  i nfection to the rest of the colony. 
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MATERIALS AND METHODS 

Three experiments were undertaken and to a large eJ\..ient the materials and methods 

were common to all three studies. In the first experiment, possums ·were caged in pairs and 

one of the pair was experimentally infected (Table 6. 1).  In the second, susceptible possums 

were housed with a colony of experimental ly infected possums. In the third the most 

social ly active possums in l arge colonies were experimentally infected and were the source 

of infect ion to the colony. 

Table 6.1  

Design of  3 exper·iments to study natural tr·ansmission of Mycobacterium bovis 

infection fr·om experimentally infected to in-contact possums. 

Variable 

No. infected (no. 
vaccinated) 

No.  of i n-contact possums 
(no vaccinated) 

Select ion of animals for 
treatment groups 

Vaccination route 

Housing 

Exper·iment l 

1 

1 1  (0) 

l l  (5) 

Random 

I ntraduodenal 

2 possums per cage 

Experiment 

2 3 

Colony 1 Colony 2 

1 9  (9) 4 (0) 4 (0) 

3 (0) 20 (l 0) 1 9  ( 1 0) 

Random Social behaviour Social behaviour 

Conj uncti val 

Single colony 

Intranasal and 
conj unct ival 

S ingle colony 

Intranasal and 
conjunctival 

Single colony 

Experimental De.�igll: Eleven possums were housed individually and experimental ly 

infected by intratracheal inoculation. Three and half weeks after infection a susceptible 

possum was p l aced in the cage \vith each experimentally infected possum. The 

experimentally infected possums were euthanased 3 'h \Veeks after the introduction of the 

in-contact possums. The in-contact possums were euthanased 2 1  weeks after the 

commencement of the exposure period . 
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Possums: Eleven adult male and l l  adu lt female possums were captured in the Hurt Valley 

region of the North Island, and shown to be free o f  tuberculosis using the lymphocyte 

prol iferation assay ( L P A ) .  The possums were housed in cages with a floor area o f  90 cm x 

68 cm. Eleven of the possums ( 1 0 males and one femal e) \Vere experi mental ly in tected by 

intratracheal inoculat ion vvith approx..imately I 00 colony forming uni ts (cfu) of M bovis i n  

0 . 2  m l o f  broth (Pfeffer e t  al  . . 1 994 ). Three weeks after inocul ation t he  remaining possums 

( 1  0 females and one m al e) were housed \·Vith the experimental ly infected possums so that 

each cage contai ned one inoculated possum and one in-contact possum, with a male and 

female combination in  each pair . Five of the in-contact control possums had been 

vaccinated intraduodenal ly with 1 0  7 cfu of BCG 7 weeks prior to the start of sharing a cage 

with an experimental ly  infected possum. For intraduodenal inoculation, the duodenum was 

exposed fol lowing laparotomy and the BCG was injected through the wal l of the 

duodenum using a 26 gauge need le ( Buddle et al . . 1 997).  

Lymplwcyte Prof!feratioll Assay: The immunological response of  possums to vaccination, 

experimental infect ion and exposure to infected possums was monitored using the 

Iymphocyte proliferation assay (LPA) as described by Cooke et a! ( 1 999). The bovine 

stimulation index (bovine Sl) was calculated by d iv iding the mean counts per minute 

(cpm) for the tri p l icate lymphocyte cultures with bov ine purified protein deri vati ,·e (PPD) 

by the mean cpm for cells cultured with medium only. 

Necrop5)1: The experimentally i nfected possw11S were ki l led 7 weeks after chal lenge and 

subjected to extensive post mortem examination. The presence and type of l esion was 

noted and confirmed as tuberculous by h istopathological examination of haematoxylin and 

eosin (HE )  and Ziehi-Neelsen (ZN ) stains of  t issue sections. Samples o f  l ung and spleen 

were collected for bacterial culture. Surviving in-contact possums were euthanased and 

necrop sied at the termination of the study, 2 1  weeks after the commencement of the period 

of  exposure. Samples of lung, l iver and spleen were collected for histological examination 

and samples from a pool of lymph nodes (bronchi al,  d eep axil lary and inguinal), l ung and 

spleen were collected for bacteriology. Tissue samples were examined by standard 

techniques for the primary i solation o f A1. bovis (Corner et al., 1 995). 
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Expedment 2 

Experimental Design: Three susceptible possums were housed communal ly in a pen with 

1 9  experimentally infected possums. The three susceptible possums were introduced on the 

day that the 1 9  were experimentally infected with M bovis. The experimentally infected 

possums d ied or were euthanased 8 weeks after infection and the in-contact possums \Vere 

euthanased 20 weeks after the start of the exposure period. 

Possums: Adult male possums \vere captured in the Tararua Ranges east of Palmerston 

North, in the North Island, an area free of possum tuberculosis. The possums were housed 

in a large outdoor pens with a floor area of approximately 200 m2. Within the pen was a 

roofed shelter, enclosed on three sides, and in which were hung hessian bags for the 

possums to use as dens. 

A colony of 19 possums was establ ished as part of BCG vaccination and challenge 

experiment (Corner, unpublished observations). Nine of the possums were vaccinated and 

all 1 9  were experimentally i nfected as described for Experiment l .  On the day of infection 

three healthy adult male possums were introduced to the colony The immunological 

response of the possums was examjned using the LP A A positive response was set as a 

bovine SI  2: 6, that is, equal to  the mean of the pre-vaccination and pre-exposure assays 

plus two standard deviations above the mean. 

Clinical Obsen,atiolls: The infected possums and the three in-contact possums were bled 

and weighed on the day of  infection, and 4 weeks after infection. The i n-contact possums 

were weighed at 7 vveeks, and b led and weighed at 21 and 23 weeks. The den sharing of 

the three in-contact possum was observed for 7 days commencing 5 weeks after their 

introduction to the colony. 

Necrop�J'.' All surviving experimentally infected possums were euthanased 8 \Veeks after 

infection and the three in-contact possum at 24 weeks. All possums w·ere subjected to a 

detailed necropsy. Body weight, the distribution of macroscopic lesions, and lung weight 

of each possum was recorded. Wection in the experimentally infected possums w·as 

confirmed by bacteriological examination of  lung lesions. The disease status of the 3 in­

contact possums was determined by bacteriological examination of a pool of tissues that 
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consisted o f  the mandibular, parotid, superficial a,xillary, deep mo l lary, and inguinal lymph 

nodes, spleen and l ung. 

Experiment 3 

Experimental Design: Two groups of possums \Vere housed separately i n  large outdoor 

pens In order to ensure a high risk of exposure of the in-contact possums to the 

experimental ly infected possums, the 4 most social ly act ive possums in each pen were 

i dentified and experimental ly infected. 

Possums: Adult male possums were captured in the Tararua Ranges east of Palmerston 

North, in the North Is land, an area free of possum tuberculosis. Two independent colonies, 

one of 24 and the other of 23 adult male possums, were established. The possums were 

housed as described for Experiment 2 .  

Determination of5·ocia/ structure: The social structure was described using social network 

analysis (SNA; Wasse1man and Faust, 1 994). The social network was determined by 

exam in ing the interactions between individuals in the colony. The interaction of 

s ign ificance in the transmission of tuberculosis was the sharing of the enclosed ai rspace i n  

the den, where the possums slept during the day. The social structure of  the colony was 

determined by analyzing the den sharing behaviour, the number of other possums an 

ind iv idual interacted \Vi th and the frequency o f  interactions . A detai led description o f  the 

methodology wil l  be pub lished elsew·here. 

Social n etwork analysis describes the social posi ti on of each indiv idual possum using 

both direct and indirect contacts, and pro\·ides structural models for analysing social 

relat ionships .  In this study, two characteristics of the social network, closeness central ity 

and flow bet\.veenness central i ty are used. The concepts of closeness and flow betweenness 

are derived from graphic theory where social networks are represented as graphs, with 

animals as vertices and interact ions the l ines jo ining possums (Borgatt i, 1 995).  

Central ity i s  a structural attribute of each individual in a network and is a measure of 

their i mportance or prom inence in the net\\·ork ( Degenne and Forse, 1 999). It is a measure 

of the extent to which the social network revolves around each possum. A centralisation 

index, which summarises the scores o f  al l  the indiv idual s  in the network, i s  a measure of 
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the heterogeneity of the network. The index all ows comparisons of repeated observations 

on the same nehvork. 

Closeness i s  the sum of the distances of a gi ven possum to all other possums in the 

network along the shortest path between them (Bel l  et al. , 1 999). Closeness is calculated 

by s umming the number of l ines joining each possum to every other possum, using both 

d irect and indirect interactions. The higher the closeness score the more central is the 

possum. As the closeness central isation index increases, the network becomes more 

heterogeneous . It is maximum when one i ndividual is central ( ma-.,:imum heterogeneity) , 

and m in im um when all are equally close. 

Tf social interactions are v isual ised as establ isrung a communications network, then 

flow betweenness is a measure of the number of paths that pass  through a possum, along 

the sho rtest paths between al l other possums (Freeman et al. , 1 99 1 ) . It could be envisaged 

that the flow of communications between two ind i rect ly l inked possums is regulated by a 

poss um that l ies on the shortest path between them. The prom inence or importance of each 

possum in the neh;vork is the number of ind i rect connections pass i ng through it. The higher 

the flow b chveenness score. the more prominent and influential is the possum. The flow 

betweenness centralisat ion index is minimum (0) when all individuals  have exactly the 

same flow betweenness scores and maximum ( 1 )  when one individual l ies benveen al l 

others. 

The social structure of each col ony was determined twice, each for a period o f  1 4  

d ays. The second observation period was 3 months after the first and commenced 25 days 

after M bovis infection was introduced into the colonies. After the first period , the 

possums in each col ony were ranked on the frequency of den shari ng and the number of 

different individuals they shared a den 'vith . They were allocated to one of 3 treatment 

groups based on this  ranking. In each pen 4 possums were selected for experimental 

i n fecti on. The subset was selected su ch that no other combination of 4 possu ms interacted 

,.vith more possums or on more occasions . In order that the vaccinated and unvaccinated 

groups would have an equal risk of exposure, the remaining po ssums in each pen were 

ranked on soci al position and all ocated alternati vely to either the vaccinated group or the 

unvaccinated control group, such that the mean social ranking o f  each group was similar. 
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Vaccination and Experimental infection: At 4 \veeks prior to the int roduction of infection 

i nto the colony, p ossums in the vaccination groups were vaccinated and then held i n  

isolat ion for 2 weeks. Possums were vacci nated by inst i l l i ng i nto the conjunct i val sac 

approxi mately 5 x 1 05 cfu o f BCG and ad min istering 200 I-ll o f  the same BCG s us pens i on 

as an aerosol d irected at the external nares. The vacci nated possums were held isolated 

from the remainder of the co lony for 1 4  days after vaccination. Experimental i n fections 

were conducted as described for Experiment  l. Infect ion was al l owed to p rogress for 8- I 0 

weeks, when the possums vvere euthanased. 

Clinical Obsen•atimu: The immuno l ogical response of possums to vaccination, 

experimental infection and exposure to infected possums \vas monitored using the LP A as 

described above. A positive LPA response was set as a bovine SI :::: 6, that is. equal to the 

mean bo-vine S I  for the pre-vaccination and pre-exposure assays p lus two standard 

deviations above the mean. All the possums were examined visually each day. They were 

weighed and b led 4 weeks before the commencement of the exposure period .  that is ,  on the 

day vaccinations were performed, on the day infection was introduced into the colony ( 4 

weeks after vaccination), and in Weeks 8, 1 2  and 1 6. 

Necropsy: The experimental ly infected possums vvere euthanased betvveen Weeks 8 and 1 0  

when they were terminal ly i l l .  The sunri v i ng in-contact possums vvere euthanased at Week 

20. A l l  p ossums were subjected to a detail ed post morlem exan1ination. At necropsy they 

were weighed and the presence of  macroscopic l esions recorded. Tissues were collected 

for bacteriological and histolog y examination. 

Where macroscopic lesions were detected, a representative sample was collected for 

bacterio l ogi cal conf i m1ation o f  i n fection. Where no macroscopic les ions were present a 

pool of tissues were collected for bacterio l ogical exami nation. The pool consisted of lung, 

spleen . l i ver and the follow ing l ymph nodes : parot id, mandibul ar, retropharyngeal , deep 

and superfic i al a� i l lary. 

The foi iO\'>�ng t i ssues were col lected for histological examination: each l ung lobe, 

spleen, l i v er, kidneys and adrenal gl ands. The fol l owing lymp h  nodes were also co l lected : 

parotid, mandibular, retropharyngeal, deep and supertic ial axi l lary, caudal cervical, 

inguinal, i l iac and tracheo-bronchial,  hepat ic and mesenteric.  
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Data ana�vsis: Descriptive stat ist ics and the t test were performed in SPSS (version 9.0,  

vvvvw . spss . com. ) and social network analysis was performed with the SNA software 

UC INET for Windows version 5 .  1 . 1 . 1 ( Analytic Technologi es, Harvard, Massachusetts. 

USA).  The distribu tion of macroscopic and mi croscopic lesions were compared to that 

reported in wild natural ly- i nfected possums (Jackson, 1 995) using Spearman's  rank order 

co rr elatio n (Cra mer ,  1 998; Vose, 2000) . 

RESULTS 

Experiment 1 

Of the experimental ly i nfected possums, one possum died 5 weeks after inoculation and 

the remaining possums were euthanased 6 12 weeks after infect ion. Al l of the 

experimental ly infected possums had ex1ensi ve lung l es ions. The median b acterial count i n  

the ltmg lesions was log10  6 .5 8  I g o f  t issue (range 5 .28 t o  7.42). Only one in-contact 

possum developed tuberculosis. 1t had been vaccinated ·with BCG and ,;�,ras euthanased in 

extremis 1 4  weeks after first sharing a cage v,rith an infected possum. The infected i n­

contact possum had lost 0 . 5  kg (i nit ial body weight 2 . 7  kg). The primary tuberculous les ion 

was in the lungs and there were mi liary l esions in the liver and spleen. The other in-contact 

possums were in good condition at the time of necropsy, 20 weeks after first being caged 

with the experimentally infected possums, and no tuberculous lesions vvere observed. No 

M bovis was i solated from the lungs, spleen and pool of lymph nodes of these in-contact 

poss ums. 

In the vaccinated possums, the LPA response to bovine PPD remained elevated 

benveen 7- 1 7  weeks after vaccination with a mean bovine SI of 20.6 (± 1 0.0), 1 5 . 7  (± 

1 1 .2 )  and 1 2 . 7  (± 8 .4)  at 7, 1 2  and 1 7  weeks after vaccination, respectively. These possums 

were placed with the experimental ly i nfected possums 7 weeks after vacci nat ion . In 

contrast, the L PA responses in the non-vaccinated in-contact possums remained low 

throughout the same period, with a mean bov ine SI rangin g  from 1 . 3  (± 0 .6)  to 3 . 4  (± 2.5) .  

Experiment 2 

Necropsy: Surviv in g possums were euthanased 7 weeks after experime ntal infection. I n  

Week 6 ,  two possums died and i n  Week 7 ,  three possums died . All experimental ly infected 
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possums had extensive lung l esions and M bovis was isolated from all lung specimens_ M. 

bovis \\1as also isolated from the spleens of 7 vaccinated posswn and 8 unvaccinated 

contro l possums . 

The 3 possums in  the in-contact group remained healthy and gai ned weight thro ughout 

the study. They were euthanased at 20 weeks after the s tan of the exposure period. At 

necropsy, there were no macroscop ic signs of tuberculosis and bacteriological examination 

of tissues was negative fo r M bovis. 

Lymplwcyte Prol�feration Assay: The results of the LPA for the experimental ly infected 

possums and for the three in-contact possums are shown in Table 6.2 .  At the t ime of 

chal lenge. 3 vaccinated possum had a posi t ive bovine ST (2: 6) but o nl y  one control 

possums was positi ve_ By 4 weeks, al l experimental ly i n fected possu ms had a positive 

bovine S L  

I n  the i n-contact group, one possum had a pos i t i ve bovine S I  at the commencement of 

the exposure period. At 4 weeks al l 3 were positive and all the responses were 

approximately equal to, or greater, than the mean of both the experimental ly infected 

groups. By 2 1  weeks the responses had decreased to ins ignificant levels and at 23 ·weeks 

one had a positive bovine SI .  

Social behaviour: Duri ng the period of observation the 3 i n-contact possums were seen to 

share dens with 7 other possums. Two of the in-contact possums shared a den with another 

possum on 2 separate occasions and the third shared dens on 2 occasions with another 

possum and on one occasion \Yith 2 possums . Two of the possums sharing with the in­

contact group '\-vere from the vaccinated group. 

Experiment 3 

Cli11ical sigm.-: The experimental ly infected possums became terminal ly i l l  and were 

euthanased between 8 - 10  weeks after  infection. Five in-contact p ossums died from 

tuberculosis in Weeks 20-2 1 ,  a vaccinated possum in Colony 1 ,  and 3 unvacc inated and 

one vaccinated possum in Colony 2. Only 2 possums developed palpable lesions .  One 

possum in the unvacci n ated group in  Colony 2 had a palpable l esion in  the right i nguinal 

lymph node (2 cm diameter) which was first detected at Week 1 6, and a vaccinated possum 
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in Colony 2 had palpable mass involving both parotid and both mandibular lymph nodes (3 

cm d iameter) .  

Necrop.\)': All of the experimentally infected possums had extensive lung lesions and 

tracheal swabs collected at necropsy from all the possums were positive for M bovis. The 

study was terminated in Week 22 when all surviving in-contact possums were euthanased. 

In Colony 1 ,  macroscopic  lesions of tuberculosis were found in one of the 1 0 unvaccinated 

possums and 4 of  the 1 0  vaccinated possums. In Colony 2,  macroscopic  l esions were found 

in 6 of the 9 unvaccinated possums and 6 of the J 0 vaccinated possums (Table 6.3) .  M 

bo vis w·as isolated from al l possums \\�th macroscopic lesions b ut not from pooled tissues 

taken from possums without macroscopic lesions. 

The d istribution of lesions in the in-contact p ossums was very simi lar to those reported 

in wi l d, natural ly infected possums (Table 6 . 3 ;  for the macroscopic lesions the correlation 

coefficient was 0 .66, and for the microscopic lesions, 0.64; Jackson, 1 995 ). There were 

some signi ficant d i fferences. The captive possums showed less involvement o f  the 

superficial l ymph nodes (superficial axi l lary, deep axi l lary and inguinal) and greater 

involvement of the lungs and the cranial mediastinal l ymph nodes .  In captive and wild 

possums there was a s imilar level of  involvement of  the abdominal organs and lymph 

nodes of the head and neck. 

Experimentally infected possums - Four weeks after infect ion all these possums had a 

positi ve b ovine SI .  By 8 weeks only 2 were st i l l  al i ve, both were very deb i l i tated due to 

ad vanced d i sease and they did not respond in the L P  A 

Lymplwcyte transformation assay: The number of possums in each group "�th a positive 

boyine SI are shovvn in  Table 6.4. 

Unvaccinated possums - After the introduction of infection into the p ens the mean bovine 

S I  of the unvaccinated possums rose slowly but few developed consistent positive 

responses. In  Colony 1 only one possum had a persistent positive LP A response, from 

Week 1 2  to Week 20, and it  had l esions of tuberculosis at necropsy. In Colony 2 the 

number of LPA positive possums increased to 7/9 at Week 1 6, and at necropsy of the 

seven positive, six had lesions. 
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Table 6.2 

Immune response o f  possums experimentally infected with Mycobacterium bovis, and 

vaccinated and non-vaccinated in-contact p ossums. Experiment 2: Response to 

bovine purified pt·otein derivative tuber·culin (PPD) in the lymphocyte pr·oliferation 

assay. 

Weeks after Control Vaccinated experimental (n = 10) (n = 9) infection 

In-contact 
(n = 3)  

Mean sd Positive * Mean sd Positive Possum I Possum 2 Possum 3 
0 2 . 1  2.2 

4 26.7 12 .9  1 0  

5 .3  5 .7  
3 5 . 5  35 

3 0.6 

9 39.9 
----------------------------------------

22 
23 

n = number of possums i n  the treatment group 

* A positive bovi ne sti mulation i ndex was � 6.0 

1 . 9 

2 . 2  

2 .3  

3 0.8 

1 .0 

8.5 

Vaccinated possums - There was a similar pattern of response in each colony . By Week 4, 

8/ l 0 and l Oi l 0 possums were LP A positive . The high LP A responses persi sted until the 

end of the studv . 

