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Chapter 1.1 

 

General introduction 

 

Aetiology 

Bovine tuberculosis is caused by Mycobacterium bovis, which forms part of the 
Mycobacterium tuberculosis complex along with other closely related 
mycobacteria. M. tuberculosis, M. africanum and M. canettii are human 
pathogens, while M. microti affects rodents and M. pinnipedii have been isolated 
from seals (Smith et al. 2006). M. caprae has been initially classified as 
subspecies of M. bovis but was recently recognised as a species on its own. M. 
bovis has the widest host range of all mycobacteria, although susceptibility and 
pathological changes vary vastly between animal species. Modern genome 
analysis of M. tuberculosis complex mycobacteria has revealed, against the 
previously held dogma, that human tuberculosis has not evolved from M. bovis 
(Brosch et al. 2002) but that a separate lineage, represented by M. africanum, M. 
microti and M. bovis, branched from the progenitor of M. tuberculosis strains. 
This process was accompanied by a successive loss of DNA, which may have 
contributed to the appearance of more successful pathogens in new host species. 
The last common ancestor representing  a much broader progenitor species of 
tubercle bacilli could already have affected early hominids in East Africa at least 
2.6 million years ago (Gutierrez et al. 2005).  
 

Pathogenesis 

Mycobacterium bovis may infect the host via different routes, depending on the 
host species and infection pressure in the affected population. A common mode 
of transmission in most species is through aerosols, which usually leads to the 
formation of a primary tubercle in the lymph nodes of the upper respiratory tract, 
mostly the tonsils and/or retropharyngeal lymph nodes. Very small aerosol 
droplets may also directly penetrate into and colonise the bronchi of the lungs.  
Involvement of the gastrointestinal tract can occur as a primary event if infected 
material is ingested or as a consequence of swallowing infectious mucus secreted 
from the lungs. Lesions are typically manifested in bovine species as granulomas 
or tubercles, which comprise a caseous necrotic core surrounded by a zone of 
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inflammation. Their size can vary from microscopic to several centimetres or they 
may even partially or fully replace the functional tissue of the affected organ. The 
distribution, appearance and severity of lesions differ widely between host 
species and were described for African buffalo and other wildlife species by many 
different investigators (Keet et al. 1996, Keet et al. 2001, de Vos et al. 2001, de 
Lisle et al. 2002). It is virtually impossible to  provide information on the length of 
time necessary from infection to the formation of lesions as the onset and 
severity of disease appears to be inversely related to the inoculation dose, both in 
cattle (Buddle et al. 1994) and African buffalo (de Klerk et al. 2006). The age of 
the animal, route of infection and strain of the organism are additional factors 
which may critically influence the time period required for the disease to develop 
(Thoen & Himes 1986). Experimental infections in cattle with 9x103 bacilli 
resulted in lesions in lungs and lymph nodes similar to cases of field tuberculosis 
after a period of one to two months (Neill et al. 1988).  
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Chapter 1.2 

 

 

The burden of tuberculosis in animals in  

South Africa 

 

 

Historical background of bovine tuberculosis 

Bovine tuberculosis was a well-known livestock disease during colonisation in 
South Africa, most frequently observed in imported cattle from Europe as well as 
from South America and Australia (Cousins et al. 2004). Especially dairy farmers 
in the Western Cape, but also in other parts of the country, suffered significant 
economic losses due to condemned carcasses at the abattoirs (Viljoen 1927). As 
a result bovine tuberculosis was among the first notifiable diseases in the 
Diseases of Stock Act, promulgated in 1911 in the then Union of South Africa and 
the tuberculin skin test was introduced using Old Tuberculin imported from 
Europe. The widespread application of the skin test prompted local production of 
first Heat Concentrated Tuberculin and in 1947 of Purified Protein Derivative 
(PPD) using M. tuberculosis strains. Field trials conducted in the country a short 
while later showed that tuberculin produced from Mycobacterium bovis was more 
specific and in 1960 South Africa was one of the first countries worldwide, after 
The Netherlands, to issue bovine tuberculin (Kleeberg 1960). However, the herd 
prevalence of bovine tuberculosis could not be effectively combated until the 
National Eradication Scheme was introduced in 1969 and driven efficiently (Michel 
et al. 2008).  
 

Bovine tuberculosis in domestic cattle 

When the occurrence of bovine tuberculosis in commercial herds had been 
successfully decreased and resources were diverted to controlling other diseases, 
the test and slaughter programme was no longer sufficiently enforced and the 
disease continued to persist in the country. The endemic character is evident in 
the occurrence of sporadic outbreaks discovered most often during routine 
slaughter and sometimes post movement testing. In one case the incidental 
diagnosis of M. bovis in fallen stock triggered the diagnosis and culling of close to 
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6000 reactor cattle on a single farm in the Eastern Cape between 2004 and 2006 
in an attempt to eradicate a major outbreak of bovine tuberculosis 
(PRO/AH/EDR>Tuberculosis, bovine – South Africa (Eastern Cape) 24 May 2004). 
The farm had been stocked with cattle sourced from several auctions in the area 
during the years preceding the outbreak. Despite bovine tuberculosis being a 
controlled disease under the Animal Diseases Act, law enforcement is increasingly 
difficult if animal owners are not willing to accept and carry the economic burden 
of disease control measures. According to the compensation policy in South Africa 
the monetary value of reactor cattle is, by nature of their infection status, 
reduced from market to mere slaughter value. The resulting income deficit can be 
significant and is often seen as reason for farmers to illegally move and trade 
infected cattle, which contributes to the increased spread of bovine tuberculosis 
in the country.  
 
Mycobacterium bovis in wildlife 
Tuberculosis in wildlife had first been reported (Paine & Martinaglia 1929) in 
greater kudus in the Eastern Cape region but was not considered a significant 
problem until a high prevalence of M. bovis infection was discovered among 
herds of African buffaloes (Syncerus caffer) in both the Hluhluwe-iMfolozi Park 
(HiP) (Jolles 2004) and the Kruger National Park (KNP) (Bengis et al. 1996). 
Nowadays the infection has been diagnosed in 14 different wildlife species, some 
of which develop serious clinical signs. While transmission occurs in most cases 
through spillover from buffalo, either by predation, scavenging or contaminated 
habitat, intra-species transmission is a possibility especially in lions and kudus, as 
described in more detail in chapter 2. Also addressed in the subsequent chapters 
are recent advances in our knowledge on the epidemiology, diagnosis and first 
attempts to control tuberculosis in wildlife.  
 

Mycobacterium bovis infection in humans  
Mycobacterium bovis can be transmitted to people by one of two major routes, 
either via the alimentary tract or through aerosol transmission during close 
contact with infected cattle. In recent decades human tuberculosis caused by M. 
bovis has become uncommon in developed countries as a consequence of the 
compulsory pasteurisation of milk and the large scale eradication of infected 
cattle herds during the second half of the 20th century. The rapid success in 
combating cattle tuberculosis was, however, not immediately paralleled by the 
disappearance of M. bovis cases in humans, especially in adults. Possible 
explanations include long latency periods in adult M. bovis infection and 
reactivation of previous foci of infection acquired before compulsory 
pasteurisation (Meissner & Schroeder 1974, Cotter et al. 1996). Although the 
source of M. bovis is almost exclusively of environmental or animal origin, a 
recent report from the UK of an outbreak in young, epidemiologically linked 
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patients suggests that person-to-person transmission is a possibility (Evans et al. 
2007).  
 
In developing countries the bovine tuberculosis status of cattle herds is 
monitored less frequently, if at all, and control measures are often minimal 
(Cosivi et al. 1998). In South and Southern Africa only limited testing of 
especially communal cattle herds is carried out. As a result, of the 1.7 million 
inhabitants of the magisterial districts adjacent to the KNP and HiP, an estimated 
165000 people live in close contact with livestock and on a daily basis consume 
unpasteurised milk and other products (Michel et al. 2003a). At the same time 
the HIV prevalence in this region is among the highest in Africa and the world 
and known to drive the tuberculosis epidemic in this part of the globe (UNAIDS 
2006). Once transmitted, M. bovis might be more likely to establish disease in 
immunocompromised people than in healthy individuals (Grange 2001). 
Tuberculosis in humans caused by M. bovis or M. tuberculosis is indistinguishable 
clinically, radiologically and pathologically and location of lesions depends on the 
route of infection (Moda et al. 1996, Wedlock et al. 2002). Although rare, M. 
bovis can cause disseminated infection in immunocompromised as well as 
immunocompetent patients (Albrecht et al. 1995, Schübel et al. 2006). The role 
of M. bovis in human tuberculosis is still unknown in the majority of countries in 
Africa, including South Africa, but it is more likely to occur where there is a high 
prevalence of M. bovis in the cattle population (Sjörgren & Sutherland 1975). Vice 
versa, human-to-cow transmission of M. bovis has been known for a long time in 
Europe and recently the possibility of two-way transmission between cattle and 
their owners has been suggested in Ethiopia (Schmiedel 1968, Regassa et al. 
2007). Molecular studies by Isabel et al. (2007) indicated that IS6110 
transpositions within the M. bovis genome might act as a driving force for 
adaptation of the organism from the animal to the human host. M. bovis 
infections in humans have also been confirmed in Nigeria and Tanzania (Cadmus 
et al. 2006, Cleaveland et al. 2007).  
 
 
Tuberculosis in animals caused by M. tuberculosis  
Animals with tuberculosis most often live in close contact with domestic animals 
or humans, with the highest prevalence rates occurring in zoological collections. 
It is therefore one of the most frequently recorded infectious diseases of captive 
wildlife (Griffith 1928). Although in some of the early reports no speciation of 
tubercle bacilli was mentioned, it is reasonable to conclude that outbreaks were 
equally often caused by M. tuberculosis and M. bovis (Griffith 1928, Kovalec 
1980) With improved test and control measures in the livestock as well as the 
captive wildlife populations the incidence of M. bovis decreased in zoological 
collections, while M. tuberculosis appeared to remain a reason for high concern in 
all countries where tuberculosis in humans continued to be of great public health 
concern . In South Africa, tuberculosis presently accounts for 80% of all notifiable 
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diseases in humans and the incidence rate ranges between 500 and 1500/100000 
inhabitants. The risk of spillover of M. tuberculosis from humans to animals is 
hence considered high wherever the conditions for transmission exist. A 
molecular study of the M. tuberculosis cases in the National Zoological Gardens of 
Pretoria over a period of eleven years indicated that the disease was more 
frequently transmitted from visitors than between animals of the same or 
different species (Michel et al. 2003b).  
 

Free-ranging wildlife is believed to be less prone to M. tuberculosis as compared 
to those in captivity (Griffith 1928). An increasing number of isolations has been 
made in South Africa in recent years, including meerkat and banded mongoose 
(Alexander et al. 2002), sable antelope, springbuck and bontebok (Michel, 2007). 
These observations may be an early indicator for an emerging negative impact of 
human activities and interactions at the interface with wildlife and require more 
in-depth investigation of particular settings. Although probably less likely, it is 
possible under certain circumstances that wildlife infected with M. tuberculosis 
can transmit the infection back to humans.  
 
M. tuberculosis is only occasionally found in domestic pigs where it causes 
caseous lesions in the parotid lymph nodes, detected during routine meat 
inspection (Fourie et al. 1950). Kleeberg & Nel (1969) reported a marked 
increase in lymphadenitis cases in slaughter pigs of which 6% were caused by 
the human tubercle bacillus. In contrast, during the years 1970 to 1985, close to 
20% of lymph node samples submitted to the Tuberculosis Laboratory of the 
then Veterinary Research Institute at Onderstepoort for mycobacterial culture 
from slaughter pigs in South Africa yielded M. tuberculosis, indicating the extent 
of the health problem in humans (Huchzermeyer, pers. comm.).  
 
Other examples of animals serving as sentinels for human tuberculosis were 
witnessed through the laboratory isolations at OVI and included fatal cases of M. 
tuberculosis infection in each of the following species: a privately owned parrot, a 
free-ranging baboon living in a farming area, a wild vervet monkey from an urban 
area and a pet marmoset monkey (Michel & Huchzermeyer 1998) as well as 
several antelope species kept under semi-free ranging conditions.  
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Chapter 1.3 

 

Aims and contents of the thesis 

There is a need to shift the focus of bovine tuberculosis control in South Africa 
from an exclusively livestock based and economically driven scheme to an 
integrated strategy, which takes into account the role of wildlife as a reservoir for 
the disease transmission to cattle but does at the same time not neglect the 
social and economic value of the wildlife itself. This is a new and complex 
concept for South Africa and in fact the world. Irrespective of the type of control 
strategy aspired by boards of zoological collections, game parks and national 
governments, it is imperative to have suitable and reliable tools available for the 
detection and diagnosis of bovine tuberculosis in both the domestic and wild 
maintenance hosts. A basic understanding of the risks to conservation of 
indigenous wildlife, human health in the wildlife/ livestock/human interface and 
the livestock industry - as well as the principles guiding the transmission of 
Mycobacterium bovis between domestic and free-ranging wild animals, and 
amongst free ranging wild animals - is key to implementing effective preventive 
measures especially in the livestock/wildlife interface around conservation areas. 
The studies described in the following chapters will contribute to the knowledge 
in the specific areas of epidemiology, diagnosis and vaccinology of bovine 
tuberculosis in wildlife with an ultimate benefit to the livestock economy and 
human health. 
Chapter 2 presents an overview on tuberculosis in both domestic and wild animal 
species. This is followed in Chapter 3 by results of epidemiological investigations 
in domestic and wild animal populations using molecular tools. In Chapter 4 
diagnostic methods, in the standard or modified format, are validated and 
compared regarding their value for use in wildlife and domestic cattle and 
Chapter 5 deals with the first steps in the direction of developing a vaccination 
approach as the ultimate control measure of bovine tuberculosis in wildlife. It 
describes the establishment of an infection model and an initial vaccination trial 
with BCG in buffaloes in the context of a mycobacteria rich environment.  
The main findings and their implications on the future control of bovine 
tuberculosis in South Africa are discussed in Chapter 6 with special reference to 
the challenges associated with this disease in a developing country.  
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Abstract 
Tuberculosis, caused by Mycobacterium bovis, was first diagnosed in African 
buffalo in South Africa’s Kruger National Park in 1990. Over the past 15 years the 
disease has spread northwards leaving only the most northern buffalo herds 
unaffected. Evidence suggests that ten other small and large mammalian species, 
including large predators are spillover hosts. Wildlife tuberculosis has also been 
diagnosed in several adjacent private game reserves and in the Hluhluwe-
iMmfolozi Park, the third largest game reserve in South Africa. 
The tuberculosis epidemic has a number of implications, for which the full effect 
of some might only be seen in the long term.  Potential negative long term 
effects on the population dynamics of certain social animal species and the direct 
threat for the survival of endangered species pose particular problems for wildlife 
conservationists. On the other hand, the risk of spillover infection to neighboring 
communal cattle raises concerns about human health at the wildlife-livestock-
human interface not only along the western boundary of Kruger National Park, 
but also with regards to the joint development of the Greater Limpopo 
Transfrontier Conservation Area (GLTFCA) with Zimbabwe and Mozambique. 
From an economic point of view, wildlife tuberculosis has resulted in national and 
international trade restrictions for affected species. The lack of diagnostic tools 
for most species and the absence of an effective vaccine make it currently 
impossible to contain and control this disease within an infected free-ranging 
ecosystem. Veterinary researchers and policy-makers have recognized the need 
to intensify research on this disease and the need to develop tools for control, 
initially targeting buffalo and lion.  
 
 
 

1. Introduction 
 
A number of reports of tuberculosis, caused by Mycobacterium bovis, in free-
ranging African wildlife during the 20th century illustrate the susceptibility of a 
wide range of free-ranging mammals to this disease which has been primarily 
recognized as a disease of livestock (Thorburn and Thomas, 1940; Francis, 1957; 
Guilbride et al., 1963; Gallagher et al., 1972). Some affected species including 
African buffalo in the Queen Elizabeth National Park in Uganda and Lechwe in 
Zambia’s Kafue National Park proved to act as maintenance host for M. bovis 
(Woodford, 1972; Krauss et al., 1984). 
In 1880, Hutcheon made the first reference of bovine tuberculosis, which is 
caused by infection with Mycobacterium bovis, in cattle in South Africa. It is most 
likely that the disease was introduced by imported European cattle breeds mainly 
during the 18th and 19th centuries. A potential link between tuberculosis in 
livestock and game was first suggested by Paine and Martinaglia in 1929 when 
they reported bovine tuberculosis in kudu and small ungulates in the Eastern 
Cape Province of South Africa. Subsequently, the increasing economic importance 
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of tuberculosis as a disease of cattle led to the implementation of a national 
bovine tuberculosis control and eradication scheme in South Africa in 1969 
(Huchzermeyer et al., 1994). Retrospective outbreak investigations suggested 
that the disease was transmitted to buffalo in Kruger National Park (KNP) from 
domestic cattle in the southeast corner of KNP between 1950 and 1960 (Kloeck, 
1998). The Crocodile River formed a natural barrier between KNP and the 
farmland to the south, but sightings of buffalo and cattle grazing in close 
proximity of one another were not uncommon. The presence of the disease was, 
however, only discovered in 1990. In 1992, the prevalence of bovine tuberculosis 
was estimated to be 0, 4.4 and 27.1% in the north, central and south zones, 
respectively. Spread of infection to lion, cheetah, kudu, leopard and chacma 
baboon became evident by 1995 (Keet et al., 1996, 2000). By 1998 the 
prevalence of bovine tuberculosis had increased significantly to 16 and 38.2% in 
the central and south zones, due to increases in both the average herd 
prevalence and the total number of herds infected with bovine tuberculosis 
(Rodwell et al., 2000). In the Hluhluwe-iMfolozi-Park (HiP), bovine tuberculosis  
was first diagnosed in buffalo in 1986 and spillover to lion, chacma baboon, 
bushpig and greater kudu was later documented. Bovine tuberculosis herd 
prevalence in HiP varies from <10 to > 40% (Jolles, 2004). In Table 1 all free-
ranging species diagnosed with BTB in HiP, KNP as well as adjacent reserves and 
farms are listed.  
 
Table 1. Wildlife species in which M. bovis infection has been confirmed to date 
in South Africa   

African buffalo (Syncerus caffer) 
Greater kudu   (Tragelaphus strepsiceros)    
Lion (Panthera leo) 
Eland (Taurotragus oryx) 
Warthog (Phacochoerus aethiopicus) 

   Bushpig  (Potamochoerus porcus) 
   Large spotted genet (Genetta tigrina) 
   Leopard  (Panthera pardus) 
   Spotted hyena (Crocuta crocuta) 
   Cheetah (Acinonyx jubatus) 
   Chacma baboon (Papio ursinus) 
   Impala  (Aepyceros melampus) 
   Honey badger (Mellivora capensis) 

 
 
2. Area descriptions 
 
2.1. Kruger National Park  
Kruger National Park with an area of 19,485 km2 is South Africa’s largest wildlife 
refuge and a critical biodiversity resource. The Park’s game population supports 
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147 mammal species, incl. approximately 27 000 African buffalo and 1700 lions. 
Bordering on Zimbabwe to the north and Mozambique to the east the KNP 
stretches 320 km from north to south and 65 km from east to west. More 
recently several private game reserves, situated on the western border, have 
been incorporated to form the Greater Kruger National Park Complex (GKNPC).  
 
 
2.2. Hluhluwe-iMmfolozi Park 
The Hluhluwe-Imfolozi Park (HiP) is situated in the province of Kwazulu/Natal and 
is South Africa’s third largest game reserve. It covers an area of almost 100 000 
ha. HiP has a buffalo population of approximately 3000 and is entirely surrounded 
by communal farm land.  
 
 
3. Implications of bovine tuberculosis 
 
3.1. Effect on wildlife populations 
African buffalo can act as maintenance host of M. bovis and propagate bovine 
tuberculosis in large ecosystems in the absence of cattle (de Vos et al., 2001). 
Their social behaviour provides favourable conditions for aerosol transmission of 
M. bovis to members of the same herd.  Buffalo herds in the Kruger National Park 
range in size from 50 to 1000 individuals with an average of roughly 250. In 
addition, males frequently disperse between herds via bachelor groups, while 
females and juveniles move to different herds via splinter groups (Halley et al., 
2002; Cross et al., 2005a).  Recent studies showed that these events may occur 
more frequently than previously thought, promoting the spatial spread of M. 
bovis (Cross et al., 2004, 2005a).  Cross et al. (2005b) described how drought 
conditions may favour spatial spread of the disease by prompting herds to 
explore new areas and mix with previously unassociated herds.   In HiP, buffalo 
bulls spent only a limited period, generally not exceeding 3–4 months, with 
breeding herds, but their M. bovis infection rates were higher than those of cows 
(Jolles, 2004).  
 
On examination of mortality rates and calf:cow ratios in both infected and non-
infected buffalo in HiP, Jolles et al. (2005) found that mortalities due to clinically 
advanced bovine tuberculosis occurred at an annual rate of 11%. Over time this 
is expected to shift the age distribution towards younger animals. On the other 
hand, bovine tuberculosis was found to reduce pregnancy rates in infected 
females which has an opposite effect on age distribution. As a result, bovine 
tuberculosis may have no overall affect upon the age structure of the buffalo 
population.  Due to the chronic nature of bovine tuberculosis and the long 
lifespan of African buffalo, it is not surprising that results from studies conducted 
earlier in the epidemic may differ from those conducted later, and some effects 
may only be detectable later in the epidemic.  Results from a cross-sectional 
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survey in 1998 by Rodwell et al. (2001) suggested that bovine tuberculosis may 
have no effect on buffalo fecundity, while data from HiP (Jolles, 2004) and a later 
study of known individuals from 2001-2005 suggest otherwise (Cross, 
unpublished data). 
 
Caron et al. (2003) found a compelling correlation between increasing bovine 
tuberculosis herd prevalence in buffalo and a decrease in overall body condition. 
The association was even stronger during the dry season when herds of higher 
prevalence lost condition faster than herds of low bovine tuberculosis  
prevalence. Weak, old and debilitated prey animals are more vulnerable to 
predation by lions and other large predators (Mills et al., 1995; Funston 1998).  
Hence buffalo worst affected by the disease are the most likely targeted during 
lion predation because they are easiest to kill (Caron et al., 2003).   
 
Since buffalo are considered to be one of four preferential prey species of lions 
(Mills, 1995), the frequent exposure of lions to large amounts of infectious 
buffalo tissue lead to a spatial spread of bovine tuberculosis within lion prides in 
areas where the BTB prevalence is high in buffalo (Keet, unpublished data). It is 
thus difficult to determine at present whether lions are a maintenance or spillover 
host. Although infection occurs predominantly via the oral route, sociality and 
intra-species aggression between lions are specific behaviour patterns that may 
facilitate and predispose to aerosol and percutaneous transmission. The role of 
these horizontal and possible of vertical transmission in perpetuating the infection 
cannot be excluded sufficiently. In a study comparing identified lion prides in the 
high buffalo TB prevalence zone, with a similar cohort in the low TB buffalo 
prevalence zone, disease effect parameters determined for buffalo were found to 
be true for infected lions. These include disease mortality, correlations between 
age and infection with bovine tuberculosis as well as between infection and body 
condition. Further and probably even more importantly, bovine tuberculosis was 
found to be driving social changes within prides which contributed to lower lion 
survival and breeding success (Keet, unpublished data). A faster territorial male 
coalition turnover was seen with consequent infanticide. The eviction of entire 
male and female prides from territories was also documented. This is in total 
contradiction with lion behaviour patterns described from elsewhere in Kruger 
and the rest of Africa. An abnormal sex ratio was seen – 2 males for every female 
(adults). It should be 1 male for every 2 females. The infected sub-population 
was significantly younger that the non-infected sub-population. The non-infected 
subpopulation lived significantly longer than the infected subpopulation, 
especially males. Cub survival was higher in the non-infected sub-population but 
birth rate was higher in the infected sub-population (Keet, unpublished data). 
Research conducted in South Africa and elsewhere shows that infected buffalo 
serve as source of direct infection to large predators and scavenging omnivores. 
A less obvious link in the transmission between the maintenance and spillover 
host not living in the same habitat, has been demonstrated in greater kudu 
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(Michel, 2002). The M. bovis genotype commonly found in KNP buffalo has been 
isolated from kudu, suggesting either faecal-oral transmission as discussed by 
previous authors (Thorburn and Thomas, 1940), or alternatively, infection could 
have been carried over by ingestion of contaminated browse or water.  More 
often a M. bovis strain genetically unrelated to the one characterized in buffalo, 
was associated exclusively with tuberculosis in KNP kudu, strongly indicating the 
maintenance host potential of this species. Cooper (unpublished data) concluded 
that a resident population of greater kudu were the most likely source of bovine 
tuberculosis infection in previously disease-free buffalo one year after they had 
been introduced into a Kwazulu/Natal game reserve.  
 
The source of re-current infections in solitary predators such as cheetah and 
leopard is only partially understood. We have numerous observations where 
cheetahs and leopards were scavenging and it has been confirmed that they 
were infected with the same M. bovis genotype as buffalo (Michel, unpublished 
data). A possibility remains that they contract bovine tuberculosis from a 
currently undiagnosed infection in a smaller antelope species. Other carnivores 
such as hyenas, as well as certain omnivores (baboons, warthogs and honey 
badgers) are considered to contract M. bovis through scavenging on bovine 
tuberculosis infected carcasses (Bengis, unpublished data). Greater kudu appear 
to be the only species which show distinct clinical signs of bovine tuberculosis 
characterised by bilateral abscessation of parotid lymph nodes, frequently 
accompanied by formation of draining fistulae (Keet et al., 2001).  
 