.. \'ocial behaviour: The social structure of the coloni es was examined before and again after 

the introduction of infection . At each time point the colonies had similar closeness and 

flovv betv.:eenness scores, and central isat ion indices. Howe-rer. there was a significant 

decrease in c loseness, How b etweenness and closeness central isation ind ices between the 

first and second observation periods (data not shown) B et ween observat ion periods the 

possums had become less d ifferentiated from each other and there wa<; a decrease in the 
overall level of i nteraction. There was an increase i n  the tlovY betweenness central isation 

indices. indicat ing that some individuals within the network \vere more prominent, 

although it was against a more homogeneous background. 

Closeness and 11ow betweenness scores at the second obsen ation period were 

compared to the disease status of the ammals at necropsy (Table 6. 5). In bo th colonies, 

those that acquired disease h ad sign i ficant ly higher s cores than those that remained free of 

infection. 

6.4 

1 0 1 .9 

2 . 1  

5 . 5  
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Table 6.3 

Distribution of macroscopic and microscopic lesions of bovine tuber·culosis in 

possums experimentally infected by the intrata·acheal route (Experiment 3) and in 

naturally infected wild possums. 

Tissue Captive possums Wild, natural�v infected* 

n = 1 7  n = 73 

Macroscopic Microscopic i\1acroscopic Microscopic 

Left superficial axillary 0 1 3  4 1  

Right superficial axil lary 0 23 1 5  

Left deep axillary 6 47 2 1  

Right deep axillary 1 2  40 1 2  

Left inguinal 6 40 1 9  

Right inguinal 6 43 1 6  

Left tonsil 0 2 1  0 

Right tonsil 0 2 1  0 

Left mandibular 6 40 

Right mandibular 6 40 0 

Left parotid 1 8  27 0 

Right parotid 6 40 1 

Left caudal cervical 0 43 

Right caudal cervical 0 20 0 

Left retropharyngeal 6 40 

Right retropharyngeal 1 2  36 4 

Left tracheo-bronchial 3 5  9 3  1 8  

Right tracheo-bronchial 53 R7 1 6  

Mesenteric 24 80 26 

Gastric 0 33  0 

Hepatic 24 73 2 5  

Liver 1 8  67 26 

Spleen 1 8  47 2 1  

Left kidney 6 40 2 3  

Right kidney 29 33 34 

Left adrenal 0 1 3  

Right adrenal 0 1 3  0 

Lung (any l obe) 94 94 75 

* The distribution of macroscopic and microscopic in n aturally infected wild possums as described by 

Jackson (1995). 

t Percentage of tissues examined th at had tuberculous lesions. 

60 

48 

68 

50 

52 

57 

22 

1 6  

1 8  

1 9  

8 

1 4  

1 5  

23 

27 

25 

68 

49 

6 1  

24 

69 

73 

49 

35 

48 

1 6  

1 2  

85 
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Table 6.4 

Immune responses of possums in Experiment 3 - Response in the lymphocyte 

pr·olife.-ation assay to bovine purified protein derivative tuberculin (PPD) in possums 

experimentally infected with Mycobacterium bovis and the vaccinated and 

unvaccinated in-contact possums. 

Week 

-4 
0 
4 
8 
1 2  

6 

Unvaccinated 
{1/1 0 § ) 

Posiiivc I 

0 
0 

2 

Vacci nated 
( 4/J 0) 

Posi tive 

0 
2 
8 
8 
1 0  
7 

Colonv 
2 

Experi mentally Unvacc inated Vaccinated 
infected ( 4/4 )  (619) (61 1 0 ) 

Posi tive Posi tive Posi tivc 

I 0 0 
0 0 
4 1 0  
0 5 

3 1 0  
7 7 

• Vaccin ations were done at Week -4 and experimental infections were done in Week 0. 

§ Nu mber of possums with tuberculosis over the number in the group 

1 Positive - number of possums with a bovine stimulation index � 6. 0 

DISCUSS ION 

Experimentally 
infected ( 4/4 ) 

Posi tive 

0 
0 
4 
0 

l n  two of the three studi es, tubercu losis was successful ly transmitted from 

experimentally infected to susceptible in-contact possums. The rate of transmission varied 

considerably bet\veen experiments . In the first experiment on ly one of l l  i n-contact 

possums, paired for 3 Y2 weeks in a s mall cage with an experimental ly infected possum, 

developed tuberculosis . l n  the second experiment, when three suscepti b le possums \:vere 

housed in a colony contai n ing 1 9  experimental ly infected possums, no transmission 

occurred. A higher level of transmiss ion was obtained in the third experiment where the 

experi mental ly infected possums were in itia l ly chosen because they ranked high in the 

social order of the colony. I n  one colony 63% of susceptible possums became infected and 

26% in the second colony. 

In the first experiment all the experimental ly i n fected possums had extens ive and 

p rogress ive p ulmonary lesions and there were very high bacterial counts from the lungs . 

However, only one in-contact possum developed tuberculosis. This  possum had been 
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vaccinated . The in-contact possums that had been vaccinated all had elevated LP A 

responses to bovine PPD l asting for at least 1 7  weeks after vaccination.  In a p revious 

experiment, where possums were vaccinated in a s imi lar manner, the response had 

decreased markedly by 9 weeks after vaccinati on (Buddle et al. , 1 997 ). Thi s  persis tent 

immune response to bovine PPD may have been in part due to exposure to l ive or dead M. 

bo vis excreted by the experimental ly i n fected possums, although no apparent infection was 

establ ished in 4 of the 5 animals .  I t  i s  clear from this study that mere close proximity o f  

diseased and susceptible possums, that i s, when confmed i n  a small cage, i s  not sufficient 

to lead to a high rate of transm ission . 

Table 6.5 

Measures of social interaction of possums: Mean closeness and flow betweenness, 

based on den shadng behaviour. The possums wer·e grouped on their disease status at 

post mor·tem. 

Colony Disease Status Closeness t 

mean § 

1 Infected 1 7. 7  * 

Free of infection 1 3 . 4 * 

2 Infected 1 4. 0  * 

Free of infection 8 .7  * 

sd 

0.4 

6. 1 

3 . 1  

5 .5  

Flov .. · betweenness 

mean 

1 1 3 . 5  * 

50.3 * 

5 1 . 5  ** 

8. 1 ** 

sd 

54.2 

62. 8  

35 .3 

1 5 .2 

t Closeness i s  based on graph theory a n d  is t h e  s u m  of the distances between each possum a n d  all other 

possums in the network using the short p ath. 

Flow betweenness is a measure of the numbe r  of paths that pass through each possum along the 

shortest paths between al l other possums. 

§ W i thin  each colony, the scores fo r the infected poss ums and possums free of i nfection were com pared 

using the t test with an adj ustment for unequal v a riances (* P<O. OS and ** P<O.Ol ) 

In the second experiment, when three in-contact possums were held in a colony of  1 9  

experimental ly  infected possums, there was no evidence of transmission o f  infection.  

There were oppo1tunities for spread as during the exp osure period the in-contact possums 

were seen to share dens with the diseased possums; although such den sharing was not 
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frequent A s  i n  the first experiment, there was immuno logical evidence, from the L P  A 

responses, that the in-contact possums ,�,,ere exposed to M bovis or Nf bovis antigens. 

Whatever the nature of the anti genic st imulation. it is clear that the experimental ly i nfected 

possums were excret ing M bovis speci fic material by 4 weeks after infect ion. The 

responses may have been an anamnestic response to prior sensit isat ion fro m  exposure to 

en v ironmen tal mycobacteria . As in  the firs t  experiment mere close proximi ty, that is ,  

sharing a den vvith a tuberculous possum was not suffic ient to l ead to the transmission of 

M. bovis infect ion and that other conditions must be met . 

In  the third experiment a greater rate of transmission was achieved 'vVi th more of  the in­

contact possums developing tuberculosis. ln this study the social structure of the colony 

was taken into account and the most socially active possums were chosen for the 

experi mental infection group. This was d one to ensure a high frequency of contact between 

the infected possums. excreting M bovis. and the rest of  the colony. The remaining 

possums in each colony were al located to ei ther the vaccinated or unvaccinated groups, 

such that the mean sociab i l i ty scores of the groups in each colony were s imi lar. This was 

done to ensure an equal risk of exposure of both vaccinated and un\"accinated possums to 

the experimental ly i n fected possums. The select ion o f  the possums for experimental 

infection proved successful 'vVith the rate of transmission being much higher than in 

previous  experiments . 

The number of possums that became infected in  each colony was qu i te different .  The 

difference in the rate of transmission between the two colonies cannot be exp lained by the 

selection procedures as the possums that were experimental ly infected as i n  each co lony 

were d istinctly more soci al ly  active than the remaining possums. However, at the tim e of 

exposure there were d ifferences in the social structure of the i n-contact possum groups in 

the two colonies. In Co lony 2, where the rate of transmission was higher, the possums w·ere 

social ly more homogeneous than in Colony l (closeness scores of 1 2  and 1 5  respectively) 

with fewer prominent individuals (flow betweenness scores of 36 and 74 respectively). The 

homogeneity and lack of promi nent individuals in Colony 2 may have allowed more 

mixing of the i n-contact and the infected possums . 

Some tentative conc lus ions can be drawn from this study on the duration of the 

prec l inical phase of t ubercu losis in possums, which may be app l icab le to the disease in 

wild possums, but not obtainab le from field studies . ln Experiment 3 ,  the LPA responses 
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first became significantly elevated at 8 weeks after the start of the exposure period in a 

non-vaccinated in-contact possum that became infected. The earl iest any possum 

developed palpable lesions \,\'as between 1 2  and 1 () weeks, a second possum developed 

palpable l esions between 1 6  and 20 weeks. The earl iest a possum d ied was at 20 weeks. 

Therefore the minimum duration of the preclinical phase is estimated to be in the order of 8 

to 20 weeks, when possums are held in capti vity. 

The distribution and frequency of lesions in the in-contact possums was s imi lar to that 

seen in \\� Id natural ly infected possums. However, in the study with captive possums a 

greater proportion had lesions in l ungs, thoracic lymph nodes and lymph nodes of the head 

and neck, but less involvement of the superficial body lymph nodes, compared with wild 

naturally infected possums. The distrib ution and frequency of l esions in the in-contact 

possums were indicative of aerosol transmission, with al l  but one possum having lung 

lesions. The high proportion of respiratory disease suggests that the pathogenesis in captive 

possums may differed from that in the wild.  Dose rate, stresses associated with captivity, 

and the high possum density in  the pens may have been factors contributing the d ifferent 

pathogenesis. Also, the opportunity for transmission by other routes, for example agonistic 

encounters associated with mating and transmission via fomites, may have been absent 

from the pen environment. 

Natural transmission of infection to susceptible in-contact possums may be a useful 

means of establ i shing infection when studying the pathogenesis of  tuberculosis. The 

distribution of lesions was very similar to that seen in wi ld, naturally-infected possums. 

There was a wide range in the severity of lesions manifested in the in-contact possums, and 

in the distribution of lesions. Severity ranged from a possum with a single isolated parotid 

lymph node lesion, detected only at necropsy, to general ised disease \\rith extensive lung 

lesions. Only one infected possum d id not show lung lesions . Establ ishing infection by this 

procedure could be of particular use in studying the mechanism and the frequency of 

pseudovertical transmiss ion. No other method of infecting possums publ ished to date can 

be used for this purpose as each leads to ful mi nant i nfection and the rapid demise of the 

infected possums. Alternative methods are currently being i nvestigated and appear 

pronusmg. 

Incubation times for natural ly- infected v.� ld possums have not been determined but the 

average survival t imes for infected possums, once they exhibit cl inical signs, have been 
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estimated as 2-6 months. S un·ival times ranged from zero, 'vhere a possum di ed without 

sho wing cl inical signs, to 36 months (Jackson, 1 995). In the third experiment clinical ly 

detectable lesions w·ere found in 2/1 7 (1 2%) po ssums at 1 6  and 20 weeks . In the wild . of  

possums with macroscopic  l es ions. 7 5 %  had cl ini cally detectable  lesiOns (Jackson, 1 995 ) 

The low proport i on o f  c l inical ly detectable disease in the capti ve poss um may indicate that 

d1sease d eve l ops rap i d ly in the pens 

The third exp eriment did not shovv the high le...-el of vaccine effi cacy that has been 

reported in other BCG vaccinat ion studies using c aptive possums and in a study of a wild 

possum population (Corner et al. , 2000). Al tho ugh an att empt \\ as made to control for the 

confounding effect o f  social p o si ti on, even when this vvas done no significant effect o f  

vaccination \vas found. Variation in the rate of infection in the i n-contact possums and the 

inab i lity to effectively manage the variation in exposure make natural transmission an 

tmreliable means of assess ing the efficacy of vaccines. 
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SUM MARY 

In  New Zealand, the brushtai l possum (Trichosurus vulpecula) is the maJ or wildlife 

reservoir of Mycobacterium bovis. Procedures for experimentally i nfecting possums are 

required to study the pathogenesis  of the disease and to chal lenge possums in vaccine 

efficacy studies. Conjunctival instillation of a s uspension of M bovis was effect ive i n  

producing experimental bovine tuberculosis i n  possums. The experimental di sease 

progressed slowly with the development of palpable lesions in superficial lymph node, 

both characteristics of the disease in wild, natural ly infected possums. At necropsy there 

was widespread distribution of macroscopic and microscopic lesions. The proportion of 

possums that became d iseased, the rate of development and the severity of lesions, the 

severity of clinical signs al l increased when the dose of M bovis was increased. Of the 

three doses used, the medium dose ( 1 000 to 2000 colony forming units) p roduced the 

disease with the most desired characteristics. As a procedure for exposing possums to 

infection with M bovis the conj un ct ival route has ad vantages in that i t  is simple and safe to 

perform, and possums need only to be sedated for infection. 

INTRODUCTION 

In New Zealand, the introduced Australian brushtail possum ( Trichosurus vulpecula) is the 

m�or wildlife reservoi r  of M bovis. Infection is endemic in p ossum populations in many 

areas of both the North and the South Islands. Cattle are the natural host of Mycobacterium 

bovis and most mammalian species develop tuberculosis when infected with M bovis 

(Thorne and Morris, 1 983). Wild animal populatio ns infected with M bovis are a world­

wide problem, as they can act as reservoirs of infection for domestic animals, other wild 

animal species and humans. S ignificant wild animal reservoirs have been identified in 

bison i n  Canada (Tessaro, 1 986), cervids in the United States of America (S chrnitt et al., 

1 997), badgers in the United Kingdom and the Republic of Ireland (O'Reilly and Daborn, 

1 995 ; Hughes et al. , 1 996) and African buffalo in South Africa (Keet et al. , 2000). 

Vaccination would make a very valuable contribution to tuberculosis control in wildlife, i f  

it can be successfully appli ed .  
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Tuberculosis i n  naturally i nfected wild possums is primari ly a respiratory disease, and 

commencing early i n  the disease course, it is common for possums to develops palpab le 

l esions in superficial lymph nodes (Jackson, 1 99 5 ). Experimental infection of p ossums has 

been used to study the pathogenesis of tuberculosis and to chal lenge possums in 

vaccination trials .  Inoculation procedures that have been used include i ntraperitoneal 

inoculation (Boll i ger and Bol l iger, 1 948), intramuscular inoculation (Corner and 

P residente, 1 980, 1 98 1 ), and intratracheal inoculation ( Buddle et al., 1 994; AJdwel l et al., 

1 995 a; Cooke et al., 1 999). The rapi dity of disease progression after experimental 

infection, the short sunival times and the distribution of lesi ons were unlike that seen in 

naturally infected wild possums. 

The best of the experimental infection procedures, intratracheal inoculation of a lo\v 

dose of M bovis (approximately 1 00 colony forming units), has been routinely employed 

in vacci nation studies. It leads to a repeatable experimental disease w·ith an assured level of 

exposure (Ald\:vell et al. , 1 995a, 1 995b; B uddle et al. , 1 997;  Corner et al , 200 1 ). However, 

infection by this route produces a rapidl y  fatal, fulminant pneumoni a with possums rarely 

survi ving for more than eight weeks. They do not develop the superficial lymph node 

lesions typ ical ly  seen in natural cases. 

Intratracheal challenge with M. bovis has been used to demonstrate that vaccination of 

captive p ossums vvith bacil le Cal mette-Guerin ( BCG) induces protection, \Vhere protection 

was seen as less severe les ions, fewer M bovis in lung and spl een lesions, and where 

vaccinates lost less b ody weight, than unvaccinated controls ( Al dwell et al. , 1 995;  Buddle 

et al. , 1 997;  Corner et al. , 2001) However, in  these studies b oth vaccinated and control 

poss u ms developed l ung lesions. The p rotection induced by vaccination may be better 

demonstrated if the experimental infection progressed more slov.-·ly, enabling the immune 

system to contain the infection at the i nitial s ite of infection. The conj unctival route of 

administration is effecti v e  for v accinating possums with BCG (Corner, unpublished) and 

may be an alternative route for infecting p ossums The objective of the current study was 

to investigate the characteristics of tuberculosis in possums i nfected by the conjunctival 

route and to compare the characteristics of the resulting disease with that fol l o\ving 

intratracheal inoculation. 
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MATERIALS AND METHODS 

l!-xperimental design 

Three experiments were conducted in this study (Table 7 . 1 ) . In Experiment l ,  tvvo 

groups of fi ve possums were infected by conjun ctival instillation of approximately 1 00 

colo ny forming units (cfu) of M bovis or 1 000 cfu, and 1 2 possums vvere infecled with 

approximately 1 50 cfu by the intra-tracheal route. In Experiment 2,  three groups of  l 0 

possum were infected with approximately 400 cfu, 2,000 cfu or I 0,000 cfu, using the 

conjunctival route. In Experiment 3 ,  3 1  possums were infected by the intratracheal route 

with approximately I 00 cfu. 

The material and methods for Experiment 3 were described in detail in Corner et al. 

(20 0 1 ). l n that study the duration of protection induced by i ntranasal aerosol vaccination 

with baci lle Calmette-Guerin was being investi gated. Possums were vaccinated and then 

challenged by intratracheal inoculation at either two, six or 1 2  months after vaccinat ion. At 

each time a simi lar  number of unvaccinated controls were also infected. ln each challenged 

group some possums d ied or  were euthanased before then end of the study. Possums that 

survived until Week 7 after infect ion were then euthanased. The data from that study used 

in the current study v;as from the posswns in the unvaccinated control groups that surv ived 

for at l east seven weeks after infection.  

Animals 

Adult male poss ums were trapped in  the North Island of New Zealand in an area free of 

possum tubercu losis. In Experiment 1 they weighed between 1 . 9 kg and 3 . 2  kg (mean 2 . 6  

kg), i n  Experiment 2 between 1 . 8 kg and 3 .9  k g  (mean 2 .8  kg) and in  Experiment 3 

between 2 .0  kg and 3 . 3  kg (mean 2 .7  kg). The communal housing of the possums in pens 

and handl ing of the possums were as previously described (Corner et al. ,  200 1 ). In each 

experiment, the possums were allocated to treatment groups from a l ist of the possums 

ranked on body weight. For cl inical examination, ·weighing, b leeding and conj unctival 

infecti on, the possums were sedated with 1 00 mg to 1 50 mg of ketamine hyd rochloride 

(Parnel l Laboratories, East Tarnaki,  New Zealand) gi ven by intramuscular injection. For 

intratracheal infect ion, they were sedated with ketamine and anaesthetised with Saffan ( 1 2  

mg, Pet Elite, Lower Hutt, New Zealand). Possums in extremis or that survived to the end 

of the study were euthanased with an overdose o f pentabarbi tone. 
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Table 7.1 

Conjunctival and intra-tracheal infection of possums with Mycobacterium hovis: Body 

weight changes. 

Experiment 

2 

3 

Route of 
inoculation 

1 ntratrach e al 

Conjuncti val 

Conjuncti val 

Conjunctival 

Conj unctival 

Conjunct i val 

1 ntratracheal 
* cfu - colony forming units 

t Mean (standard deviation) 

Dose * 

l OO cfu 2. 79 (0. 3 8 )  

Medium ( 1 ,000 cfu) 2.35 (0. 1 9) 

Low ( l OO cfu) 2.20 (0. 30) 

High ( 1 0,000 cfu) 2.69 (0. 35)  

Medium (2,000 cfu) 2.61  (0. 37)  

Low (400 cfu) 2. 74 (0.57)  

1 00 cfu 2 69 (0. 3 1 )  

Proportional change 
in bad ' wei h t +  

- 0.33 (0. 09)  

+ 0 07 (0 . 09) 

+ 0. 1 9  (0 . 09) 

+0 . 29 (0 1 0) 

+ 0.04 (0.24) 

+ 0.25 (0. 1 9)  

-0.25 (0.09) 

: Change in body weight (kg) between infection and post mortem, divided by weight (kg) at infection; 

mean (standard deviation). 

Experimental lnfecrion 

The M bo vis suspension was prepared using strain 8 3/6235 ,  original ly isolated from a 

naturally infected possum (Buddle et al. , 1 994) The method of preparation of the 

challenge inoculum was as previously described (Aldwell et al., 1 995b). 

Experiment 1 .  Possums were infected by placing into the conj unctival sac of each eye 

50 � of bacterial suspension. To acconunodate the suspension the upper and lower eyelids 

were retracted and the eyeball was depressed . The eye was held in this p osition for 30 sec 

to 60 sec after the drop was delivered to al low absorption or drainage through the 

lachrymal d uct. For the intratracheal inoculation the possums were anaesthetised and a 

plastic cannula ( 1  5 mm e�iemal diameter) was passed per os to bel ovv· the bifurcation of 

the trachea (Aidw·ell et al. , l 995a). When in  p lace 200 Ill of the M. bovis suspension was 

instil led into the lungs and the cannula was flushed with an equal volume of sterile saline. 

The possums were then placed in l ateral recumbency to recover . 
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Experzment 2 Possums ·were infected by p lacing into the conjunctival sac of each eye 

I 0 111 of bacterial suspension. The 1 0 !J.l drop was readi ly accommodated without 

depressi ng the eyeball .  

All possums were subj ected to a detailed necropsy At the examination, body and l un g  

\vei ghts were recorded , as was the d istribution of  macroscop ic caseous foci in the l ungs, 

other organs and lymph nodes. Where macroscop ic lung l es ions \Vere present a sample of 

the l es i ons (approximately 2 g) was col lected for b acterio logical examination. The Yentral 

third of the spleen \Vas col lected for bacterio logical exam i nation fro m  all possums. Where 

no macroscopic l esions \\ ere seen the fo l lo\ving \Vcrc col lected for bacter iological 

examination l g of  each l ung taken from the dorsal margin adjacen1 to the bifurcation of 

the tracheal, and a pool of lymph nodes that consi sted of half of each of the foi lo\Ying 

nodes : deep axi llary, superficial axi l l ary, mandibular_ parotid and retropharyngea l . 

Tissues were collected for histological examination. The fol l owing paired lymph nodes 

(LN) were col lected : mandibular, parotid, retropharyngeaL caudal superficial cervicaL 

deep axi l lary, superfi cial axi l l ary, inguin aL iliac and tracheobronchial :  and the fol lo\vi ng 

s ingle or groups of lymph nodes : hepatic, gastric and mesenteric. Other tissues coll ected 

vYere the tonsils,  l iver, lung, spleen. ki dneys and adrenal gl ands . For examinat ion t issues 

were emb edded in paraffin. sectioned at 3 !-ffi1, and stained with haematoxyl in-eos in, and 

by the Ziehi -Neelsen method . His to log ical exami nat ion consisted of detection of 

tuberculous granulomas . characterised by the presence of ac id - fast bacteria within the 

lesions. A tissue was c l assed as positive if it contained one or more tuberculous 

granulo mas. 

Bacterwlogy 

The i solation of M. bovis from tissues samp les \\'as as described by Corner et al ( 1 995) 

and their identificat ion wa� a<; described by de Lisle and Havi l l  ( 1 985 ) 

Lymphocyte Proliferation Assay (JJ'A) 

Whole b lood was co l lected for the lymphocyte p ro l i feration ass ay (LP A) from each 

possum at the times shovvn in Tab le 7 . 2 .  Blood was col l ected fro m  the j ugular vem and 

presen ed in heparin. The pro liferative response of perip heral blood lymphocytes vvas 
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measured using the method described by Cooke et al. ( 1 999). Briefly, l ml of blood was 

added to 50 ml of lysing buffer containing 0 . 1 7  M Tris and 0. 1 6  M NI-4Cl, pH 7 .2  and 

incubated at 3 7  °C for 1 0  min . The cell suspens ion was centri fuged at 350 g for 1 0  min, 

resuspended and washed t\"rice in PBS.  The cel l s  were final ly resuspended in RPMI 1 640, 

contain ing 2% normal possum serum, 2 mM gl utam ine and antibiotics. To each well of a 

sterile cell culture microtitre plate was added 200 Ill of cell suspension contai ni ng 

approximately l x 1 06 mononuclear cel l s  I ml. Cells ·were cultured with bovine purified 

protein derivative (PPD; CSL Ltd, Melbourne, Australia, 60 j..l.g/ml final concentration) or 

Concanaval in A (Con A; S igma, St Loui s, MO, USA, 5 f.!g/ml final concentration) For the 

unstimulated control wel ls, 50 f.!l o f  RPMI 1 640 medium was added. Assay conditions, 

harvesting and �-scinti l lation counting were as d escribed previously (Cooke et al. , 1 999) .  

The LPA response to bovine PPD was expressed as the bovine stimulation index ( bovine 

SI)  and was calculated by di vid ing the response to bovine PPD by the response to media 

alone. A positi ve LPA response was taken as a bovine SI  2: 4, that is, equal to the mean 

bovine SI before infection plus two standard deviations above the mean . 

Statistical analysis 

The d istribution of macroscopic and microscopic lesions in different experiments were 

compared using Spearman's rank order correlation coefficient (Cramer, l 998 ;Vose, 2000). 

RESULTS 

Experiment 1 

Intratracheal infection 

Clinical observations and necropsy: Wasting, as a consequence of advanced 

t uberculosis, was seen in most possums and was fi rst detected six weeks after infection. N o  

palpable l esions were detected i n  any possum when they were examined four weeks after 

challenge. All possums i n  this group lost body weight between infection and necropsy 

(Table 7 . 1 ) . Ten possums died and tvvo were euthanased in extremis. One died in Week 6, 

five died and one was euthanased in Week 7, three died in Week 8 and one died and one 

was euthanased in Week 9 All had extensive macroscopic lesi o ns in the l ungs and 
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bronchial lymph nod es.  Macroscopic lesions were found in a range of other tiss ues:  spleen 

(6 possums), liver (4), hepatic lymph node (5 ), kidneys (5 ), adrenal glands ( 1 ), mesenteric 

l ymph nodes (2). mandi bular lymph node ( I ) ,  and the \Vall of the caecum ( 1  ) . M bovis was 

i so l ated from the l ungs of all possums .  

Table 7.2 

Conjunctival and intra-tracheal infection of possums with Mycobacterium bovis :  

immune response to bovine purified protein derivative in  the lymphocyte 

p ro liferation assay. 

Experiment Route of * infection 
Inoculation 0 4 6 8 1 2  1 6  

Intratracheal ! 50 cfu 0/1 2  1 2/1 2 215 
ConJ unctival Medium - 1 000 1 15 1 /5 nd 3/5 2/5 0/5 

Conj lmctival J ,ow - l 00 cfu 0/5 0/5 nd 3/5 2/5 115 

2 Conj tmctival High - 1 0000 0/1 0  nd 7/1 0  nd 

Conjunctival Medium - 2000 0/l O  nd 5/1 0 nd 611 0  nd 

Coni unctival Low - 400 cfu 011 0  nd 1 / 1 0  nd 1/9 nd 

• cfu - colony forming unit� 

t N umber of poss u m s  with a positive bovine stimulation index (SI) over the n u m be r  of possums i n  the 

group. A positive LPA response was a bovine SI ::::: 4 
t n d - blood was not colleLied at these times 

§ AU the possum in  the group had died or had been euthanased 

Lymphocyte proliferation assa.v. At W cck 4 all p ossums were LP A positi vc vvith a mean 

bovine SI of 69.8 (Table 7 . 2) By W eek 8, of the five p ossums that were still alive, only 

hv o  gave p ositive responses. The three possum n egati ve on the LPA were deb i litated and 

had very lovv resp onses to Con A 

Conpmctival mjection 

Clinical observatwns and lWcTopsy: Palpable l esions \Vere first detected in one possum 

of the high dose blTOUp (822) in Week 20, i mmediately prior  to the group being e uthanased . 

The les ions, l 0 mm diameter swellings, were p alpated in the left and the right inguinal 

20 

2/5 

1 /5 

§ 

0/9 
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lymph nodes and M bovis was isolated from the lesions. N o  les ions were detected in any 
of the remaining members of this group and all gained body weight between infection and 

necropsy (Table 7 . 1  ) . 

Lymphocyte proliferation assay: At each time point there were possums that had a 

positive LPA response, but there was no consistent pattern (Table 7.2). Possum 822, which 

had a palpabl e  les ion was LPA positive only at Week 1 2. 

Experiment 2 

The high dose group was euthanased i n  Week 9 after three possums developed draining 

sinuses. In the medium dose group, Possum 893 died in Week 1 5  and the remainder of the 

group were euthanased in Week 1 6, after Possum 877 developed a draining sinus. The 

possums in these two group were euthanased because there was a possibi l ity that the 

draining sinuses would act as an additional source of infection. In the low dose group 

Possum 792 died in Week 1 2  and the remainder were euthanased in Week 20. 

High Dose Group 

Clin ical observations: By Week 6, five possums had swel l ings of 1 5  mm to 30 mm 

diameter in parotid LN, mandibular LN or both By Week 9, these five retained the 

swel l ings and in four, the swel l i ng had developed into a draining s inus . By this time two 

other possums had developed swel l ings Between infection and necropsy all the possums 

increased or maintained their body weight (Table  7 . 1 ) . 

Lymphocyte proliferation assay: By Week 6, seven possums had a posit ive boYine SI  

(Table 7 .2) and all had macroscopic lesions at necropsy at Week 9 (Table 7 .3). The three 

possums with a negative bovine SI had no macroscopic lesions at necropsy but two had 

microscopic lesions. 

Necropsy: The number and distribution of macroscopic and microscopic l esions is 

shown in Tables 7 . 3  and 7 .4 .  Seven possums had macroscopic lesions, six had l ung lesions, 

primarily affecting the caudal lobes, and two had l esions in the tracheobronchial LNs .  

Macroscopic lesions were seen in 1 4  extra-thoracic s ites (Table 7.4), primarily affecting 

the lymph nodes of the head and neck, but also the abdominal organs One possums (876) 

with  lesions in 1 2  sites contributed disproportionately to the wide distTibution of les ions. 
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M icroscopic lesions were seen i n  nine possums (Table 7 . 3 ) ,  with l esions i n  the lungs 

and tracheobronchial LNs of frve. A wide d istri bution of microscopic lesions \vere seen b ut 

possum 8 76 cont ri b u te d isproportionatel y to the d i stri bution. Microscopic lesions vvere 

seen in 20 extra-thoracic sites (Table 74). M hovi5: \vas isolat ed from all affected l ungs 

and from three splee ns \Vith macroscopic les ions, and two sp l eens with no macroscopic 

lesions. 

Table 7.3 

Conjunctival infection of possums with Mycobacterium bovis: number of macroscopic 

and micr·oscopic lesions. The low dose group was euthanased at 20 weeks afte1· 

infection, the medium d ose group at 16 weeks after infection and the high dose gnmp 

at 9 weeks after infection. 

Dose 

N *  !vfedzan Range 

High - l 0000 cfu ' 7 3 2 - 1 2  

M edium - 2000 cfu 9 7 1 - 1 0  

Lov, - 400 cfu ".\JA � 5 lesions 

• Number in each group of 1 0  possums that was aft'ected. 

t cfu - colony formi ng u nits 

l NA - not applicable 

Medium Dose Group 

N Aledian Range 

9 5 2 - 1 4  

1 0  9 I - 27 

2 NA 1 & 11 
lesions 

Clinical Findings · FiYe possums developed p al pable svvell ings . By Week 6, four 

possums had 1 0  mm to 1 5  mm diameter S\Yell i ngs in parotid LN, mand i b ular LN or both . 

By Week 9, swellings were present in these four possums and one additional possum (893) 

had a 1 5mm swelling in the left parotid LN . By Week 1 2  Possum 893 no longer had a 

palp able lesion but was clinically i l l  and was l osing weight By Week 1 5  two of the five 

possums, 893 and 7 86.  had died, hvo possums still h ad palpable swellings (727 and 782) 

and a third (877 ) had a l Omm sinus drain i ng the l eft parotid LN. 
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Lymphocyte proliferation assay: Five possums were positive at Week 6 and six were 

positive at Week 1 2 ;  all six had lesions at necropsy. 

Necropsy findings: The number and distribution of macroscopic and microscopic 

lesions is shown in Tables 7 . 3  and 7 .4 .  Nine possums had macroscopic lung l esions and 

eight al so had lesions in other sites. The lung lesions i nvolved between three and six lobes 

(median six lobes). Four possums had macroscopic lesions in the tracheobronchial LNs. 

Macroscopic lesions were seen in 1 7  extra-thoracic sites (Table 7 .4). 

Microscopic lesions were seen in all 1 0  possums (Table 7 .3) with microscopic lesions in 

the lungs and tracheobronchial LNs of nine and in 2 6  extra-thoracic s ites (Table 7.4 ). One 

possum, (73 1  ), ,�,,here no macroscopic  lesions were seen, had microscopic l es ions in a 

mesenteric LN . M. bovis was isolated only from possums with macroscopic lung lesions. 

Low Dose Group 

Clinical findings: Only one possum, 792, developed clinical signs. It lost 750 g in body 

weight between Weeks 6 and 9, and died in Week 1 2. The remaining members of this 

group gained weight (Table 7 . l ). 

Lymphocyte proliferation assay: Possum 792 developed a positive LPA at Week 6 and 

died with extensive l esions of tuberculosis in Week 1 2 . Possum 5968 had a positive 

response at Week 1 2, was free of lesions at necropsy and was negative on bacteriological 

examination. Possum 787 was negative throughout the study but M. bovis ·was cultured 

from lung samples. The remaining possums in the group were negat ive throughout the 

study. 

Necropsy findings: The number and distribution of macroscopic and microscopic 

l esions is sho\".'11 in Tables 7 . 3  and 7 .4 .  Possum 792 had macroscopi c  lesions in all six l ung 

l obes, and lesions in both tracheobronchial LNs. k idneys, spleen and hepatic LN. M bovis 

was isolated from lung and spleen. Microscopic  lesions were seen i n  l l  sites in possum 

792.  Small numbers of M bovis (50 cfu) were isolated from the lungs of Possum 787,  and 

a microscopic lesion was seen in a gastric lymph node. 
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Table 7.4 

Numbe•· and d istribution of mac.-oscopic and microscopic lesions in possum infected 

with Mycobllcterium bovis by conjunctival inoculation (Experiment 2). 

Tissue 

Left superticial axillary 

Right superficial axillary 

Left deep axillary 

Right deep axillary 

Left inguinal 

Right inguinal 

Left tonsil 

Right tonsil 

Left mandibular 
Right mandibular 

Left parotid 

Right parotid 

Left caudal cervical 

Right caudal cervical 
Left retropharyngeal 

Right retropharyngeal 

Left tracheo-bronchial 

Right tracheo-broncrual 

Mesenteric 

Gastric 
Hepatic 

Liver 

Spleen 

Left kidney 

Right kidney 

Left adrenal 

Right adrenal 

Lung (any lobe) 

High - 1 0000 cfi.t 

A1acroscopic A1icroscopic 

0 T 0 
0 1 0  
0 1 0  
0 20 
0 1 0  
0 1 0  
0 l l  
0 1 1  

30 33 
20 3 3  
20 20 
40 40 
20 30 
20 40 
20 33 
1 0  44 
20 50 
20 33 
0 60 
1 0  20 
30 50 
1 0  20 
30 30 
0 0 
1 0  1 0  
1 0  0 
0 0 

60 so 

Dose * 
Medium - ]000 cfu 

A1acroscopic A.ficroscopic 

0 29 
10 1 3  
0 38 
10 38 
1 0  22 
0 25 
0 80 
0 43 

40 44 
1 0  38 
50 56 
1 0  1 4  
40 50 
0 3 8  

30 7 1  
20 7 1  
40 89 
30 90 
50 1 00 
1 0  3 8  
20 63 
1 0  60 
40 so 
30 40 
1 0  22 
0 40 
0 22 

90 90 

* There were 1 0  possums in each t reatment group. du - colony fo rm i ng units 

t Percentage of tissues wit h lesions 

Low - 400 cfu 

Macroscopic Microscopic 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
1 0  1 3  
10  1 3  
0 1 0  
0 1 1  
10 10 
0 1 0  
1 0  1 0  
0 1 0  
1 0  1 0  
0 1 0  
0 1 0  
1 0  1 0  
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Table 7.5 

Number and distribution of macr·oscopic and microscopic lesions in captive possums 

experimentally infected with Mycobacterium bovis by intratracheal inoculation 

(Experiment 3) and naturally infected wild possums 

Tissue Intratracheal infection Naturally infected* 
(N = 31) (N = 73) 

Macroscopic Microscopic A1acroscopic A1icroscopic 
Left superficial axillary 0 t 1 8  4 1  60 

Right superficial axillary 0 1 6  1 5  48 

Left deep axillary 0 32 2 1  68 

Right deep axillary 0 40 1 2  5 

Left inguinal 0 32 19 52 

Right inguinal 0 28 16 57 
Left tonsil 0 9 0 22 

Right tonsil 0 1 3  0 16 

Left mandibular 0 1 0  1 1 8  

Right mandibular 0 1 8  0 1 9  

Left parotid 0 7 0 8 

R ight parotid 0 1 4  14 

Left caudal c.ervi ca1 0 1 7  1 5  

Right caudal cervical 0 1 3  0 23 

Left retropharyngeal 0 34 27 

Right retropharyngeal 0 28 4 25 

Left tracheo-bronchial 8 1  94 1 8  68 

Right tracheo-bronchial 97 100 1 6  73 

Mesenteric 3 71  26 61  

Gastric 3 29 0 24 

Hepatic 1 6  5 8  25 69 

Liver 7 97 56 73 

Spleen 1 0  4 3  2 1  49 

Left kidney 1 6  23 23 35 

Right kidney 1 3  27 34 48 
Left adrenal 0 1 7  l 16 

Right adrenal 0 0 0 1 2  

Lung (any lobe) 100 l OO 75 85 

" The distribution of macroscopic and microscopic in 73 n aturally infected wild possums as described 
by J a ckson (1 995). 

t N = nu mber of possums examined 
* Percentage of tissues with lesions 
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EY:periment 3 and Naturally injected possums 

The number and distribution of macroscopic and microscop1c lesions in  3 1 possums 

infected by the intratracheal route are shovm in Table 7 .5 .  All possums had macroscopic 

lung lesions, with no lobes b eing preferentially affected, and al l  had l esions in at l east one 

tracheobronchial LN. M acroscopic  lesions were seen in  7 e;.,.1ra-thoracic s it es and all \vere 

in the abdominal cavity (Tabl e  7 5) .  MicroscopiC les iOns vvere present i n  lungs and 

tracheobronchial LN i n  all p ossums, and in 25 other sites (Table  7 .5 ). Fol lowing the l ungs, 

the most frequently affected organs were the l i ver (97%), hepatic LN (58%) and 

mesenteric LN ( 7 1  %). 

Jackson ( 1 995)  d escribed the d istribution of macroscopic and microscop ic les ions in 7 3 
natural ly infected wi ld  possums (Table 7 5 )  The ti s sues most frequently found to contain 

macroscopic lesiOns \vere the lungs, l iver and superficial LNs of the body (superficial and 

deep axi l lary LN, and the i nguinal LNs) and \\·ith a low frequency of lesions in lymph 

nodes of the head and neck. M i croscopic l esions 1.vere \\ idel y  distributed throughout the 

body, p rinc1pal ly m the thoracic cavity. abdominal cavity and the superficial LNs of the 

bodv. 

Cumpanson olthe distrlhutiun ulfestons m expemnentally infected and naturally mkcted 

possums 

The distribution o f  macroscopic and microscopic l es ions m possums mfected following 

conJunctival i nfection \Yith the m edium and high doses, or by the i ntratracheal route, were 

compared with that reported in 73 naturally infected 'Wild possums (Table V; Jackson, 

1 905 ). there \\ as only one possum \Vith lesions after low dose infection, no analysis ''as 

conducted. Overall there was p oor correlat ion bet\veen the d istributions of  macroscopic 

lesions b etween the naturally infected and experimentally  infected possums. The 

intratracheal group had the h ighest correlation (0.53 ), with the medium dose group (0.2 1 )  

and high dose  group ( -0. 1 0) shov�ing no correlation. The correlation \Vas higher 1.vhen the 

distributions of microscopic l esions were compared. The i ntratracheal and medium dose 

groups were simil ar (0.7() and 0 72 respectively) but the high dose group showed poor 

correlat ion (02 1 ). 
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DISCUSSION 

Tuberculosis in captive possums was induced by inst i l ling a suspensi on of M. bovis into 

the conjunctival sac. The proportion of possums that became diseased, the rate of 

development and severity of lesions, the severity of clinical signs, and distribution of 

macroscop ic and microscopic lesions, \Vere all  dependent on the dose of M bovis. No 

visibl e  lesions developed o n  the conjunct ivae of infected possums. 