With the exception of greater kudu none of the infected species known to date 
has shown maintenance host potential. However, as bovine tuberculosis  
prevalence continues to increase there is also a greater risk of spillover to new 
vulnerable and rare species. 
 
 
3.2. The wildlife-livestock-human interface 
The farmland on the 390 km long western border of GKNPC is largely under 
communal land use. The livelihood of rural communities relies to a large extend 
on livestock farming. A game deterrent fence separates the two landscapes but 
despite great efforts and costs for its maintenance this man made barrier cannot 
guarantee the absolute separation of livestock from infected wildlife populations.  
Elephant activities or natural disasters such as the water floods experienced early 
in the year 2000, can cause damage to the fence, allowing buffalo to mingle with 
domestic cattle. On the other hand, fences cannot prevent the movement of wild 
animals in all cases, e.g. greater kudu and warthogs. Once contact between 
infected wild animals with livestock is established, the potential of M. bovis 
transmission to cattle exists, as demonstrated in New Zealand and Great Britain 
and North America (Cheeseman et al., 1989; Morris and Pfeiffer 1994).  
 



 24 

To date no evidence of BTB outbreaks in communal cattle herds was 
demonstrated, despite intensified monitoring of cattle health at the interface (du 
Plessis, pers. comm.). However, unlike in commercial productions, communal 
livestock and their products areas are largely excluded from veterinary and 
veterinary public health control measures (Michel et al., 2004). Infection of 
communal cattle with bovine tuberculosis could be detrimental to the livelihood of 
small scale farmers. The objectives of livestock keeping in rural areas of sub-
Saharan Africa, over and above that of food production, also include the 
generation of traditional wealth, social status and marriage dowries. As a result of 
this value system life expectancy of livestock is generally higher than on 
commercial farms, livestock are moved in exchange of goods or services and 
owners often live in close proximity with their animals. Bovine tuberculosis as a 
chronic and progressive disease manifests itself more often in older animals, 
under nutritional or productive stress. Taking this into account, people who are 
frequently exposed to either livestock infected with bovine tuberculosis or 
infected products such as unpasteurised milk, should be considered at risk of 
contracting zoonotic tuberculosis. This risk increases considerably in individuals 
with an immuno-suppression induced by HIV infection, as documented previously 
(Raviglione et al., 1995). A report published in South Africa in 2001 stated the 
overall HIV prevalence in this country at between 15% (total prevalence) and 
30% (age group 30–34 years) (Dorrington et al., 2001). At the end of 2003 an 
estimated 5.3 million South Africans were living with HIV. As a result of the HIV 
epidemic the crude incidence rate of human tuberculosis has not only increased 
drastically (Cosivi et al., 1998) but 50% or more of new cases of tuberculosis in 
South Africa can be ascribed to prior infection with HIV (Maartens, 2001). In 
Hlabisa Hospital, situated in rural Kwazulu/Natal close to the HiP, the number of 
African HIV-positive patients with tuberculosis increased from six in 1989 to 451 
as early as in 1993 (Walker et al., 2003). Although the role of zoonotic 
tuberculosis in humans has not been investigated in South Africa, the wildlife-
livestock-human interface as a risk factor should not be underestimated.  
 
 
3.3. Implications on conservation and trade 
The diagnosis of bovine tuberculosis in a game species has severe implications on 
the national and international trade in wildlife due to movement restrictions and 
results in revenue losses for both KNP and HiP. It may be argued that bovine 
tuberculosis has partially turned the KNP into a conservation island thereby not 
only jeopardizing conservation efforts in endangered species but also prohibiting 
the free exchange of genetic resources between conservation areas. 
 
 
3.4. Greater Limpopo Transfrontier Conservation Area (GLTFCA) 
In December 2002 an international treaty to establish the Greater Limpopo 
Transfrontier National Park (GLTNP) was signed, bringing the parks of Gaza in 
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Mozambique, Kruger National Park in South Africa and  Gonarezhou in Zimbabwe 
together under a joint management. The three countries also reached agreement 
on creating a transfrontier conservation area (TFCA) that encompasses the 
GLTNP and the intervening matrix of conservancies and wildlife ranches on 
freehold land, together with the communal farming areas. Covering an area of 
approximately 100 000 km2 the Greater Limpopo Transfrontier Concervation Area 
(GLTFCA) will be the second transfrontier park in southern Africa and one of the 
biggest conservation areas in the world.  The longer term plans for this vast area 
currently focus on the development of wildlife based tourism with freedom of 
movement for wildlife and tourists across international borders. Interactions 
between wildlife, livestock and humans living in the conservation area can be 
expected to increase drastically. The management of wildlife and livestock 
diseases such as bovine tuberculosis within the individual parks and the 
envisaged larger landscape has remained unresolved and presents a new 
challenge on approaches to disease control with an impact on existing disease 
control policies. Currently efforts are undertaken to gain information on 
geographical distribution and prevalence rates of bovine tuberculosis in domestic 
and wild species in the countries concerned. The need for an integrated, inter-
disciplinary approach on animal health issues including bovine tuberculosis has 
been identified in a framework document by the AHEAD Working Group (Osofsky 
et al., 2005). 
 
 
4. Progress 
 
4.1. Surveillance and monitoring 
In the absence of a management strategy policy for bovine tuberculosis in KNP 
buffalo, resources have been focussed on surveillance projects to determine the 
distribution and rate of spread of the disease. A progressive northward spread of 
bovine tuberculosis as well as an increase in disease prevalence have been 
documented. A monitoring project in buffalo in a dedicated study area in the 
medium prevalence zone revealed that the prevalence of bovine tuberculosis 
increased in this sub-population from 13% in 2001 to 25% in 2003.  For minimal 
invasiveness as well as ethical and ecological considerations both surveys in the 
low prevalence north zone were based on live sampling making use of the  
modified gamma interferon assay as described by Grobler et al. (2002). In 2000 
the infection had spread to an additional three herds. By 2003 a total of ten out 
of 29 buffalo herds in the northern region of KNP had a culture confirmed positive 
bovine tuberculosis status. Up to date the status of two further herds has 
remained suspect after positive interferon-gamma test results for one buffalo in 
either herd could not be confirmed (Hofmeyr, unpublished data). In 2004 the 
most northern case of bovine tuberculosis in buffalo was diagnosed 
approximately 40 km south of the Limpopo River, which forms the border 
between South Africa and Zimbabwe (Hofmeyr, unpublished data). 
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In Kwazulu/Natal a control programme for managing bovine tuberculosis in HiP 
was initiated in 1999 which is currently still ongoing. The programme is aimed at 
reducing buffalo herd prevalence below 10%, as well as reducing the risk of 
spillover into key species and to domestic livestock in areas surrounding the park. 
It is based on limited intervention in the form of mass capture of buffalo followed 
by tuberculin testing and removal of positive animals which appears to help 
reduce the prevalence of infection in individual herds (Cooper, unpublished data).  
To date a total of 4431 tests have been performed on buffalo identifying 850 
reactors. The programme was successful in reducing the prevalence in some 
buffalo herds from previously 10 – 20% to below 10%, and in high prevalence 
herds from approximately 55% in 2000/2001 to an estimated 20 – 30%. (Jolles & 
Cooper, unpublished data).  
 
Laboratory diagnosis of suspect cases of bovine tuberculosis in wildlife is essential 
for confirmation of infection and, in combination with molecular characterization 
of M. bovis, provides a powerful tool to assist in studying spatial, temporal and 
inter-species transmission of M. bovis. Restriction fragment length polymorphism 
has been used to track transmission from cattle to KNP buffalo, from buffalo to 
lion and other spillover species (Michel 2002). At present, results from the genetic 
analysis of M. bovis isolates from most of the infected species support the 
hypothesis that the bovine tuberculosis epidemic originated from a point source 
and subsequently spread through the park. In contrast, at least two 
epidemiologically unrelated M. bovis strains were found to circulate in HiP buffalo. 
The bovine tuberculosis epidemics in KNP and HiP were shown to be 
epidemiologically unrelated. Genotyping of M. bovis will become instrumental in 
the bovine tuberculosis control of the future transfrontier conservation area with 
Zimbabwe and Mozambique.   
 
 
4.2. Control 
Once bovine tuberculosis has established itself in a native, free-ranging 
maintenance host, eradication of the disease becomes highly unlikely. The choice 
of suitable control measures depends on the primary objectives for the particular 
ecosystem. KNP has an obligation to protect the species that host the pathogen. 
Although there is presently no evidence of a population level decline in the 
buffalo due to bovine tuberculosis (Whyte, 1998) various implications have to be 
considered which include the preservation of protected species, the minimization 
of risk of transmission to domestic cattle and a potentially devastating impact on 
population dynamics in other maintenance and spillover species. Vaccination is 
undisputedly the control measure of choice in achieving these objectives, but in 
the absence of an effective vaccine alternative strategies have to be decided 
upon. Currently bovine tuberculosis is managed in KNP with minimal interference, 
meaning that no active control efforts have been implementd, but surveillance,  
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monitoring and research activities are conducted to investigate the major 
epidemiological determinants (de Lisle et al., 2001). This strategy is likely to 
change following the recent classification of bovine tuberculosis as an alien 
species in the KNP ecosystem (SANParks, unpublished information). The broad 
objective of the policy on alien species is to minimize the impact on, and maintain 
the integrity of indigenous biodiversity.  Thresholds for potential concerns (TPCs) 
e.g. influence of the disease on biodiversity, the spatial and temporal impact of 
bovine tuberculosis on population dynamics, the animal and public health 
implications at the interface, etc. have been determined for bovine tuberculosis in 
buffalo and TPCs for other species, especially lions, are expected to be included 
over time. A monitoring programme has been proposed to determine whether 
and to what extend the thresholds have been reached or exceeded.  This 
monitoring programme is linked to objectives of the Southern Africa Working 
Group of AHEAD (Animal Health for the Environment and Development) 
(http://www.wcs-ahead.org) and the veterinary research objectives of the Peace 
Parks Foundation, both of which are concerned with the socio-political and socio-
economic aspects of this and other livestock diseases and the impact they may 
have at the wildlife-livestock-human interface in the (GTFCA).   
 
Vaccination remains the ultimate control measure for bovine tuberculosis in 
wildlife reservoirs. Despite the close relatedness between domestic cattle and 
African buffalo it is mandatory that the effectiveness of potential vaccine 
candidates can be demonstrated in buffalo. To determine adequate infectious 
challenge doses an infection model was developed in which a local M. bovis strain 
was used for intra-tonsillar infection of buffalo. Lesions induced were comparable 
in size, number and distribution to those found in naturally infected buffalo (de 
Klerk, unpublished data). The evaluation of BCG as a vaccine in African buffalo 
has recently commenced. Despite the fact that initial experiments did not yield 
statistically significant differences in the number of lesioned buffaloes between 
the groups of vaccinated and control animals, they have provided us with crucial 
insight instrumental to the design of subsequent trials.   
 
For monitoring and control purposes availability of reliable diagnostic tests for 
affected species is essential. Despite its many limitations in wildlife, the 
intradermal tuberculin test is currently used to diagnose bovine tuberculosis in 
buffalo and lions (Jolles et al., 2005; Keet, unpublished data). Following a slight 
modification the bovine gamma interferon assay has proved to be a valuable 
alternative to the tuberculin test (Grobler et al., 2002). A project has recently 
been initiated to explore the potential of this technique for bovine tuberculosis 
testing in rhinoceros and elephants (Morar, 2003). For many other animal 
species, however, there are no ante mortem tests available to date and the 
diagnosis of M. bovis infection relies on culture and histopathology.  
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5. Discussion 
 
Bovine tuberculosis is most well known as a disease of livestock and the role of 
wildlife reservoirs in its persistence has been recognized (Bengis et al., 1996; 
Schmitt et al., 2002). Countries’ approaches to address and resolve this problem 
are largely determined by economic and socio-political driving forces. In the case 
of New Zealand, where the wildlife reservoir is considered an alien species, 
culling as a management option for bovine tuberculosis does not warrant 
ecological or ethical concerns. In contrast, wildlife tuberculosis in South and 
Southern Africa may, in the medium to long term, threaten the viability of 
indigenous, protected and even endangered species in ecosystems such as the 
KNP and HiP. Although direct effects of bovine tuberculosis are difficult to detect 
and appear to be developing slowly at the species population level, research 
conducted in buffalo and lion has revealed distinct adverse effects of bovine 
tuberculosis on individual and sub-population level which cannot be ignored. 
Organisations with the responsibility to maintain biodiversity in these ecosystems 
have the obligation to protect species, regardless of or despite the fact that they 
may be hosts of bovine tuberculosis. Wildlife-based tourism and trade are 
important economic lifelines for South Africa and can be adversely affected by 
bovine tuberculosis. At the same time governments have an obligation to protect 
human health at the interface of humans, domestic livestock and wildlife. The 
significance of zoonotic tuberculosis in humans in southern Africa is currently 
unknown. In the light of the current HIV/AIDS burden, however, zoonotic 
tuberculosis should be considered a health risk factor in immuno-compromised 
people, since human tuberculosis is not only the commonest cause of HIV-related 
deaths but HIV infection is driving the tuberculosis epidemic in sub-Saharan 
Africa.  
 
Whatever the current limitations are in terms of resources, effective bovine 
tuberculosis control measures, scientific information, research tools, etc., the 
development of the GLTFCA requires an understanding of the complex systems 
influencing both human livelihoods and wildlife health across international 
borders.   
 
 
6. Further challenges 
 
The pioneer work of Anderson and May paved the way for the study of wildlife 
disease ecology. They pointed out that the parasite-host relationship was not 
simply the impact a parasite had on an individual, but formed an integral of those 
interactions at the population level and at the same time a dynamic process 
where parasites were flowing from one host to the next. The rate at which this 
took place was determined by host behaviour and abundance (Anderson and 
May, 1978). Nowadays, numerous workers apply these ideas to explore the 
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impact of diseases in naturally fluctuating wildlife populations, particularly in the 
context of conservation biology. Therefore, a major challenge is to link our 
understanding of individual level of infections to how disease flows through 
susceptible host populations and may possibly influence host dynamics. Due to its 
importance and its sustainability in the population, bovine tuberculosis in buffalo 
highlights some of the challenges posed by bovine tuberculosis in wildlife to 
ecologists and veterinarians. 
In order to understand the epidemiology of bovine tuberculosis in the buffalo 
population, a fundamental parameter is the R0 (‘R nought’), the basic 
reproductive number that defines a threshold (R0 > 1) for a pathogen to invade a 
population or the number of new infections arising from an infected individual. 
Obviously this parameter is linked to the density of the population allowing 
contact between susceptible and infected members (Hudson et al., 2002). In the 
buffalo population, the natural unit would be either a herd, or the number of 
individuals living in a defined geographical area.  
Contradicting the often-presented hypothesis that M. tuberculosis evolved from 
M. bovis, recent work suggests that the common ancestor of the tubercle bacilli 
resembled M. tuberculosis and could well already have been a human pathogen 
(Brosch et al., 2002). Domestication of bovidae, in turn, allowed the adaptation 
of M. bovis to cattle. This study re-enforces the hypothesis of a recent 
introduction of M. bovis in buffalo related to the introduction of bovine 
tuberculosis infected cattle in Africa some 200 years ago and subsequent contact 
with naïve buffalo, 40 years ago (Bengis et al., 1996). As a consequence there 
has been no co-evolution between M. bovis and its new host and thus there are 
numerous unknowns in the short natural history of bovine tuberculosis in buffalo. 
Therefore, the pathobiology of the infection in buffalo has to be studied in detail, 
particularly immune responses, in order to ascertain that assumptions we make, 
based on our knowledge of the infection in cattle, are valid for buffalo, too. 
Critical questions like transmission of the infection, induced pathology and 
conditions prevailing for overt disease (and hence shedding and infectivity) in 
buffalo have to be addressed. This can only be achieved by identifying the host 
immune responses that are likely to protect the host or conversely that are likely 
to promote invasion of the buffalo population by the newly introduced pathogen. 
Ecological immunology opens new avenues of research for invasion biology (Lee 
and Klasing, 2004):  how do buffalo cope with the shift from native, co-adapted 
pathogens to a preponderance of a novel challenge and how does this affect the 
potential of M. bovis to become invasive? Based on the temporal distribution 
pattern following the entry of bovine tuberculosis into KNP it was suggested in 
2000 that it could take another 30 years for the infection to reach the northern 
most point of KNP, but that due to a higher buffalo density the spread might 
occur faster (de Vos et al., 2001). In 2004, bovine tuberculosis was diagnosed in 
buffalo just 40 km form the northern boundary of KNP. Such a phenomenon 
cannot be explained by transposing our knowledge of the epidemiology of bovine 
tuberculosis in cattle to buffalo. Indeed, most (if not all) our recent knowledge of 
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the epidemiology of bovine tuberculosis in cattle has been acquired in the context 
of control or eradication programs (Phillips et al., 2003). The epidemiology of 
bovine tuberculosis in buffalo is in essence different: there has been no co-
evolution between the host and the newly introduced pathogen and no such 
control programs exist. Hence infection and disease are allowed to progress. 
Recent data suggest that bovine tuberculosis has invaded a vast proportion of the 
KNP buffalo population.  
It is generally accepted that tuberculosis in humans results from a single infection 
with a single M. tuberculosis strain. Such infections are thought to confer 
protective immunity against exogenous re-infection. These assumptions were 
recently challenged. Indeed, a South African study published in 2004, showed 
that patients with active tuberculosis often have different strains in the same 
sputum specimen. These results suggest that multiple infections are frequent, 
implying high re-infection rates and the absence of efficient protective immunity 
conferred by the initial infection (Warren et al., 2004).  
What is the potential role of multiple infections in bovine tuberculosis, particularly 
in buffalo in KNP where no control program exists and where the infection 
pressure is high? Is overt disease (and as a consequence, the shedding of M. 
bovis) a result of progressive disease following infection acquired early in life, 
possibly after reactivation, or could it be due to multiple infections? Is a shift of 
dominance of a Th1 towards a Th2 immune response associated with the 
progression of the disease as recently suggested for cattle (Welsh et al., 2005)? 
Answers to these questions are critical in order to better understand the 
epidemiology of bovine tuberculosis in buffalo. 
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Abstract 

The genetic diversity among South African Mycobacterium bovis isolates from 
cattle was determined by genetic fingerprinting. The restriction fragment length 
polymorphism (RFLP) markers IS6110 and polymorphic GC-rich sequence (PGRS)  
as well as spoligotyping and determination of variable number of tandem repeats 
(VNTR) were used to characterize sub samples of 91 M. bovis field isolates. PGRS 
RFLP was the single most discriminatory method and combinations of typing 
methods, which included IS6110 and/or PGRS had the highest discriminatory 
power, able to reveal 29 distinct genotypes among 35 farms with no 
epidemiological link. Three of the farms were co-infected with two genetically 
unrelated strains.  
In contrast to reports from European and also other colonised countries on the 
African continent our findings are suggestive of a high genetic diversity of M. 
bovis in South Africa’s cattle population, implying a variety of unrelated ancestor 
strains. Despite effective intervention through test-and slaughter campaigns no 
indication of a ‘founder effect’ was apparent in the panel of isolates derived from 
all infected provinces.  
 
 

Keywords:      Mycobacterium bovis, Cattle, RFLP, IS6110, PGRS, Spoligotyping, 
VNTR typing, Genetic diversity 

 

1. Introduction 
 

Bovine tuberculosis is believed to have been introduced into South Africa and 
possibly the sub region by European settlers (Hutcheon, 1880). In addition, cattle 
imports from Australia, Argentina and Madagascar in the early 20th century were 
reported to often include infected animals (Cousins et al., 2004). The introduction 
of a National Tuberculosis Scheme in 1969 resulted in the reduction of infected 
commercial cattle herds from 11.85% in 1971 to 0.39% in 1995, but ever since 
sporadic outbreaks continued to occur. Between 1993 and 2005 a total of 209 
outbreaks were reported, with a peak of 20 outbreaks in 2003 (Animal disease 
statistics, National Dept of Agriculture). Presently, the control of bovine 
tuberculosis is based on intradermal tuberculin testing and slaughter as well as 
on abattoir surveillance. Genetic typing of Mycobacterium bovis has contributed 
to a greatly improved knowledge of inter-bovine and interspecies transmission of 
bovine tuberculosis (Durr et al., 2000). This understanding is crucial to the 
effective management of bovine tuberculosis control schemes and the wildlife-
livestock interface in countries where wildlife reservoirs for M. bovis have been 
identified, including South Africa (Haddad et al., 2004, Skuce and Neill, 2001). In 
the absence of a ‘best’ technique, the most widely used DNA typing techniques 
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for M. bovis include IS6110 and PGRS restriction fragment length polymorphism 
(RFLP) typing, spoligotyping and variable number of tandem repeat (VNTR) 
typing (van Soolingen, 2001). In this study these techniques were used to 
conduct the first comparative genetic analysis of M. bovis isolates from South 
African cattle. We aimed at determining the genetic diversity of M. bovis among 
domestic cattle in South Africa using established typing methods with proven 
reproducibility in our setting.  
 

2. Material and methods 

 
2.1. Sample collection  
A total of 90 M. bovis isolates from 42 South African cattle herds in six provinces 
and one additional strain from Swaziland were used in this study. Thirty-nine 
isolates were derived from a field investigation in the year 2003 into a multiple 
farm outbreak assumed to involve 12 farms (Mpekwane et al., 2004). Fifty-two 
M. bovis isolates from 35 infected farms in all six provinces with known 
occurrence of bovine tuberculosis had been collected as a result of routine 
sample submissions by state veterinary officials between 1993 and 2000. This 
represents 23% of the 148 outbreaks reported in South Africa during this period. 
No selection took place but all viable M. bovis isolates available in the laboratory 
were used for a retrospective characterization study involving combinations of 
RFLP typing, spoligotyping and VNTR typing. It was postulated that the typing 
method or combination of methods distinguishing the highest number of known 
unrelated outbreak strains would be considered the most discriminative 
approach. To facilitate this interpretation within the epidemiological context, 
isolates were classified into the following panels and evaluated against their 
specific background: 
 
2.1.1. Isolates from epidemiologically related herds 
2.1.1.1. Isolates from the same herd  
Between two and four isolates were analysed from each of 15 farms (farms 3, 4, 
7-11, 19, 22, 25, 26, 36-39). In addition, 28 isolates from farm 40 were 
examined. 
 
2.1.1.2. Isolates from different but epidemiologically linked herds   
Several months after a dispersal sale of an infected cattle herd in the 
Mpumalanga Province a back tracing investigation by the veterinary field officials 
indicated the possible spread of M. bovis to 12 different farms in various districts, 
and another province. Following slaughter of tuberculin reactors M. bovis was 
isolated from 39 cattle from eight of the suspected farms (farms 36-43) (Fig. 1).  
 
An epidemiological link had also been suspected between two other farms. 
Bovine tuberculosis had been diagnosed on farm 26 which had introduced cattle 
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from farm 27 several months before. Subsequent skin testing confirmed the 
presence of bovine tuberculosis infection on farm 27.  
 
2.1.2. Isolates from epidemiologically unrelated herds 
Thirty-three of the 35 farms sampled between 1993 and 2000 were, to the best 
of our knowledge, epidemiologically unrelated. Farms 26 and 27 were linked to 
each other but not any other farm. The eight herds described under 2.1.1.2. 
were considered as one epidemiological unit and unrelated to the other 34 
unlinked herds. The total number of outbreaks considered unrelated was 35.  
 
2.2. Bacterial isolation 
All samples were processed in the Tuberculosis Laboratory of the ARC-
Onderstepoort Veterinary Institute for culture according to standard procedures 
(Bengis et al., 1996; Alexander et al., 2001). Pure subcultures from all M. bovis 
isolates on Löwenstein-Jensen medium containing pyruvate were routinely stored 
at -20ºC.  
 

2.3. DNA extraction 
DNA extraction from M. bovis isolates was accomplished from colonies of either 
fresh or revived subcultures on Löwenstein-Jensen medium with pyruvate. 
Following heat-inactivation at 80°C for 60 minutes, the colonies were scraped off 
and suspended in 5 ml of extraction buffer (50 g/l Mono Sodium Glutamic Acid; 
6.06 g/l Tris.HCl (pH 7.4); 9.3g/l EDTA) (R. Warren, personal communication), to 
which lysozyme (50 mg/ml) and RNAseA (10 mg/ml) were added. The 
suspensions were incubated for two hours at 37°C after which proteinase K at a 
final concentration of 0.5 mg/ml was added. After incubation at 45°C overnight 
phenol/chloroform extraction was performed. The final pellet was resuspended in 
40µl TE (1mM Tris.HCl (pH 7.6); 0.1 mM EDTA). 
 