Increasing dose rate produced an i ncrease in the severity of the infection and the time 

course of disease was shortened. The medium dose group in Experiment 2 lead to the 

development of tuberculosis in nine out of l 0 possums. The disease in these possums 

progressed sl owly, compared with those infected by the i ntratracheal route, and was 

characterised by the development of palpable lesions in  superficial lymph nodes in fi ve 

possu ms and a drain ing s i nus in one . Lower and h igher dose rates gave different results. A 

five fold lower dose (400 cfu) lead to disease in only t\vo of 1 0  possums and a five-fold 

h i gher dose ( 1  0,000 cfu) l ead to a more rap i d  d isease process . 

Conj unctival infection produced disease v,rith the characteristics that were desired : a 

slowly deve loping disease, with superficial lymph node lesions and widespread evidence 

of microscopi c infect ion . The disease resulti ng from conjunctival infection had a less 

dramatic effect on the general health of the possums than did i ntratracheal i nfection. Even 

with the highest dose rate the diseased possums did  not become deb i l itated and the 

maj o rity gained body wei ght The highest dose lead to the rapid development of superficial 

lymph node lesions and the devel opment of d rain ing sinuses. That group was euthanas ed in 

the ninth week after infection because there was a high risk of transmission of disease from 

open draining s inuses. By about eight weeks after intratracheal infection the possums had 

either died or were severely deb i l i tated . The disease in these possums was characteri sed by 

extensive lung l es i ons . 

The optimum dose for conj unctival infection was b etween 1 000 cfu and 2000 cfu. This 

dose resulted in disease with a course that reflected tuberculosi s  as seen in natural ly 

infected possums. The possums had sl owly progressing infection and i n  the second 

experiment half of the group receivi ng this dose developed cl i nical ly detectab le swel l i ngs 

by nine weeks and 90% had pulmonary disease. At 1 5  weeks one possum d ied from 

ad vanced pulmonary disease and another had developed a draining sinus. Apart from the 
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possum that died, the possums remained i n  good healt h  and half had increased in body 

vveight at the end of the experiment . As \v ith the high dose group, this group was 

euthanased because of  concerns regard ing horizontal transmission from a drain ing s inus .  

The possums infected b y  the c onjuncti val route were euthanased a t  fixed t imes after 

infection and there was a wide range in the extent to which the d isease had progressed . 
lbis is s imilar to the \·ari ab l e  rate o f  disease progress ion seen i n  natural ly infected \Vi ld 

possums (Jackson, 1 997) Other than S\ve l l ings in superficial lymph nodes, few possums in 

the conju nct ival i nfection groups showed s igns of i l l  health. The possums in the med i u m  

dose group especial ly vvould  haye survived for many more \Veeks. I t  could be expected that 

with more time the conjunctival group woul d  have become more l ike the naturally mfected 

possums in the di strib ution and frequency of macroscopi c  and microscopic l es ions . 

The conJunctival route has ad-rantages over other routes for the experimental infection 

in possums. [ t  i s  a simp le procedure, requi ring only sedation of the subject and is  non­

invas ive .  Infection by th i s  procedure required a dose of P.1. bovis 20 to 40 l imes h i gher that 

used to p roduce infection by the intratracheal route. I noculation l eads to s lowly d eve lo p ing 

disease, with a l ong precl inical phase. Us ing this chal l enge procedure it may be poss ibl e to 

demonstrate more effectively the p rotective pote nt i al of vaccines. especial ly  for 

demonstrat ing subtle differences behveen vaccines not discernible \\ ith more robust 

challenge procedures . Vaccine studies using this route of  infection in c apt ive possums may 

be s ubstituted for expensi re field studies .  

The s un i v al time after conj unct i val i nfection w ith the medium dose mimicked that seen 

in naturally infected \'l ild possums. N aturally infected wild possums s urvived for 2 to 6 

months after clinical d isease was first d etected (PfeitTer, 1 994 : Jackson, 1 995) .  In the 

med ium dose group, four o f  the the possums that d eve loped cl inical disease \Vere sti l l  

al ive  n ine vveeks after the l es ions were detected and vvere sti l l  i n  good h ealth . They might 

have surnved another 4 t o  8 weeks b ased on the extent  of their  lung lesions at necropsy. 

There was a possibi l ity that horizontal transmission of 111. bovis infection occurred 

betvveen p ossums in two of the conjunctival inoculat ion groups. In the low dose group, lvf 

bovis \v·as iso lated fro m  the lungs of a possum that had no l es ions at necropsy. Thi s  i s  

suggest i ve o f  early aerosol infection and the source was probably a member of  the group 

that had extensive lung l es ions and d ied d uring Week 1 2. In the medium dose group , two 
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possums, both of which had maintained low LP A responses throughout the study, had 

small  thorax and abdominal cavity l esions at Week 1 6 . Six members of thi s  group had 

extensive lung les ions and could have been the source of an infect ious aerosol .  One 

possum in th i s  group developed a draining s inus at Week 1 5, whi ch \vas probably too late 

i n  the study to have been the source of the secondary spread . 

Direct i nfection of the lungs appears to have occurred as an unexpected side effect of 

the conj unctival inoculation procedure in  one possum A possum in the low dose group in 

Experiment 2 died in the twelfth week with predominantly pulmonary tuberculosis 

P ulmonary infection p robab ly aros e  after the inoculum drained through lachrymal duct and 

was aerosolised in the posterior nasal cavity. The risk of this happening again co uld be 

minimised by reducing the volume of the inoculum. 

The d uration of pre-clinical i nfection in wi ld possums is not kno·wn because the point of 

exposure cannot be ascertained. The current studies have given some insights i nto the 

duration of this phase of i nfect i on . The maj ori ty of conj unctivally  infected possums 

developed p alpable lesions by six to nine weeks after i noculation, and in one it  was 20 

weeks b efore such a s ign •vas seen. It i s  probab le that in the wild the time from infection to 

the development of cl i n ical signs wil l  vary with the number of bacteria in the infecti ng 

dose and the route of infection but is unli kely to b e  l ess than 6 to 9 weeks . 

In the studies on experi mental i nfection by A ld wel l et al. ( 1 995 a, 1 995b), Buddle et al. 

( 1 994) and Corner et al. (200 1 )  th e possums were all caught in the w i ld and al lowed to 

adj ust to capti v ity before experi mentation commenced . The rapid progression of 

experimental disease may have been d ue to the combination of the experimental infection 

procedures and animals not ful ly adapted to confinement. Possums captured from the wild 

experience stress due to a variety of causes including an unusual diet, close human contact 

and close confi nement (Presidente and Correa, 1 98 1 ; Buddle et al. , 1 992). These stresses 

woul d  increase thei r  susceptibi lity to experi mental infection . When possums were 

captured, experimentally i n fected by the intratracheal route and then released back into the 

wild, the median survival time was 1 1  \\reeks, with one possum surviving until 20 w·eeks 

after i nfection (Corner unpubl i shed observation). 

A successful experimental i nfection procedure does not, o f  necess ity, have to reflect the 

natural route of infection to be useful in p athogenesis studies or for challenging animals i n  
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vaccination stud i es. The appeal o f  the con juncti val infection procedure i s  its s imp licity and 

the nature o f  the resulting disease. In this  respect it may have app lication in other species, 

such as the badger or deer. It is easi er and less hazardous to perform than inoculat ion into 

the tons i l l ar crypt the c urrent pro cedure used success ful ly for pathogenes i s  and vaccine 

stud ies in d eer (Macki ntosh et al. . 1 995 . Griffin et al. . 1 999: Palm er et al. . 1 999). In 

bad gers experimental d isease has been establi sh ed by i ntradennal inocu lation. i n  cal ves by 

the intranasal inoculation of a suspensi on o f  !Yf ho vis contain ing bet-vvecn 104 and 106 

b acteria (Neil l  et al.,  1 98 8. 1 989) .  In all these species tuberculos is  is primari l y  a respiratory 

di sease. 

There i s  comp el ling pathol ogical and field d ata that implicates aerosol transmissi on as 

the natural route of transmission b enveen adult possums in the vvild (Jackson et al. , 1 995). 

The results o f  o ur studies do not change this u nderstand in g. All the same. conjuncti val 

infection p rovides an additionaL u seful procedure for studying the pathogenesis of 

tubercu l osis in possums. and an alternative route for chal lenge in vaccine trials .  
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lntt·oduction 

The ult imate test of v accination as a tool for the control o f  tuberculosis i n  possums was 

to measure its performance in a ful ly-\vil d, naturally-infected popu l a1ion. The site chosen 

for this study was at C astlepoinL on the north eastern W airarapa coast in the North Island, 

NZ. The site was covered i n  a mixture of native bush, gorse and flax and the possum 

population there had b een under continuous obsen ation si nce 1 989. C ommencing in 1 995, 

two studies were cond ucted on the site. The first o bsened the p op ulation as i t  re­

established following localised erad ication, and the second exan1ined the efficacy of B C G  

i n  the possum popu lat ion. 

In 1 994 the study site and the area around i t  V\ as depopulated o f  possums. A study was 

made ( Chapter 8) of the rate of p op ul ation regeneration and the re-emergence of 

tubercul o sis i n  the population. This study cover the pe1iod o f  40 months immed iate l y  

before the field vaccination study commenced. The temporal and spatial p attern o f  disease 

on the s ite was fol lowed using restriction endonuclease analysis (REA) of the different 

strains Although studies have been made o f  areas s ubject ed to d epopulation, none have 

involved a studv of loc al ised eradication.  

After estab lishing that BCG could induce a pro teeth c response in  possums held m 

large enclosures and that protection '>vas enduring, the field study \\ US undertaken (Chapter 

9) The obj ective of the field study \Vas to detemune the efficacy of the vaccine and 

practicabil ity of vaccinating a w i l d  population w ith BCG vacc ine delivered b:v intranasal 

aerosol and conJ unctiYal i nsti l lat i on Vaccine efficacy \vas evaluated using measures of 

inci dence, determined by surveying the p opulation every 2 months for 24 month, and 

prevalence. by kill ing and examining the p opulation of the area at the end of the two year 

studv. 

Intranasal aerosol plus conjuncti val  v accination were chosen for the field v ac cination 

study This enabled us to maintain a high level o f  control of which possum were vaccinated 

�md when and where they were v accinated. Intranasal aerosol and conj unctinll v ac cination 

was cho sen for the field study as it had been shovvn as e ffective in the pen studies. It was 

chosen as an initial strategy for this exploratory level stu dy of vaccination of wildlife under 

fie ld  conditions because it \Vas the only means availab le that reflected possible options for 



1 74 

delivery of vaccine to wild possums. It was not chosen to preempt the deci s ion on which 

method for delivering vaccine to wild possums, aerosol or oral, should be favoured. 

There was no absolutely rel iable experimental design to test the efficacy of BCG 

vaccination in the field on uncontrolled animals . Designs, which compare separate 

populations of vaccinated and unvaccinated animals, are confounded by differences in  

degree of exposure. We chose to stratify the site into blocks based on the historical 

prevalence of tuberculosis in the areas and then within each block to randomly allocated 

possums to vaccinated or unvaccinated groups, such that 50% of the trapp ed population 

were vaccinated at least once during the study. 
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Chapter 8 

The re-emergence of bovine tuberculosis i n  b rush tai l  possums 

( Trichosurus vulpecula) after localised possum eradication * 

* Submitted as L A L  Corner, M Stevenson, DM Collins and RS.  Morris. to New 7ealand Veterinary 
Journal 
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ABSTRACT: 

AIMS. To examine the spatial and temporal pattern o f  bovine tuberculosis in a re­

emerging p op ulation of b rushtail possums ( Trichosurus vu!pecula) after localized possum 

eradication. 

METHODS. The p ossums on a 36-hectare s ite \\ ere eradicated and the re-emerging 

population was surveyed approximately every 2 months for 40 months. A capture-release 

regime \Vas used and at e ach trapping session all possums were exami ned for cl inical s i gns 

of tuberculosis . The d i agnosis o f  tubercul osis \Vas confirmed by the i solat i on of 

A1yc·ohacterium hovis, and restriction end onuclease analysis  (REA) was used to type the 

1solates. Possums whi ch became inJected were categorized as residents (present on the s i te  

for at  least s ix months before diagnosis), range expanders (adult p ossums \vhich had 

extended their nearbv home ranges to become trappable withi n  the s i te) or juvenile 

immigrants (sub-adult possums whi c h  had dispersed into the s ite from an unknov..n 

distance awav).  

RESULTS . Thirty c ases o f  tuberculosis  were found among the 3 70 possums i dentified o n  

the site. Four different REA types (2 , 3 ,  8 and 10) were i dentifi ed .  The first 2 cases \\ere i n  

range expander possums. mature males diagnosed at 4 months into t h e  study. Case 3 was 

detected at 6 months. It was a fem al e  that became mature shortly befo re being d iagnosed, 

and may have been a true immigrant . C ase 4 was detected at 9 months and vvas a range­

expanding mat ure female. Each o f ihe first 4 cases was infected with a different REA type. 

The temporal p attern of infection was cons1stent \Vith transmission from range-expander 

cases and dispersing J m enile immigrants to resident p o ssums. C l i ni c al incidence remained 

lovv but persistent unti l the third year, when types 2,  8 and 1 0  showed escalat ing c l i ni cal  

inci dence. Type 3 showed an earl i er incidence p eak, but then d ied o ut. Of dispersing 

j uveni l e  p ossums en tering the si te, four became cl ini c al ly  tuberculous and represented a 

source o f  re-infectio n  - a high number considering the s ize of the site. 

COI\CLIJSIONS Re-emergence of tuberculos i s  after depopulation vvas due to the 

continuing reintroduction of infection in mature and 1mmature disem;;e d  possums, and not 

the survi Yal ofl'vf hovis in the environment 
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INTRODUCTION 

I n  New Zealand bovine tuberculosis has a complex epi demiology with 1 4  d ifferent 

species of domestic and wil d  animals hav ing been found infected with Mycobacterium 

bovis (Lugton, 1 99 7 ). The principal wildl ife reservoir i s  the brushtail possum ( Trichosurus 

vulpecu/a) (Morris and Pfeiffer, 1 995 ) which acts as a source of infection for domestic 

cattle and deer (0 'N eil and Pharo, 1 995 ). Tuberculosis in possums is predominant ly a 

respiratory disease ·with the majority of infected possums developing extensive pulmonary 

lesions (Cooke et al , 1 995). Paterson and Morris ( 1 995) and Sauter and Morris ( 1 995) 

described a mechanism for transmission of i nfection from terminal ly i l l  p ossums to cattl e  

and deer. They proposed direct aerosol transmiss ion between possums and livestock, when 

the livestock investigate terminally ill possums, after being attracted by the abnormal 

behaviour of the possums (Julian, 1 98 1 ). 

Cull ing of infected possum populations IS the current strategy for contro l l ing 

tuberculosis  in  wild possums. It is routinely undertaken \vhere possums are considered to 

be the source of i nfection for domestic l ivestock. Large scale cul l ing of infected 

populations results in s ignificant reductions in the incidence of tuberculosis in  cat1le (Caley 

et al, 1 999). However, where possum control is not continued the l evel of disease in catt l e  

recovers to earlier levels after 8 - 1 0  years, even w·here there i s  annual testing o f  cattle 

herds (Barlow, 1 99 1 ) . Left unchecked , culled populations recover through breeding and 

immigration, and the number of tuberculous possums may al so increase. Regular cul ling is 

therefore undertaken to maintain a low risk of infection for l ivestock, and possibly to 

eradicate tuberculosis from possum populations (Caley et al ,  1 999). However, simple 

broad scale cul ling o f  infected populations does not lead to disease eradication, because 

tuberculo sis in possum populations is sp atial ly clustered (Morris and Pfeiffer, 1 995) .  

Tuberculosis in possum popul ations i s  spatial ly  and temporal ly aggregated , with the 

spatial clusters being tenned "hots pots". The size of the hotspots, based on d en l ocations, 

are generally small, with a cro ss sectional width of 20 - 40 m (Pfeiffer et al, 1 995) .  Some 

hotspots have been found to persist for 16 - 20 years (Coleman and Caley, 2000) and 

frequently p ers ist in spite of population control p rograms (Caley et al, 1 999). P feiffer 

( 1 994) hypothesised that the spatial component of the persistence of hots pots was due to a 

combination of pseudo -vertical transm ission, daughters establ ishing a home range that 

overlapp ed with that of their mother, aggregated mating patterns and environmental 
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stresses. Temporal clustering. i t  \Vas postulated . resulted from environmental stress, 10\v 

temperatures, rainfall and poor nutrition (Pfeiffer, 1 994). Hotspots may provide an 

environment that favours social mteracti on s  whi ch are l ikely to result in tuberculosis 

transmiss ion (McKenz1e et al, 1 999) 

Knowledge of the source of !1,1 bovis infect i ng emergent populat ions after control 

should help determine the extent and frequency of subsequent control activity Where M. 

bovzs infect ion reappears in  possum populations after cul l i ng, there are three potent ial 

sources of  infect ion res i d ent i nfected p ossums surviv ing the cull, i nfected possums 

moving i nto the area, and environmental surv ival of A1 hov1s. The relatiYe importance of 

each source has not been d etermined. nor has the spatial and temporal p attern of the re­

establishment of infecti on been studied. S tudies of mature possums (Eiford et aL2000) 

have shmvn that once possums have establ ished a home range they do not mo·ve far outside 

this range, b ut wil l  expand the size of the home range if  popu lat ion dens ity in adjoining 

areas is reduced. 

In order to address these issues, possums in an area with endemic tuberculosis were 

eradicated , and a study was undertaken of the repopulat ion and the temporal and spatial 

patterns of tuberculosis as the d isease re-emerged .  

MATERIAl-S AND METHODS 

The studv \Vas cond ucted on a 36 hec tare site on the north-eastern Wairarapa coast at 

Castlepo i nt ,  as descri bed previously (Pfeiffer 1 994) The tuberculosi s-infected possum 

population on the site had b een studied intensively s ince 1 989. During September and 

October 1 994, all possums on the site were killed The regeneration of the population was 

monitored for 40 months using a capture-release reg1me. Monitoring of the pop ulation 

commenced l month after the end of the erad ication pro.!:,rram, was repeated a month l ater 

and then bimonthlv (Figure 8. 1 ) .  Monitoring sessions consisted of trapping oYer three 

consecutive n ights. 

All possums in the study \\'ere individually identifi ed with numbered metal ear tags and 

ear tattoos . At each trapping session, all captured possums were sedated with ketamine 

hydrochloride (1  00 mg - I S O mg: Parnel l Laboratories, East Tamaki , New Zealand). 
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weighed and examined_ The body condition (scored on a scale of 1 = emaci at ion, to 5 = 

fat) of each possum was assessed , as was its maturity and the reproductive status of mature 

females . A mal e possum was defined as matu re if the testicles were >1 3 mm d ian1eter and 

a female as mature if it had an invaginated pouch. When a pouch young \Vas present, its 

sex, head length and body weight (if not attached to a teat) were recorded . 

Each possum was examined for clinical evidence of tuberculosis, defined as swell ing of 

one or more superficial lymph nodes and I or the presence of a drain ing sinus.  The lymph 

nodes palpated were the parotid , mandibular, superficial ax i llary, deep axil lary and 

inguinal. Material asp i rated from swollen lymph nodes or col lected from draining sinuses 

was examined bacteriological ly . A definitive d iagnosis was made only after the isolation of 

M bovis from l esion material. Isolates of M bovis were typed using restriction 

endonuclease analys is (REA; C oll in s, 1 999). Possums found \Vith c l inical tuberculosis 

during the first year of the study were fitted with radio collars to determine the location of 

their den sites and to recover their bodies after death. 

Opportunist i c  s amp l ing of the population was achieved by post mortem examinat ion of 

possums that died during trapping, were found dead, or were killed by trappers. Post 

mortem d iagnosi s  of tuberculosis depended on the i solation of M bovis from animals with 

macroscopic lesions or from a pool of tissues collected from animals with no macroscopic 

lesion s .  The pool consisted o f  the superficial axillary, deep axi l lary, and inguinal lymph 

nodes, l iver, sp leen and lung . 

Possum abund ance (pop ulation s ize) was est imated for each session using the Jol ly­

Seber algori thm (Seber, 1 982). For the purposes of analysis , mature possums whic h  

extended their nearby home ranges to become trappable within the s ite \.vere categorized as 

' 'range expanders" ,  and j uveniles independent of their mother were c lassified as "Juvenile 

immigrants " if they were recorded as being on the study s it e  for less than six months 

before l esions of tuberculosis \vere detected. Posswns that had been trapped on the site for 

at least six months b efore being d etected as tuberculous were classified as ''resident" 

Details of the geographic location of each possum captured was determined using a 

global pos ition i ng device and recorded with the capture detai l s  described above. Spatial 

distribution of traps where tuberculous possums \Vere captured and the d ens used by 

tuberculous possums were plotted using ArcView for Windows version 3 . 1 
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(Environmental Systems Research Inst itute , 1 998) _  The hotspot  for each R E A  type \Vas 

constructed using the Gaussian kernel d en s ity estimator in the Spatial Analyst Extension 

vers ion l _ 1 _  in  ArcVi ew_ A hotspot \vas defined for each REA type as the area withi n  a 

contour l i ne t hat encl osed 75% o r  all captures for animals knovm to b e  infected with that 

REA type.  A fixed band\vid th o f  0.0004 degrees \\ as used and was calculated by the 

pro ced ure o f  normal opt imal smoothing (Bowman and Azzahni , 1 99 7) 

We sought to determine i f there were areas \vithin the s tudy region where there \\·as an 

excess o f  tuberculous possum d ensity \vhen com pared w ith the spati al density o f  all  

possums that were captured. Two dens ity surface s  \vere constructed: the fi rst for 

tubercul ous possums (cases) and the second for aB possums that were c aught throughout 

the study period (population). The ratio of the kernel density surface for the cases to the 

kernel dens ity surface for the population provided a relatiYe risk surface that identifi ed.  at 

each point i n  the study region. the proporti on of tuberculous possums per unit  o f  captured 

possum d ensity (Bithell,  1 990; Lm\ son and Wil li ams l 994, 2001 ) To more formally 

identify areas of tubercul o si s excess, while correcting for the spatial d istribution of all 

possums that \Vere caught we d etermined the difference between the square root of the 

density estimate computed for the cases and for the population. After Bov,man and 

Azzalini ( 1 997), a standardised density difference greater than two m abso lute \ alue \\ as 

arbitrari ly chosen to delineate areas of exces s  or decreased tuberculosi s  density. 

RESlJLTS 

Init ially the p opul at ion on the s it e  bui lt up rapidly and at the end of 6 months was 

estimate d  to be 1 04, reaching a maximum of 167 at 30 months (Figure 8 . 1 ). D uring the 

study, 370  indiv idual adul t  possums \verc captured . Over the 40 months, 22 o f the 3 70 

possums vvere tound dead on the study s ite o f  \vhich 1 8  \vere examined post mortem. 

Trappers kil l ed 49 possu m  o f  whi ch 26 were examined post mortcm 

The temporal pattern of incid ent cases and the number o f  known p revalent cases are 

shovv n  in F i gure 8 . 1 .  PreYalent cases were those t ubercu l o us possums known to be alive at 

a particular trapping session, e1ther having b een trappe d  at that or l ater session(s) The t ime 

of d eath of tuberculous p ossums was determined by radio tracking (which was d one at 

vveekly intervals), and other possums not subsequently caught were deemed to have died 

soon after the last time they \vere c ap tured. Cases of tuberculosis were first recorded at 4 
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months, then intermittently until 3 0  months, after which there was a dramatic rise in the 

number of new cases, a level that was sustained until the end of the study (F igures 8 . 1  and 

8 .2) .  
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Figm·e 8 . 1  

The temporal pattern of  tuberculosis in possums during the repopulation. Incident 

cases ( cross hatched), p1·evalent cases (white) of tuberculosis and population 

abundance estimates (line) with ± 95% confidence intervals (bars) at each trapping 

session. 

Thirty cases of tuberculosis were identified during the study, of  which 28 were first 

diagnosed by clinical examination and hvo, that did not have clinically detectable lesions, 

were diagnosed by post mortem examination. Of the two tuberculous possums that did not 

shovv ante mortem clinical signs, one was found dead on pasture and the other was killed 

by a trapper. Four REA types were identified in the 30 isolates of M. bovis, of which 1 3  

were type 2, four were type 3,  six were type 8,  six were type 1 0 , and one iso late was not 

available for typing (Figure 8 .2) 

Over the course of the study l 0 possums with tuberculosis were classed as non­

residents when tuberculosis was first diagnosed. Six were range expanders (4 mature 

males, and 2 mature females), and four were juvenile immigrants (2 immature males, and 2 
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immature female). Of the 20 resident possums diagnosed -vvith tuberculosis,  l 3  \\·ere 

mature males, 5 were mature females, and there was one immature male and one immature 

female.  In the first year 3 of the tuberculous possums were range expanders and one was a 

j u veni l e i mmigrant In the s econd year there were 5 cases. 4 m res idents and one i n  a 

j u venile immigrant. an immature male. In the final 1 6  months. there \vere 2 1  cases. 1 6  

were in  residents and of the remaining 5 ,  3 \vere range-expander ad ults and 2 were 

i mmigrant jm eni les that included one immature male and one immature female. 
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The temporal pattern o f  tuberculosis cases during a study o f  the efficacy o f  BCG 

vaccination in wild brushtail possums. Shown are the number of incident cases for 

each r-estriction endonuclease analysis type at each trapping session: A )  REA type 2,  

B )  REA type 3, C) REA type 8 and D) REA type 10. 
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Capture locations and frequency of capture \:vere used to descri be the spatial 

d istribution of tuberculous possums for each REA type and to identify the hotspots of 

infection for each type (Figure 8 .3) .  The hotspots for REA types 8 and 1 0  \Vere simi larly 

located and partially overlapped ��th the larger REA type 2 hotspot . The RE A type 3 

hotspot was adjacent to the other 3 hotspots. The vegetation in the hotspots \Vas diverse 

(flax, gorse, manuka and pasture), and the topography ranged from ridges and steep slopes 

to valley floor. 

There were different temporal patterns for each hotspot. The hotspot associ ated with 

REA type 3 was present only between 6 and 20 months, when the 4 cases infected \\ith this 

type were al ive. The western hotspot associated with REA type 2 became apparent at 22 

months and the central area at 30 months. The hotspot associated with REA type 8 became 

apparent at 32 months and that d ue to REA type 1 0 at 34 months. 

For each REA type hotspot(s) were defined as the area where the top 75th percenti le of 

captures occurred (Figure 8 . 3 A  to 8. 3D). In Figures 8 .3A to 8 .30 the inner contour 

represents the top 25th percenti le, the mid dle  contour the top 50th percenti le and the o uter 

contour the top 75th percentile. 

The h istories of the first six cases 

Case 1 - A mature male (H5 724) infected with REA type 2. It was first diagnosed with 

tuberculosis at 4 months when trapped on the western boundary (Figure 8 .3A) .  I t  was 

trapped in an area that became one of 2 hotspots for RE A type 2 and was found denning 

nearby. It \Vas cl in ical ly normal when fi rst  trapped 2 months earli er and was last seen at 1 0  

months. 

Case 2 - A mature male (H5 780) infected wi th REA type 1 0. This possum was trapped 

only once, at 4 months (Figure 8. 3B), on the northern boundary and 350 m from the centre 

of where the REA type 1 0  hots pot developed. 

Case 3 - A mature female (H5 7 1 8) infected with REA type 3 .  She w as  immature and 

c l ini cally nom1al when trapped at 2 and 4 months. When trapped at 6 months she had 

reached maturity and was d iagnosed ·with tuberculosis. On that occasion she was trapped 

on the northern boundary, 1 00 m from the centre of where the REA type 3 hotspot 

developed (Figure 8 . 3C). Over all she was trapped four times about 1 00 m from where the 
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REA type 3 hotspot formed but was trapped once within the area of the hotspot, and also 

found to den there. She died 2 weeks after diagnosis. 

Case 4 - A mature female (H5620) infected with REA type 8. Tuberculosis was first 

diagnosed at 9 months when she was trapped deep within the study site ( Figure 8 . 3 0) .  She 

had been cl inically normal when first seen at 4 months and died 2 months after diagnosi s .  

She vvas trapped and denned 2 5 0  m fro m  the centre of ·where the R E A  type 8 hotspot 

formed. 

The fifth and sixth cases \vere in resident mature males diagnosed at 1 3  and 1 6  months 

respectively, and both were infected with REA type 3 .  

The spatial distrib ution and density o f  s ites vvhere tuberculous possums were trapped is 

shown in Figure 8 .4B and for all possums in Figure 8 .4A. In Figure 8 . 4 A, the ''25"  refers 

to the top 25th p ercentile and the contour encloses an area where the estimated trapping 

density was greater than 3 75 catches p er ha over 3 y ears (54 trapping occasions) The top 

50th percentile ('"50" contour) encloses the area where it  was greater than 1 38 catches p er 

ha over 3 years and the top 75th percentile (' "75'.  contour) an area ·with greater than 3 

catches per ha over 3 years. For Figure 8 .4B for the top 25th percentile  the density of 

captures was greater than 300 catches, for the top 50th p ercentile greater than 45 catches 

and for the top 75th p ercentile  greater than 0 . 06 catches. 

Fro m  the spatial d ensity estimates for the entire population (Figure 8 .4A) and that for 

the tuberculous possums ( Figure 8 .4B), the estimated relatiYe risk surface was calculated 

(Figure 8 .4C) .  The standardised density areas (2 standard differences above or below that 

estimated for the population density: F igure 8 .40) showed where the density o f  diseased 

possums exceeded that expected (+2. tuberculosis hotspot) and areas vvhere it was below 

the expected ( -2 ). 

DISCUSSION 

Tuberculosis reappeared on the study s ite soon after the repopulation commenced. There 

\vere 2 cases at 4 months and additional cases at 6 months and 9 months. Three of the 

possums were trapped on the periphery of the site and the fourth in the centre of the site. 

The mature possums appeared to haYe extended their ranges into the vacated area and the 

immature possum probably entered during juvenile dispersal (Efford et al, 
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The captut·e locations and den sites fo•· the fit·st fou•· tuberculosis cases and the spatial 

distribution of tubet·culosis cases infected with each REA type (hotspots). Trap 

(t.-iangula•· flags) and den sites (annuli) at·e shown for the fit-st 4 tubet·culous 

possums. The inne•· contour encloses the an�a of highest density of captu t·es of 

tubet·culous possums (top 25th percentile), the middle contour the top 50th pet·centile 

and the outer contour top 75th pet·centile. Small ct·osses mark the location of traps site 

and lines the location of fences, tracks and creeks. 
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Tuberculosis hotspots o n  the study site calculated using r·elative risk in two 

dimensions. The spatial d ensity estimates for the frequency of trapping tuberculosis 

possums (Figure 8.4A) and trapping of all possums (Figure 8 .4B);  the estimated 

relative t·isk smface (Figure 8.4C), and the standardised density differences (Figure 

8.4D). In Figm·es 8.4A and 8.4B, the inner contour en d oses the area of highest den sity 

of captures, to p 25111 percentile, the middle contour the top 501h percentile and the 

outer contour top 75111 percentile. 

2000). It may vvel l  have been a pseudo-vertically infected animal . Two of the 4 were 

trapped or d enned in areas that subsequently became hotspots for the same REA type. 

The clinical incidence of tuberculosis remained lo\v during the first 2 years, but 

diseased animals of at least one REA type were present almost continuously throughout 

this period .  There \Vas an upsurge in the incidence from 30 months onwards and this 

fol lo\ved the peak in the population size at 2 8  - 30 months. The disease prevalence peaked 
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at 36 months . For 3 of the 4 REA types there was a long interval, 1 8  to 2 5  months, between 

the first and subsequent cases, whereas for type 3 the second case occurred six months 

after the first, and was followed by two more cases in quick success ion. Th is type then 

disappeared ent ire ly for the remai ning 1 8 months of the study. For al l REA types, one or 

more animals affected in the second wave of cases were p resent on the site when the index 

case for that type was d iagnosed , so transmission could have occurred at that time. Infected 

j u ven i l e i mmigrants probab ly strongly infl uen ced the epidemiology of types 2 and 3 ,  

whereas infection with types 8 and 1 0  appeared t o  result ent i rely from range expanders . 

Lugton ( 1 997) has described REA findings from the study site and the surrounding 

district over the period prior to the depopulation, ·which can be comp ared with events 

during the repopulation . The four REA types found after recolonisation were four of the 

five types most comrnonJy found in the dist ri ct (82% of 1 30 possum isolates tested) and o n  

the study s ite (89% of 1 1 3 possum isolates tested). Types 2 ( 3 8 %  of possum isolates from 

the si te) and 3 (35 %) were the dominant REA types on the study site through most of the 

66 months p rior to depopulation . Typ e 2 had ini t ially been common but d windled to a low 

level and then underwent a major resurgence j ust prior to the depopulation, whereas type 3 

was common for four years, then d i sappeared ent irely for 2 1  months prior to the 

depopulation, and was redisco vered at that time in untagged animals living j ust to the north 

of the study site area. Type 8 was an uncommon type on the study site, but was common 1 

to 3 ki l ometres to the south of the study s ite, and had only been found in two juveniles on 

the study site five years before the depopul ati on . It appears to have re-established on the 

site from its primary nidus during the repopulation of the si te. Type 1 0  appeared to have a 

nidus just to the west of the study site, and had caused intermittent cases on the study site 

for five years prior to the depo pu lation It has never been found further afield from the 

study s ite. 

Infection became highly prevalent in the population after 30 months, follovving the 

stabi l i sation of the populat ion, and the h igh number of cases then continued for 6 months . 

Three of the 4 REA types, p lus an untyped strain, were invol ved i n  the upsurge in cases at 

that t ime. In the fi nal 2 years, the proportion of non-resident p ossums among the cases 

remained aratmd 25 %. As that proportion remained reasonably constant in the last 1 2  

months of the study, i t  suggests that whatever caused the upsurge in tuberculosis on the 
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study s i te may have caused a similar upsurge in the surrounding area where there had been 

no control of the possum popul ati on . 

E ach of the REA types found on the s it e had i ts 0\\11 epi demiol ogical p attern and each 

vvas associated with its ovm h otsp ot(s ) of infection. Through the use o f  REA it vvas 

po ss ibl e  to diYide the general re-emergence of infection int o  separate epidemiological 

patterns due to each type. Whi l e  there \:ras almost continuous presence of infection on the 

site for the duration of the study, there \\ ere in fact four separate patterns oyerlapping in 

time and space For each REA type, animals which l ater became tuberculous with that type 

were present on the s ite \\'hen the index case was found. It would appear that infection may 

hav e b een transmitted from the index case. and became e\ident m the res ident p opul ati on 

fro m  months to well over a year l ater. 

We observed a high d egree o f  spatial and temporal clustering of tuberculous possums 

m the i n fected populatJOn. C l ustering has b een reported prev 1 ously both at C astlepoint 

(Pfe iffer 1 994) and elsewhere (C ol eman and C al ey .  2000) The hotspots due to each REA 

type overl apped to a l arge degree, especial ly those due to REA types 2. R and l O . The 

hotspots for the d i1Icrent REA types deyelop ed at d ifferent t i mes and that due to REA type 

3 d i sapp eared vvhen the last case infected \Vith this R E A  type died at 20 months. The 

central common area was consistent with a hotspot described by Jackson ( 1 995) Altho ugh 

the hotspots were near vvhere the p ossum pop ulat ion vvas concentrated, they were not 

coincident with the p opulation co ncentrations . 

It has been p ostul ated (Morris  and P fei ffer, 1 995) th at the spatial c l ustering i s  d ue to 

physical features of the environment that in direct ly affect the freq uency of mfectious 

interact ions bcl\vccn p ossums, and is not directly d ue to env ironmental s urvi v al o f  M 

bovis 

The pattern of i nfection on the site demonstrated that environmental contamination was 

a mi nor. and probably insign ificant, source of infection for possums. Experimental studies 

have demonstrated that M. bovis suni ves i n  the em ironment for only a few d ays to a fevv 

\Veeks (Jackson et aL 1 995 ) .  The p attern of in fection on the site after recolonisation was 

consistent with infe ction b eing maintained ani mals, not in the environment The one 

c ommon REA type (Lugton type C) which did not re-establ ish after depop ulation had been 

the second most common immediately prior to  d epopulation, yet v .. as c ompletely 
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extinguished by the depopulation process, whereas types 3 and 8 ,  known to be i n  the 

vicinity but absent from the study site for one to five years b efore depopulation, 

successfully re-established during recolonisation of the s ite. 

After control operations, possum populations recover through a mixture of breeding of 

survivors, recruitment of their offspring, and recruitment of both j uveni le and mature 

possums from the surrounding area. I n  the early post-control period inward migration will 

be more important than breeding. Recruitment from the local surrounding area is of two 

types. Short distance movements, of up to 200 - 300 m, are made by mature possums 

whose home ranges border the controlled area (Efford et al, 2000). Recruitment of 

immature possums includes some from further afield as a result of the long distance 

movements undertaken during j uvenile dispersal. These long distance movements are 

undertaken by about 20% of juven iles who move on average 2 to 1 0  km but may exceed 20 

km (Cowan and C lout, 2000). Although j uvenile  males show a greater propensity to 

disperse over long distances, j uveni le  females tend to move further (Cowan et  al, 1 996). 

The inference from detecting tuberculosis i n  a mature range-expander possum was that a 

hotspot existed close to the boundary of the study site. However, no such inference 

regarding the location of a hotspot could be made from the detection of disease in j uvenile 

possums . Recolonisation of this site with tuberculosis appears to have been due initial ly to 

both range-expander adults and j uvenile immigrants, with infected j u venil es continuing to 

arrive throughout the study. 

It is apparent that not all tuberculous possums readily transmitted infection to other 

possums . C ases i nfected \vith REA type 3 were seen i n  a 1 4  month period and not 

subsequently. Transmission wil l  be influenced by contact rates, which in turn are 

influenced by the population density, duration of survival of the infected possums and the 

social position of the affected possums. 

The results strongly support the view that infection of the emergi ng population on the 

site was d ue initia l ly to inward migration of infected possums. Apart from environmental 

survival of M bovis, the other possible source of infection was that one or more 

tuberculous possums survi ved the depopulation. This is an unl i kely explanation as onl y 3 

possums from the previous population were found during the current study and all were 

free of tuberculosis. The probabil ity o f  other possums sun�ving is remote, let alone 1 or 

more infected animals . However, fol lowing routine cul l ing programs, where many more 
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possums survive. i nfected surv ivors may be a significant source of reinfecti on, particularly 

i n  long-term hot spots. 
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ABSTRACT: 

A population of wild brushtail possu ms ( Trichosurus vulpecula) in which bovine 

tuberculosis was endemic was vaccinated with l i ve bacil le  Calmette-Guerin (BCG) to 

determine the effi c acy o f  the vaccine. The population on a 56 hectare site vvas monit ored 

b imonthly over 2 years u sing a c apture-release regime. During the study tuberculosis vvas 

d i agnosed by cli n i c al and post mortem exam ination. Possums were vaccinated vvith baci l le  

C almette-Gw§rin by both intranasal aerosol and conj unct i val insti llation. Possums vvere 

revaccinated on average e\'erv 5 months . Over the 2 years 3 00 possums were recru i ted to 

the s tudy, \vith 1 49 being all ocated to the vaccination b1fO up There vv ere s i gnificantly 

fe\ver cases of tuberculosis m the vaccinated ( 4  cases) than i n  the unvaccinated group ( 1 3  

cases : p = 0.023). The 1 accine efficacy \vas 69%. An attempt was m ad e  to increase the 

i ncidence of d isease by releasing experimen tal l y i n fected poss ums onto the s i te .  Ho\vever, 

th is  d i d  not res u l t  in any addi t ional cases .  BCG vaccine \\ as shown to have a level o f  

cfTicacy \vhich could  be o f  assistance in  controll i ng t uberculosis i n  wild  possum 

populations The future use o f  vaccination for the control of tuberculosis i n  wild poss um 

populations i s  d iscussed.  

I NTRODUCTIOI\ 

Bovine t uberculosis  i n  vvi ld  animals i s  becoming a world wide p roblem, p articularly 

vvhere they act as reservoirs of i n fection for domestic ani mals, other wi ld  ani m al species 

and humans. Wild animal reservoirs have been i denti fied in cervi ds i n  1\ o rth America 

( Schmitt et  a l  1 997),  badgers i n  the Uni ted Kingdom and I reland (O'Reil l y  and Dabom 

1 995, Hughes et al 1 996), A fr ican bulralo in So uth Africa (O'Reilly and Dabom 1 995), and 

brushtail possums ( Trichosurus vulpecula) m Ne\v Zealand ( Mo rris et al 1 994 ) . 