2.4. Genetic typing 
2.4.1. IS6110  RFLP typing  
For IS6110 RFLP typing approximately 1.5 µg of mycobacterial DNA was digested 
overnight with 1.5 units of PvuII. Subsequently, the resulting fragments were 
separated by electrophoresis on a 0.8% agarose gel. DIG-labelled molecular 
weight size marker VII (Roche) was loaded in the first, middle and last lane of 
the gel. Southern blot transfer was performed as described by Skuce et al. 
(1994). IS6110-containing DNA fragments were detected through hybridization 
with the entire IS6110 sequence as a probe, according to the manufacturer’s 
instructions (Roche Molecular Biochemicals-The DIG System User’s Guide,1995).  
 

2.4.1.1. Analysis of IS6110 RFLP patterns 

The GelCompar II software (Applied Maths, Sint-Martens-Latem, Belgium) was 
used to determine the level of similarity between the IS6110 RFLP patterns by 
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using the similarity coefficient of Dice and the unweighted pair group method 
with arithmetic averages (UPGMA) for clustering maximum tolerance 1.2%). DIG-
labelled Molecular Weight Marker VII (Roche Diagnostics) was used as external 
marker for normalisation. Strains with a similarity coefficient of greater than 90% 
were considered identical provided they contained the same number of bands.  
 
2.4.2. PGRS RFLP typing  
For PGRS RFLP typing 1.5 µg of M. bovis DNA was digested with AluI and 
electrophoresis of DNA fragments was performed on a 1.2% agarose gel (Cousins 
et al., 1998 Southern blotting and detection after hybridization at 55°C with a 
DIG-labelled PGRS oligonucleotide probe (5’GTC GTC AGA CCC AAA ACC CCG 
AGA GGG GAC GGA AAC 3’) were performed according to the manufacturer’s 
instructions (Roche Diagnostics). Banding patterns were analyzed manually.  
 
2.4.3. Spoligotyping   
Spoligotyping was performed according to the protocol of Kamerbeek et al. 
(1997). With this method, the direct repeat region of the isolates was amplified 
by PCR, and the PCR products were hybridized to 43 oligonucleotides of known 
spacer sequences by reversed-line blot hybridization. Because one of the primers 
for PCR was biotin labelled, and hence the PCR product, the presence of spacers 
was detected after incubation with streptavidin-peroxidase and enhanced 
chemiluminescence detection (ECL Detection kit, Amersham Biosciences). The 
spoligopatterns were compared and assigned a M. bovis spoligotype number (SP 
number). The spoligopatterns were also compared to the international database 
on http://www.mbovis.org and new patterns were reported and assigned a 
unique SB code. 
 
2.4.4. VNTR typing 
VNTR typing was performed according to the method of Frothingham and 
Meeker-O’Connell (1998), at the Veterinary Laboratory Agencies Weybridge, 
United Kingdom. Primer pairs for ETR loci A to F were similar to those published 
previously (Frothingham Meeker-O’Connell (1998), except for the following minor 
changes: the ETR-B forward primer () had a GGTT extension and the ETR-B 
reverse primer () had a CTATA extension to improve annealing. The ETR-F 
forward and reverse primers were shortened by 3 and 4 bp respectively at the 5‘ 
side of the probes (ETR–B forward: 5’ GCGAACACCAGGACAGCATCATGGGTT3’, 
ETR-B reverse: 5’ GGCATGCCGGTGATCGAGTGGCTATA 3’, ETR-F forward: 5’ 
GGTGATGGT CCGGCCGGTCAC 3’ and ETR-F reverse 5’ 
GTGCTCGACAACGCCATGCC 3’). Each PCR reaction consisted of 10 µl of Qiagen 
Hotstar Mastermix (Qiagen), 0.5 µl of each of the primers for each locus (at 10 
pmol/µl for all primers except for ETR-A primers which were used at 20 pmol/µl) 
and 2 µl of heat-killed cell supernatant in a final volume of 20 µl. Following an 
initial denaturation at 94°C for 15 min each sample was subjected to 30 cycles of 
94°C for 30 s, 68°C for 60 s, and 72°C for 2 min. Followed by an extended 
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annealing temperature of 72°C for 10 min. Heat-killed cell supernatants of M. 
tuberculosis H37RV were used in each set of reactions as a positive control. PCR 
products were separated on an ABI 377 Sequencer, and analysed using ABI Prism 
Genescan software. The size of VNTR loci alleles were estimated by comparison 
to a ROX size standard (Applied Biosystems). The PCR products were compared 
to size standards and converted to repeat numbers at each loci using standard 
allele naming tables (ABI Genotyper software). 
The VNTR genotype of a strain, representing the number of repeat elements at 
each locus, is presented as a series of integers representing the A to F VNTR loci, 
respectively. The ETR-D locus contains a 24 bp deletion in one of the repeats and 
the naming convention indicates the presence of this deletion by a * i.e. 4* (= 
3x77 bp repeats and one 53 bp repeat). The ETR-F locus contains 79 bp tandem 
repeats and 55 bp tandem repeats. The naming convention indicates the number 
of 79 bp repeats followed by 55 bp repeats separated by a period. 
 

3. Results 

 
3.1. Identification of bacterial isolates 
 

All isolates from cattle tissues were identified as M. bovis by either confirming the 
biochemical characteristics of microaerophilic growth, lack of niacin production 
and nitratase reductase, and pyrazinamide resistance or alternatively by PCR 
amplification of targets specific for the M. tuberculosis complex and M. bovis in 
particular.  
 
3.2. Genetic typing 
 

IS6110 and PGRS RFLP analysis, spoligotyping and VNTR typing were applied to 
different subsamples of 92 M. bovis isolates. For most isolates typing procedures 
could not be synchronized but had to be performed partially on frozen and 
revived cultures. This is considered the most likely cause of failures to obtain 
sufficient DNA of good quality for typing. Complete analysis involving all four 
typing methods was carried out on 17 isolates from 12 farms, while only three or 
less typing methods could be applied to the remaining isolates. Results are 
summarized in Fig. 1.  
 
 
3.2.1. Isolates from epidemiologically related herds 
3.2.1.1. Isolates from the same herd  

Genetic typing rendered identical typing patterns for multiple isolates from the 
same farm in 15 of the 16 herds in this panel. With the exception of two farms 
this was true for all “same herd” isolates. Both in herd 3 and 7 one strain was 
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isolated which had a genotype that did not match with the genotype of the 
isolates of the herd mates, suggesting the co-existence of two M. bovis strains 
those herds. In the case of farm 3, the PGRS RFLP pattern as well as 
spoligotyping data of isolate 1725 differed from those of the other isolates from 
this farm. In case of farm 7, isolate 876 could be distinguished by an additional 
band in the IS6110 RFLP pattern, but not by spoligotyping nor VNTR typing 
(PGRS RFLP typing data lacked). In contrast, the only two isolates from farm 26 
(1228 and 1226) were found to be unrelated regarding both the PGRS and 
IS6110 RFLP patterns (similarity coefficient of 0.60). Unique DNA fingerprints 
remained unchanged for the period between samplings from the same herd, 
which was on average two years (see Fig. 1). 
 

 

Fig. 1. DNA fingerprinting results of 91 M. bovis isolates from cattle ordered by 
IS6110 RFLP similarity, followed by spoligopatterns. VNTR profile and PGRS RFLP 
types as well as farm identifications, provinces of origin, year of collection. 
 

 
  
* Data not available; MP: Mpumalanga Province, EC: Eastern Cape Province, GP: Gauteng 
Province, LP: Limpopo Province, KZN: Kwazulu/Natal Province and WC: Western Cape Province. 
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3.2.1.2. Isolates from different but epidemiologically linked herds  
The genetic relatedness of 39 isolates from eight infected herds, assumed to be 
linked through a dispersal sale of an infected cattle herd, was investigated. Initial 
IS6110 RFLP analysis grouped all samples in the genotype C1, which contains 
only two IS copies (Fig. 1, farms 36 to 43). In subsequent PGRS RFLP typing all 
isolates again displayed an identical PGRS banding pattern, hence supporting the 
outcome of the epidemiological field investigation of a common source of 
infection for all eight farms. 
 
Because of cattle movement from farm 27 to farm 26, an epidemiological link 
was also suspected between these two farms. Indeed, the PGRS and IS6110 
RFLP patterns of one of the isolates from farm 26 (isolate 1228) were identical to 
those of the isolate of farm 27 (isolate 1302), confirming the epidemiological link 
(Fig. 1). 
  

3.2.2. Genetic profiles among epidemiologically unrelated M. bovis 
isolates 
M. bovis strains isolated from herds with no known link are assumed to be 
genetically different. This section therefore served to evaluate the results for the 
various typing methods against this hypothesis. The study identified 29 
genetically distinct M. bovis strains among 35 herds with no known 
epidemiological link (Table 1). The highest level of discrimination was achieved 
when RFLP typing with IS6110 and/or PGRS was used. 
 
 
3.3. IS6110 RFLP 
Among the 49 M. bovis isolates from 34 unrelated farms subjected to IS6110 
RFLP analysis, 16 distinct banding patterns were identified. These patterns 
comprised four to ten bands, which, due to the use of the entire sequence of 
IS6110 probe, as described previously (Skuce et al., 1994), relates to two to five 
copies of IS6110. Unique IS6110 RFLP types, not shared with any other herd, 
were found for ten infected farms (C4-C7, C9-C11, C13, C15, and C16), four 
IS6110 RFLP types (C3, C8, C12, C14) were shared between two or three farms, 
and two patterns, both resembling M. bovis strains with two copies of IS6110, 
were found in ten and six unrelated outbreaks, respectively (C1 and C2) (Fig. 1).  
 

3.4. PGRS RFLP 

PGRS RFLP typing was only applied to 25 isolates from 16 unrelated farms which 
yielded a total of 18 unique patterns (Fig. 1 and Table 1). All PGRS types were 
unique and were not found in more than one epidemiologically unlinked herd. 
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Among the isolates of two farms (farms 3 and 26), two distinct PGRS RFLP types 
were observed. 
 
Table 1. Comparison of the discriminatory power of different genetic markers 
used individually and in combination to characterize M. bovis isolates from 
epidemiologically unrelated farms 

 

Typing method(s) used in parallel 
 

Number of 
unrelated outbreaks 
(isolates) analysed 

 

No. of genotypes 
identified  

IS6110 + PGRS + Spoligotyping + 
VNTR 

11 (17) 12 

IS6110 + PGRS + Spoligotyping 14 (22) 15 

PGRS + Spoligotyping + VNTR 11 (18) 12 

IS6110 + Spoligotyping + VNTR 23 (39) 21 

IS6110 + PGRS + VNTR 11 (17) 12 

Spoligotyping + PGRS 14 (23) 16 

Spoligotyping + VNTR 25(41) 15 

IS6110 + Spoligotyping  30 (45) 24 

IS6110 +PGRS 16 (24) 17 

IS6110 + VNTR 24 (39) 21 

IS6110  34 (49) 16 

VNTR  26 (42) 13 

PGRS  16 (5) 18 

Spoligotyping  33 (50) 12 
Total (IS6110 and/or PGRS and/or 
Spoligotyping and/or VNTR) 

35 (53)a 29 
aOne isolate from the multiple farm outbreak (2.1.1.2.) was included in the analysis 
 
 

3.5. Spoligotyping 

Spoligotyping was performed on 50 isolates from 33 farms resulting in the 
identification of 12 spoligotypes, all of which lacked spacers 3, 9, 16, and 40–43 
(Fig. 1). Seven types were each associated with several unrelated herds (SP1, 
SP3, SP4, SP7-SP9, SP12), while four spoligotypes were each associated with one 
outbreak only (SP5, SP6, SP10, SP11). Spoligotype SP8 was found along with 
SP12 on the same farm (farm 3) (see also Section 2.1).  
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Two of the 12 spoligopatterns identified (SP7 and SP11) had not been reported in 
the international M. bovis database before and were assigned the SB codes 1163 
and 1164 (Table 2). 
 
3.6. VNTR typing 
VNTR typing was performed on 43 isolates resulting in 13 distinct patterns 
relating to 26 epidemiologically unrelated outbreaks (Table 1). As a result, seven 
farms revealed unique VNTR types (V2, V4, V8, V9, and V11–V13) while other 
types were shared by between two and five farms. Further discrimination of the 
more common patterns was possible if either PGRS RFLP patterns were available 
(V3, V10), or if IS6110 banding patterns comprised at least six bands (V3, V5, 
and V6). For VNTR types V1 and V7, both detected in two herds, no further 
discrimination was possible due to a lack of PGRS data and corresponding low 
copy number IS6110 patterns. With the exception of VNTR types V3 and V5, 
VNTR typing revealed superior or equal differentiation between strains compared 
to spoligotyping.  
 
 
Table 2: M. bovis spoligotype and VNTR patterns frequencies among isolates in 
35 unrelated cattle herds 
 

Spoligotype Frequency  SB codea VNTR Frequency SP/VNTR Frequency 
SP1 3 SB0121 V1 2 SP4/V5 4 
SP2 7 SB0131 V2 1 SP2/V6 3 
SP3 2 SB0267 V3 4 SP7/V1 2 
SP4 5 SB0130 V4 1 SP9/V3 3 
SP5 1 SB0163 V5 5 SP8/V10 2 
SP6 1 SB0134 V6 3 SP1/V3 2 
SP7 2 SB1163 V7 2 SP2/V4 1 
SP8 5 SB0140 V8 1 SP2/V7 2 
SP9 3 SB0265 V9 1 SP8/V11 1 
SP10 1 SB0678 V10 2 SP9/V12 1 
SP11 1 SB1164 V11 1 SP3/V13 1 
SP12 2 BCG V12 1 SP11/V2 1 
* * * V13 1 SP5/V5 1 
* * * * * SP6/V8 1 

a http://www.mbovis.org 
* End of table 
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4. Discussion 
 

The present study is the first to investigate DNA polymorphism among M. bovis 
isolates from cattle in South Africa. Four of the most commonly used genetic 
markers (IS6110 RFLP, PGRS RFLP, spoligotyping and VNTR typing) provided 
high levels of both, reproducibility and genetic diversity in our setting.  Although 
the study did not permit a true comparative evaluation of the methods due to 
incomplete typing data for several of the isolates, we are of the opinion that the 
study allows first conclusions regarding the genetic diversity among South African 
M. bovis isolates.  
 
We found IS6110 RFLP to be highly discriminatory for all M. bovis strains which 
contained more than three copies of the IS sequence. However, 44% of the 
outbreaks examined in this study were caused by a strain comprising only two 
copies of IS6110 (C1 or C2), hence limiting the value of this probe. PGRS RFLP 
was the single most discriminatory method as it was able to distinguish between 
all 16 epidemiologically unrelated outbreaks subjected to this method. 
Furthermore two of the outbreaks (farms 3 and 26) were found to be associated 
with two genetically different M. bovis strains, bringing the total of PGRS types 
identified to 18. Previous investigators reported a similar superior performance of 
PGRS (Cousins et al., 1998; van Soolingen et al., 1994). The technically much 
less demanding spoligotyping provided the lowest level of differentiation between 
strains in our study. It was possible to increase the level of discrimination of 
spoligotyping by second stage IS6110 RFLP, PGRS RFLP or VNTR typing, as 
suggested previously for M. tuberculosis isolates with low copy numbers of 
IS6110 (Rasolofo-Razanamparany et al., 2001). Both the IS6110 and PGRS RFLP 
typing methods confirmed transmission of infection between farms 26 and 27 as 
well as the co-infection of farm 26 with two genetically distinct M. bovis strains.  
VNTR typing appeared to be less discriminatory than PGRS and IS6110 RFLP 
typing in our study but comparable to spoligotyping. However, certain 
spoligotypes and IS6110 RFLP types with three or less insertion elements could 
be subdivided by VNTR typing. In conclusion, the current VNTR typing protocol 
can provide a valuable first stage screening tool as recently suggested for M. 
tuberculosis strains (Kremer et al., 2005b). Strains with different VNTR patterns 
will most likely represent genetically distinct strains, but strains with the same 
VNTR type should be sub-typed with IS6110 RFLP typing or even PGRS RFLP 
typing to determine whether they represent the same clone or not. Alternatively, 
the resolution of VNTR typing can be increased by the number and configuration 
of loci most appropriate for the locally prevalent strains. 
 
Three of the herds examined were found to be co-infected with two distinct 
genotypes (3, 7 and 26) as demonstrated by various of the typing methods 
employed. Multi-genotype infections may not be a rare event, especially in 
countries where bovine tuberculosis occurs at a prevalence of >1% (Serraino et 
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al., 1999). Costello et al. found that 10% of cattle herds examined in Ireland 
harboured more than one strain (Costello et al., 1999). We were unable to 
reliably estimate the percentage of herds with multiple strain involvement due to 
the small number of outbreaks analysed with all four markers. However, the fact 
that such events were detected in the small sample analyzed in this study may 
either suggest a relatively high frequency of outbreaks with multiple sources of 
infection probably due to purchase of infected animals (Skuce et al., 1994, Neill 
et al., 1994) or, alternatively, persistence and evolution of “old” M. bovis strains 
within the country’s cattle population (Milian-Suazo et al., 2002). Both scenarios 
appear plausible in the South African context. Despite an initial sharp decline in 
the bovine tuberculosis herd prevalence to below 0.4%, the disease was never 
eradicated from the country but continued to occur and more recently the spread 
of the disease to all nine provinces of South Africa has been confirmed (Michel, 
unpublished data).  
The genetic diversity detected among the M. bovis isolates in this study appears 
to be high compared to studies conducted in European countries where test-and-
slaughter is enforced more strictly. Genotyping of 233 M. bovis isolates from 
cattle in Ireland yielded 17 spoligotypes (Costello et al., 1999), Skuce et al. 
(2005) found 14 spoligotypes among 461 isolates of M. bovis in Northern Ireland 
and spoligotyping of 1349 M. bovis isolates in France identified 161 spoligotypes 
(Haddad et al., 2001). It has recently been reported that clonal expansion 
following a bovine population bottleneck is a major determinant of the reduced 
strain diversity of M. bovis in Great Britain (Smith et al., 2006). In the central 
African region the degree of heterogeneity appears to be low despite the absence 
of eradication programmes. Possible explanations are limited cattle imports from 
Europe and fairly recent introduction of the disease, (Njanpop-Lafourcade et al., 
2001; Cadmus et al., 2006; Diguimbaye-Djaibé et al., 2006). The findings of our 
study do not fit any of these epidemiological scenarios for South Africa. During 
colonial times and into the 20th century cattle imports from different European 
countries and other continents were responsible for multiple introductions of M. 
bovis and most probably a high strain heterogeneity. On the other hand, the 
rinderpest pandemic, killing 66% of South African cattle (Rossiter, 2004), as well 
as an effective ‘test-and-slaughter’ scheme should be considered powerful 
population and diversity reducing factors, commonly facilitating. a founder effect 
characterised by the establishment of a successful genotype in a geographical 
region (Smith et al., 2006). Our study did not present any indicators of such an 
effect and it may be speculated that many genotypes were only introduced in the 
20th century and that incomplete eradication of outbreaks during test-and 
slaughter’ campaigns may have allowed survival of ‘old’ strains. In addition, it 
cannot be ruled out that undetected spillover of strains into wildlife occurred at 
the wildlife/livestock interface, possibly re-infecting cattle at a later stage. 
 
In conclusion, the data obtained in this retrospective study show that IS6110 and 
PGRS RFLP represented powerful markers in revealing a high genetic diversity 
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among cattle strains in South Africa, where the overall bovine tuberculosis 
prevalence is low compared to countries with a more limited strain diversity.  
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Abstract 
 
Bovine tuberculosis is endemic in African buffalo and a number of other wildlife 
species in the Kruger National Park (KNP) and Hluhluwe-iMfolozi Park (HiP) in 
South Africa. It was thought that the infection had been introduced into the KNP 
ecosystem through direct contact between cattle and buffalo, a hypothesis which 
was confirmed in this study by IS6110 and PGRS restriction fragment length 
polymorphism (RFLP) typing.  The molecular characterisation of 189 M. bovis 
isolates from nine wildlife species in the HiP, including three smaller associated 
parks, and the Kruger National Park with adjacent areas showed that the 
respective epidemics were each caused by an infiltration of a single M. bovis 
genotype. The two M. bovis strains had different genetic profiles, demonstrated 
by hybridisation with the IS6110 and PGRS RFLP probes, as well as with regard 
to evidence of evolutionary changes to the IS profile. While the M. bovis type in 
HiP was transmitted between buffaloes and to at least baboon, bushpig and lion 
without obvious genetic changes to the RFLP patterns, in the KNP a dominant 
strain was represented in 73% of the M. bovis isolates, whilst the remaining 27% 
were variants of this strain. No species-specific variants were observed, except 
for one IS6110 type which was found only in a group of five epidemiologically 
related greater kudu. This finding was attributed to species-specific behaviour 
patterns rather than an advanced host-pathogen interaction.   
 

Keywords:  M. bovis, wildlife, molecular epidemiology, IS6110 RFLP   
 
 
Introduction 
 

Although tuberculosis caused by Mycobacterium bovis is known mainly as an 
economically important disease of cattle, it can affect a wide range of domestic 
and wild animal species. In South Africa, M. bovis infection in antelope species 
was first diagnosed in the Eastern Cape in 1928 as it occurred frequently on large 
commercial farms under semi-free ranging conditions where bovine tuberculosis 
was rife in cattle (Paine & Martinaglia 1929, Thorburn & Thomas 1940).  
 
In 1986 and 1990 bovine tuberculosis (BTB) was first diagnosed in African buffalo 
(Syncerus caffer) in two of South Africa’s largest free-ranging conservation areas, 
the Hluhluwe-iMfolozi Park (HiP) and Kruger National Park (KNP) (Bengis et al., 
1996, Michel et al., 2006). Although the disease was detected in both reserves 
within a few years of each other, there was no known epidemiological link 
between the two epidemics. HiP and other game reserves in Kwazulu-Natal are 
entirely surrounded by communal land where livestock farming provides a 
sustainable income to local farming communities. The bovine tuberculosis status 
of communal cattle is largely unknown due to the practical constraints associated 



 53 

with the mustering of cattle for the skin test. Therefore, their involvement in the 
disease epidemic in HiP and other smaller reserves is considered highly likely.  
 
In the case of the bovine tuberculosis outbreak in KNP, local veterinary 
authorities expressed the opinion that the disease most probably entered the KNP 
ecosystem during the 1950’s – 1960’s through infected cattle mingling with 
buffalo. High infection rates had been found previously in several commercial 
cattle herds in the vicinity of the southern part of KNP. At the time the southern 
boundary of KNP was not fully fenced and intermingling of cattle and buffalo was 
frequently observed along the Crocodile River. On one particular farm, bovine 
tuberculosis was repeatedly diagnosed between 1958 and 1993, even after 
depopulation (Kloeck 1998).  

 

 Following the discovery of bovine tuberculosis in the KNP, extensive surveys 
including 1974 buffaloes were conducted between 1991 and 1993 (de Vos et al., 
2001) which revealed that some animals in virtually all buffalo herds south of the 
Sabie River (southern region) were infected with bovine tuberculosis (BTB). 
Additional surveys were carried out in 1996 as well as in 1998 (Rodwell et al., 
2001). During the latter, a stratified, two-stage cluster sampling was used 
(Thrusfield, 1995). It was shown that the disease had spread in a northern 
direction, such that the incidence of BTB in the southern region had possibly 
attained a prevalence of over 90% in some individual buffalo herds (de Vos et al., 
2001). Between the Sabie and the Olifants rivers (central region) the incidence 
increased from 4% to 16% while the initially BTB free area north of the Olifants 
River showed infection in only one herd, resulting in an overall prevalence of 
1.5% in 1998.  

 
With the increasing M. bovis infection rate in the  buffalo population, the infection 
spilled over into other wildlife species and was first reported in lion (Panthera 
leo), baboon (Papio ursinus) and cheetah (Acinonyx jubatus) in the KNP in 1995 
(Keet et al., 1996). In subsequent years, transmission of M. bovis to an additional 
seven wildlife species including predators, herbivores and omnivores was 
demonstrated (Keet et al., 2000, Keet et al., 2001, Michel et al., 2006). 
 
The spatial spread of bovine tuberculosis within and between species in the KNP 
was mainly northwards but occurred also outwards into neighbouring private 
game reserves as wildlife can move freely between the parks belonging to the 
greater KNP complex (GKNPC) (de Vos et al., 2001). Wildlife also occurs 
abundantly in the farming areas south of the KNP and cases of BTB had been 
encountered in these areas in warthog (Phacochoerus aethiopicus) and greater 
kudu (Tragelaphus strepsiceros) as well as in domestic cattle (Michel. 
unpublished data, du Plessis, pers. comm.).  
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It was reported by de Vos et al. (2001) and Michel (2002) that most of the M. 
bovis genotypes seen in isolates from the buffalo were identical, and that variants 
were >70% homologous to this genotype. In this initial study, only one 
genotyping probe (IS6110) was used for analysis, and since M. bovis has few 
IS6110 copies, the analysis is indicative of a single introduction event of M. bovis, 
but it was not possible to show unequivocally whether the BTB epidemic was the 
result of a single introduction event into the KNP, or whether a number of events 
had taken place.  

In this paper we report on an integrated approach of genotyping and spatial 
analysis to study the BTB epidemic in the KNP by characterising M. bovis isolates 
from wild animals and comparing them with those recently characterised from 
domestic cattle (Michel et al., 2008) in South Africa. We show that we can use 
molecular epidemiological techniques to establish the extent of M. bovis strain 
diversity in isolates collected in the KNP and HiP, including associated game 
parks. From this data, we recreate a putative evolutionary history of these M. 
bovis isolates, thereby providing evidence that the present BTB epidemics in KNP 
and HiP have been caused by two different progenitor strains. 