V accination of wild animals may be the only alternat i ve to cul l ing as a means o f  

c ontrolling infection i n  w i l d  populations. Vacci n ation would b e  preferable to culli ng for 

wild animal s pecies o f  high economic or high conservation value (Hughes et al 1 996) and 

may be a more affordable means of eradicating tuberculosis in Y'l'ildhfe than continued 

culling. 

The brushtai l p ossum is the major  w i ld l i fe reservoir of lvzvcobactenum bovts in New 

Zealand (Morris and Pfei ffer 1 995 ).  Infection is endemic i n  possum popu l at i ons across 

33% of the country ( Animal Health Board 20() 1  ) . Tuberculosis in possums is c ontrolled b y  



1 98 

culli ng infected populations to reduce the risk of transmission of infection to domestic 

stock, but culling alone does not eradicate the disease (Caley et al 1 999, Animal Health 

Board 200 l ) . Cull ing removes the m ajority of possums in the target area, but some 

tuberculous p ossums survi ve to maintain the di sease. The d isease in possum populations is  

c lustered spatially and temporal ly  (Morris and Pfeiffer 1 995), which p artly explains the 

maintenance of disease despite extensi v e  cul l i ng. Cul l ing is costly and an unendin g  

p rocess, for without continued cul l ing p opulati ons rapidly recover and p revalence o f  

tuberculosis vv1th it. For long term control, new strategies are required . Vaccination of 

i n fected possum populations is a p romising option (Buddle et al 2000) 

Vaccination of captive possums 'vvith b acille Calmette-Guerin (BCG) has been shown 

to provide protection against intratracheal challenge with M bovis (Aldwell et al 1 995a, 

Buddle et al 1 997, Corner et al 200 l a). Vaccinated poss ums had l ess severe disease and 

less dissemination of infection from the l ungs to the liver and spleen. Possums have been 

successful ly vac cinated by intranasal aerosol (Aldwell et al 1 995a), subcutaneous 

inoculation ( A! dwell et al 1 995a), intratracheal instil lation (Aid well et al 1 995b ), 

intraduodenal instil lation (Buddle et al 1 997) and conjunctiva] i nstiUation (Corner 

unpublished observations) , but oral administrati on was ineffective (Aldwell  et al 1 995 a). 

BCG vaccination has attrib utes that make it an attractive disease control strategy for 

infected possum populations. A single d ose o f  vaccine produced a protective effect that 

was sti l l  demonstrable after 1 2  months (Corner et al 200 I a) and multiple doses over a short 

time period i ncreased the level of protection (Corner unpublished observations). 

Vaccination could be used alone or in  conj un ct ion with other control measures . Modelling 

of tubercul osis in possum populations predicts that the prevalence of disease could be 

reduced, and possibly eradicated, using a vaccine (Roberts 1 996). Given that an effective 

delivery device can be developed, aerosol v ac cination of wild possum populations could be 

a suitab le method for controlling tuberculosis. 

The aim o f  this study was to evaJuate the efficacy of BCG v accination in a wild possum 

population in which tuberculosis \\'as endemic. Vaccine efficacy was assessed by 

comparing the incidence of disease in v accinated and unvaccinated groups. The study was 

conducted over 2 years at a site where epidemiological research into bovine tuberculosis in 

wild possums had been maintained continuously for 1 0  years . 
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MATERIALS AND METHODS 

Experimental design 

A population o f  wild brushtai l  possums i n  which tuberculosis was endemic � as 

selec ted for the stud� The population \Vas examined b imonthly using a capture-release 

regime Tuberculosis n- as dia!:,JflOsed by c l inical examination or post mortem examination 

with the diagnosis confirmed by culture of A1 bovis. Approximately 50% of the possum 

popul ation was vaccinated. At the end of the study al l p ossums on the s ite and within a 

300m zone surrounding the site w ere ki l led and examined . 

In an attempt to increase the incidence o f  tuberculosi s on the study site, eight res ident 

possums v.-ere artificial ly infected and released b ack onto the s ite. Mature males were used 

as they range more widely and are bel ie;..ed to engage in more frequent social interactions 

than females, especially during the breeding season (Day et a! 2000) 

Study site 

The 56 hectare studY site \\ as on the north eastern Wairarapa coast of the North I s l and 

of New Zealand and had on it  450 cage traps in fixed locations. Vegetation consisted of 

natiYe scrub, remnant forest and pas ture. The possum population in the area s urrounding 

the s it e  \\ as subject to a cul l ing operati on shortly b e fore the study commenced (February 

1 998) as part of a re!:,>ional possum control program_ To minimise the effects on the study 

population, the cul l ing operation did not come closer than 300m to 400m from the site 

boundary 

Trapping sessions to monitor the possum population were conducted bimonthly fro m  

February 1 998 to December 1 999. A t  each session the traps were s et on 3 consecutive 

nights. Possums \Vere indi vid uall y  identi fied with numbered metal eartags and ear tattoos. 

Possum e:auni;uHion 

The first tlme a possum was trapped during a session it was sedated and examined, and 

if al loc ated to the vac c inated group, was vaccinated. Possums were sedated \\ith 1 00 to 

1 50 mg ketamine hydrochlonde given by intramuscular inJection The d ata coll ected 

included weight assessment of body condition (scale 1 = emaciated, to 5 very fat), and 

estim ation of age based on surface wear of the fi rst dorsal molar (scale 1 = pouch young. 
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no apparent wear, to 7 = crown di shed, Winter 1 980). Males were classed as mature i f  the 

testicles were > 1 3  mm diameter, and females as mature if their pouch was invaginated . The 

reproductive status of females was d eterm ined by evidence of l actat ion, presence of pouch 

young or of a j uven i le b ackrider . 

All possums were examined for cl inical signs of tuberculosis by palpation for 

enlargement of the superficial axi l lary, deep axi l lary, i nguinal , parotid and mandibular 

lymph nodes, or identificat ion of drain ing s inuses. When a lesion suggest ive of 

tuberculosis \Vas detected a tissue spec imen, les ion asp irate or swab was collected for 

bacteriological confirmation. Each possum found with clinical signs of i nfection \Vas fitted 

with a radio collar. These possums were monitored weekly by radiotelemetry to determine 

survival duration following d iagnosis of tuberculosis and to enab le their bodies to be 

recovered fo r detai l ed necropsy. 

ALlocation to treatment groups 

To ensure that no b ias was introduced into the allocation of possums to treatment 

groups, a selection process was used that accounted for the spatial heterogeneity of 

diseased possums on the site (Jackson 1 995 ). Possums were assigned to a treatment group 

based on the trap where they were first captured during the study. The area covered by 

traps on the site was divided into 1 1 sub-areas using historical records of the location and 

frequency of trapping of tuberculous possums. Within each area when possums were 

caught for the first time during the study they were allocated al ternately to the v acci nated 

group or unvaccinated group . Pouch young were allocated to the same treatment gro up as 

their mothers since \Ve were unable to ascertain if BCG infect ion was naturally transmitted 

to pouch young from vaccinated mothers . 

Vaccination 

Two routes of administration, intranasal aerosol and conj unctival inst i l lation, that 

exposed both the nasal and conjunctival mucous membranes were used jointly to ensure 

effective vaccination (Buddle et al 1 997, Corner unpublished observations). Each possum 

was vaccinated bv both routes . Intranasal aerosol vaccinat ion was administered as a 

metered aeroso l spray ( Valois Sp ray atomisers, Douglas Pharmaceuticals Limited, 

Auckland) of 1 00 1-11 directed at each nostril from a distance of 1 to 2 cm. Conjuncti val 

vaccination was performed using an eye dropper that delivered approximately 50 1-11 of 
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bacterial suspens10n per d rop . One drop of vaccine suspens10n was i nstill ed into the 

conj unctival sac of each eye. The BCG vaccine suspension contained approximately 5 x 

1 0 6  colony forming units ( c fu )/ml (that is. the d ose p er animal vvas I .5 x 1 0 6  cfu) The 

vaccme was prepared as described by Ald vv ell et al ( 1 995 a) Vacci nated poss u ms \'> ere re­
vaccinated every 4 months, o r  as close to that t ime interval as possi ble, depend ing on the 

frequency with which possums were trapped. 

LJmphocyte prol!lemtwn assay (LPA) 

The immun olo gical response to vaccination \Vas mon itored with the ly mphocyte 

prol iferation assay. performed as preYiously d es cribed (Coo ke et al 1 999) Sup;eys o f  the 

population were cond ucted i n  Jul y and Novemb er of the second year. Blood samples \\ ere 

co l lected by c ardiac puncture from both vaccinated and control possums. The stimulation 

index to bovine purified protein deriYative (PPD: boYine SI)  VYas calculated as the mean 

response to bovine PPD d iYi ded by the mean o f  the unstimulated control wel ls .  

Artiflcial mlection 

Eight mature male possums were trapped on the s ite and experiment ally i n fected \vith a 

stram of M bovis that had a rare restriction endonuclease type ( REA type L F )  Three 

poss ums \vere infected in August 1 998, 3 m February 1 999 and 2 in August 1 999. 

F otlm\i ng sedation the possums were anaestheti sed \vit h  1 2  mg of S affan Ltd, 

Lower Hurt. NZ) ad mimstered by i nt ramuscu l ar mjection. An endotracheal cannula wa..s 

introduced per os and p assed dmm the trachea to the leYel of the b i furcation.  When i n  

p l ac e  200 f..Ll o f  A1 hov1s s usp ens ion was inst i l led i nto the l ungs (Pfeffer et a l  1 994) The 

i n ocul um contained approxi mately I 00 cfu. Before being released each infected possum 

was fitted with a radio-col lar so that their surnval time could be d etem1ined and the 

cadaver recovered for post mortem examination . 

Depopulation of the site at the end of the study 

Ov-er a 6 week period i n  February and M arch 2000. al l p o ssums on the site and \vithi n  

300m of the s ite b oundary, were humanely killed and subj ected to a detailed post mortem 

exami nation. 
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Post m01·tem examination 

During the study there was opportunistic sampling of the population by the post 

mortem examination of possums that died during trapping, were euthanased, or \vere kil led 

off-site by trappers . Tuberculosis was diagnosed at necropsy by detection of characteristic 

macroscopic lesions and lesion material was col lected for bacteriological confirmation. All  

post mortem examinations were conducted using a standardised procedure. At the 

examination data was collected on the ani mals sex, maturity, body weight and reproductive 

status of mature females. The post mortem included visual examination of head, body and 

abdominal lymph nodes and abdominal organs. Macroscopic granulomatous les ions 

i ndicative of tuberculosis were collected for bacteriological examination and a tracheal 

swab was collected from possums with macroscopic lung l esions. Where no macroscopic 

l esions were found the fo l lowing tissues were pooled for bacteriological examination: 

superficial axillary, deep axi l lary, inguinal, and mesenteric lymph nodes, and sections of 

lung, l iver, and spleen. 

The post mortem examinations at the depopulation vvere more detailed than those done 

during the study. The pool of tissues for b acteriological examination from possums with no 

macroscopic lesions consisted o f  superficial a..�l l ary, deep a.,x.illary, inguinal, hepatic and 

mesenteric lymph nodes, and sections of spleen, lung and liver. In add ition tissues were 

collected from al l p ossums for histological examination. The tissues for histopathol ogy 

incl uded the mandibular, p arotid, retropharyngeal, caudal cervical, superficial axi l lary, 

deep a..\.illary, inguinal, mesenteric, gastric, hepatic and tracheo bronchial lymph nodes, and 

s pleen, l iver, kidney, adrenal gl ands and lungs. Pouch young \Vere also examined for 

lesions and li ver, l ung and spleen were collected for bacteriological and histological 

examination. 

Bacteriology 

P rimary isolat ion oflvf bovis (Corner et al 1 995 ) and the identificatio n  o f  mycobacterial 

isolates (de Lisle and Havi l l, 1 985)  were as previously described. Isolates of M bovis were 

typed by restriction endonuclease analysis (REA; Coll ins 1 999) .  
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Data analyszs 

Vaccine efficacy was defined as the d isease rate i n  the unvaccinated group minus the 

disease rate in vaccin ated group divided by disease rate in the umaccinated group (Martin 

et al 1 988) .  The differences between treatment groups in the incidence o f  i nfecti on v\ ere 

compared using Fisher' s  exact test and differences in the LPA responses were compared 

using the t test. The s ize of the study populations (possum abundance) at each trapping 

session \Yas estimated from trapping records, using the Jolly-Seber algorithm (Seber 1 982). 

The geographic l o c ation of each possum captured \vas determined using a global 

positioning device and recorded \:vith the capture d etai l s  described above. The distribution 

o f  captures o f  all pos sums and all the natural l y  infected tuberculous possums was plotted 

usmg a Gaussian kernel density surface i n  S p at ial Analyst Extension V ersion l .  l .  of 

ArcV iew for Windo\vs version 3 . 1 (Environmental Systems Research I nstitute, 1 998). The 

outer contour contams the traps where p ossums vv ere captured 80%) o f  the time. A fixed 

band\\ idth of 0 .0004 d egrees was used, cal culated using n ormal optimal smoothing 

(Lawson and Wil l i am s  1 994, 200 1 )  

RESULTS 

Of the 308 indi vidual possums recruited to the study, 1 49 were allocated to the 

vaccinated group and I 5 1  to the um·accinated group E ight possums were not allocated to 

either group b ecause they Yvere found to have tuberculosis \\ hen first encountered (7 

possums) and one \Vas not al located b ecause no vacci n e  was avai l able  at the time and i t  

\>vas not  seen again The est imated s ize of the study population (possum abundance) was 

determined at each trap p ing session (Tabl e  9 .  L Figure 9. 1 )  Also shO\\TI i n  Tab l e  9 1  are 

the number of possums from each treatment group that were examined and the number o f  

possums that were vaccinated or re-vaccinated . The estimated possum population a t  the 

commencement of the study was 1 63 and it stead i ly d eclined to 76 at the conclusion. At 

each session approximately equal numbers of the v accmated and unvaccinated groups were 

trapp ed .  The median n umber of times each possum was vaccinated was 2.3  (range l to 6, 

Tabl e  9 .2) .  

Tuberculosis cases 

Tuberculosis was diagnosed in 24 possums fro m  the study population. N ineteen were 

detected by c l ini cal examination. 2 \Vithout cl inical s igns (P004 1 and PO 1 84) \vere found 
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with macroscopic lesions at post mortem and 3 without macroscopic lesions were detected 

at the depopulation by bacteriological examination. Except for a possum found moribund 

in a trap and a second that d ied 2 weeks after diagnosi s, the possums, both vaccinates and 

non-vaccinates were in good phys i cal condition (sco re 3 or 4) when tuberculosis was first 

diagnosed . The vaccinated group showed the same seasonal patterns of body weight 

change, level of reproductive performance and frequency of trapping as the un v accinated 

possums. 

TABLE 9.1 

BCG vaccination of wild possums: estimated possum abundance on the study s i te and 

the number of possums examined and vaccinated at each of the bimonthly monitodng 

sessions. 

Trapping Estimated 

session Abundance* 

F eb 9 8  1 63 

Apr 98 1 64 

Jun 98 1 3 5  

Aug 98 1 00 

Oct 98 1 1 5 

Dec 98 1 1 5 

Feb 99 94 

Apr 99 95 

Jun 99 87 

Aug 99 64 

Oct 99 82 

Dec 99 76 

F eb OO 76 

Unvaccinated 

66 

7 1 

7 1 

69 

5 9  

5 1  

5 5  

43 

43 

4 7  

34 

32 

39 

Treatment group No. Vaccinated 

V accinated Not al located or re-vaccinated 

66 

7 7  

7 3  

62 

56 

48 

55 

40 

44 

44 

34 

40 

36 

4 

5 

2 

1 

0 

0 

1 

0 

0 

0 

67 

1 7  

62 

4 

48 

1 3  

32 

1 3  

3 3  

8 

30 

NA* * 

* Possum abundance was calculated from trapping records and estimated using the Jolly ­

Seber algorithm (Seber ) 1 982. 

** N A - not applicable 
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TABLE 9.2 

Frequency of vaccination of possums in the vaccinated group. (Median == 2.3) 

Frequency o f vaccination 

l 

2 

3 

4 

5 

6 

Number o f  possums 

66 

42 

1 0  

l l  

7 

l 3  

Seven possums that had clinical disease at the t ime t hey entered the study vvere 

excluded from the analyses. Seventeen cases were considered to be new mfections arismg 

during the cou rs e  of the study Thirteen cases vvere in unvaccinated possums and four vvere 

m vaccinates. the di fference is statist ical ly s ignificant (Fishers exact test one t ai led, 

023). The relative risk of  tuberculo sis m unvaccinated possums compared vvith 

vaccmates \vas 3 .2 1 (95 % Cl 107 to 9 6 1 )  The v accine efficacy \vas 69% (95% C l  7% to 

90%). 

All the vaccinated possums \\ere mature when first d iagnosed wi th t uberculosis. as 

\\ ere 1 0/1 3 unvaccinated possums (Table 9 . 3) .  One posswn had been vaccinated twice. 

two had been vacc inated three times and the fourth had been raccinat ed four times. 

The temporal pattern of incident and prevalent cases i s  m 9. 1 and the 

spatial distribution of tuberculous possums in Figure 9.2. Four different REA types caused 

tuberculosis in the possums The temporal d is tnbu tion of new cases of infection due to 

each REA type is shov,n in Figure 9.3 .  

During the study, but n ot includ ing the d epopul ati on . 94 possums fro m  the study 

population, \Vh ich had no history of cl inical tu bercu losis . were examined post mortem 

Only two were found �,ovith tuberculosis one \vas fou nd moribund in a t rap and the other 

\\as kil led when found bes id e i ts dead tuberculous mother. Trappers k i l led 92 po ssums i n  

the area surrow1ding the study site but none had lcswns of  tuberculosis. B acteriol ogical 

examination of pooled tissues from 63 of the 92 possum vvas negative for M bovis.  
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Figure 9.1  

The tempo•·al pattem of tube•·culosis  cases during the study of the efficacy of BCG 

vaccination in wild bmshtail possums. Shown are the number of incident cases 

(white), p•·evalent cases (cross hatched) and the estimated population abundance 

(line) at each t•·apping session (month). The black bar at 24 months represents 

possums fotmd infected when the site was depopulated. 

Sire depopulation 

During the site depopulation, 1 26 possums were killed and examined post mortem. Of 

these 76 were part of the study population and 50 were new possums trapped on the site or 

in the surrounding area. Of the 76 that were from the study population, 39 were from the 

vaccinated group, 36 were from the unvaccinated group and one had not been allocated to 

a group. M bovis was isolated from 3 of the study p opulation possums, 2 from the 

unvaccinated group and l from the vaccinated group; none had macroscopic or 

microscopic les ions. An immature male, new to the site, had a macroscopic lesion of 

tuberculosis in the mesenteric l ymph nodes . 



207 

Lymphocyte proliferation assay 

Two surveys of the i mmunological responsiveness o f  p ossums to bovine PPD were 

conducted (Table 9.4 ). The mean bovine S I  of the vaccinated possums was significantl y  

greater than the unvaccinated possums at both bleeds (Table 9.4). There was no correlation 

betvveen the b ovine response and the number of times a possum had been vaccinated. 

TABLE 9.3 

The age at diagnosis and sex of possums found infected with M bovis by clinical or· 

post mortem examination. 

--------------------------
Group S ex and Age * 

Not vaccinated 

Vaccinated 

FI 

2 
0 

FM 

7 

2 
--------------------------

MI 

0 

MM 

3 
2 

Total 

l 3  
4 

Fl = female i m mature, FM = female mature, MI = male immature, MM = male mature 

Artificial infections 

Eight mature male p ossums from the study site were artificially infected and released 

back onto the site. The possums sun i ved 8 - 2 1  weeks. Tv, o possums had d eveloped 

palpable lesions i n  superficial axi llary lymph nodes by 6 weeks and 1 3  \x. eeks after 

infection and one also developed a draining sinus . S even of the 8 possums were examined 

post mortem. All had extensive lung l esions and 5 had macroscopic lesions in superficial 

lymph nodes .  One vvas too decomposed to ascertain l esion distribution. Tracheal swabs 

taken fro m  the 7 possums were positive for M bovis. 

DISCUSSION 

Vaccination with BCG significant ly  reduced the risk of tuberculosis infection in the 

vaccinated possums. The vaccine had an efficacy o f  69% and the non-vaccinated possums 

had a 3 . 23 times higher ris k  (relative risk) of infection when compared with vaccinated 
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possums. The calculation of vaccine efficacy and relative risk was based on the number of 

new cases in the population, where half the population had been vaccinated. N ew cases 

were detected by clinical examination for lesions of tuberculosis and post mortem 

examination of  animals dying during the study. It would appear that vaccination prevented 

infection, as well as the development of disease. Griffin et al ( 1 999) presented data 

supporting their claim that BCG prevented infection in experimentally infected deer. 

Vaccination of possums did not result in any side effects. The vaccinated group showed a 

similar seasonal patterns of body weight change, high level of  reproductive performance 

and frequency of trapping as the unvaccinated possums. 

A) B) 

Figure 9.2 

Spatial distribution of all possum captm·es (Figure 9.2A) and all captur·es of natur·ally 

infected possums (Figur·e 9.2B). The contour· lines encloses the areas of highest 

captur-e density: inner· contour· line represents the highest 20%, then the outer· lines 

enclose 40%, 60% and 80% of captur·es. Small cr·osses mar·k the location of tr·aps site 

and lines the location of fences, tracks and cr·eeks. 

The study site was in an area with endemic possum tuberculosis. At the beginning of 

the study there was a pool of infected animals present on the site, a necessary condition for 

the study. The animals already infected were identified and excluded from the calculations 

of the effect of vaccination. Most were easily identified as they had been found during a 

previous study on the site or were found to be clinically affected the first time they were 
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encountered.  But for those possums \Vhere tuberculosis \:Vas d ia!:,'llosed during the current 

s tud y  and \\·here they were on the site before the study commenced, it \vas more difficult to 

determine their c l assi fication. The duration o f  the precl in i cal phase o f  i nfecti on for wi l d 

possums 1 s  u nk no\vn. b ut may b e estimated from studies in capti ' e possums as o - 1 o 

weeks (Corner unpublished obsen ations). Therefore any possums that d evelop ed 

tuberculosis within 4 months o f  first being seen on the site were deemed to have been 

in fected before entering the st udy . Only one possum fel l  into this category 

TABLE 9.4 

The response of vaccinated and unvaccinated possums to bovine p u rified p rotein 

derivative tuberculin in  the lymphocyte p rolifer·ation assay (bovine stimulation 

index). 

Treatment Group* 

U nvacc i nated Vaccinated 

Date N mean s d  N mean sd 

July " !  _., _ 1 . 7 3  1 . 03 26 9 .23 1 1 .4 1  * 

Nov 1 3  1 . 5 2  0 .74 I [  5 .63 3 .56 * 

The response of the vaccinated possums was compared to unvaccinated possums using the t test. • p < 

0.01. 

The p re\ alence of tuberculosis in the population was wel l estimated by regular cl inical 

examination of the possums. Of the 3 08 possums inYoi Yed oyer the 2-year study, 19 of the 

24 tuberculous possums \\ ere identified clinical examination Repeated 

examination comp ared favourably ·with post mortem examination as a means of d et ecting 

tuberculous in possums. Post mortem examination o f  1 70 possums i d enti fied disease i n  5 

possums not showing clinical s igns. Cndoubted1y other infected animals vvent undetected. 

dying ,v�i thout d eveloping cli nical signs. 

In d es igning the study vve cho se to revaccinate possums every 4 months . The average 

revaccination interval achieved was 5 months vvith possums being re\ accinated u p  to 5 

times ! f  Yaccinat ion is ad op ted for fie ld  use. populations will  have to be period ically 

reYaccinated to minim ise the build up of s usceptible possums.  Susceptib le possums vvi ll 
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accumulate i n  the population by migrat ion o f  juveni le p ossums and breeding. The 

revaccination interval wil l  probably be, for practical reasons, every 6 - 1 2  months. 

4 

3 . 5  

3 

2 . 5  

F req 2 

1 . 5 

0 . 5  

0���������� 

Month 

Figure 9.3 

REA type 

22 24 

The temporal pattern of tuber·culosis cases during the study of the efficacy of BCG 

\'accination in wild brushtail possums. Shown ar·e the number· of incident  cases for 

each r·estriction endonuclease analysis (REA) type at each tmpping session: type 4 

(c r·oss hatched), type 4A (d iagonal check), type 4B (white), type lOA (horizontal 

b rick) and not typed (grey). 

In the allocation of possums to either the vaccinated or unvaccinated group, account 

was taken of where on the s ite they were trapped. The concern was vvell founded as a 

significant spatial clustering was observed in the study. Spatial analysis shO\ved clustering 

of tubercul ous possums and in the clusters cases exceeded that expected from the 

distribution of the population. The clustering was expected from historical data on the 

s patial distribution of tuberculous possums seen in previous studi es at the s ite. 

Possums were vaccinated using both i ntra-nasal aerosol and conj unct i val instillation for 

several reasons. By using tv.'O different routes any fai lure to del iver an immunising dose by 
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one route vvould b e  compensated for by the other and the p rocedure ma"'\imised the 

protecti ve response. A n  automated possum 'vaccinator, currently under developmen t  and 

that de l ivers an aerosol spray of BCG to  the ey·es and nose of possu ms ,  could be used to 

vaccinate vvild possum po pulat ions 

The results of this s tudy are very encouraging but cannot be genera l ised too lib erally 

due to l im itat ions in the design and conditions that occurred during the study. The number 

of i ncident and prevale nt cases at each trapping s ess ion decl in ed progressively d uring the 

study No nevv cases were detected during the last 8 months This may ha ve been caused by 

a number of factors. including the effects of the vaccination and a steady d ecline in the 

popu la t ion on the site .  'Ihe oYera l l  popula tion d ecreased by half d u e  to possums being 

killed in the culling operation in the area around the study site, the dispersal of J uvenile 

possums away from the study s i te into the depopula ted area and the fai lure to recruit 

juvenil e  possums from the surround ing area. Vaccinating half  of the population further 

reduced the dens ity o f  susceptible possums. At the conclusion of the study the suscept ible 

population on the s i te v\ as approximately 25% of the long term mean population. At that 

density the transmis sion of infection appeared to have been reduced. 

In an attempt to i ncrease the stat ist ical power of the study and elevate the i ncidence of 

disease in the p opulati on, possums experimentally infect ing with a unique M bovzs REA 

type \Vere released onto the s ite. The proced ure resulted in no cases due to that REA type . 

TI1is was surprising cons idering that the infected possums sun:ived for 8 to 2 1  weeks, all 

developed extensiv e  lung disease and a ll w ere excreting 1\1 bovis fro m  the resp1ratop.·i tract. 

The transmission o f  infecti on between capt ive possums held in smal l cages or communal ly 

m large pens has b een d ifficult to establish experimentally (Corner unpubl ished 

observ ations). Transmission rates \vere substantially increased in these studies \\hen social 

interactions and s o ci al ranking o f  the possums were i ncluded in the study d es i gn. For 

transmission to o ccur in the wild, in addit ion to a source of infection, there must be 

i nteractio ns between p ossums of a su itable nature and duratio n  for the infect ious aerosol to 

be transmitted . 

The demonstration that BCG vaccination i nd u ced a s igni ficant le vel of protection 

agamst naturally transmitted infect ion Yal ida tes previous vaccination studies in cap ti ve 

possums ( Buddle et al 200 L C orner et al 200 I ). The captive possum studies have shO\m 

that vaccination has a protective a gainst experimental chal l enge, but all possums, 
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vaccinated o r  unvaccinated, developed ful minant, rapidly fatal disease The p resence of 

protect ive i mmunity was shown by a difference in the severity of the disease when 

vaccinated and unvaccinated possums were comapred. Th is field trial showed that BCG 

vaccination  prevented the establ i shment of i nfectiOn and d isease . The j ust ificat ion for 

conducting a field vaccination trial was the demonstration of protection in captive possum 

studies. Those studi es enabled d ifferent vaccination procedures and vaccines to be 

compared and they are simpler, faster and more easi ly  conducted than field trials .  Now, 

against the yardstick of the protect ive i mmunity shown in this field study, further research 

into improved vaccines and vaccination methodol ogy can be conducted with confidence. 

The results of this study are applicable to the delivery of live BCG vaccine by other routes. 

If a suitable means of encapsulating BCG to enable oral delivery is developed, the results 

of this stu dy \vill enable rapid  utilisation of that technology .  

Vaccination offers an alternative or compl ementary strategy for the control of 

tuberculosis in p ossums. Vaccination could be u sed at two levels, as part of on-farm 

control programs where diseased possums are the source of infection for livestock, and at a 

district level to control disease over l arger areas and prevent the expansion o f  areas 

infested with infected possum populations. Current strategies have fai l ed to contain 

infected populations N ew control strategies incorporating vacc inat ion could lead to a 

reduction i n  the size of infected areas and also a reduction i n  the use of toxins. The 

implementation of such strategies could be used to allay the growing publ ic  concerns over 

adverse environmental effects of toxins and animal welfare concerns over the continued 

use of toxins in possum controL 
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Objective of the Research 

The objective of the research was to better understand the potential of BCG as a 

tuberculosi s  vaccine for possums. With the results we planned to develop a strategy for the 

util isation of BCG in wild possum populations. When the project commenced there had 

been substantial investment in tuberculosis vaccine research but the benefits would only be 

gained if  the vaccine was effective and could be delivered to wild possums. Before 

vaccination could be adopted as a strategy for controlling tuberculosis, a number of 

questions needed to be addressed. 

Vaccination Studies 

When this research project commenced only three papers had been published on the 

protective e ffect of BCG vaccine in  possums, all from the same research group (Aid well et 

al., 1 995a, 1 995b; Buddle et al. ,  1997) .  The only feasible delivery route that had been 

shown to offer a protective effect and that could be adapted for field use was intranasal 

aerosol .  However, before aerosol delivery could be considered for field use, it had to be 

shown to be a robust procedure and that the protection i nduced would last sufficiently long 

to protect possums before revaccination of a population was required. When these 

questions had been answered, we could examine how to adopt BCG as a tool for the 

control of tuberculosis in wild possums. Therefore the initial experiments focused on 

establishing that BCG would induce a protective response and also examined the duration 

of protection. 

The first experiment confirmed that intranasal aerosol vaccination was effective and 

that protection fol lowing a single vaccination was sti l l  evident after 1 2  months, although 

the level was waning. In the context of field  use it is difficult to assign significance to the 

residual level of protection that was observed after 1 2  months. The experimental challenge 

procedure used was severe and all possums succumbed to the challenge. Under field 

conditions, the residual level of protection may be sufficient to prevent infection. 

Having established that aerosol vaccination would protect for an acceptable duration, 

the emphasis shifted to the means of delivering vaccine to wild possums. It was essential 

that vaccine delivery be accomplished cheaply and efficiently. If a device was used to 

dispense the vaccine, it had to be simple in design and operation. Even though repeated 
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vaccination of humans has no adverse effects on the protection induced by the first 

vaccination (Cohn, 1 997), we undertook an investigation of the effects of repeated 

vaccination on p rotection. If it were necessary to prevent possums from repeatedly 

accessing vaccine, a more costly and complicated device would b e  needed. The study on 

repeated vaccination demonstrated that repeated vaccination i n  fact enhanced protection. 

Of the three vaccination regimes in the study, 1 2  weekly doses induced the greatest 

protective effect, but there were no consistent differences between two doses given 6 

weeks apart and a single dose, in any of the measures of protection used. These findings 

are at odds with those of Griffin et al . ( 1 999) who demonstrated increased protection 

against disease, but not against infection, in deer gi ven two doses of BCG two months 

apart. Differences in the route of administration, dose rate and host species may account 

for these differences. 

A s urprising outcome of the multiple vaccination experiment was the absence of any 

demonstrable boosting of cell mediated immunity (as measured by the lymphocyte 

p roliferation assay) following revaccination. Revaccination in humans does not increase 

the intensity of the immune response, nor does it eh.1end the d uration of protection (Cohn, 

1 997). We only looked at boosting after 6 weeks and there is good reason to examine the 

effect of revaccination at 6 to 1 2  months. Populations wil l  need to be revaccinated to 

maintain a low level of susceptible possums. For a number of conceivable reasons some 

possums may not. be exposed to revaccination for a long t ime. However, irrespective of any 

specific need to boost the immune response in individual possums, re-vaccination of 

individuals may occur as a consequence of repeated vaccination of populations. 

Because aerosol delivel)' from a small handheld dispenser was effective, we set out to 

des ign a device that would deliver to possums a vaccine aerosol . In developing the concept 

of a possum activated self-vaccinator, severe desi gn l i mitat ions were imposed when the 

target for the aerosol spray was restricted to the area of the external nares. By broadening 

the target area to i nclude the eyes, the performance criterion could be relaxed. Although 

conj unctival vaccination had been used to vaccinate poultry against Newcastle disease 

(Bell et al. ,  1 995) and sheep and goats against brucellosis  using live Brucella melitensis 

strain Rev 1 (B lasco, 1 995), the efficacy of conj unctival vaccination of possums with 

BCG, or any other animal species for that matter, was unknown. A study of conj unctival 

vaccination showed this route to be as effective as intranasal aerosol. 
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In the captive possum experiments the animals were housed communally in large 

outdoor wire-mesh-covered enclosures after the manner of described by McLeod et al. 

( 1 997). It had been reported that capti ve possum suffered from immunosuppression as a 

result of the stresses of capture and captivity (Buddle et al . ,  1 992). By employing 

communal housing in l arge outdoor pens, we hoped to decrease the stresses associated with 

captiv ity and approximate conditions in the fi eld.  No specific benefits were seen when our 

results were compared with previous findings where possums were ho used singly. 

Communal housing did  however l ead to considerable savings in the cost of ani mal 

accommodation, and the capacity to conduct stud ies on a much l arger scale. 

Experimental Infection and Transmission Studies 

The intratracheal chal lenge procedure, used in the first experiments, was not entirely 

suitable for our studies. Although it p rovided an assured level of exposure and repeatable 

results (Pfeffer et al . ,  1 994), all infected possums developed fulminant, rapi dly progressive 

disease irrespecti ve of the vaccination regime used. All infected possums had extensive 

lung lesions but few d evel oped the p attern of cl inical signs that were recorded in studies of 

wild naturally infected possums (e.g. Jackson et al. ,  1 995). After experimental chall enge, 

possums died in 6 to 8 weeks, with a clinical phase of 1 to 2 weeks. This d isease course is 

considerable faster than seen in \\rild possums. In wild possums there i s  a preclinical phase 

of unknown duration and the median survival time after the development of clinical s igns 

we found to be 2 months (Pfeiffer, 1 994; Jackson, 1 995) - and Jackson ( 1 995) found one 

possum lived for more than a year. The question then arises as to the validity of the results 

of vaccine studies u si ng this challenge procedure when the possums died so quickly. The 

experimental vaccination and chall enge studies showed that the vaccine could alter the 

nature of the disease after challenge. But the s evere nature and rapid development of 

infection would not enable the detection of subtle differences between vaccines or 

vaccination regimes. In an attempt to refine the vaccination and challenge paradigm tvvo 

alternative methods of challenge were examined; natural transmission b etween 

experimentally infected possums and susceptible in-contact possums, and the conj unctival 

route of infection. 

Designing a successful natural d isease transmissi on study proved to be more involved 

than was originally thought. Transmission of tuberculosis between possums in the same 

small cage and between possums in the large pens proved difficult to establish. When only 
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the proximity of infected and susceptible possums was considered, either no transmission 

occurred or the rate was low. Other researchers have reported similar difficult ies in rel iably 

establ ishing transmission between captive possums (O'Hara et al . ,  1 976� Corner and 

P residente, 1 980, 1 98 1 ). When we were unabl e  to d emonstrable transm ission i n  a colony 

comprising 1 9  experimental ly infected possums and 3 susceptible in-contact possums, we 

concluded that simple random allocation o f  possums to treatment groups was not 

appropriate. 

Tuberculos is IS transmitted between possums principal ly by i nfectious aerosols 

(Jackson et al. ,  l 995b). Therefore, the risk of disease transmissi on is a function of both 

distance between animals and the duration of the interaction. After observing the behaviour 

of possums in our colonies it was apparent that transmission was most likely to occur when 

possums sl ept together in the same den, sharing a common airspace. Therefore den sharing 

could be used as a surrogate measure for the frequency and duration of social interactions . 

Using observations on den sharing a model of the social organisation o f  the communally 

housed possums was developed. Social network analysis concepts, structures and statistical 

procedures were used to develop the model . 

When we selected possums to ex'Perimentally infect based on social behaviour, the rate 

of transmiss ion was significantly increased. The possums that became infected were more 

socially active than those that remained free of infection. No effect of vaccination was 

found under these conditions because of the confounding effect of social position on the 

risk of an individual becoming infected. That is, we could not control the transmission risk 

well enough to use natural transmission in place of intratracheal infection as the routine 

method of challenge . 

The other infection p rocedure, conj unctival infection, was shovvn to be useful for 

infect ing possums. We were able to rel iab ly establish infection by this means and the 

disease process had many of the cardinal features of the natural disease in wi ld  possums, 

features not seen in possums infected by intratracheal inoculation. After inoculation, the 

infection progressed slowly, with possums surviving in excess of 4 months. Most possums 

developed palpable lesions in superficial lymph nodes and they also had pulmonary 

lesions. It will now be necessary to determine if conjunctival infection can provide a more 

sensitive evaluation of vacci ne efficacy than intratracheal infection. 
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Although natural transmission was found unsuitab le for challenging possums in 

vaccination studies, it may be suitable for studying some aspects of the pathogenesis. The 

study of pseudo-vertical transmission and the efficacy of post-infection vaccination are two 

situations where this may be useful. As observed above, intratracheal infection leads to a 

fulminant, rapidly fatal disease. After natural transmission of infection, the di sease 

progressed slowly, the levels of cell mediated immune responses seen, covered a wide 

range and the pattern of l esions mimicked that seen in natural ly  infected possums. For the 

study of pseudo-vertical transmission a l ong period of infectiousness is required to al low 

the birth and development of the pouch young. Both conjunctival infection and natural 

transmission resulted i n  slowly developing infection that would allow for pseudo-vertical 

transmission. It i s  not possible to investigate post-exposure vaccination using intratracheal 

infection because of the fulminant nature of experimental infecti ons. Conjunctival 

infection may allow sufficient time for any protecti ve immunity induced by p ost-exposure 

vaccination to be demonstrated. Natural transmission would be unsuitable for such studies 

due to the difficulty of controlling for the effects of social behaviour on the risk of disease 

transmission. 

Field Studies 

Having s uccessfully demonstrated the efficacy of BCG vaccine in captive possums and 

removed some of the perceived problems o f  vaccinating wild possums, the focus of the 

research changed to address vaccine use in wild possum populations. The endemical ly 

infected population at Castlepoint was used, but before the vaccine study could be 

conducted we first had to establish the pattern of disease in the population. The first study 

commenced immediately after possums were eradicated from the site. It examined the 

temporal and spatial nature of tuberculosis as it re-established in the regenerating 

population. 

Tuberculosis reappeared on the study site soon after d epopulation. Within 4 months of 

depopulation tuberculous possums were found on the site. Within 8 months the population 

had returned to 50% of the 5-year pre-eradication average. The early cases, found within 

the first 1 2  months, were in mature possums that had extended their range into the 

depopulated area and in a young possum that probably entered the s ite during j uvenil e  

dispersal . The first cases in resident possums were not seen unti l  the second year. Re­

emergence of tuberculosis on the site was due to immigration of infected possums, and not 
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due to survival of M bovis in the environment. In other areas, where culli ng programs are 

less than 1 00% effective, some diseased possums may survive to re-establish infection but 

environmental survival of the bacteria is unl ikely to play more than a minor role in the 

persistence of infection. 

Restriction endonuclease analysis (REA) of the M bovis strains in  diseased possums 

demonstrated the dynamic nature of tuberculosis in the possum p opulation. Four different 

REA types were identified in the p opulation during the 3 -year study. Each type showed a 

different temporal and spatial pattern. Each established a focus of infection, each was 

repeatedly reintroduced and all b ut one type persisted on the site for the duration of the 

study. At the end of the study, when there was an upsurge in the incidence of diseased 

possums, the three types present showed a similar pattern of increased incidence. The 

upsurge in disease incidence at that time may have occurred for several reasons. It 

followed soon after the population peaked and the increased density may have facilitated 

: . increased transmission. Co-incident with the upsurge in the study population we saw an 

increase in the number of cases i n  immigrant possums. By this we reasoned that whatever 

triggered the increased incidence on the study site may have also influenced disease 

prevalence in the surrounding area. 

Evaluation of BCG vaccine in the wild possum population showed it had h igh efficacy. 

There were significantly more cases of tuberculosis in unvaccinated possums than in 

vaccinates, with a relative risk of tuberculosis in unvaccinated possums of 3 .2 1 .  The 

vaccine efficacy was 69%. Over 300 possums were recruited to the study and 

approximately 50% were vaccinated, using both intranasal aerosol and conjunctival 

instillation. They were revaccinated on average every 5 months, some being revaccinated 5 

times. 