 

 

Materials and Methods 
 
Animals and tissue samples 

Kwazulu-Natal Parks 
Twenty-eight tissue samples had been collected during bovine tuberculosis 
surveys from tuberculin skin test and/or interferon gamma test positive buffaloes 
(Table 1) in the Spioenkop Nature Reserve (SP; n=2), in western Kwazulu-Natal 
and the Hluhluwe-iMfolozi Park (HiP; n=14), Munyawana Game Reserve (MGR; 
n=6) and Eastern Shores of Lake St Lucia (at present part of the iSimangaliso 
Wetland Park) (ESL; n=6) in northern Kwazulu-Natal. All samples were collected 
between 1992 and 2000. Buffalo populations in the latter two parks originated 
from HiP and were translocated in 1977 and 1997 – 2000, respectively. Four 
additional samples were collected during ad hoc post mortem examinations of 
one bushpig (Potamochoerus larvatus) and one baboon  from HiP , one lion from 
MGR (TB 1199) and one lion (TB 613) which was translocated from HiP to the 
National Zoological Gardens in Pretoria (NZG) where it succumbed to tuberculosis 
and was euthanased. The last sample originated from a buffalo that was moved 
from HiP to a reserve in the Northern Cape province, where it was destroyed 
after both the tuberculin test and interferon gamma tests showed positive test 
results. 
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Greater Kruger National Park Complex 
Standard sets of tissue samples from the head, thoracic and mediastinal lymph 
nodes and, where applicable, lesions from any other affected tissues were 
collected as described by Bengis et al. (1996). A total of 122 animals in KNP, 17 
in two private reserves within the GKNPC and adjacent to the western boundary 
of the central region of KNP and 17 animals on four properties neighbouring the 
southern region were sampled as listed in Table 1. The majority of buffalo were 
sampled during BTB surveys while other species were subject to passive 
surveillance only and tissue samples were collected at ad hoc post mortem 
examinations. All samples examined were collected between 1994 and 2003.  
 

Bacteriology and genetic characterisation of M. bovis isolates 

Tissue samples were processed and cultured, followed by species identification, 
as reported by Bengis et al. (1996) and Alexander et al. (2002). M. bovis isolates 
were genetically characterised using standard IS6110 and PGRS RFLP methods as 
well as described previously (Michel et al., 2008). Spoligotyping was performed 
according to the method of Kamerbeek et al. (1997). Forty-two of the M. bovis 
isolates were additionally genotyped in the research laboratory at the 
Stellenbosch University for quality control purposes, using alternative methods 
(Warren et al., 1996).  
 
 
Table 1. Summary of wildlife species and numbers of samples analysed from 
KwaZulu-Natal parks (KZN) and the Greater Kruger National Park Complex 
(GKNPC) 

KZN GKNPC Total Species
  

HiP MGR ESL SP KNP properties 
west 

properties 
south 

 

Buffalo 15 6 6 2 82 5 14 130 
Lion 1 1   22 5  29 
Kudu     7 2 1 10 
Baboon 1    8  1 10 
Leopard     2 1  3 
Cheetah     1 1  2 
Hyena      3  3 
Warthog       1 1 
Bushpig 1       1 

 
Total 

 
18 

 
7 

 
6 

 
2 

 
122 

 
17 

 
17 

 
189 

 
HiP = Hluhluwe iMfolozi Park, KNP =  Kruger National Park, MGR = Munyawane Game Reserve, 
ESL = Eastern Shores of Lake St. Lucia, SP = Spioenkop Nature Reserve  
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Data analysis 
IS6110 profiles were analysed using computer assisted (GelCompar II) 
comparative analysis using the UPGMA (unweighted pair group method with 
arithmetic mean), Dice coefficient (Hermans et al., 1995) and 1.2% optimisation. 
The blots probed by MTB484 (Felsenstein 1985) and PGRS were visually analyzed 
by two independent persons (Warren et al., 2001). Spoligotype patterns were 
assigned SB numbers after comparison with the international database of 
spoligotype patterns of M. bovis strains (www.mbovis.org). 
 
 
Genetic relationship analysis  
The evolutionary state(s) for the IS6110 and MTB484 (Felsenstein 1985) RFLP 
data of 42 M. bovis isolates (Fig. 4) were assigned according to the presence 
(indicated by “1”) or the absence (indicated by “0”) of a hybridizing band.  The 
complete set of evolutionary states were subjected to phylogenetic analysis using 
the neighbour joining algorithm (PAUP 4.0*; Phylogenetic Analysis Using 
Parsimony (*Other Methods) Version 4b10. Sinauer Associates, Sunderland, 
Massachusetts).  Bootstrapping was performed to establish a degree of statistical 
support for nodes within each phylogenetic reconstruction (Felsenstein 1985).  A 
consensus tree was generated using the program contree (PAUP 4.0*) in 
combination with the majority rule formula.  The resulting trees were rooted to 
isolate TB 1067 because this genotype represents the most ancestral IS6110 
fingerprint. It has been suggested by Dale et al. (2003) that the original IS6110 
inserted into the DR region giving rise to a single copy strain and thereafter 
evolved to have either more than one copy of IS6110 or lost the original IS6110. 
In the absence of genotypic data on an unrelated mycobacterial strain we have 
accepted this strain as an outgroup. Only branches which occurred in > 50 % of 
the bootstrap trees were included in the final tree and all branches with a zero 
branch length were collapsed.  
 
 
Results 
 

A combination of three genetic markers, IS6110 RFLP, PGRS RFLP and 
spoligotyping was used to characterise and compare 189 M. bovis isolates from 
wildlife in Kwazulu-Natal game reserves and the GKNPC. Figures 1, 2 and 3 
illustrate the typing patterns which were representative of the strains found in 
each of the game reserves for these markers. Figure 4 shows an evolutionary 
tree of selected M. bovis isolates from the two major ecosystems. Overall the 
phylogenetic analysis based on IS-3’ RFLP showed that most of the isolates 
(including M. bovis BCG) shared a common IS6110 insertion identified by a DNA 
fragment at approximately 1900 base pairs (bp), which is indicative of the 
ancestral insertion in the direct repeat (DR) region (data not shown). It was also 
shown that a number of the isolates shared a second common IS6110 insertion, 
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suggestive of a subsequent replicative transposition event. In addition, some of 
these isolates have acquired additional IS6110 insertions (up to 5 in total), most 
likely through replicative transposition. The IS-5’ RFLP data (data not shown) 
confirmed the conclusions made from the IS-3’ RFLP data and provided additional 
support for the sequential acquisition of IS6110 elements by transposition.  
 
For maximum sensitivity of the culture method multiple tissues were cultured per 
animal wherever possible and isolation of M. bovis from more than one lymph 
node or lesion per animal was not uncommon (data not shown). A comparison of 
IS6110 fingerprints between ‘same animal isolates’ was carried out for ten 
animals: viz. six buffaloes, three lions and one hyena (Crocuta crocuta). In nine 
cases the comparison yielded identical IS6110 RFLP patterns, while one buffalo 
generated two different IS6110 types, a strain of the C8 type (the most common 
type found in this study and also in a previous study, where it was designated C8 
(Michel et al., 2008) was isolated from the pool of lymph nodes (TB 1865B).  
From the pool of head lymph nodes of the thoracis cavity a strain (TB 1865A) 
was isolated that was similar to TB 1865B, but differing by the addition of one 
band. These genotype variants that were different from, but similar to the 
previously observed C8 type are referred to C8v in this study (Fig. 1 & Fig. 5).  
 
The banding patterns observed in PGRS RFLP analysis also clearly identified two 
major groups (eight isolates shown in Fig 3). One group comprised the isolates 
from KZN with one IS6110 insertion, while the second group comprised isolates 
which originated from the GKNPC and which had more than one IS6110 insertion. 
Spoligotyping divided the isolates into the same two groups, yielding one 
spoligotype (SP4/SB0130) among isolates analysed from HiP and one spoligotype 
(SP1/SB0121) among KNP isolates (Fig. 2).  In summary, the genotypic variation 
seen between these two groups (KZN and KNP) demonstrated that they are 
distinct. However, the genotypic relatedness observed within the second (KNP) 
group confirmed that these isolates share a common progenitor and have 
evolved by acquiring additional IS6110 insertions.  

 

Kwazulu-Natal Parks 
RFLP typing using IS6110 as a probe generated three distinct IS6110 profiles 
among the 33 M. bovis isolates from the four parks. All isolates from HiP 
produced the same banding pattern, which comprised two copies of the insertion 
sequence. This fingerprint was described previously in cattle and designated C2 
(Michel et al., 2008).  All isolates from ESL and MGR (total n=13) showed the 
same banding pattern. The two isolates from buffaloes in the SP reserve were 
identical to each other but different from C2. They represented a single 
evolutionary variant with a number of genotype changes (TB1531 & TB 1532) 
whereby the 3’ insertion of IS6110 was identical to the other KZN parks isolates, 
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but the 5’ insertion was shifted. When hybridised with the PGRS oligonucleotide 
probe these two isolates yielded a unique fingerprint (TB 1532 shown in Fig. 3), 
while 18 M. bovis isolates from the other three KZN parks (represented by TB 
954J shown in Fig. 3) were found to share a common  fingerprint. Spoligotyping 
of eleven HiP isolates all yielded spoligotype 4 (Fig. 2), which is identical to 
SB0130 in the international M. bovis database (Michel et al., 2008).  
 

Greater Kruger National Park Complex 
Strain typing of M. bovis isolates from 156 animals using the IS6110 RFLP probe 
generated a total of 22 fingerprinting patterns (Fig. 1 & Fig. 5). Seventy-three 
percent of animals, representing all eight species examined in GKNPC (Table 1), 
shared a single banding pattern. This genotype had been isolated from cattle 
from an epidemiologically related farm, situated on the southern boundary of 
KNP, and was previously described as IS6110 type C8 (Michel et al. 2008). In 
addition, 21 variants of C8 (referred to as C8v types) with variable genome 
changes were identified among the remaining 42 isolates. Five of these variants 
accounted for between three and seven isolates each with identical IS6110 
profiles, while two C8v fingerprints were shared by two isolates (animals) each 
and 14 were found in single cases (Fig 1 & Fig 5). One of the multi-isolate groups 
comprised exclusively isolates from five kudus (TB 647, TB 747, TB 905, TB 1081, 
TB 1088) clustered within a 35 km radius (Fig. 5).  Another C8v type formed a 
geographical cluster of six isolates (representing buffalo, leopard (Panthera 
pardus) and lion) in the central region with one remote isolate located in the 
northern region (Fig. 5).  
 
PGRS RFLP typing profiles were generated for 78 of the 156 animals studied, 47 
isolates from the southern and 31 isolates from the central and northern regions. 
These included 19 isolates with C8v profiles (Fig 1). For all isolates a common 
banding pattern was observed (Fig. 3). As for the IS6110 type C8, this common 
PGRS pattern had been previously described in the cattle herd south of KNP 
(Michel et al., 2008). 
 
Spoligotyping was performed for 44 isolates, 32 from the southern and 12 from 
the central and northern regions, respectively , and yielded one spoligotype (SP1, 
Fig 2) only, resembling the international SB code SB0121 (Michel et al. 2008). 
 
Comparison of the observed frequencies of C8 and C8v profiles in the southern 
versus the central/northern regions of GKNPC (Table 2), showed that significantly 
more C8v types were found in the central/northern regions than  south of the 
Sabie river. This difference was statistically significant (p<0.05) and based on the 
assumption that C8 and C8v types can occur equally often throughout the GKNPC 
ecosystem. 
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Table 2. Breakdown of the numbers of C8 and C8v IS6110 typing patterns in the 
Greater Kruger National Park Complex and adjoining private properties. 
 

Location C8 IS6110 profile  C8v IS6110 profiles Total 

Southern regions                70              18    88 

Central & 
northern regions                44               24 

   68 

Total               114               42 156 
 
 
 
Discussion 
 
Disease detection and prevalence surveys conducted in KNP during the 1990’s 
showed that the prevalence distribution followed a descending south to north 
gradient with herds in the south having an infection rate of up to 92% while it 
had not been detected in buffaloes north of the Olifants River until late 1996 (de 
Vos et al., 2001). Together with historical epidemiological information on the BTB 
status of cattle herds across KNP’s southern boundary some fifty years ago as 
well as their interactions with KNP buffalo, these findings provided sufficient 
circumstantial evidence to suggest the source, mode and time of the introduction 
of M. bovis into the KNP ecosystem. The question whether the epidemic in KNP 
was caused by a single or multiple introduction event(s) at different times and 
ports of entry remained, however, open. The data provided in our study clearly 
suggest an epidemiological link between the BTB outbreaks in KNP buffalo and a 
neighbouring cattle herd, based on identical IS6110 and PGRS fingerprints found 
in both species. The fingerprints were readily distinguishable from typing patterns 
in cattle in other geographical regions of South Africa (Michel et al., 2008). It can 
 
 
 
Figure 1. Dendogram comprising IS6110 fingerprints of 189 M. bovis isolates 
from Kwazulu-Natal Parks and the Greater Kruger National Park Complex.  
 
The KZN group comprised 33 isolates from four parks (SP; n=2, ESL; n=6, MGR; n=7, 
HiP; n=18), and 156 isolates were analysed for the GKNPC of which 122 originated from 
wildlife in KNP, 17 from wildlife on private properties south and the same number from 
properties west of the KNP.   
Identical IS typing patterns with more than 25 representative isolates are depicted as 
collapsed branches. The collapsed branch for type C8 was reduced in size by graphically 
removing parts of the branch for improved visibility of genetically diverse fingerprints.    
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Figure 2. IS6110 RFLP typing and spoligotyping patterns of M. bovis isolates 
from HiP (n=11), SP (n=2), KNP (n=25) including one isolate from an 
epidemiologically related cattle farm 
 

 

SP: Spioenkop Nature Reserve, HiP:Hluhluwe iMfolozi Park; KNP: Kruger National Park 
 

 

be argued that this finding does not necessarily confirm the genotype C8 as the 
original outbreak strain in this particular cattle herd, since the herd may have 
contracted C8 through spillover from buffalo, as a secondary event to the already 
established epidemic in the KNP buffalo. In that case the primary infection would, 
mostly probably , still have originated from an infected cattle herd adjacent to 
KNP’s southern boundary, in order to allow for M. bovis to cross into buffalo, 
amplify in the new host population and re-infect the cattle herd examined in this 
study. The time line places these events well ahead of its first detection in the 
south of KNP in 1990.  
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Figure 3. Dendogram showing the relationship between eight PGRS RFLP 
profiles of representative samples from Spioenkop Nature Reserve (TB 1532), 
Hluhluwe iMfolozi Park (TB 954J), Kruger National Park (TB 662, TB 392, TB 601, 
KNP 147) and an epidemiologically related cattle farm (TB 871J). 
 

 
 
 
 
 
 
 
 
 
 
 
Phylogenetic analysis of M. bovis isolates from KNP and HiP revealed that the BTB 
epidemics that had occurred were caused by non-related strains which strongly 
suggests an independent introduction of a single M bovis strain in each of the 
parks. From the RFLP data it is evident that these two groups show significant 
genetic differences (Fig. 1 and 4) but at the same time must have had a common 
ancestor, given that they share a common IS6110 insertion.   
 
The results suggest a confidence for this of 98-100%. Unfortunately, little is 
known about the rate of genome diversification in M. bovis. In M. tuberculosis, 
the fingerprint rate change for IS6110 is estimated at 0.0139 changes per copy 
per year (Warren et al., 2002). Assuming the same rate for M. bovis, we may 
expect variants with one or two extra copies to arise over 30 years, which is 
more than the time that M bovis has been present in South Africa and 
approximately the time it is thought to have occurred in KNP. From these results 
it is not possible to say whether evolution from the common ancestor occurred in 
South Africa, or whether these variants were introduced to the country and 
became endemic to different areas, to be introduced to wildlife in due course. 
However, the variants detected in KNP almost certainly arose within the KNP, 
which is supported on the one hand by the appearance of some of the C8v types 
in geographical clusters (Fig. 5). On the other hand, the spatial distribution of 
IS6110 types in the GKNPC pictured as an ascending south-north gradient in 
terms of the relative frequency of C8v types. At the same time the dominant C8 
type occurred throughout the KNP (Fig. 5, Table 2). It supports our suggestion 
that the C8v RFLP patterns have evolved from genotype C8 through mutation 
events in the form of a clonal expansion. This was made possible by the high BTB 
prevalence in buffalo (reservoir host) which led to a high infection pressure on 
the ecosystem with a resulting high number of intra- and interspecies 
transmission events (Michel et al., 2006, Warren et al., 2000). 
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Figure 4. Phylogenetic tree of M. bovis isolates from KZN parks and the greater 
Kruger National Park Complex.  Genetic data from two different genotyping 
methods were subjected to phylogenetic analysis using the bootstrapping and 
neighbour joining algorithm in methods. The tree was rooted isolate TB1067.  
Bootstrap values are given in brackets at internal nodes.  All branches with a zero 
length were collapsed. The scale indicates the number of steps per unit length.  
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In addition, the KNP strain C8 has more than one copy of IS6110, with 
concomitant higher likelihood of mobility and generation of additional copies 
(McEvoy et al.., 2007).  The rate of change is not identical in different strains of 
mycobacteria and even for different locations of IS6110. Therefore, it is not 
necessarily surprising that variants are observed in KNP but not HiP.  
Transposition events can lead to decreased virulence, or gain of fitness, even in 
M. bovis  (Soto et al., 2004), transposition rate change or evolutionary change, 
particularly if integration affects promoter activity (Tanaka & Rosenberg 2001). In 
M. tuberculosis, some strain families appear to be almost fixed with low copy 
numbers of IS6110 whereas others readily gain extra copies, to a limit. Thus, in 
KNP we witness active evolution, but not in the KZN parks, with the tools applied 
and the limited sample size examined here.  
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Figure 5.  Geographical distribution of the dominant M. bovis IS6110 type (C8) 
and its 21 variants (C8 variants) in the greater Kruger National Park Complex 
GKNPC).  
 

 

 

 

 

The demonstrated association between IS6110 profiles and spatial distribution 
also highlighted the usefulness of IS6110 RFLP typing for isolates from this 
particular epidemiological setting. In contrast, spoligotyping could not detect any 
genetic polymorphism between the related KNP variants identified as C8v types, 
but was useful in pointing out the genetic differences between the BTB epidemics 
in KNP and KZN parks.   

Private 

parks 
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Inter-species spread of bovine tuberculosis is most likely where different species, 
either wild or domesticated, share the same habitat. In both KNP and KZN parks 
transmission of M. bovis was demonstrated in a number of species including  
baboon and bushpig in HiP, lion in MGR (TB 1199)  and greater kudu, warthog, 
baboon, hyena, lion, cheetah and leopard in GKNPC. The mode of transmission in 
most of these species is in all likelihood predominantly via the oral route during 
scavenging or predation.  This raises concerns regarding the risk of bovine 
tuberculosis to other obligate or opportunistic predators and scavengers, 
especially those living in social structures. Recent studies conducted on colonies 
of meerkats (Suricatta suricatta) in the Northern Cape Province of South Africa, 
and of banded mongooses (Mungos mungo) in the Chobe National Park of 
Botswana revealed the maintenance host potential of both species for M. 
tuberculosis complex organisms (Alexander et al., 2002, Drewe et al., 2007).  
Two different epidemiological cycles of BTB appeared to exist in greater kudu in 
the KNP. Apart from transmission of the dominant C8 type to kudu and other 
affected wildlife species, a unique variant of this genotype was found in a cluster 
of five kudus sampled within a range of 35 km. This “kudu strain” was neither 
found in buffalo nor any other species in this study nor thereafter. Given the 
divergent evolution of M. bovis found in the KNP ecosystem, the “kudu strain” is 
likely to be the result of a series of genotype changes to C8 after introduction 
into the kudu subpopulation.  As a result of the fundamental differences between 
browsers and grazers in terms of their behavioural and feeding patterns there is 
an assumed low risk for M. bovis transmission from kudu to buffalo in KNP. This 
may, however, not be necessarily true for smaller reserves and mixed game and 
livestock farms, where more limited feed and water sources are confounding 
factors to closer contact between the species (Thorburn & Thomas 1940). To this 
effect it is believed that kudus resident in the Spioenkop Nature Reserve may 
have contracted bovine tuberculosis from cattle while roaming in adjacent 
farming areas and transmitted the disease to a herd of newly introduced, BTB 
negative buffaloes (represented by TB 1531 & 1532) during or prior to 1997 
(Cooper, unpublished data). Kudus are considered a BTB maintenance host and 
powerful transmitters of the disease because they move over significant 
distances, cross game fences with ease and infected individuals excrete large 
amounts of infectious material (Bengis et al., 2001).   
Since various genotypes were found in a variety of animal species, there is 
currently no evidence to suggest that evolution may be accelerated during cross-
over into species, nor to suggest a species specific variant as suggested by 
Costello et al. (1999).  
 
The molecular typing results of the buffalo isolates 1865A & B suggest that free-
ranging wild animals, like humans, can be simultaneously infected with strains of 
different IS6110 types (du Plessis et al., 2001). 
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In conclusion, molecular typing provided valuable epidemiological information 
regarding the transmission of M. bovis from livestock to buffalo, buffalo to buffalo 
and to other wildlife species. 
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Abstract 
 

The application of diagnostic tests for bovine tuberculosis in wildlife poses 
formidable technical difficulties and the use of the gamma interferon assay offers 
a technically much more practical approach to testing wild animal species. We 
compared the performance of the gamma interferon assay in African buffalo 
under the recommended guidelines for interpretation of test results and found a 
high sensitivity (92.1%) at the cost of a greatly reduced specificity (68.3%). An 
optimised cut-off value for positive test results was identified at 0.38 as the 
preferred compromise between sensitivity and specificity.  Additional optimisation 
approaches to improve test performance were examined and showed that the 
application of ‘a priori exclusions’ of test results on the basis of reactivity to avian 
and fortuitum PPD (sensitin produced from Mycobacterium fortuitum) increased 
specificity without losing sensitivity. The implications of this and other 
interpretation schemes are discussed. 
 
 
Keywords: Bovine tuberculosis, cattle, Mycobacterium fortuitum, Fortuitum, 
interferon gamma assay, African buffalo 
 
 
Introduction 
 
The intradermal tuberculin test (IDT), or skin test, is still the most widely used 
method to diagnose bovine tuberculosis in cattle in countries worldwide. 
Limitations of the IDT in cattle have been mainly described in developed 
countries and include aspects relating to test performance (Wood, 1991, Neill et 
al., 1992, Monaghan et al., 1994), source of tuberculin PPD (Cagiola et al., 2000) 
as well as to logistical drawbacks in terms of repeated handling of animals and 
the minimum testing interval (Radunz et al., 1985). 
 
Developing countries face a number of constraints in implementing and 
maintaining a bovine tuberculosis (BTB) control scheme. In remote areas difficult 
accessibility, long travelling distances and large, scattered herds are aggravating 
logistical constraints such as the lack of veterinary capacity and handling facilities 
for cattle. In the communal farming systems of sub-Saharan Africa, BTB testing is 
typically performed at communal diptank stations where local cattle owners 
muster their herds in weekly or two-weekly intervals to receive general veterinary 
extension services. Failure of owners to present the injected cattle for test 
interpretation three days after injection of tuberculin is among the common 
causes of the limited efficacy of BTB control in those areas. These factors 
constitute a high financial burden and render BTB testing in developing countries 
less efficient and affordable.  
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The development of the gamma interferon (IFNg) assay as an ancillary test for 
bovine tuberculosis has improved the sensitivity of BTB testing (Wood et al., 
1991). Cattle with early M. bovis infections are more readily detected by the 
gamma interferon assay than the IDT (Neill et al., 1994) and parallel 
interpretation of both tests exceeded their individual diagnostic sensitivities 
(Whipple et al., 1995). The achieved specificity of approximately 96% was 
generally considered sufficient for BTB control purposes in cattle and could not be 
increased further without compromising on the sensitivity (Wood et al., 1991, 
Buddle et al., 2001).  
 
Once bovine tuberculosis has established itself in a wildlife population it is difficult 
to control and probably impossible to eradicate. Despite its status as maintenance 
host for M. bovis the African buffalo (Syncerus caffer) is of high commercial and 
ecological value and diagnostic tools used towards its control are required to 
possess maximum sensitivity and specificity (Michel et al., 2006). We have 
previously observed false positive test results in free-ranging buffaloes when 
using the standard protocol for the IFNg assay. We have further established that 
false positive test results were caused by sensitisation of the animals with 
environmental mycobacteria (Michel, in press). Subsequently the commercial 
assay was modified into a triple comparative test setup. In addition to the 
standard test format based on stimulation of whole blood with bovine and avian 
tuberculin PPD, IFNg produced by white blood cells in response to sensitin 
derived from M. fortuitum, (Fortuitum), was evaluated. The results suggested 
that Fortuitum could be of potential value in detecting non-specific sensitisation 
in cattle and buffalo, hence possibly allowing improved test specificity in 
uninfected herds and populations. It was therefore the aim of this study to use 
data sets generated from the field application of the IFNg assay in buffalo to 
determine measures to predict the BTB status and subsequently to improve test 
validity in this species by determining the most appropriate cut-off value(s) for 
the IFNg test under local conditions.    
 
 

Materials and methods 
 
Animals 
Known uninfected buffalo were sourced from registered operations on game 
farms and parks aimed at breeding buffaloes which are free from specified 
controlled diseases, including bovine tuberculosis. The infection status of the 
breeding stock is monitored by means of annual IFNg tests.  Offspring are tested 
for BTB according to a five-phase protocol applied over a two year period.  
 
Infected buffaloes were sampled during bovine tuberculosis surveys in the 
endemically infected KNP and HiP between 1996 and 2007. Additional samples 
were sourced from three different research trials involving experimentally or 
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naturally infected buffaloes (de Klerk et al., 2006, Michel et al., 2007, de Klerk, in 
prep.).  
 
Necropsy and bacteriological confirmation 
All culled buffaloes from infected herds were subjected to a detailed post mortem 
examination and tissue samples were collected for bacterial culture. Isolation and 
identification of mycobacteria was performed as described previously (Bengis et 
al., 1996, Michel et al., 2007). 
  
Production of sensitin from M. fortuitum (Fortuitum) 
Mycobacterium fortuitum cultures (ATCC strain 6841) were grown in 7H9 
Middelbrook medium supplemented with OADC (Biolab Diagnostics, Wadeville, 
South Africa) at a final concentration of 0.1%. The cultures were incubated at 
37°C for three to four weeks with loosened caps and occasional shaking of the 
flasks until the turbid cultures started to form a sediment. Before harvesting the 
cultures were autoclaved at 121°C for 15 minutes and filtered through Whatman 
40 filter paper. The culture filtrates were precipitated overnight with trichloracetic 
acid (TCA) at a final concentration of 4%. On the following day the protein 
precipitate was concentrated by centrifugation (4000 rpm, Bechman-Coulter, 
Allegra X22R) and washed in succession twice with 1% TCA and once with PBS. 
The concentrated, wet Fortuitum pellet was weighed and dissolved in PBS 
containing 0.01% Tween 20, ph 7.2, to give a final concentration of 20 mg/ml 
(wet weight/volume).  
 
Assay for bovine gamma interferon 
The Bovigam IFNg assay was performed as described by the manufacturer with 
the following modification. During the processing step an additional aliquot of 1.5 
ml whole blood was stimulated with 500 µg of Fortuitum and incubated as 
recommended for the standard blood cultures. All plasma samples were assayed 
in parallel according to the manufacturer’s instructions.  
 
Data analysis 
The sensitivity of the IFNg assay was determined from data collected from 
infected buffalo defined as those from which M. bovis was isolated. The 
sensitivity was calculated as the proportion of test positive infected animals from 
the total number of known infected animals examined (Toma et al., 1999). 
The specificity of the IFNg assay was determined using test data from cattle and 
buffalo herds with a bovine tuberculosis free status (negative). To obtain further 
certainty on their negative status for the second stage evaluation of the 
specificity only herds for which a minimum data set of two but mostly of 3 – 4 
consecutive IFNg tests as well as their negative IDT status were available. The 
specificity was defined as the proportion of test negative animals from the total 
number of known negative animals examined.  
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Logistic regression analysis was used with BTB status as the dependent variable 
and each of the optical density (OD) values as independent variables, alone and 
in combination with each other. USE Akaike Information Criterion and/or negative 
loglikelihood (nll) was used to select the best model (lower AIC is better, lower nll 
is better), and examine p-values to document statistical significance of each 
factor.  
 
The optimal cut-off value for a positive test result was defined as the absorbance 
value that minimizes erroneous test results, e.g. the percentage of animals 
generating test results equal or greater than the cut-off value is higher in infected 
than in uninfected groups of animals. For optimizing the cut-off value initially only 
one test variable, starting with the OD value for bovine PPD was taken into 
account, followed by addition of absorbance information on avian and Fortuitum 
PPD as well as the nil control.  
 
Stage two optimisation of the test validity was based on “a priori exclusions”: if 
OD-x>=OD-bov, the test was interpreted as negative, based on the assumption 
that any OD-bov response is primarily a cross-reaction due to sensitisation by x 
(M. avium, M. fortuitum, etc.). 
 
 
Table 1. 2 x 2 table showing IFNg test results among 344 uninfected and 149 
known infected buffalo using standard test interpretation* 
 
 Test BTB status 

  Infected Uninfected 
Test positive 138 109 
Test negative 12 235 
Total 149 344 
* Whipple et al. (2001) 
 
 
Results 

Animals 

Data from 149 infected buffaloes from known infected herds were examined, 
which included 69 animals with culture confirmed M. bovis infection. In 80 
animals bovine tuberculosis was diagnosed macroscopically at necropsy and 77 of 
those had been tested with the comparative intradermal tuberculin test and 
found positive.  
A total of 344 known negative buffalo (all IDT negative) had been tested with the 
standard IFNg assay. Test data from an additional 1531 buffaloes were analysed 
retrospectively for optimisation of the cut-off value for OD-bov.  
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Assay for gamma interferon  
The evaluation of the test performance was done in two stages. Initially 149 
infected and 344 uninfected buffaloes were tested with the IFNg assay using the 
criteria for test interpretation reported by Wood et al. (1992) and Whipple et al. 
(2001). In brief, animals were classified as positive if OD-bov minus OD-control 
was greater than 0.099 and if OD-bov was greater than OD-av. The sensitivity 
and specificity of this standard IFNg assay were found to be 92.1% and 68.3%, 
respectively (Table 1).  
 
A total of 32 uninfected buffaloes showed a pronounced false positive reactivity 
to bovine tuberculin of OD-bov > 0.40, comparable to infected animals. They also 
mounted a significant IFNg response to stimulation with Fortuitum which was 
largely absent in test negative animals (Fig. 3).  
 
 
Figure 1. Frequency distribution of OD-bov absorbances in infected and 
uninfected buffalo 
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Prediction of BTB status 
The analyses were based on and evaluated the OD values of all the available data 
in both groups of buffalo. It is evident that although OD-bov, ODav, and ODnil 
help in predicting the BTB status in buffalo, the absorbance for bovine PPD was 
identified as the most predictive measurement. Examination of composite single 
factors e.g. OD-bov – OD-nil did not improve the predictability. Two-factor 
models (OD-bov plus each of the others in turn) showed that adding OD-av 
improved the model significantly while the effect of OD-nil was low and that of 
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OD-fort was not statistically significant. Other modifications of the factor-model 
had an adverse effect (e.g. OD-bov x OD-av). Among the three-factor models the 
combination OD-bov + OD-av + OD-nil led to a slight improvement of 
predictability.  

 
 

Table 2. Example calculations of ‘a priori’ exclusions in the determination of the 
cut-off for a positive IFNg test result 
 
 A priori exclusions: TB- if 

ODbov*0.9<= 

Cut-off: TB+ if 

ODbov> 

specificity 

(%) 

sensitivity 

(%) 

overall 

validity 

(%) 

none 0.385 91.86 86.17 89.17 

ODav 0.375 93.6 83.11 88.36 

ODav or ODnil 0.375 93.53 82.43 87.98 

ODav or ODfort 0.375 95.09 80.41 87.75 

optimum 

ODav or ODnil or ODfort 0.375 95.09 79.73 87.41 

none 0.525 95.35 73.65 84.5 

ODav 0.425 95.35 77.7 86.53 

ODav or ODnil 0.425 95.29 77.03 86.16 

ODav or ODfort 0.375 95.09 80.41 87.75 

To achieve 

specificity > 

95% 

ODav or ODnil or ODfort 0.375 95.09 79.73 87.41 

none 0.235 79.07 95.27 87.05 

ODav n/a n/a  max < 95 n/a 

ODav or ODnil n/a n/a max < 95 n/a 

ODav or ODfort n/a n/a max < 95 n/a 

To achieve 

sensitivity > 

95% 

ODav or ODnil or ODfort n/a n/a max < 95 n/a 

* best test for each situation in bold italics 

 

 

Optimising the cut-off value for a positive test result 
An arbitrary approach was followed by determining the most suitable cut-off 
value for test positive animals by adding twice the standard deviation to the 
mean optical density of 1875 bovine PPD stimulated plasma samples from 
uninfected buffaloes (Richardson et al., 1983). As a result the cut-off value for 
test positive OD values was defined as 0.385 (Figure 1). At this cut-off the test 
sensitivity was 86.5% and the specificity 91.9%. Setting the cut-off lower led to 
an increase in both the sensitivity and the total error rate, e.g. a cut-off at OD-
bov >=0.235 resulted in a sensitivity of 95.3% and a specificity 79.1%. Likewise, 
selection of a higher cut-off value yielded a higher specificity at the cost of 
sensitivity (Figure 2).  
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To improve overall test validity information on OD-av, OD-fort and OD-nil were 
taken into account, based on “a priori exclusions”. The data showed that adding 
information on OD-av or OD-fort can reduce the loss of sensitivity associated with 
maximising specificity (Table 2 and Fig 3). 
 
 

Figure 2. Test validity by cut-off values for OD-bov 
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Discussion 
 

Bovine tuberculosis control in protected wildlife reservoir species such as the 
African buffalo in South Africa introduces a new challenge for Government, 
conservation organisations and the wildlife industry. An overkill of buffaloes in 
order to reduce the herd and regional BTB prevalence is only acceptable in 
known infected populations with a high prevalence, such as the Hluhluwe-iMfolozi 
Park (Michel et al., 2006). In all currently uninfected populations the culling of 
false positive buffaloes as a result of a lack of test specificity is an ethically and 
financially unacceptable sacrifice. The IFNg assay has many practical advantages 
over the skin test, especially in wildlife, and was found valuable in a preliminary 
evaluation in buffalo in the KNP (Michel, unpublished data). In contrast to the 
livestock sector, there is a high demand for both maximum sensitivity and  
specificity.  
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Figure 3. IFNg reactivity in uninfected buffaloes classified as false positive (a) 
and negative (b). 
 

0

0.5

1

1.5

2

2.5

3

3.5

O
D

3a. False positive reactor buffalo

                    

0

0.5

1

1.5

2

2.5

3

OD-bov
OD-nil
OD-fort

3b. Negative reactor buffalo

 
 
 
There is no perfect discrimination between infected and uninfected populations. 
The desired compromise in our situation should offer optimum specificity but at 
the same time the flexibility to opt for high sensitivity when required. When 
applying the standard interpretation criteria recommended by the supplier it was 
found that the standard protocol of the IFNg assay could not meet these 
requirements. The test validity was improved in this study by firstly identifying 
the absorbance of bovine PPD as the dominant variable and by optimising the 
cut-off value for a positive test result. By applying this OD value (0.385) which is 
significantly higher than in the standard protocol, the specificity was increased 
from 68.3% to 91.9%. As expected this was paralleled by a decrease in 
sensitivity from 92.1% to 86.5%. To be able to achieve a further increase in 
specificity without losing sensitivity it is important to understand the mechanisms 
which modulate the immune responses in cattle and buffalo. 
 
Exposure of cattle to environmental mycobacteria has been previously implied as 
underlying cause of non-specific reactivity during skin testing as well as IFNg 
testing (Kleeberg 1960, Cagiola et al., 2004, Kormendy 1995, Donoghue et al., 
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1997, Michel in press). We have recently reported the isolation of environmental 
mycobacteria from infected and uninfected buffalo as well as from surface water 
(Michel et al., 2007) and we may therefore speculate that the false positive 
reactivity in the buffaloes examined in the present study was caused by antigenic 
cross-reactivity with mycobacteria other than tuberculosis. Consecutive sampling 
and testing of non-specific reactors furthermore substantiated the transient 
character of this sensitisation in buffalo which rarely persisted for periods longer 
than three months (data not shown). The results of this study further showed 
that non-specific sensitisations occur more often in the IFNg assay than in the 
IDT (results not shown). 
 
The misclassification of 32 out of 344 uninfected buffaloes (9.3%) as positive 
reactors with OD-bov values of greater than 0.40 was associated with high 
reactivity to OD-Fort (Figure 3a & b). This finding indicated that a differential 
interpretation scheme based on the discrimination of buffaloes reacting to avian 
or Fortuitum PPD may be a useful measure to increase test specificity of the IFNg 
assay in buffalo. Further optimisation of the IFNg test validity was therefore 
pursued in this study by examining ‘a priori’ exclusions which allow for certain 
bovine reactors to be classified as test negative, based on the  level of reactivity 
to avian or fortuitum PPD (Table 2).  A slight modification of this approach has 
already been applied very successfully in BTB surveys in buffalo in the KNP 
(Grobler et al., 2002, Hofmeyr et al., 2003, de Klerk unpublished data) as well as 
in interpreting immune status of experimentally infected and vaccinated buffaloes 
as described recently (de Klerk et al., 2006, Michel et al., 2005, de Klerk in prep.) 
The interpretation scheme suggested here therefore promises to provide further 
improvement in the IFNg test performance by maintaining the required level of 
specificity and ensuring satisfactory sensitivity. The decision what error rate (in 
either direction) is acceptable, depends on the epidemiological setting and 
management strategy. While maintenance of BTB free populations will require 
maximum specificity, the control of BTB in medium and high prevalence herds in 
infected ecosystems will call for highest sensitivity. The use of two different 
interpretation schemes for infected versus uninfected populations is not new and 
generally accepted for the IDT (Kleeberg 1960). It is therefore our next objective 
to determine appropriate cut-off values for the IFNg assay in these contrasting 
situations, which we believe will add value to the use the IFNg assay in 
supporting the control of BTB in buffalo and cattle in South Africa. 
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Abstract  

Mycobacterium fortuitum and at least one unidentified species of soil 
mycobacteria were isolated from lymph nodes from four out of five African 
buffalo (Syncerus caffer), which had been culled due to positive test results using 
the Bovigam assay. The buffalo were part of a group of 16 free-ranging buffalo 
captured in the far north of the Kruger National Park (South Africa) assumed to 
be free of bovine tuberculosis. No Mycobacterium bovis was isolated. To 
investigate the possible cause of the apparent false-positive diagnosis, the 
Mycobacterium isolates were inoculated into four experimental cattle and their 
immune responses monitored over a 13-week period, using the gamma interferon 
assay. The immune reactivity was predominantly directed toward avian tuberculin 
purified protein derivative (PPD) and lasted for approximately eight weeks. 
During that period three of the four cattle yielded positive test results on one or 
two occasions. The immune responsiveness was boosted when the inoculations 
were repeated after 15 weeks, which led to two subsequent positive reactions in 
the experimental animal that did not react before. Including an additional 
stimulatory antigen, sensitin prepared from M. fortuitum in the gamma interferon 
assay, showed that it was able to elicit a detectable gamma interferon response 
in all four experimentally inoculated cattle when applied in parallel with bovine 
and avian tuberculin PPD for the stimulation of blood samples. The implications of 
occasional cross-reactive responses in natural cases of infection with 
environmental mycobacteria in the diagnosis of bovine tuberculosis in African 
buffalo and cattle in South Africa are discussed. 

 

Key words: Bovine tuberculosis; buffalo; cattle; gamma interferon assay; 
Mycobacterium fortuitum. 

 
 
Mycobacterium fortuitum is an environmental, nontuberculous mycobacterium, 
which has been repeatedly isolated from cattle. Previously, infections with other 
atypical mycobacteria were shown to result in positive skin tests in cattle 1,2,5,13. 
Since it must be assumed that buffalo are abundantly confronted with 
environmental mycobacteria, such exposure may bias immunoreactivity towards 
infection with M. bovis. It may also influence diagnostic assays for M. bovis, 
including both the skin test and the gamma interferon (IFNg) assay. The 
associated risk of encountering false-positive diagnoses in buffalo is unacceptably 
high when measured against the economical and ethical consequences. It is 
therefore important to identify a test strategy able to distinguish between 
specific, truly infected, and nonspecific reactors. The commercial Bovigam kit is 
an in vitro IFNg assay for the diagnosis of Mycobacterium bovis infection in 
bovines that has proven extremely useful as an ancillary assay to the skin test in 
different countries.4, 10,11 Its use in free-ranging buffalo populations is preferred 
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over the intradermal tuberculin test because it requires only a single manipulation 
of the animals.9  In infected buffalo herds in the KNP the IFNg assay proved 
suitable to correctly identify infected individuals based on their immune response 
towards bovine PPD7.  

 
The aim of the present study was to describe various cases of natural M. 
fortuitum infection in buffalo and to perform a pilot experimental infection with 
M. bovis diagnostic follow up.  

 
Five buffalo from a group of 16 animals captured in the far northern tuberculosis-
free region of the Kruger National Park (South Africa) reacted strongly to bovine 
tuberculin purified protein derivative (PPD)a, in the gamma interferon assay. The 
bovine absorbance values were more than 0.1 greater than the absorbance 
values of avian PPD. The remaining eleven buffalo tested negative. Results for 
the positive and negative control samples included in the kitb as well as the nil 
controls of the test samples were within acceptable ranges and according to the 
manufacturer’s recommendations for interpretation of test results, these animals 
were classified as test positive. The buffaloes were euthanized, and pooled lymph 
node samples from the head, thorax, and mesenterium were cultured according 
to standard procedures.3 No visible lesions were observed at necropsy. Bacterial 
culture yielded fast growing Mycobacterium spp. from four of the five reactor 
buffalo and a presumptive diagnosis of M. fortuitum complex was made for two 
isolates based on biochemical characteristics (growth at 25°C, production of 
arylsulphatase and nitrate reductase). The diagnosis was confirmed in a line 
probe assay8 performed at the Mycobacteriology Unit of the Prince Leopold 
Institute of Tropical Medicine (Antwerp, Belgium). The two unidentified 
Mycobacterium isolates comprised unclassified soil mycobacteria. No isolation of 
M. bovis was made from any samples collected from the test positive buffalo. 

The potential role of environmental mycobacteria, including M. fortuitum as the 
cause of the false-positive reactions in buffalo, was investigated by way of 
experimental infection. Four IFNg- and skin test–negative cattle (10-month-old 
oxen of mixed breed) were inoculated intravenously with 2 ml of phosphate 
buffered saline (PBS) containing a mixture of the Mycobacterium isolates grown 
from the lymph nodes of the test positive buffalo at a final concentration of 107 
bacteria/ml. Two skin test– and IFNg-negative control animals were inoculated 
with PBS and kept on the farm, separate from the experimental group. Blood in 
heparin was collected in intervals of 1–2 weeks for a period of 13 weeks. 
Inoculation was repeated for the experimental group after 15 weeks, while 
monitoring of the control animals was stopped for operational reasons. Blood  

 
Sources and manufacturers 
a. Institute for Animal Science and Health, Lelystad, The Netherlands,  

b. Commonwealth Serum Laboratories, Victoria, Australia.  
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samples were processed and tested according to the standard IFNg protocol 
provided by the manufacturerb. Starting in week 5 post inoculation, an additional 
aliquot of 1.5 ml whole blood was stimulated with 50 µg Fortuitumb, a sensitin 
derived from M. fortuitum.  

 
The kinetics of the IFNg responses of the experimental cattle are illustrated in 
Figure 1 (charts 1–4) and show that inoculation with environmental mycobacteria 
resulted in an at least 2-fold increase of the bovine and avian absorbance values 
within 1 week in animals 1, 3, and 4, and within 2 weeks in animal 2. For most of 
the experiment the IFNg response was primarily directed against avian 
tuberculin. However, all experimental animals showed episodes when bovine and 
avian absorbance values were equally strong and 1–2 test occasions when the 
IFNg response to bovine tuberculin exceeded that of avian tuberculin by at least 
0.1, resulting in a positive test outcome (Fig. 1). Animal no. 1 tested positive on 
the last two test occasions in weeks 17 and 18, while animals no. 2 and 3 did so 
in week 1 and week 2. Animal no. 4 showed one peak of bovine IFNg reactivity in 
week 1 and a second peak in week 11. Eight weeks after inoculation the IFNg 
responses of the experimental animals had normalized to preinoculation levels in 
3 of the 4 experimental animals. Following the second inoculation with the 
Mycobacterium cocktail the IFNg reactivity increased markedly (3- to 10-fold) in 
all experimental oxen and remained high for the remaining period of the 
experiment. In the IFNg assay the control cattle kept separately did not show any 
significant immune response to stimulation with any of the antigens, except for 
two occasions when one of the animals mounted a sporadic, short-lived response 
to avian tuberculin PPD, not exceeding an optical density (OD) value of 0.53 
(data not shown). 
 
In summary, following natural or experimental exposure to environmental 
mycobacteria including at least M. fortuitum buffalo and cattle may become 
sensitized to stimulation with bovine and avian tuberculin PPD when tested in the 
IFNg assay. The resulting cross-reactive immune responses can lead to a 
reduction in IFNg test specificity and occasional misclassification of animals as 
test positive. Since both infected and uninfected buffalo populations are exposed 
to the same environmental mycobacteria, it is not surprising that similar patterns 
of IFNg reactivity have also been observed occasionally in a small number of 
buffalo in naturally infected populations.7 No indication for the induction of IFNg 
reactivity to Fortuitum by M. bovis has, however, been found in subsequent 
studies in infected buffaloes (Michel, unpublished data).  

 

The findings of the current study have shown that stimulation of whole blood 
with Fortuitum has led to the production of detectable amounts of IFNg in 
sensitised cattle, indicating that Fortuitum may be a suitable antigen for the 
detection of exposure to related environmental mycobacteria when using this 
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diagnostic tool. A previous study on sensitisation of cattle by nontuberculous 
mycobacteria in South Africa found that skin test reactivity to Fortuitum was the 
third most frequently encountered sensitisation in “problem herds” (history of 
nonspecific reactors) after that of M. avium and M. kansasii.12 While the most 
probable source of natural infection of buffalo and cattle with M. fortuitum would 
be soil and water, it has actually been shown that oral administration of M. 
fortuitum in cattle led to skin reactivity to mammalian and avian tuberculin as 
well as Fortuitum.6 Worthington (1967) experimentally sensitized cattle with five 
different non-tuberculous mycobacteria and measured their skin reaction to 
intradermal injection of sensitins prepared from the same strains. He found that 
the homologous sensitin caused distinctly larger reactions than heterologous 
sensitins12. It is therefore relevant in this context to investigate the diagnostic 
value of including Fortuitum as an additional stimulatory antigen in the IFNg 
assay protocol in order to improve the specificity of the IFNg assay in buffalo and 
cattle under South African conditions. 

 

 
Figure 1. Kinetics of the early gamma interferon responses of four cattle 
inoculated with a mixture of environmental mycobacteria. 
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Panels 1–4 illustrate the gamma interferon responses of 4 experimental cattle to 
inoculation with environmental mycobacteria. OD: optical density; p.i.: post infection; 
arrowhead: skin test; arrow: inoculation with environmental mycobacteria.
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ABSTRACT  

A survey to determine the bovine tuberculosis status of buffalo herds north of the 
Olifants River in the Kruger National Park was conducted, using a new diagnostic 
approach. Diagnosis of Mycobacterium bovis infection was accomplished using 
the gamma-interferon assay technique in 608 adult buffaloes out of a total of 29 
discreet herds. The animals were immobilized in groups of 10–15, bled, 
individually marked and then revived and released on site. As soon as test results 
were available (after 26–36 h), the same buffalo herd was relocated by tracking 
the frequency of a radio-collar previously fitted to one adult cow per group during 
the initial operation. Bovine reactors were identified, darted and euthanased from 
the helicopter. Necropsy and culture findings of all culled buffaloes showed 
excellent correlation with the results of the ante-mortem gamma-interferon test. 
The survey revealed that over and above the two positive herds that had been 
identified during a previous survey carried out in 1996, there were three 
additional, but previously unidentified, infected herds in the region north of the 
Olifants River.  

 
 

Keywords: African buffalo, bovine tuberculosis, gamma-interferon test, Kruger 
National Park, Mycobacterium bovis  

INTRODUCTION  

In the absence of suitable control measures, bovine tuberculosis (BTB) can 
progressively infect increasing numbers of cattle in a given population, resulting 
in significant economic losses as well as a zoonotic risk. Infection by the 
causative agent, Mycobacterium bovis, is by no means restricted to cattle, and 
spillover into a wide range of domestic and wild species, as well as humans, has 
been reported (Collins 1995; O’Reilly & Daborn 1995). There is strong 
circumstantial evidence, confirmed by molecular typing of Kruger National Park 
(KNP) M. bovis isolates, that BTB was introduced into the Park by cattle-to-
buffalo (Syncerus caffer) transmission across the southern Crocodile River 
boundary near Hectorspruit during the late 1950s (Kloeck 1998; De Vos, Bengis, 
Kriek, Michel, Keet, Raath & Huchzermeyer 2001). Once BTB had established 
itself in the buffaloes, spatio-temporal spread occurred within and between 
buffalo herds resulting in a gradient of infection, with prevalence rates ranging 
from 1.5% (northern herds) to 55% (southern herds). 

“Spillover” of infection by direct and indirect transmission occurred in a number of 
other wildlife species (Keet, Kriek, Penrith, Michel & Huchzermeyer 1996; Keet, 
Kriek, Penrith & Michel 1998; Bengis, Keet, Michel & Kriek 2001) in this national 
park. Buffaloes have proved to be true maintenance hosts of the disease and 
today, more than half of the buffalo herds in the KNP are infected.  