A combination of intranasal aerosol and conjuncti val vaccination was used to ensure 

that each possum was vaccinated effectively. The possums were handheld when vaccinated 

which provided a high level of control; we knew which possums had been vaccinated and 

when. Such a level of control is essential in early field evaluation trials. 

The study was designed to test vaccination efficacy and not to test the vaccine delivery 

system. Aerosol vaccination is, however, the only d el ivery system that has been proved 

successful in captive possum studies, and it is suitable for use in a possum-activ ated 
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vaccinator. An aerosol can, charged with a suspension of B CG, could be i ncorporated into 

a device where activation of the spray would be triggered by a possum encouraged to enter 

the vaccinator in response to its novelty and possibly in resp onse to a chemical lure. 

The efficacy achieved in this trial should be applicable to vaccine delivered in an oral 

bait, should an effective oral delivery system b e  developed. Currently there is no procedure 

for oral vaccination, hence aerosol and conjunctival vaccination were used in the field 

study. The current results should enable oral vaccination to be adopted quickly. Both oral 

and aerosol vaccination may have different characteristics when used in the field and may 

be used under different circumstances; they could be used concurrently. If a vaccine 

superior to BCG becomes available these results should ensure rapid development and 

release. 

Even though a s ignificant effect of vaccination was demonstrated, there were some 

minor aspects of the study that limit the ex.'tent to which the results can be generalised. 

There was a steady decl ine in the population on the site during the two years of the study 

that would have decreased the risk of disease transmissi on. At the end of the study the 

population was less than half the long-term mean. As p art of the national control program, 

the area around the site was subjected to a culling program that coincided with the period 

of the study. The decline in the study population was caused by natural death, plus 

additional possums being kil led on the p eriphery of the site, juveniles lost due t o  

dispersion, and, because there were n o  possums i n  the surrounding area, a decrease i n  

immigration of juveniles. I f  vaccination were to b e  util ised a s  a disease control tool i t  will 

probably be employed in populations regenerating after cull ing and later when these 

populations stabi lise in number. 

The second limitation was the low p roportion of the population that were vaccinated 

(50%). If vaccination is used in the field, the intention will be to vaccinate a higher 

proportion of the population. Modell ing pred icts that a vaccine that falls well sho rt of 

1 00% efficacy could be used successfully i f  a sufficient proportion of the population were 

protected (Roberts , 1 996) .  Vaccination of a proportion of the population would decrease 

the probability of contact between diseased and susceptible possums, the so-called ''herd 

immunity" effect (Fox et al. ,  1 97 1 ). M odelling could be used to determine the optimum 

revaccination frequency based on estimates of the rate of recruitment of susceptible 
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possums. More data from field studi es are needed to develop new models or modify 

existing ones and to test their predictions. 

The most important question relat ing to BCG use, and not so far addressed, is the 

abil ity to control tuberculosis in possum populations. Although the method of delivery has 

stil l  to be finalised, info rmation on the ability of vaccination to control disease is necessary 

to j ustify continued vaccine research. A controlled field trial is needed to show that 

vaccination can s ignificantly affect the i ncidence and prevalence of tuberculosis where all  

possums in the population are vaccinated . Such a study should be conducted concurrently 

with further development of both aerosol and oral delivery systems so that implementation 

of vaccination can be achieved at the earliest possible time. 

Epidemiology 

Two aspects of the pathogenesis of tuberculosis in possums were clarified during the 

experimental and natural transmission studies; the duration of preclinical infection and the 

pre-eminence of the aerosol route i n  naturally transmitted tuberculosis. Some aspects of the 

pathogenesis of tuberculosis in possums can only be determined from controlled studies in 

captive possums. Longitudinal studies by Pfeiffer ( 1 994), Jackson ( 1 995) and the current 

study, have estab lished the mean survival time for possums, o nce they had developed 

cl inical disease, as 2 months. The duration o f  precl i nical disease cannot be determined 

accurately by field observations because the point of exposure is always unknown. Based 

on bacteriological finding and the develop of l esions, Jackson et al. ( 1 995d) estimated the 

duration of the precl inical stage (no macroscopic lesions) p l us early clinical (few 

macroscopic lesions) stage to be several months to years. In the conjunctival i nfection 

study, the minimum preclinical/earl y  cl inical period was 6 - 9 weeks and was i nfluenced 

by the infecting dose, being shorter with higher doses. In the natural transmission study the 

preclinical/early cl inical period for all infected possums was 1 6  - 20 weeks. The 

precl inical/early clinical period in wi ld possums therefore was well estimated at the lower 

end by Jackson et al. ( l 995 d). 

The primary route of transmission b etween possums was reconfirmed as respiratory. Of 

the possums infected by natural transmission only one of the 1 7  did not have lung lesions. 

The one exception had a lesion in a parotid lymph node. The presence of a single l esion in 

a head lymph node could be the result of infection established in tissues drained by the 
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node, that is, the mucous membranes of the nasal and buccal cavity. But this i s  not 

necessari ly true. Although an attractive explanation, it is fallacious to presume that the 

location of a single lesion indicates the route of infection. After conjunct ival infection the 

only lesions p resent in one possum were in the inguinal lymph nodes, far from the primary 

s ite of i nfection. Infection of the inguinal and axil lary lymph nodes is a typical feature of 

tuberculosis in  possums.  After initiation of infection M bovis infect ion rapidly general ises 

and most possums develop pulmonary lesions, with many developing lesions in a range of 

other tissues (Cooke et al., 1 999). 

As described above, it was surprisingly diffi cult to establish transmission of infection in 

a variety of pen conditions and in the field. Generally tuberculous possums cannot be 

considered highly infectious. In studies where susceptible possums were housed with 

possums that were dying of tuberculosis and had extensive pulmonary lesions and large 

numbers of bacilli in tracheal exudates, there was l imited or no transmission. In the 

repopulation study, after the first 4 infected possums were detected there were no new 

cases with some REA types for 1 1  - 3 1  months. Similarly, during the field vaccination 

trial, when 8 experimental ly infected possums were released on to the site, no transmission 

occurred, despite the experimental ly infected possums l iving in areas of high possum 

density. Factors other than proximity influence the risk of transmission, as was 

demonstrated in pen studies. Social behaviour was used to help explain the pattern of 

transmission. 

That additional factors are involved in transmission of tuberculosis has been established 

in other species. In cattle and badgers it has been shown that they do not become infectious 

unti l the disease has become well advanced and there are large numbers of bacteria being 

excreted (Nolan and Wilesmith, 1 994; O ' Reilly and Dabom, 1 995 ). In humans infected 

with tuberculosis it appears that only certain individuals become infectious, as household 

contacts that included marital partners of smear-positive patients, frequently d id  not 

become infected (O'Reilly and Daborn, 1 995). In these three hosts it was found that 

infectiousness was directly related to the number of baci l l i  being excreted, the route of 

infection, the infective dose, the period of communicabil ity (duration of exposure), and 

host susceptibility (O'Reilly and Daborn, 1995). 
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Future Research On Vaccine Delivery 

As a means of delivering BCG vaccine to wild possums , aerosol vaccination has great 

appeal. It has been proven to be rel iable and repeatable, and is  a simple procedure in both 

captive and wild possums. Both sedated and fully conscious possums have been vaccinated 

using small handheld atomisers. Aerosol vaccination could be easily adapted for use with 

wild  possums, using a device based conceptually on a bait station. A spray of l ive BCG 

suspens ion would be directed at the possum's  nose and eyes from a pressurised aerosol 

can. By this means BCG would be delivered to the mucous membranes of  the upper and 

l ower respiratory tract. In humans, vaccination via the respiratory route has been i dentified 

as deserving of research (Gheorghui , 1 990). Very few live BCG are required to initiate 

infection on a mucous surface and therefore to induce immunity (Middlebrook 1 96 1  ). The 

l ive bacterial component of the vaccine is likely to be the cheapest part in the manufacture 

and delivery process. Therefore it should be possible, on financial and manufacturing 

gro unds, to deliver a dose far in excess of that needed to produce a protective response. 

This would allow for a large margin for error, and so aerosol vaccination would provide a 

robust del ivery system 

Possums are naturally inquisit ive and will investigate novel objects in their 

environment (Norton, 200 1 ). This behaviour has been harnessed in the development of a 

prototype vaccinator, with the attractiveness of the device being enhanced by the inclusion 

of a chemical lure. The vaccinator emp loys the possum's weight and movements to release 

an aerosol spray. The prototype has been developed using aerosol cans containing a dye in 

place of the vaccine. Research is now required on the development of the vaccine spray 

and refinement of the vaccinator before commercial production can progress. 

The vehicle in which the BCG will be suspended in the aerosol can is the key 

component still requiring research . The v ehicle must be a sprayable l iquid  that maintains 

BCG in a viable state, in high concentration, across a wide range of temperatures and for 

sufficient time to allow for a cost-effective period of storage and use. Once the vehicle  is  

formulated there will be a period of trialing in the laboratory to establish shelf l ife, then 

with captive possums to establish immunogenicity , and in the field to establish operational 

efficacy . 
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Development of an oral delivery system for BCG is not as well advanced as the aerosol 

system. The early attempts at oral delivery fai led to invoke a protective response, 

presumably due to the destruction of BCG by gastric secretions (Aidwell et al . ,  1 995a). 

When BCG was delivered directly into the d uodenum, protective immunity similar to that 

following intranasal aerosol was achieved (Buddle et al . ,  1 997). If the bacteria can be 

protected from gastric secretions, an oral bait vaccine i s  feasible. Development of 

strategies for using oral bait vaccine should proceed rapidly as researchers can draw on the 

considerable knowledge acquired through research on toxin baits. Unl ike aerosol BCG, 

vaccine baits "'�11 probably have a high unit cost due to wastage fro m  loss of bacterial 

viability, excessive consumption by possums and baits taken by non-target species. These 

will be problems unique to that delivery system. However, neither the aerosol nor the oral 

delivery system is currently at a stage of development where a decision is needed as to 

whether one or  both should be pursued to the point of commercialisation. 

Field studies in the immediate future will have to use aerosol and conjunctival 

vaccination. Vaccinat ion of hand held possums will be used to enable strict control of 

vaccination, to ensure effecti ve vaccination and to determine which possums have been 

vaccinated, when and how often. This does not mean that aerosol vaccination is the best 

delivery system, just the best tool available for the next field study. 

Another unanswered question relating to the future use of BCG vaccine is that of 

dissemination of BCG from one possum to another. Exposure to l ive BCG results in 

infection on the exposed mucous membranes, which then extends to the lymphoid tissue 

draining the membrane. BCG does not persist on mucous membranes, so dissemination to 

other possums i s  unlikely, other than by mechanical means fol lowing aerosol vaccination. 

As possums are solitary, this is unlikely except between a mother and her pouch young. 

Aerosol vaccination may result in the pouch young becoming protected as a result of 

exposure to the vaccine spray, or indirectly from contact with the dam while she has BCG 

on her fur. Oral baits are unl ikely to lead to protection of pouch young unt i l  the young start 

ingesting solid  food. So for effective vaccination of a population by the oral route each 

individual would have to be exposed directly to the vaccine source. 
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Control Strategies lncorpoa·ating Vaccination 

With the efficacy of vaccination established, issues relating to strategies for vaccine use 

in the field can be addressed. Modelling has been a valuable tool in guiding and evaluating 

the research on tuberculosis in New Zealand, and in the potential use of vaccination 

(Barlow, 1 99 1 ; Roberts, 1996). Vaccination will probably be used after an initial cull ,  as 

models that retain continued ki l l ing together with vaccination do not show any advantages 

over kill i ng alone (Barlow, 2000). However, the predictions of models are only as good as 

the quality of the field data they are based on. With the new d ata on vaccine efficacy the 

available models can be refined. They should then be used to explore ways to optimise 

vaccine use, to address the question of population coverage and the frequency o f  

revaccination. 

S trategies for vaccine use wil l  have to ensure direct exposure of as many individuals in 

the population as possible. With aerosol vaccinators, their distribution \Vil l  be dictated by 

the home range of possums and frequency with which possums cover their range. To have 

a high probabil ity of successfully vaccinating every possum, a vaccinator will have to be 

placed within the home range of every possum. The size of a home range is habitat 

dependent but typical ly ranges from 1 - 4 ha, with ranges of individuals overlapping 

eh'tensively (Cowan and Clout, 2000). Possums tend to cover the area of their range every 

3 - 5 d ays. Vaccinators could be left in p lace for this period then moved to another area. By 

moving vaccinators regularly l arge areas may be covered with the minimum number of 

vaccinators. S imilarly, the frequency of revaccination of a population will influence the 

number of vaccinators required. Wild populations will require revaccination to minimise 

the proportion of susceptible possums in the population. Susceptible possums wil l  be those 

missed at each vaccination, unvaccinated immigrants and recently born animals. The 

optimal interval for revaccination would probably be 3 - 6 monthly. Revaccination may 

also boost waning immunity and so maintain a high level of protection i n  previously 

vaccinated possums. The frequency of revaccination will be driven, therefore not by 

immunological consideration, but factors relating to population dynamics, benefit-cost 

analysi s  and pragmatic decision-making. 

We should not be prej udiced against BCG by the controversy in human medicine. BCG 

has many characteristics that make it the "ideal " wi ld animal vaccine. It is effecti ve, easy 

to grow, cheap to produce, easy to handle (Buddle et al . ,  2000; Skinner et al . ,  200 1 ), and is 
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the safest human vaccine produced (Hanson et al. , 1995) .  In vaccinating wild possums the 

primary aim is to reduce the rate of transmission, the i ncidence and prevalence of disease, 

and transmission from possums to other species. A vaccine need not be 1 00% effective and 

the entire population need not be protected. The effectiveness of a vaccination program 

will result from both direct and indirect benefits to the single individual as well as the total 

and average benefits to the entire population (Haber et al . ,  1 99 1 ). The establishment of 

herd immunity is a real and valuable featu re o f  vaccinating p opulations and this can be 

achieved with BCG. At present BCG is al l  that i s  available and its effectiveness in possums 

has been shown. 

The majority of the research findings with aerosol and conj unctival vaccination will be 

directly applicable to future developments in vaccines. If a vaccine \\�th better 

performance characteristics i s  developed or a better del ivery method becomes available, 

the results of current research will allow for a more rapid evaluation and introduction of 

the technology. In the immediate to long term, research and field use of tuberculosis 

vaccines in wildlife will rely o n  BCG. A new animal vaccine could be a spin-off from the 

research into human tuberculosis vaccines. However, there is no need to wait for a new 

human vaccine superior to BCG as BCG has been shown to be effective. In addition, 

progress towards a new human vaccine has not been very fruitful. Dr D McMurray (pers 

comm 2000) from the tuberculosis vaccine testing centre at Texas A&M University, has 

tested o ver 70 candidate vaccines but none was more effective than BCG. BCG is currently 

the only vaccine available for use in humans and will be the benchmark for new vaccines. 

A new human vaccine m ay not necessarily have the characteristics that will make it a 

good vaccine for animal use, or more especially, for use i n  wild possums. The ideal human 

vaccine may have different characteristics from an effective animal vaccine. The former 

should protect better than BCG, provide long lived, if not life long, immunity in long-lived 

species, protect against primary infection and endogenous reactivation, and immunised 

subjects shoul d  be distinguishable from infected patients (Gheorghiu, 1 990; Bloom and 

Fine, 1 994; Lowrie et al . ,  1 995). For animal use some of these characteristics would be an 

advantage, but for wild animals protection need only last for a few years (production l ife or 

total life span) and protection must be achieved with a single dose delivered by non­

invasive means. If a new vaccine was developed for use in domestic or wild animals, 

obtaining approval for i ts use may take many years of administrative procedures. 



236 

There are two basic approaches for using a vaccine to control tuberculosis in wild 

possums. Firstly, for control at the individual farm level and secondly at a regional level. 

These can be evaluated by fi eld trials and modell ing. At the farm level, where possums are 

a p roven source of recurrent problems in l ivestock, vaccination could be added to the on­

farm disease control program. At the regional l evel, vaccination would be used to contain 

infected possum populations within known vector risk areas and possibly used to reduce 

the size of these areas. Although the current control program has been successful at 

reducing the number of infected herds and livestock reacting to the diagnostic tests, it has 

been much less successful at preventing the expansion of existing vector risk areas or the 

establishment of new vector risk areas (AHB 2000b ). Immune buffer zones may be more 

effective at containing diseased possum populations. 

In the use of vaccination on farms and in regiOns, culling of possums usmg 

conventional methods would typically precede the application of vaccine. The culling 

would decrease the pool of infected animals and decrease the ris k  of infection moving to 

adjoining possum populations and domestic livestock. Under normal cull ing programs 

some possums survive and it i s  the tuberculous survivors and infected immigrants that 

cause the recrudescence of infection in the recovery phase of the repopulation. If 

transmission from these animals to disease-free survivors, disease-free immigrants and 

possums born in the area could be neutralised by vaccination, the disease may remain at 

low prevalence and not be a risk to livestock. The disease may even die out. 

Programs aimed at containing the outward expansion o f  tuberculosis from known 

infected possum populations that are based on culling, have not been successful (AHB, 

2000b). Success has been achieved (possibly) in only a few small areas, whereas the 

overall area of land where tuberculous possum populations are found has expanded. 

Vaccination could be used to effectively contain infected populations. A buffer zone of 

immunised possums would provide a barrier where the effect of d iseased animals would be 

neutralised. There would be a decreased probability of infected possums settling because 

the area would have an established population. An immune buffer zone would be superior 

to a culled buffer zone as it would remove the effect of a low-density population on 

survival of dispersing j uveniles. The low densities would result in higher settlement 

probability and higher survival probability within the culled area. In time the areas with 
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disease populations inside the immune buffer zone could be included to roll  back the 

disease front. 

BCG could be used for an additional purpose, as a l ive bacterial vector for del ivering 

other antigens to possums (Hanson et al . ,  1 995) .  If imrnunocontraceptive vaccines are 

developed for the control of reproduction in possums, BCG could be used as the vector. As 

a live vector it would persist for days to weeks in the host continually secreting antigen 

(Uren et al . ,  2000). A strong immune response would also be ensured because 

mycobacteria have mycol ic acid in their cell wall, a potent immunological adj uvant that 

enhances the immunological response to excreted antigens (Barletta et al . ,  1 990). The use 

of a live vector would avoid the expensive down stream p rocessing required with a purified 

recombinant antigen (Moore, 2000). When used in this manner both control of 

reproduction and of tuberculosis could be achieved at the same time. 

Just as there are risks with the persistence of tuberculosis in wild possums and domestic 

l i vestock, the use of BCG in animals has its own risks. There are few direct risks to 

humans when handling BCG vaccine, as it is the safest of al l human vaccines (Hanson et 

al . ,  1995). The main risk to humans is an indirect economic risk from the accidental 

exposure of l ivestock. Vaccinated animals may give a positive skin test response (Buddle 

et al. , 1 995b) and if it were misinterpreted as evidence of infection with M bovis, the 

animal would be condemned and the owner penalised . 

Part of the original justification for a national bovine tuberculosis control program was 

the concern for human health. The risks came primarily from contamination of cows' milk  

with M bovis. Before pasteurisation of milk was introduced the majority of childhood 

tuberculosis was due to M bovis. Currently in countries with high standards of animal 

husbandry and dairy production, bovine tuberculosis accounts for a very small proportion 

of human tuberculosis cases. M bovis infection remains contained and subclinical in most 

people. The risk of developing active disease increases with age and in patients who are 

immunocompromised. In a case-control study in  Tanzania, people infected with human 

immunodeficiency virus (lllV) were folllld to be 8 . 3  times more likely to develop 

tuberculosis than those not so infected and 29% of tuberculosis cases occurred as a 

consequence of HIV infection (van der Broek et al. ,  1 993). "It has become clear that, 

worldwide, tuberculosis i s  the most common opportunistic infection occurring in patients 

with AIDS" (Smith and Moss, 1 994). Infection with M bovis also occurs and has the same 
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consequences (WHO, 1 994). Therefore there is need to control bovine tuberculosis both in 

domestic animals and wild animals where HIV is  prevalent. Vaccination o f  l ivestock may 

be the preferred option in underdeveloped countries where a test and slaughter program 

cannot be afforded. 

The results of these studies on BCG vaccination of possums against tuberculosis will be 

applicable to the use of BCG in other species of wild animal. The course the research 

followed for possum vaccination could be used to design a research program for other 

species. Aerosol vaccination should theoretically be effective in all animal species and a 

species-specific vaccinator could be designed to deliver the vaccine. The delivery of oral 

vaccine to other species, i f  an effective encapsulation procedure is developed, is more 

problematic due to differences in diet, digestive processes and behaviour. The groundwork 

for the use of BCG vaccination in wild animals has been estab lished and now requires 

research to address the specific problems of del ivery and effectiveness in the animal 

populations affected. 
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