In order to contain BTB in the KNP and reduce further spatial spread, it is of 
crucial importance to possess a sensitive, specific and practical ante mortem test 
to diagnose M. bovis infection under field conditions and with minimal 
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manipulation of the buffalo herds.  

During the 20
th 
century many countries worldwide successfully eradicated BTB 

from their cattle populations using control (test-and-slaughter) measures based 
mainly on the intradermal tuberculin (IDT) skin test (Collins 1995). Although the 
IDT has also proved both sensitive and specific in free-ranging buffaloes (J.P. 
Raath, unpublished data 1996), this technique is costly and impractical, and has 
inherently more risk owing to the necessity of repeated chemical immobilization 
and animal holding facilities required for it. During a comparative field evaluation 
of the commercial gamma-interferon test (Bovigam

TM
, CSL, Australia) and the 

skin test in cattle and buffaloes in South Africa, a non-specific reactor problem 
caused by cross-reactions with environmental mycobacteria was identified. It was 
found that the specificity of the test could be increased considerably when the 
test was modified in such a way that animals whose immune response was 
stimulated by environmental mycobacteria could be differentiated from true 
bovine reactors (A.L. Michel, unpublished data 2000). In the same evaluation the 
sensitivity of the IFNg assay in buffaloes was found to be 84.6 %. Based on this 
study it was decided to use this technique to determine the BTB status of all 
buffalo herds in the northern part of the KNP. Pending the outcome of this 
project the test could form an integral part of the future BTB management 
strategy in the KNP. 

 
MATERIALS AND METHODS  

 

Identifying buffalo herds  

The 1999 aerial census results (Whyte 1999) were used as a basis to identify all 
the buffalo herds in the area north of the Olifants River. A Eurocopter Colibri 
EC120 was used for all the aeronautical requirements, including aerial darting. 
Some of the herds in the far north had been fitted with radio-collars in 1999 
before the present study commenced and the remaining herds were marked with 
radio-collars (MOD-600 transmitter, Telonics, 932 E. Impala Av., Mesa, Arizona, 
85204-6699, USA) transmitting a specific unique frequency, during the study.  

Capture  

Once a buffalo herd was located, a group of about 25–40 animals was selected 
and cut out of the herd. Target animals in the group to be sampled were then 
darted. Only adult animals were selected for the study and, depending on various 
factors, such as the terrain and the workability of the group, 10–15 animals were 
immobilized together. The KNP-developed aluminium dart system (4 mldarts each 
fitted with a 45 mm collared needle), fired from a modified 20 gauge shotgun 
was used to deliver the anaesthetic “cocktails” at the following dosage rates and 
composition:  
Adult bull: 8 mg etorphine hydrochloride (M99; Logos Agvet) + 100 mg azaperone  

   (Stresnil; Janssen Pharmaceutica)  
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Adult cow: 7 mg etorphine hydrochloride + 80 mg azaperone  

Down times (the time for the animal to become immobilized after being darted) 
ranged from 5–8 min. After the samples had been collected and the animals 
suitably marked for future identification (see below), anaesthesia was reversed 
by administrating 20 mg (bulls) or 18 mg (cows) diprenorphine hydrochloride 
(M5050; Logos Agvet) intravenously into an ear vein. All the animals were 
observed until they were mobile, a process that generally took about 2–5 min.  

 

Collection of samples  

Blood samples were collected by venopuncture of the jugular vein using a 38 mm 
18 G Vacutainer needle. Ten millilitres of blood was collected from each animal 
into clearly marked tubes containing heparin for the purposes of the gamma-
interferon test.  

 
Marking of individual buffaloes  

The allocated identification number of each immobilized buffalo was painted on 
its back using aluminium paint. These numbers were large enough (25 cm) to be 
visible from the air, making it possible to identify positive animals after the test 
results had become available. In some cases the numbers were still legible after 
1 week. Each herd was allocated an alphabetical letter that was boldly painted on 
the right shoulder of each buffalo sampled from that herd. In addition, a hot “Z” 
brand was used to brand all buffaloes permanently on the right rump as a 
retrospective means of linking to the BTB survey. 
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FIGURE. 1 Locations and BTB results of buffalo herds in the northern Kruger 
National Park  
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Gamma-interferon test  

The commercial Bovigam kit was used in a modified form (Michel, Nel, Cooper & 
Morobane 2000) to detect buffaloes infected with M. bovis. Briefly, between 1 h 
and 4 h after collection the heparinized blood samples from buffaloes were 
stimulated with bovine and avian tuberculin PPD (ID-Lelystad, The Netherlands) 
as well as a crude protein extract of M. fortuitum to assist with the differentiation 
of specific and non-specific reactions. Incubation and detection of the gamma-
interferon assay were carried out according to the manufacturer’s instructions. All 
handling and testing of blood samples were performed in a mobile laboratory 
near the capture sites.  
 

Necropsies and culture  

Buffaloes that tested positive on gamma-interferon assay were then traced by 
helicopter using the herd radio-collar frequency and identified from the air by 
their herd designation and specific individual numbers. These positive reactors 
were then removed from the herds by darting with an overdose of succinyl 
dicholine. Necropsies were performed on these animals in the field and samples 
from all the lymph nodes of the head and thorax, as well as from suspect lesions 
were taken for histopathology and bacteriological culture. The samples for culture 
were stored at –20 °C until transferred and processed at the Tuberculosis 
Laboratory of the ARC-Onderstepoort Veterinary Institute according to standard 
procedures (Bengis, Kriek, Keet, Raath, De Vos & Huchzermeyer 1996).  

 

RESULTS  

All results are summarized in Table 1 and the locations of herds in Fig. 1.  

 

Interpretation of the gamma-interferon assay  

During extensive studies in buffaloes it was previously shown that cross-reactivity 
with environmental mycobacteria could be detected by the additional stimulation 
of blood cultures with a crude protein extract from M. fortuitum which modified 
the commercial Bovigam into a triple comparative gamma-interferon assay 
(Michel, Nel, Cooper & Morobane 2000)  

In brief, a test result was considered positive for infection with M. bovis infection 
if the following criteria were met:  
ODbovine – ODavian > 0.20 and if ODfortuitum – ODnil < 0.15, provided that ODnil < 0.25.  
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In cases where ODfortuitum – ODnil > 0.15 the buffalo was classified as multiple 
reactor (MR). In our previous studies we found this pattern of multiple reactions 
in infected as well as in uninfected buffaloes. For the purpose of this survey it 
was decided to exclude this group of reactors from culling.  

Gamma-interferon tests (IFNg)  

Out of a total of 29 buffalo herds comprising approximately 8 390 animals, 608 
were tested using the IFNg assay. A total of nine test-positive buffaloes were 
identified (Tables 1 and 2). Seven out of eight bovine reactors were shown to 
have macroscopic lesions of tuberculosis in the lymph nodes associated with the 
head and the respiratory tract or the lungs and M. bovis was isolated on culture. 
One test-positive animal could not be retrieved for culling, as it had not joined up 
with its parent herd. Necropsy of another test positive buffalo failed to reveal 
macroscopic lesions of tuberculosis and culture of the lymph nodes collected was 
negative. A total of three multiple reactors and 26 avian reactors were detected 
but not identified for culling.  

 
DISCUSSION  

In previous BTB surveys in the KNP, the TB status of selected buffaloes was 
determined either by necropsy or by the intradermal tuberculin test that required 
the test animals to be contained in a holding facility (boma) for 72 h. BTB-
monitoring practices based on culling might be acceptable in high prevalence 
herds such as in the southern part of the KNP. It has, however, met with growing 
opposition in low prevalence herds because of the large sample sizes needed to 
detect infection, the possible adverse effects on the genetic diversity of the 
herds, and other ecological and ethical considerations.  

The intradermal tuberculin test is associated with high costs and a high level of handling 
stress to animals due to the double immobilization and containment in the boma.Animals 
often refuse to drink after capture leading to dehydration and occasionally death. The 
interpretation of the skin test is inevitably compromised in dehydrated animals (Raath, 
Bengis, Bush, Huchzermeyer, Keet, Kernes, Kriek & Michel 1993).  
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TABLE 1. IFNg test results obtained in the survey on bovine tuberculosis in 
buffaloes in KNP  

Herd name  Herd 
symbol  

Herd size  
n 

No. of 
buffaloes 
tested 

Herd % 
tested 

No. of 
test 
positives 

No. of 
culture-
positive 
animals  

Letaba  A  145  14  9.65  3  2  
Macetse  B  320  23  7.18  3  2*  
Masorini  C  550  27  4.90  1  1  
Blach Heron 
dam  

D  180  23  12.77  0  N/A  

Maloponyane  E  290  26  8.96  0  N/A  
Stapelkop dam  F  310  21  6.77  0  N/A  
Grysbok  G  650  20  3.07  0  N/A  
Shawu  H  430  22  5.11  1  1  
Stamp en stoot  I  240  20  8.33  0  N/A  
Nkokodzi  J  250  19  8.63  0  N/A  
Tussen-in  K  230  20  8.69  1  1  
Mahlati  L  800  28  3.50  0  N/A  
Shingwedzi  M  240  21  8.75  0  N/A  
Shirombi pan  N  300  20  6.66  0  N/A  
Magamba  O  190  21  11.05  0  N/A  
Nkulumbeni  P  400  18  4.50  0  N/A  
Boyela  Q  200  17  8.50  0  N/A  
Klein Letaba  R  190  19  10.00  0  N/A  
Punda Maria  S  210  19  9.04  0  N/A  
Mahonie loop  T  260  18  6.92  0  N/A  
Nkovakulu  U  120  21  17.50  0  N/A  
Shangoni 
koppies  

V  140  19  13.57  0  N/A  

Malahlapanga  W  345  32  9.27  0  N/A  
Shipande  X  280  25  8.92  0  N/A  
Klopperfontein  Y  210  24  11.42  0  N/A  
Gadzingwe  AA  280  26  9.28  0  N/A  
Mooigesig dam  BB  400  19  4.75  0  N/A  
Gwalali  CC  110  13  11.81  0  N/A  
Makwadzi  DD  120  13  10.83  0  N/A  
Total   608  9  

N/A Not applicable  
* One test-positive buffalo could not be retrieved for necropsy  
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TABLE 2. OD values detected in the IFNg assay in 15 buffaloes with various 
diagnostic results  

Animal 
no.  

ODbov  ODav  ODfort  ODnil  Result  

A5  
A7  
A8  
B3  
B6  
B22 
C22 
H12  
K6  
B16 
D15  
B7  
Q1  
H14  

0.54 
1.43 
0.83 
0.46 
2.86 
0.43 
0.93 
0.79 
0.89 
0.19 
0.13 
1.36 
0.80 
0.88  

0.18 
0.33 
0.23 
0.22 
0.38 
0.14 
0.20 
0.11 
0.13 
0.16 
0.18 
0.37 
0.39 
1.40  

0.23 
0.13 
0.11 
0.13 
0.22 
0.07 
0.06 
0.10 
0.09 
0.07 
0.10 
0.55 
0.31 
0.51  

0.12 
0.09 
0.08 
0.08 
0.09 
0.07 
0.05 
0.09 
0.09 
0.05 
0.09 
0.20 
0.09 
0.08  

Positive 
Positive 
Positive 
Positive 
Positive 
Positive 
Positive 
Positive 
Positive 
Negative 
Negative 
MR  
MR  
AV  

 
 
The gamma-interferon technique has been used and evaluated in buffaloes in 
South Africa mostly to overcome the problems associated with the skin test and 
to avoid unnecessary culling of healthy buffaloes. It was previously found that in 
buffaloes, the IFNg assay had similar sensitivity and specificity ranges to the 
comparative intradermal skin test (Raath et al. 1993; Michel, personal 
communication 2000). In the present survey the diagnosis of bovine tuberculosis 
in buffalo herds was, for the first time, based exclusively on the IFNg assay. The 
strong correlation between test-positive and culture-positive buffaloes confirms 
the high specificity of the IFNg test (99.3 %) found in the comparative field 
evaluation (Michel, Nel, Cooper & Morobane 2000), although cross-reactivity with 
environmental mycobacteria did not seem to be a major complicating factor in 
this study, since only three buffaloes (0.5 %) showed a “multiple reaction”. In 
comparison, the previous field evaluation revealed a multiple reactor rate of 4 %, 
meaning that under standard test conditions, which lack the use of fortuitum 
protein, those buffaloes would have been falsely classified as bovine reactors 
(Table 2). These buffaloes’ blood samples were collected in different geographical 
and climatic areas in South Africa throughout the year. The animals either 
roamed free or semi-free or were kept in a boma for varying periods of time. It is 
possible that any of these factors may have influenced the non-specific reactor 
rate in the present survey which was carried out in KNP during the dry winter 
season. In conclusion, the sensitivity could not be determined for this study as no 
gold standard method was included in the study design. However, M. bovis 
infection was confirmed in the Macetse and Letaba herds, previously known to be 
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affected. In addition, three new infected herds, namely Masorini (Phalaborwa), 
Shawu (Mopanie) and Tussen-in (Woodlands) were identified. This indicates an 
increase in the overall BTB prevalence in the northern region of the KNP 
compared to the findings of a survey conducted in 1998 in which 1.45% of 
buffaloes were found to be infected (Rodwell 2000). In retrospect, in January 
1999 during routine buffalo capture operations, a young cow from the Nkokodzi 
herd was found to be positive on both the gamma-interferon and the skin tests. 
On necropsy a tubercular lesion (20 mm) was found in the lung and M. bovis 
isolated from it. This was the first recorded and confirmed case north of the 
Letaba River. However, during the 2000 survey, no positive reactors were found 
in the sample from this herd.  
Based on these observations as well as on the data provided by the previous 
validation (Michel et al. 2000; A.L Michel, unpublished data 2000) the results of 
this study are believed to demonstrate a satisfactory sensitivity of the IFNg test 
under field conditions. Our data further show that the use of fortuitum protein in 
a triple comparative IFNg test is of distinct advantage in our situation where 
pressing ethical and economic considerations do not allow an “overkill” of 
buffaloes due to reduced specificity of the bovine tuberculosis control measure.  

In the KNP, the average buffalo herd comprises 200–300 individuals (Whyte 
1999). The sampling technique employed in the survey described here allowed 
for the capture and testing of 5–10 % of each herd in the study area. This 
correlates with the required sample size for detecting infection in herds with an 
infection prevalence of between 10% and 15 %, at a confidence level of 95 % 
and using total random sampling (Thrusfield 1995). Although the expected 
prevalence of BTB in the northern part of KNP is below 5% the selection of adult 
buffaloes could help to increase the probability of disease detection at this 
sample size as previous investigations have revealed a positive correlation 
between age and likelihood of infection (De Vos et al. 2001).  

The BTB lesions that were found were suggestive of “early” infections as the 
lesions were small and found mainly in the lymph nodes of the head and lungs. 
Discrete focal tubercular lesions were also found in the lungs of four animals. 
These results indicate active infection, probably with temporospatial spreading of 
the disease. In addition, a single cow in both the Shipande and Mahlati herds 
tested positive on gamma-interferon, but could not be recovered for necropsy 
purposes. 
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CONCLUSION  

In conclusion, we believe that the results of this survey are encouraging for 
detecting BTB-infected herds in a geographical area, bearing in mind the 
limitations of sample size. The use of the gamma-interferon test as described in 
this paper may be an important tool for future “test and remove” actions to 
control bovine tuberculosis in free-ranging buffalo populations. The modified 
gamma-interferon test has significant advantages over the skin test and culling 
methods with regard to financial, conservation and ethical considerations.  
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Abstract 
 

Panels of sera from African buffalo with confirmed bovine tuberculosis and from 
known uninfected controls were used to evaluate the performance of two 
commercial rapid chromatographic immunoassays (A & B) for the detection of 
antibodies to Mycobacterium bovis. The sensitivity was 33% and 23%, 
respectively, while the specificity was determined at 90% and 94%, respectively. 
Overall the performance of both diagnostic tests under field conditions was not 
found sufficiently high to support their use in bovine tuberculosis management 
and control strategies in South African game reserves.  
 
Keywords: African buffalo, bovine tuberculosis, rapid test, immunodiagnosis 
 
 

Introduction 
 

Wildlife tuberculosis caused by Mycobacterium bovis is endemic in some of South 
Africa’s large conservation areas where it is maintained in African buffaloes 
(Syncerus caffer). As a consequence of transmission to a wide range of spillover 
hosts and an emerging risk of spreading outside these parks, where it may be a 
potential threat to cattle and human populations, bovine tuberculosis (BTB) is 
considered an increasing wildlife health and management problem (Michel et al. 
2006). Currently movement control and disease monitoring strategies rely on the 
intradermal tuberculin test and interferon gamma assay, which both have 
practical limitations (Grobler et al. 2002). Moreover, due to the nature of the 
immunological responses to infection these test systems  detect only the cell 
mediated immune response developed relatively early after infection and 
therefore lack the ability to identify  animals that no longer show cell mediated 
immunity but may produce antibodies (Wood et al. 1991).  
In the absence of systematic test-and-remove interventions in free-living wildlife 
to curb the progression of bovine tuberculosis, a certain percentage of infected 
individuals are likely to develop advanced lesions and become effective shedders 
of M. bovis (Bengis 1999, de Vos et al. 2001). In light of the spectrum of disease 
stages in bovine tuberculosis (BTB) and their different immunological profiles 
represented in especially chronically infected populations it is the ultimate goal to 
develop a comprehensive diagnostic approach, in which cellular as well as 
humoral immune responses are detected. 
 
The value of antibody detection as a fast, cost-effective and user-friendly 
alternative to the skin test has been explored in cattle populations in developed 
countries, but did not find widespread application in the past, mostly due to low 
sensitivity and/or specificity (Placket et al.1989), potentially as a result of the fact 
that antibody production occurs relatively late. 
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The aim of this study is to present the comparative evaluation of two 
commercially available rapid test systems, based on immunochromatographic 
detection of antibodies against M. bovis for their diagnostic value in African 
buffaloes. 
 
 
 
Materials and Methods 
 

Animals and serum samples 
Panels of sera from BTB infected and uninfected buffaloes were selected from a 
serum collection maintained at –20°C. The positive panel consisted of serum from 
100 naturally infected, free-ranging, culled buffaloes, aged between six months 
and 15 years. The buffaloes were sampled between 1996 and 2005 during BTB 
management surveys in the southern and central regions of the Kruger National 
Park, where the BTB prevalence is highest and ranges from 16% to 38% 
(Rodwell et al. 2001) with individual herds reaching up to 67% (de Vos et al. 
2001) Eighty of the culled buffaloes had macroscopic lesions in at least one  
lymph node. BTB infection had been confirmed in all 100 buffaloes of the positive 
panel either by culture (65 animals) or gross- and histopathology (35 animals).  
For 44 of the culture positive buffaloes additional histopathological examination 
was performed with consistent positive results (Table 1).  
 
The negative panel (N=100) originated from known uninfected buffaloes, 31 of 
which  were culture negative buffaloes which were necropsied during surveys in 
reserves or regions with no history of BTB and 69 serum samples were collected 
from live buffaloes from BTB free game farms or reserves (Table 1), 34 of which 
had at least two rounds of skin tests and four rounds of IFNg assays, all with 
negative results, 31 buffaloes formed part of a larger herd with repeated negative 
skin tests and one negative IFNg assay and four IFNg negative animals were 
selected from a larger group of 65 IFNg negative buffaloes sampled and tested in 
a BTB free region.  
 
Diagnostic assays including gold standard tests 
Bacterial culture and histopathology (in combination with gross pathological 
examination) served as gold standard tests for confirming M. bovis infection in 
the buffaloes of the positive panel. Both methods have been described previously 
(Bengis et al.  1996).  
The BovigamTM commercial interferon gamma kit was used with modifications as 
described by Grobler et al. (2002) and applied on 20 infected and 69 uninfected 
buffaloes. 
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Immunochromatographic (Rapid) tests  
Two commercial immunochromatographic test systems, based on the capture of 
antibodies against recombinant M. bovis antigens were included in the 
comparative assessment. In both these tests the antigens are immobilised on the 
test line of a sample pad and trap serum antibodies migrating through the test 
device by capillary forces. The tests were performed according to the 
manufacturer’s instructions. 
 
Rapid test A: BovidTB STAT-PAK, Chembio Diagnostic Systems, Inc., (Medford, 
NY,USA) 
Briefly, 30µl serum were spotted in the sample window of the kit, followed by 
four drops of diluent dispensed from a dropper bottle supplied by the 
manufacturer.  
 
Rapid test B: Anigen, Animal Genetics, Inc., South Korea 
Four drops of serum were added to the sample window of the kit by means of a 
specimen dropper supplied by the manufacturer. No diluent was applied. 
All reactions were recorded after 20 min and scored by comparing colour 
intensity of the test line with that of the positive control line. If  the test line was  
continuous but of weaker intensity than the control line, it scored 1+, lines of 
equal intensities were classified 2+ and stronger lines than the control was 
classified 3+ (Tables 2 and 3). Suspect reactions, which constituted fuzzy or 
discontinuous lines were designated doubtful reactions and grouped separately. 
 
 
Table1. Test results used to classify buffalo sera into positive (infected) and 
negative (uninfected) panels 
 
BTB 
status No. test positive  Total 

 Culture (a)  Histopath (b) (a) + (b) IFNg  IFNg + IDT  
Infected 65  35  44  17 [20] NA 100 
Uninfected 0 [10] NA 0 [21]  0 [4] 0 [65] 100 
IFNg  Interferon gamma assay 
IDT   Intradermal tuberculin test 
Figures indicate number of test positive buffaloes in this category; [ ] = total no. of buffaloes 
tested in this group 
 

Data analysis 

For comparative evaluation of the diagnostic performance of the two rapid tests 
their sensitivity and specificity values were determined according to Toma et al. 
(1999).  
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The positive and negative predictive values for each of the rapid tests and under 
different prevalence situations were calculated using the following formula 
(Altman 1994):  
 
  sensitivity x prevalence 
 PPV = --------------------------------------------------------------- 
             sensitivity x prevalence + (1 - specificity) x (1 - prevalence) 
 
                      specificity x (1 - prevalence) 
 NPV = --------------------------------------------------------------- 
            (1 - sensitivity) x prevalence + specificity x (1 - prevalence 
 
Cohen’s kappa index for agreement between the rapid tests and with the gold 
standard methods was computed and interpreted according to Landis and Koch 
(1977). 
 
 

 

Results 
 

Rapid tests A and B detected antibodies to M. bovis in 33 and 23 of  100 infected 
and in ten and six of 100 uninfected buffaloes, respectively (Tables 2 and 3). 
Resulting sensitivity values for Rapid test A and B were 33% and 23%, 
specificities were 90 and 94 %, respectively. If suspect reactions were taken into 
consideration, their respective sensitivities could be increased to 38% (Rapid test 
A) and 32% (Rapid test B). At the same time the specificity for those 
testsdecreased from 90% and 94% to 77% and 86%, on the same account. 
When series interpretation (samples positive on both tests) was applied, 17/100 
known positive sera and 86/100 known negative sera were correctly classified by 
both rapid tests. The tests also agreed in results for 2/14 false positive and 61/83 
false negative results. Parallel interpretation (either test yielding a positive result) 
increased the number of test positive sera from 17 to 39 and decreased the 
number of test negative buffalo from 86 to 74. Inclusion of suspect reactions led 
to an increase in the number of true positive sera from 33 to 38 for Rapid test A 
and from 23 to 32 in the case of Rapid test B. However, the detection of 13 and 
eight suspect reactors in the negative serum panel for rapid tests A and B, 
respectively increased the false positive reactor rate for those tests (Table 3). 
The agreement between the two rapid tests was moderate (kappa index = 0.42) 
and slight to fair between the gold standard and Rapid test A (kappa index = 
0.23) and Rapid test B (kappa index = 0.17), respectively. 
 
The intensity of colour reactions was rated between 1+ and 3+. For both tests 
most true positive reactors yielded a colour intensity of 2+. Although the majority 
of false positive reactors fell into the category 1+, stronger reactions were 
observed (Tables 2 and 3). 
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Analysis of the age distribution of seropositive buffaloes (in either one or both 
tests) showed that antibody responses were detectable in animals of all age 
groups with the youngest buffalo tested being six months old. The proportion of 
seropositive buffaloes was highest in the age group above eight years (Fig. 1). 
 
 
Table 2. Sensitivity values including rating of reaction intensities of Rapid test A 
and Rapid test B among panels of sera from infected buffaloes  
 
 Reactor classification 

 
TOTAL SE FN TP 

S 1+ 2+ 3+ 

Rapid 
test A 

100 0.33 67 
[62] 

33 
[38] 

5 11 18 4 

Rapid 
test B 

100 0.23 77 
[68] 

23 
[32] 

9 8 12 3 

SE     Sensitivity   IFN    False negative reactors  TP    True positive reactors 
S       Suspect reactors  Figures represent number of reactors for this category. 
Figures in [] include suspect reactors. 
 
 
 
On an individual test basis Rapid test A detected all seropositive buffalo in the 
categories <3 years and >8 years but failed to identify several of the Rapid Test 
B positive buffalo between 4 and 8 years (results not shown).   
 
The IFNg assay was in agreement with at least one or both rapid tests in 
detecting six out of twenty infected buffaloes, while one buffalo from the infected 
group tested negative in all cellular and antibody tests and two buffaloes were 
antibody positive but IFNg and skin test negative (results not shown).  
 
 
Table 3. Specificity values including rating of reaction intensities of Rapid test A 
and Rapid test B among panels of sera from uninfected buffaloes  
 
 Reactor classification 

 
TOTAL SP TN FP 

S 1+ 2+ 3+ 

Rapid 
test A 

100 0.90 90 
[77] 

10 [23] 13  7 2 1 

Rapid 
test B  

100 0.94 94 
[86] 

6 [14] 8 4 2 0 

SP     Specificity  TN    True negative reactors  FP    False positive reactors  S       
Suspect reactors 
Figures represent number of reactors for this category. Figures in [] include suspect reactors. 
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Table 4. Serological responses among panels of infected and uninfected buffalo 
sera 
 
BTB status A+/B+ A-/B- A+/B- A-/B+ Total 

Infected 17 61 16 6 100 
Uninfected 2 86 8 4 100 
Total 19 147 24 10 200 
+ test positive; - test negative; A Rapid test A; B Rapid test B 
 
The positive predictive values of both rapid tests were calculated for different 
prevalence rates of bovine tuberculosis and results are listed in Table 5. For true 
prevalences assumed at 5%, 20% and 50%, the positive predictive values were 
increasing from a minimum of 14.8% for Rapid test A to a maximum of 79.3% 
for Rapid test B. At the same time the negative predictive values were decreasing 
from 96.3% for Rapid test A to 54.9% for Rapid test B.   
 
 
Table 5. Positive and negative predictive values for two rapid tests in 
relationship to prevalence of disease 
 

P  PPV NPV 

  A B A B 

0.05 14.80% 16.80% 96.28% 95.91% 
0.20 46.5% 48.9% 84.40% 82.80% 
0.50 76.70% 79.30% 57.30% 54.90% 
P  prevalence of disease    PPV  positive predictive value    NPV  negative predictive value 
A Rapid test A   B Rapid test B 
 
 
 
Discussion 
 

The management of bovine tuberculosis in free ranging wildlife populations poses 
huge challenges in terms of disease management within wildlife conservation 
objectives on the one hand, and veterinary public health responsibilities on the 
other hand (Bengis et al. 2002). Against this setting reliable diagnostic tests are 
of paramount importance to identify infected buffaloes but also other infected 
species with high sensitivity. At the same time a high specificity is required to 
minimise unnecessary and unethical culling of valuable genetic resources. 
Immunochromatographic detection of anti-M. tuberculosis complex antibodies in 
the sera of infected animals provides a technically simple diagnostic approach 
without the need for species-specific secondary antibodies. Very recently 
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successful applications have been reported in deer, elephants and camels (Koo et 
al., 2005, Wernery et al., 2007).  

In this study the comparative evaluation of two commercial immuno-
chromatographic tests showed a very limited sensitivity of 33% and 23%, 
respectively, which could only be slightly enhanced by parallel interpretation 
(either test yielding a positive result) to 38%, since five buffaloes were identified 
by Rapid test B but not by the more sensitive Rapid test A.  This finding may 
suggest that antibodies directed against MPB70 and various other M. tuberculosis 
complex antigens antibodies develop later in buffaloes in favour of a prolonged 
persistence of the cell mediated immune response indicated by only six 
seropositive out of 17 IFNg positive  buffaloes (35%), all aged five years or older.  
Furthermore overall good body condition scores in necropsied, infected buffaloes 
and the rare observation of clinical signs had previously led to the conclusion that 
BTB is a slow, progressive disease in the individual buffalo as well as on herd 
level. This was supported by the fact that advanced lesions or generalised 
disease were observed primarily in older animals (de Vos et al. 2001). We found 
the highest prevalence of seropositive animals (55.6%) in the oldest age group 
(Figure 1), which concurs with the characteristics of a chronic, progressive 
disease and late onset of antibody production.  
 
 
Fig. 1.  Age distribution of infected and antibody positive buffaloes  
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On the other hand, it has been demonstrated in experimentally infected cattle 
that antibody production may also be a function of the infectious dose (Buddle et 
al. 1994). It was previously reported that the number of advanced respiratory 
tract lesions, and hence the likelihood of M. bovis shedding, was positively 
correlated with the BTB prevalence rates (de Vos et al. 2001). Thus, if the same 
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positive correlation between M. bovis dose and humoral immune response applies 
in buffalo, it may explain the high percentage of seropositive buffaloes (48%) in 
the age group below 3 years (Fig. 1) captured in the high BTB prevalence zone of 
KNP.  
In conclusion, the findings of this study showed that neither of the two rapid 
tests possessed a sufficiently high diagnostic accuracy to be of diagnostic value in 
buffaloes. This is also demonstrated by the low predictive values (PVs) of the 
rapid tests under the actual prevalence scenarios in the KNP. The probability of 
BTB in a buffalo given a positive rapid test result is below 0.17 in herds in the 
northern region of the KNP, where the BTB prevalence is estimated at less than 
5%, while the probability that an antibody negative buffalo in the high prevalence 
southern region is actually not infected could be less than 58%. The rapid tests 
may, however, have a limited ability to detect anergic  buffaloes, as indicated by 
the detection of antibodies in two out of three IFNg and skin test negative 
buffaloes which is in agreement with the observations of Harboe et al. (1990) of 
an inverse relationship between antibody reactivity and cell-mediated immune 
response when employing MPB70 in the serodiagnosis of M. bovis infected cattle. 
Further investigations of the antibody reactivity particularly of buffaloes lacking 
cellular immune response but exposed to high levels of BTB would be useful to 
assess the value of rapid tests as ancillary tests in this wildlife species.  
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ABSTRACT 
 
An infection model for Mycobacterium bovis in African buffalo, Syncerus caffer, 
was developed, using the intratonsilar route of inoculation. Two groups of 11 
buffaloes each, aged approximately 18 months, were infected with either 3.2 x 
102 cfu (low dose) or 3 x 104 cfu (high dose) of a M. bovis strain isolated from a 
buffalo. A control group of six buffaloes received saline via the same route. The 
infection status was monitored in vivo using the comparative intradermal 
tuberculin test, and in vitro by the modified interferon-gamma assay. All buffaloes 
were euthanazed 22 weeks post infection and lesion development was assessed 
by macroscopic examination, culture and histopathology. It was found that the 
high dose caused macroscopic lesions in 9 out of 11 buffaloes. Mycobacterium 
bovis was isolated from all buffaloes in the high dose group and from 6 out of 11 
in the low dose group.  
 
Key words: African buffalo, Bacille Calmette-Guérin, bovine tuberculosis, 
intratonsilar infection model, Kruger National Park, Mycobacterium bovis, 
Syncerus caffer 
 
 
INTRODUCTION 
 
Bovine tuberculosis (BTB), caused by Mycobacterium bovis, was first diagnosed in 
free-ranging buffalo, Syncerus caffer, in the Kruger National Park in 1991 (KNP) 
(Bengis, Kriek, Keet, Raath, De Vos & Huchzermeyer 1996). In this ecosystem, 
buffaloes are now considered to be the main reservoir and maintenance host (De 
Vos, Bengis, Kriek, Michel, Keet, Raath & Huchzermeyer 2001). Since the initial 
diagnosis, BTB infection has spilled over into a variety of other species (Keet, 
Kriek, Penrith, Michel & Huchzermeyer 1996) and has been confirmed in kudus, 
Tragelaphus strepsiceros, baboons, Papio ursinus, lions Panthera leo, leopards, 
Panthera pardus, hyenas, Crocuta crocuta, cheetahs, Acinonyx jubatus, warthogs, 
Phacochoerus ethiopicus, genets, Genetta genetta and honey badgers, Mellivora 
capensis (Keet 1996; Keet, Kriek, Bengis, Grobler & Michel 2000; Keet, Kriek, 
Bengis, & Michel 2001; Michel 2002).  
 
Because of the number of species infected with BTB, the control and eventual 
eradication of BTB from the KNP will become increasingly difficult. Complicating 
factors include the widespread geographical ranges occupied by infected buffalo 
herds and the potential of other species to become maintenance hosts. The 
spread of infection both within and between herds is thought to be further 
enhanced by the gregarious lifestyle of buffaloes, as well as the dynamic 
fragmentation and coalescing of buffalo herds (De Vos et al. 2001). Various 
strategies to control and eventually eradicate the disease from the KNP have 
been considered. Of the strategies that may be effective, vaccination could be the 
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most feasible option provided a vaccine candidate can be validated in an 
experimental buffalo model.  
 
The Bacille Calmette-Guérin (BCG) vaccine is the only vaccine currently available 
with proven safety and efficacy for the control of the infection in humans. The 
BCG vaccine has also been tested in a number of domesticated and wild species 
(Buddle, Keen, Thomson, Jowett, McCarthy, Heslop & De Lisle 1995; Buddle, 
Skinner, & Chambers 2000; Corner, Buddle, Pfeiffer & Morris 2001, 2002). 
Variability in the efficacy seen in these experimental studies has precluded the 
use of the BCG as a vaccine for domestic livestock or wildlife. Factors that 
affected the efficacy of BCG vaccine in experimental protocols included the age of 
the animals that were vaccinated, prior sensitization to environmental 
mycobacteria (Buddle, Wards, Aldwell, Collins & De Lisle 2002), delivery and 
dosage, and whether single or multiple booster doses were used (Griffin, 
Mackintosh, Slobbe, Thomson & Buchan 1999; Cross, Labes, Griffin & Mackintosh 
2000). When a pathology scoring system was recently applied to cattle which had 
been experimentally challenged with M. bovis, BCG vaccination reduced disease 
severity by 75 % (Vordermeier, Chambers, Cockle, Whelan, Simmons & Hewinson 
2002). The vaccine also gave excellent protection to red deer, Cervus elaphus, at 
the Disease Research Laboratory (DRL) in Dunedin, New Zealand, if a booster 
was administered eight weeks after the initial BCG vaccination (Griffin, Chinn, 
Rodgers & Mackintosh 2001). An added advantage of vaccination, even if the 
BCG vaccine does not provide full protection against the disease, is that it 
appears to reduce the severity of the disease and subsequent mycobacterial 
excretion. Reduced contamination of the environment could also limit the 
subsequent spread of infection (Cross et al. 2000). Indeed, under certain 
environmental conditions, M. bovis can survive outside its host for long enough to 
significantly increase the likelihood that other animals may become infected and 
develop disease (Tanner & Michel 1999).  

 
To evaluate the efficacy of such a vaccine in buffaloes, a reliable infection model 
had to be developed which mimics natural infection in this species. The model 
should reproduce the typical range of lesions, progression of the disease and the 
immunological response seen in naturally infected animals (Mackintosh, Waldrup, 
Labes, Buchan & Griffin 1995). The model should be also repeatable, practical to 
execute, safe and economical. 
 
Various methods of establishing experimental infection with M. bovis have been 
studied in different host species. The intra-tracheal route of infection has been 
used in cattle (Buddle et al. 1995), possums (Corner et al. 2002), the oral route 
in ferrets (Cross et al. 2000), and the intratonsilar inoculation in red deer 
(Mackintosh et al. 1995; Griffin, Mackintosh & Buchan 1995) and cattle (Palmer, 
Whipple, Rhyan, Bolin & Saari 1999). The intratonsilar method was selected for 
this study because it is easy to execute, safe and economical. It involves instilling 
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0.2 ml of an inoculum into the left tonsilar crypt while the experimental animal is 
under anaesthesia. The disease in infected cattle and deer mimicked the natural 
disease in terms of its pathogenesis and rate of progression and severity of 
lesions in deer (Griffin et al. 1995) and cattle (Palmer et al. 1999). The aim of 
this study is to establish an M. bovis experimental model of infection in buffaloes 
in order to evaluate further BTB vaccine candidates. 
 
 
MATERIAL AND METHODS 
 
ANIMALS 
Twenty-eight buffalo calves, varying in age from 12-24 months, were captured in 
a tuberculosis-free area of the KNP. The calves were randomly divided into three 
groups, with comparable numbers of bull and heifer calves in each group. The 
two experimental groups comprised eleven animals each while the control group 
comprised six animals. The three groups were housed separately. The control 
group was placed in a facility furthest away from the group that received the 
higher infectious dose of virulent M. bovis.  

 

Husbandry and monitoring 
The calves were housed in bomas of 600 m2 with an inner and an outer fence 
designed to keep out predators. The animals were observed three times a day, 
and interactions, general health, and condition scores were recorded. Injuries 
and acute illnesses were treated appropriately. They were fed twice a day with 
teff hay and lucerne mixed at a ratio of 2:1, and water was available ad libidum. 
At capture all the calves were tested with the comparative intradermal tuberculin 
skin test as well as the gamma-interferon assay. All calves tested negative for 
bovine tuberculosis although sensitization to environmental mycobacteria was 
seen in some animals. After four weeks the gamma-interferon assays was 
repeated and all the results were comparable to those obtained at capture. 
 
Mycobacterium bovis strain 
During a survey in 1998 to determine the prevalence of BTB in buffaloes in the 
KNP, suspect tissue samples were submitted for culture (Rodwell, Kriek, Bengis, 
Whyte, Viljoen, De Vos & Boyce 2001). Mycobacterial isolates were identified 
using biochemical and PCR tests followed by restriction fragment length 
polymorphism (RFLP) characterisation of the M. bovis isolates (De Vos et al. 
2000). One M. bovis isolate (Case no. KNP 182) classified as representative of the 
dominant KNP genotype ZA-01 (De Vos et al. 2000), was selected for use as the 
challenge strain for the trial. Subcultures of this isolate had been stored at –20 °C 
on Lőwenstein-Jensen slopes containing pyruvate. For preparation of the 
different inocula used for challenge, growth from fresh subcultures was carefully 
suspended in saline containing 0.5 % Tween 80 on the day of the experimental 
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infection. The concentration of bacteria was adjusted by microscopically counting 
of serial dilutions in a Neubauer counting chamber to 3 x 102 (low dose inoculum) 
and 3 x 104 (high dose inoculum) per 200 µℓ, respectively. Tween 80 was used to 
avoid clumping of bacteria, allowing for accurate counting. Aliquots of each serial 
dilution were plated out in triplicate onto Petri dishes containing Lőwenstein-
Jensen medium with pyruvate. To avoid desiccation during the prolonged 
incubation at 37°C, Petri dishes were sealed and placed in a humid chamber for 
10 weeks. 
 
ANAESTHESIA 
A combination of etorphine hydrochloride (M99, Novartis SA Animal Health) and 
xylazine (Chanazine 2%, Centaur, Bayer Animal Health) at standard dosages 
used for routine buffalo immobilization was used to anaesthetize the buffalo 
calves. Xylazine was used because it is a good muscle relaxant, and it enhanced 
the relaxation of the jaw muscles, facilitating the opening of the mouth during 
the infection procedure. During the rest of the study period, a combination of 
M99 and azaperone (Stresnil, Janssen Animal Health) was used as described 
previously (Bengis & Raath 1993).  

 

Experimental infection procedure 

The control animals were handled first. Blood samples were collected from the 
jugular vein into vacuum tubes containing appropriate solutions for preservation 
and/or preventing coagulation, as required. The calves were then rolled onto 
strong tarpaulin stretchers, and moved to a separate pen to reduce the likelihood 
of contact with the animals infected with live M. bovis.  
 
The two groups to be infected, each comprising 11 calves, were anaesthetized 
and inoculated with live M. bovis culture material as follows. The anaesthetized 
calves were placed in sternal recumbency with their heads lowered to allow any 
oral fluid resulting from the administration of xylazine, to drain before the 
instillation of the bacterial suspension into the left tonsilar crypt. Each animal’s 
mouth was opened and its tongue was reflected to the left side of the operator. 
The base of the tongue was depressed using a 400 mm laryngoscope, so that the 
left tonsilar crypt could be seen. The M. bovis suspension was instilled into the 
crypt with a 1 mℓ syringe fitted with a 300 mm long 18 G needle with a ball tip. 
Any spillage or haemorrhage from the crypt following instillation was recorded. 
The eleven calves in the low dose group received 0.2 mℓ of a suspension 
containing about 3 x 102 cfu of M. bovis and the 11 calves in the high dose group 
received 0.2 mℓ of a suspension containing 3 x 104 cfu of M. bovis. The six calves 
in the control group received 0.2 mℓ of saline into the left tonsilar crypt following 
the same overall procedure. 
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After the procedure was completed, the animals were revived by administering 
the antidote diprenorphine hydrochloride (M50/50, Novartis SA Animal Health) at 
twice the dosage of the M99. Whenever xylazine was used to immobilize the 
calves, 3 – 5 mℓ of yohimbine were also administered. The different experimental 
groups of calves were kept in separate bomas.  
 

Laboratory tests 

Interferon-γ assay (Bovigam) 
The interferon- assay (IFN-γ) is a rapid, blood-based assay of cell-mediated 
immunity (CMI) used for the diagnosis of BTB in cattle (Woods et al. 1991). 
However, when used for the diagnosis in buffaloes there was a lack of specificity 
(Michel et al. 2000). Through subsequent modification of the commercial kit 
protocol into a triple comparative test (i.e. use of Mycobacterium fortuitum 
besides Mycobacterium avium and M. bovis purified protein derivatives (PPD), as 
an ancillary antigen), discrimination between specific and non-specific immune 
reactions was significantly improved (Grobler et al. 2002). In this experiment the 
modified protocol was used as described previously by Grobler et al. (2002).  
 
Whole blood count 

Whole blood was collected in an EDTA tube from every animal and assayed 
within 6 hours of blood collection to perform whole blood counts on the T-890 
coulter counter (Beckman Coulter). Blood smears were prepared on glass slides, 
stained with Diff-Quick (Kyro-quick, Kyron Laboratories) and examined for 
Babesia and Theileria parasites.  

 

Bacteriology 

Specimens for culture were collected from the following lymph nodes irrespective 
of whether lesions were present. The left and right tonsils and both medial 
retropharyngeal lymph nodes were processed separately and equally divided for 
mycobacterial culture and histopathology. All lesions detected in any other of the 
lymph nodes or organs, were collected and processed for mycobacterial culture 
and histopathology. Specimens from other lymph nodes (as indicated below) 
were pooled for culture: 

 

• Pooled head lymph nodes:  Mandibular and parotid lymph nodes 
• Pooled thoracic lymph nodes: Mediastinal and bronchial lymph 

nodes 
• Pooled abdominal lymph nodes: Mesenteric, hepatic, renal, omasal,                 

and abomasal lymph nodes                          
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• Pooled carcass lymph nodes: Cervical, prescapular, axillary, 
popliteal, inguinal and mammary or 
scrotal lymph nodes 

 

Samples were transferred to and processed at the Tuberculosis Laboratory of the 
ARC-Onderstepoort Veterinary Institute, where they were cultured and identified 
as described by Bengis et al. (1996). Cultures were considered negative for M. 
bovis when no growth was detected after 12 weeks of incubation. In this study 
the culture result was used as the gold standard to indicate if an animal was 
infected with M. bovis. The same isolation and identification protocols were 
applied to swabs that were taken during the course of infection. 

 

Histopathology 

Specimens were collected and preserved in 10 % buffered formalin, and were 
later prepared routinely for light microscopy by embedding them in paraffin wax. 
Sections cut to a thickness of 4 – 6 µm were routinely stained with haematoxylin 
and eosin, and selected sections with the Ziehl-Neelsen acid-fast stain. The Ziehl-
Neelsen stained histopathology sections were examined microscopically for the 
presence of acid-fast bacilli (AFB). 

 

Intradermal tuberculin test 

A comparative intradermal tuberculin test using 0.1 mℓ of bovine PPD (0.1 
mg/mℓ) and 0.1 mℓ of avian PPD (0.05 mg/mℓ, Lelystad, The Netherlands) was 
done on all the calves six weeks prior to infection and again three months after 
infection. Injection sites on both sides of the lower neck were shaved with a 
battery-operated hair clipper. As a rule bovine tuberculin PPD was injected 
intradermally on the left and avian PPD on the right side of the neck with a 
McClintok syringe. The skin thickness was measured with a calliper before and 72 
hours after injection. Both manipulations necessitated the calves to be 
anaesthetised, firstly to give the injections and secondly to palpate and assess 
the nature of the skin reaction. 

 

The intradermal tuberculin test results were interpreted as recommended by 
the OIE: 

• Increase of skin thickness in response to injection of bovine tuberculin PPD 
< 2 mm = negative 

Provided the reaction to bovine tuberculin PPD was greater than that elicited 
by the avian tuberculin PPD the following interpretation was applied:  
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• If the increase in skin thickness at the bovine tuberculin injection site 
minus the increase at the avian injection site is 2-4 mm, the result is 
suspect.  

• If the increase in skin thickness at the bovine tuberculin injection site 
minus the increase at the avian injection site is > 4 mm, the result is 
positive. 

 
 
Routine monitoring 
After infection, the calves were monitored three times daily for evidence of 
clinical disease or abnormal behaviour. No acute onset of disease was observed.  

 

Blood specimens, nasal swab collection and weight gain during the 
course of infection 

Apart from the day of experimental M. bovis infection and euthanasia, the buffalo 
calves were anaesthetized at three further occasions between the 5th and the 15th 
week post infection (p.i.), at which time they were weighed, and blood specimens 
and nasal swabs collected. Whole blood was collected from each experimental 
animal and preserved in heparin as well as in EDTA for the IFN-γ assay and 
routine haematology. Vacuum tubes without preservative were used to collect 
serum for serum banking. Nasal swabs were collected for bacteriology. On the 
day of euthanasia the same sampling procedures were applied as mentioned 
previously. In total, five sets of samples were collected for each individual, the 
last being taken on the day of euthanasia. 
 
Each anaesthetized calf was weighed regularly by being lifted onto a tarpaulin 
stretcher that was connected to a scale attached to a hydraulic crane. The scale 
was zeroed before each calf was weighed. The weight of each calf was recorded 
to reflect its change in mass over the duration of the experiment. 
 

Necropsy procedure 

All the experimental animals were euthanazed with succinyl dicholine chloride 
(scoline) and then immediately subjected to a detailed necropsy in the abattoir at 
Skukuza. Five animals (two each from the low and high dose groups and one 
from the control group) were necropsied 18 weeks after infection, to establish 
whether the infection technique developed for deer was valid in buffalo. Previous 
studies showed that characteristic pathological changes are evident in deer 18 
weeks after experimental infection (Griffin, 2002 unpublished data). At the end of 
the study, 22 weeks post infection, all the remaining calves were euthanazed.  
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Selected lymph nodes were removed from the carcass and after being thinly 
sliced with a scalpel blade, were visually examined for the presence of 
macroscopic tuberculous lesions. The tonsils and the mandibular, parotid, and 
medial retropharyngeal lymph nodes together with the mediastinal and bronchial 
lymph nodes and the pre-scapular, axillary, popliteal, inguinal, mammary or 
scrotal, hepatic, ruminal, omasal, abomasal, mesenteric, ileo-caecal and rectal 
lymph nodes were collected. The medial retropharyngeal lymph nodes of each 
animal were labelled and photographed.  

 

The lungs were initially carefully palpated to detect any nodules or lesions, after 
which they were systematically sliced with a knife to detect any lesions. All 
lesions that were detected in the lungs, lymph nodes and tonsils were collected 
and submitted for histopathology and bacterial culture. Irrespective of whether 
macroscopic lesions were detected in specimens of the tonsils and lymph nodes 
listed above, these tissues were collected for histopathology and culture. 
Specimens for histopathology were preserved in 10% buffered formalin and 
submitted to the Department of Pathology of the Faculty of Veterinary Science, 
University of Pretoria at Onderstepoort for processing and examination.  

 

Grading of macroscopic lesions 

The following criteria were used to grade the macroscopic lesions of each 
individual animal: 

Grade 0: No visible lesions 
Grade 1: Less than 50% of a single lymph node or tonsil affected  
Grade 2: More than 50% of a single lymph node or tonsil affected  
Grade 3: Two or three lymph nodes and/or tonsils involved  
Grade 4: More than three lymph nodes involved  
Grade 5: Multiple lymph nodes as well as organs involved (Miliary disease) 

 

Statistical methods 

An ANOVA was used because the response variables were all continuous 
variables and the aim was to determine whether there were any significant 
differences between the positive and negative individuals over the specified time 
period. This method of analysis was used for both the haematology parameters 
and the body mass data sets. There were no significant differences in any of the 
parameters between the positive and negative individuals. 
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RESULTS 

 

Mycobacterium bovis inoculum 

Plate counts of serial dilutions of the M. bovis inoculum 6 weeks after 
experimental infection revealed that the infectious doses administered were 3.2 x 
102 and 3 x 104 cfu, respectively.  

 

Interferon-γγγγ assay 

The results are shown in Table 1. All blood samples collected on the day of the 
experimental infection (Day 0) tested negative for bovine PPD. Five weeks post 
infection (p.i.) seven out of 11 animals inoculated with the high dose tested 
positive with IFN-γ. All control calves as well as those receiving the low dose 
tested negative. The intradermal tuberculin test was applied at 11 weeks p.i. 
During weeks 13 – 17 p.i., the number of infected calves testing IFN-γ positive 
increased until at 22 weeks post infection all calves in the high dose group and 
four out of the 11 in the low dose group tested positive on IFN-γ. Some non-
specific sensitization was observed in all the groups during the trial, but was 
disregarded, and a false positive result occurred in one animal from the control 
group after the intradermal tuberculin test. 

 

Whole blood count 

Throughout the study whole blood and total lymphocyte counts remained stable 
for all animals in the study. At 95 % confidence levels no difference could be 
detected between the haematological parameters of diseased and non-diseased 
animals. 

 

Tuberculin skin test 

Two calves tested positive for avian PPD prior to infection (Table 2). The second 
skin test was carried out 11 weeks post-infection which identified all infected 
calves in the high dose group and six of the 11 calves in the low dose group. 
None of the control calves tested positive. The increase in skin thickness at the 
test sites in seven of the nine animals from the high dose group was no longer 
measurable because of the pronounced swelling that produced an increase of 
skin thickness in excess of 33 mm. Many of these skin reactions also 
demonstrated superficial necrosis covered by a sero-fibrinous exudate. Two of 
the 11 animals in the low dose group also had reactions that could not be 
measured.  
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Body mass and condition 

The average daily body mass gain was between 0.34 and 0.32 kg/animal/day. No 
statistically significant difference in body mass gain or condition could be 
detected between infected and control animals.  

 

Table 1. Results of the gamma-interferon assay from the control, low dose and 
high dose group animals 

Number Day 0 Week 5 Week 11* Week 15 Week 21/22  

Control      

LM4 - - - - AV 

LM5 - - Invalid - - 

LM8 - - - + - 

LM9 - - - AV AV 

LM18 - - - - - 

LM26 - - - - - 

Low dose      

LM1 - - - + + 

LM2 - - - - - 

LM7 - - - Invalid - 

LM12 - - + - - 

LM14 - - - - - 

LM17 - - + + + 

LM21 - - - - + 

LM22 - - + + + 

LM23 - - - - - 

LM24 - - - - - 

LM27 - - - + - 

High 
dose 

     

LM3 - - + + + 

LM6 - + + + + 

LM10 - - + + + 

LM11 - + + + + 

LM13 - + + + + 

LM15** - + +   

LM16 - - - + + 

LM19** - +   

LM20 - - + + + 

LM25 - + - + + 

LM28 - + Suspect + + 

+ (positive) : Bovine – avian (OD) > 0.2 
– (negative) : Bovine – avian (OD) < 0.17 provided that bovine (OD) < 0.3 
Suspect : Bovine – avian (OD) > 0.17 but < 0.2 provided that bovine (OD) > 0.3 
AV (avian reactor) : Avian – bovine (OD) > bovine (OD) + bovine/10 
Invalid : Control (OD) > 0.25 
Week 11* : Animals were skin tested during Week 11 
LM15** & LM19** : Two animals died due to causes unrelated to bovine tuberculosis 
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Macroscopic lesions and histopathology 

Control group 

No macroscopic or microscopic lesions were detected in the control animals. 

 

Low dose group 

Macroscopic lesions typical for M. bovis infection were detected in four out of 11 
calves infected with the low dose. Histopathology confirmed BTB infection in 
these animals. Generally, lymph node lesions varied in size and distribution with 
small granulomas that had central caseation and calcification.  

 

High dose group 

Two animals in this group died prematurely and were necropsied. LM19 died 5 
weeks p.i., but no macroscopic tuberculous lesions were noted. On histological 
sections of the left retropharyngeal lymph node a few giant cell granulomas 
couldbe seen and numerous small acid-fast bacteria were present in the 
cytoplasm of multinucleate giant cells. Mycobacterium bovis was cultured from 
lymph node samples. LM15 died at 11 weeks p.i., and mild to moderate 
lymphadenitis with multiple caseo-necrotic foci was present. Histopathology 
showed a few acid-fast bacilli in the cytoplasm of the giant cells and epithelioid 
macrophages. Only one calf (LM16) in the high dose group did not show 
macroscopic lesions, while all the remaining calves in this group had varying 
degrees of caseo-necrotic lymphadenitis. Two calves in the high dose group 
(LM16 & LM25) were histopathologically negative for BTB.  

The grading of the macropathology was higher in the animals from the high dose 
group than in animals from the low dose group. Generally, a larger percentage of 
lymph node mass was affected in animals in the high dose group and 
histopathology revealed larger numbers of acid-fast bacilli organisms (AFBs) in 
tissue sections. However, there was no difference in the degree of dissemination 
of lesions between the two infected groups. Indeed, lesions beyond the left retro-
pharyngeal lymph nodes were only seen in mediastinal lymph nodes in one 
animal of each of the challenge groups. 

 
 

DISCUSSION 

The experimental procedure described here was successful in inducing an 
infection in which the tuberculous lesions were comparable to those seen in 
natural infections of buffaloes in low BTB prevalence herds. The model showed 
that M. bovis could be recovered from at least 5 weeks p.i. from the regional 
lymph node associated with portal of entry. The overall macroscopic pathology of  
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Table 2. A comparison of the skin tests that were done 2 weeks prior to and 11 
weeks post intratonsilar infection, of all three groups of animals from the 
Infection model (results in mm) 
 

  Skin test results:              Skin test results:                         
 2 weeks prior to infection                 11 weeks post infection 
Nr. Bov 

0hr 
Bov 
72hr 

Av 
0hr 

Av 
72hr 

Result Bov 
0hr 

Bov 
72hr 

Av 
0hr 

Av 
72hr 

Result Test site 
appearance 

Control             
LM 4 18 16 17.7 19.7 Neg. 21.7 23 21.7 23.4 Neg. Normal 
LM 5 15.3 15.5 15.1 16.2 Neg. 17.2 19.5 16 19.4 Neg. Normal 
LM 8 14.4 13.5 14.4 14.3 Neg. 14.6 14.5 14 15 Neg. Normal 
LM 9 13.5 13.8 13.6 19.4 Avian 13.4 15.4 11.6 15.5 Neg. Normal 
LM 18 14.3 14.5 13.9 14.6 Neg. 13.5 15.1 13.8 18.3 Avian Normal 
LM 26 11.3 12.1 11.3 12.3 Neg. 10.1 9.6 10.7 12.8 Neg. Normal 
Low dose            

LM 1 12.3 12.5 13.3 18.8 Avian 13.3 31.4 13 15.5 Pos. Oedema 
LM 2 12.5 12.9 13.9 14.9 Neg. 15.2 15.4 15.5 15.3 Neg. Normal 
LM 7 16.3 17.1 15.9 18 Neg. 15.5 16.2 15.9 16.6 Neg. Normal 
LM 12 15.5 15.4 15.2 17 Neg. 15 14.9 15.1 16.5 Neg. Normal 
LM 14 12.4 11.8 13.4 14.2 Neg. 12.6 16.6 12.2 13.4 Susp. Oedema 

LM 17 11.9 12.9 11.8 14 Neg. 11 >33 10.8 13.1 Pos. Oedema, 
necrosis 

LM 21 14.5 15.6 15.1 15.8 Neg. 12.8 13.5 15 18.1 Neg. Small avain 
nodule 

LM 22 13 12.8 14 13.3 Neg. 12.1 >33 13.3 18.5 Pos. Oedema, 
necrosis 

LM 23 14.1 14.2 14.4 16.5 Neg. 10.6 12.6 14.2 17 Neg. Small avian 
nodule 

LM 24 13 13 12.9 13.3 Neg. 12.2 17.5 11.7 12.8 Pos. Oedema 

LM 27 12.4 12 12.5 12.6 Neg. 11.4 16.7 10.7 12.7 Susp. Oedema 

High dose             

LM 3 18 17.3 17.3 19.8 Neg. 17.2 >33 16.4 20.5 Pos. Oedema, 
necrosis 

LM 6 15 15.7 15.9 15.5 Neg. 16.1 >33 16.7 17.4 Pos. Oedema, 
necrosis 

LM 10 13.3 14.8 12.5 14.7 Neg. 13.3 >33 12.8 17.3 Pos. Oedema, 
necrosis 

LM 11 11.5 11.4 11.7 11.7 Neg. 10 >33 11 12.5 Pos. Oedema, 
necrosis 

LM 13 17.4 18.5 17.1 18.3 Neg. 18.1 >33 17.3 18.4 Pos. Oedema, 
necrosis 

LM 16 14.5 14.3 14.4 13.9 Neg. 16.1 >33 14.8 22.2 Pos. Oedema, 
necrosis 

LM 20 11.4 10.8 11 10.8 Neg. 10.4 30.4 11.8 14.5 Pos. Oedema 
LM 25 14.5 14.3 14 14.2 Neg. 13 19.7 12.6 14.4 Pos. Oedema 
LM 28 12.4 12 12.5 12.6 Neg. 17.7 >33 11.5 14.8 Pos. Oedema, 

necrosis 

Positive :         Increase in bovine measurement – increase in avian measurement > 4 mm 
Suspect :   Increase in bovine measurement – increase in avian measurement > 2 mm; < 4 mm 
Avian reactor : Increase in avian measurement – increase in bovine measurement > 4 mm 
Negative :       Increase in bovine measurement – increase in avian measurement < 2 mm 



 126 

the experimentally infected animals compared well to the necropsy findings of an  
adult buffalo with BTB (Keet, Kriek, Huchzermeyer & Bengis 1994). Contrary to 
findings reported from intra-nasal infections of domestic cattle with 107 cfu of 
liveM. bovis, none of the buffalo calves in our study developed pulmonary disease 
(Cassidy, Bryson, Pollock, Evans, Forster & Neill 1998). A direct correlation 
between severity of disease and infectious dose, described by Cassidy et al. 
(1998) was also demonstrated in our experiment, although much lower infectious 
doses were used. The grading of the gross pathology of affected tissues revealed 
significant differences between animals in the high and low dose groups (Table 
3). 

 

In agreement with previous similar M. bovis infection experiments by Palmer et 
al. (1999), the retropharyngeal lymph node that drains the palatine tonsil, was 
the most likely node to develop tuberculous lesions. Lesions were found in the 
left retropharyngeal lymph nodes of 13 of the 22 infected animals, four and nine 
from the low dose and high dose groups, respectively. Mycobacterium bovis was 
cultured from all the macroscopic lesions submitted for culture. In addition, the 
macroscopically negative retropharyngeal lymph nodes from two animals in the 
low dose group were positive for M. bovis on culture. This indicates that viable M. 
bovis can be harboured within the lymphoid tissue without the development of 
macroscopically detectable lesions for at least 22 weeks following infection.  

 At an early stage the IFN-γ test was able to differentiate at an early stage 
between infected and non-infected animals. As early as 5 weeks p.i. the IFN-γ 
test classified seven animals as positive in the high dose group. Only four animals 
did not show any sensitization. In the low dose group, none of the animals was 
positive at 5 weeks p.i., whereas at 11 weeks p.i., two animals were positive. 
Since the intradermal tuberculin test was performed at 11 weeks p.i., it is likely 
that this has had an influence on the IFN-γ results. This has also been 
demonstrated in cattle in experimental conditions (Walravens, Wellemans, 
Weynants, Boelaert, Debergeyck, Letesson, Huygen & Godfroid 2002). The 
intradermal tuberculin test could also have been the cause of the false positive 
test result in one of the uninfected controls at 15 weeks p.i.. Ryan, Buddle & De 
Lisle (2000) found the IFN-γ assay to be a valuable ancillary test in cattle and 
that it was able to accurately predict the BTB status of an animal that was skin 
tested 8 – 28 days previously. The IFN-γ assay can be repeated at regular 
intervals with the advantage of only a single anaesthesia per animal. The 
intradermal tuberculin test on the other hand is associated with high costs 
because of the double anaesthesia as well as a time limit due to the required 
interval of 3 months between tests.  

 

At the end of the study, M. bovis could only be isolated from six animals from the 
low dose group, while five animals were negative. Four of the six animals that 
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were positive on culture were also classified positive by the IFN-γ test at time of 
euthanasia. In the high dose group all nine animals were positive. Alltogether 
these results show that the IFN-γ test detects BTB as early as 5 weeks p.i. in the 

 

Table 3. Macroscopic pathology, histopathology and culture results of the three 
different animal groups from the Infection model 

Number  Gross pathology Histopathology Culture 

 Left retro. Other Grading Result (AFB**)  

Control      

LM 4 Neg. Neg. 0 Neg. (0) Neg. 

LM 5 Neg. Neg. 0 Neg. (0) Neg. 

LM 8 Neg. Neg. 0 Neg. (0) Neg. 

LM 9 Neg. Neg. 0 Neg. (0) Neg. 

LM 18 Neg. Neg. 0 Neg. (0) Neg. 

LM 26 Neg. Neg. 0 Neg. (0) Neg. 

Low dose      

LM 1 Pos. Mediast. ln. 3 Pos. (<5) Pos. 

LM 2 Neg. Neg. 0 Neg. (0) Pos. 

LM 7 Neg. Neg. 0 Neg. (0) Neg. 

LM 12 Neg. Neg. 0 Neg. (0) Neg. 

LM 14 Neg. Neg. 0 Neg. (0) Pos. 

LM 17 Pos. Neg. 2 Pos. (<5) Pos. 

LM 21 Pos. Neg. 1 Pos. (<5) Pos. 

LM 22 Pos. Neg. 2 Pos. (<5) Pos. 

LM 23 Neg. Neg. 0 Neg. (0) Neg. 

LM 24 Neg. Neg. 0 Neg. (0) Neg. 

LM 27 Neg. Neg. 0 Neg. (0) Neg. 

High dose      

LM 3 Pos. Neg. 2 Pos. (0) Pos. 

LM 6 Pos. Neg. 2 Pos. (<5) Pos. 

LM 10 Pos. Mediast. ln. 3 Pos. (0) Pos. 

LM 11 Pos. Neg. 2 Pos. (0) Pos. 

LM 13 Pos. Neg. 2 Pos. (>20) Pos. 

LM 15 Pos. Neg. 2 Pos. (0) Pos. 

LM 16 Neg. Neg. 0 Neg. (0) Pos. 

LM 19 Neg. Neg. 0 Pos. (0) Pos. 

LM 20 Pos. Neg. 1 Pos. (>20) Pos. 

LM 25 Pos. Neg. 1 Neg. (0) Pos. 

LM 28 Pos. Neg. 2 Pos. (10 - 20) Pos. 

** The numbers in the histopathology result column indicates the number of acid fast organisms 
present per slide 

 

 

high dose group, as was the case in cattle. When performed at 21-22 weeks p.i., 
all the animals with macroscopic lesions and positive culture results also tested 
positive with the IFN-γ test. In this model positive IFN-γ results correlate with the 
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establishment of the infection in the host. All the animals in the low dose group 
that were able to clear the infection, were classified negatively by the IFN-γ test 
at slaughter. 

Throughout the study the infected buffalo calves had growth rates comparable to 
those of the controls. The lesions that developed after infection did have any 
detectable effect on their general health or the average daily body mass gain. 
Similar findings have been reported in deer, where equivalent doses of virulent 
M. bovis were administered by the intratonsilar route (Griffin, Mackintosh & 
Buchan 1995). Weight loss has been recorded in advanced stages of BTB. 
(Bengis et al. 1996; De Vos et al. 2001). In buffalo BTB usually has a sub-clinical 
development, and manifestations such as poor body condition, coughing and 
weight loss is only found in animals with advanced disease. Our results suggest 
that experimental M. bovis infection at doses up to 3 x 104 CFU will not affect the 
body condition or weight gain in young animals for at least 6 months p.i.  

Because of the time frame of the experiment and the challenge route of choice, it 
was expected that very few animals would develop disseminated lesions. This 
infection model appears to be safe to work with, and effective in producing 
tuberculous lesions comparable with early natural infections in wild buffaloes. 
This model may be considered for use in further research studies where a longer 
time frame might allow for secondary spread of lesions. The higher infectious 
dose is considered the “dose of choice” for future trials since 3 x 104 cfu 
produced consistent and reliable infections with associated lesion development. 
The successful completion of the infection model will facilitate further studies of 
this disease problem, including evaluation of the efficacy of BCG vaccination or 
other vaccine candidates. 
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ABSTRACT  

Vaccination has been discussed as a practical option to control bovine 
tuberculosis in countries where a wildlife reservoir of the disease is present. 
African buffaloes (Syncerus caffer) are the main wildlife reservoir of 
Mycobacterium bovis in South African game parks and vaccination is not only the 
most promising but the only ethically acceptable control measure currently 
available. The use of bacillus Calmette Guerin vaccine (Pasteur strain) to 
vaccinate fourteen African buffalo yearlings and their reactions to subsequent 
challenge with a field strain of M. bovis are described.  The BCG vaccine was 
administered twice intramuscularly, six weeks apart. All vaccinates and thirteen 
control buffaloes were euthanazed and necropsies performed nine months after 
the challenge. Standard sets of lymph nodes from the head, the thoracic cavity 
and abdomen were cultured and examined histopathologically. No significant 
reduction in number of lesions or severity of disease was noted, concluding that 
the BCG vaccine did not induce sufficient protection able to limit the shedding of 
organisms. The age of the buffaloes, route of vaccination and prior exposure to 
environmental mycobacteria are among the possible reasons for vaccination 
failure.   
 
 
Key words: Kruger National Park (KNP), African buffalo (Syncerus caffer), 
bovine tuberculosis, Mycobacterium bovis, BCG vaccine 
 
 

1. Introduction 
 

The African buffaloes are the main reservoir and maintenance hosts of bovine 
tuberculosis in the Kruger National Park (KNP) ecosystem [1,2].  The disease has 
also spilled over into several other sympatric mammalian species since its 
discovery in 1990 [3-6].  Bovine tuberculosis (BTB) is a multi-host disease in a 
multi-species system and because of the large number of species in which BTB 
has already been detected, it is reasoned that the control of BTB in the KNP will 
become increasingly difficult and eradication unlikely. Various strategies to 
control and possibly eradicate this disease from KNP have been considered.  Of 
the limited options available in the complex KNP situation, vaccination currently 
appears to be the most practical, promising and ethically acceptable option.  
 
Vaccination might be a good option for the control of Mycobacterium bovis 
infection in certain wildlife hosts worldwide [7].  When attempting to control this 
disease by vaccination, the immediate aim is to reduce the transmission of 
infection among the reservoir hosts and as well as spread to other species.  The 
spread of infection from diseased to uninfected animals may be interrupted if the 
shedding of bacilli is reduced or prevented.  To achieve this, the vaccine does not 
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necessarily have to prevent primary infection, but more importantly, it should 
rather reduce the number of mycobacteria shed to below that required to 
maintain the disease in these populations [7].  
 
The need for an effective tuberculosis vaccine for animals is immense, but the 
target species for such a vaccination programme will probably vary from one 
country to another [8].  An added advantage of vaccination, even if the BCG 
vaccine does not provide full protection against the disease, is that it appears to 
reduce the severity of the disease and subsequent mycobacterial shedding and 
contamination of the environment [9].  In addition, it is important to realise that 
under cool, moist and shady environmental conditions, M. bovis can survive 
outside its host for long enough to significantly increase the likelihood that other 
animals may become infected and develop disease [10,11].  Reduced 
contamination of the environment may therefore also limit the subsequent spread 
of disease.   
 
BCG (Bacille Calmette-Guérin) is the only vaccine currently available for the 
control of tuberculosis in humans and animals that has proven safety and efficacy 
[12]. In the past, this vaccine has been tested in a number of domesticated and 
wildlife species, with a marked variability in efficacy [7,13-15], which may limit its 
suitability for use as a standard vaccine in domestic livestock and wildlife. Factors 
that have been shown to affect the efficacy of BCG vaccine in experimental 
protocols include the age of the animals when vaccinated, the method of vaccine 
formulation, delivery system and dosage, and whether single or multiple booster 
doses were used [16,17].  Experimental vaccination induced excellent protection 
in red deer (Cervus elaphus), when a booster was administered eight weeks after 
the initial BCG vaccination [18].   
 
At present, many of the practical issues that are central to the successful 
vaccination of wildlife are currently being researched [7,19]. Ideally, a vaccine 
should provide long-term protective immunity, after a single immunization.  It 
should also be cost-effective and an appropriate delivery system should be 
available.  The vaccination of rare and endangered species in the Kruger National 
Park against anthrax using remote injection and the successful vaccination of 
foxes against rabies using oral bait vaccines in Europe, suggest that the concept 
is feasible. The efficacy of a vaccine for wildlife should preferably be evaluated in 
the target species itself [7].  When evaluating vaccine efficacy the experimental 
challenge should mimic natural transmission, in both route and dose under 
controlled conditions.  Likewise, lesions produced should resemble those found in 
natural infections. This approach has the additional advantage of excluding 
complications associated with prior M. bovis infection, an intangible factor that 
may confound field studies of vaccine efficacy [19].  The intratonsilar method has 
been shown to be effective in creating BTB lesions that mimic natural infection in 
cattle [20], red deer [21] and African buffaloes [22]. With a suitable challenge 
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model in place for buffalo, it was possible to aim for a study to evaluate the 
efficacy of the BCG (Pasteur 1173P2) vaccine in this species.  
 
 

2. Materials and methods  
 

Two different studies were carried out for the evaluation of the efficacy of BCG in 
buffalo. In the first study, groups of 15 vaccinated and 15 unvaccinated buffaloes 
were kept in enclosures of 600 m2 each, which were located within the research 
facility in the KNP. Following two vaccinations, during the period nine to 18 
weeks after M. bovis challenge, a clinical outbreak of foot-and-mouth disease 
occurred in both treatment groups, accompanied by pronounced lesion 
development and associated pain and discomfort in the affected buffaloes [23].  
On analysis of the results of the pathological examination and bacterial cultures it 
was found that, although the total number of lymph nodes affected in animals 
from the control group was higher than that of the vaccine group, the difference 
was not statistically significant (p > 0.05) (de Klerk, unpublished data). We are of 
the opinion that the outbreak of clinical disease could have influenced the 
outcome of the vaccination trial and the data obtained will therefore not be 
included in this report. 

The design of the second study aimed at documenting transmission patterns of 
M. bovis from adult infected buffalo cows to the treatment groups of buffalo 
yearlings under semi-free ranging conditions. Given that no indication of 
transmission of M .bovis to the yearlings could be demonstrated after one year of 
contact, it was decided to conduct an experimental infection. This report 
describes the design and findings of the second vaccination trial, carried out 
under semi-free ranging conditions and providing opportunities for natural as well 
as experimental M. bovis challenge. 

 
 
2.1. Animals, husbandry and monitoring 
Thirty buffalo yearlings, varying in age from 10–20 months were captured during 
one week in October 2002 from four different BTB-negative buffalo herds in the 
northern districts of the Kruger National Park: Mahonie Loop (22° 40’ 10.3” 
south; 31° 01’ 40.2” east); Elandskuil (22° 42’ 55.7” south; 31° 10’ 09.5” east); 
Masakhosa Pan (22° 37’ 47.3” south; 31° 16’ 53.5” east) and Shingomeni (22° 
54’ 12.9” south; 31° 26’ 35.8” east). At the capture site each animal was ear-
tagged and skin-branded. Blood in heparin was collected from each buffalo by 
venipuncture for the interferon-gamma (IFNg)  assay as well as  bovine and 
avian tuberculin PPD  injected  intradermally for the comparative skin test as 
described previously [22]. Immediately following capture the yearlings were 
transferred to an enclosure near the Shingwedzi camp (northern region of KNP) 
where they were kept for seven days until test results for the IFNgγ assay and 
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skin test were available. All animals tested negative and were transported to the 
State Veterinary Unit enclosure in Skukuza, where they were randomly divided 
into two groups of 15 animals each. One group received a defined dose of BCG 
vaccine while animals in the control group were sham vaccinated (PBS). After a 
period of three months in these enclosures the yearlings were released into a 
larger camp (100 hectares) under semi-free ranging conditions, where they 
joined 27 adult buffalo cows that originated from known BTB infected buffalo 
herds in the south of the KNP [1,24] in the Crocodile Bridge region of the Park, 
namely: Mpanamanadam (25° 17’ 40.0” south; 31° 58’ 34.2” east); 
Mhlanganzwanedam (25° 13’ 28.7” south; 31° 58’ 55.1” east) & Makambene 
spruit (25° 19’ 20.3” south; 31° 54’ 08.2” east). Animals were ear-tagged and 
branded at the capture site and all cows were skin tested while inside a smaller 
enclosure within the semi-free range camp. The test positive buffaloes were 
intended to serve as natural source of infection to the yearling buffalo. 
 

Although the buffaloes could graze freely, supplementary feed (lucerne and teff 
hay) was also provided due to the large number of animals present within the 
camp. The camp was inspected twice daily for fence breakages and to ensure 
sufficient feed and fresh water supplies to the buffaloes. Several cows were 
pregnant at the time of capture and all the calves born to the cows in the semi-
free range camp were retained in the study. Altogether 16 calves were born 
during the two-year study, of which ten survived. 
 
2.2.  Anaesthesia 
A combination of etorphine hydrochloride (M99; Novartis SA Animal Health) and 
xylazine (Chanazine 2%; Centaur, Bayer Animal Health) at standard dosages 
used for routine buffalo immobilization was used to anaesthetize the yearlings for 
intratonsilar infection. Xylazine was used because of its muscle relaxant 
properties, which enhanced the relaxation of the jaw muscles, facilitating the 
opening of the mouth during the intratonsilar infection procedure.  Thereafter a 
combination of M99 and azaperone (Stresnil; Janssen Animals Health) was 
applied to immobilize the buffalo.  In all instances the animals were revived by 
administering the antidote diprenorphine hydrochloride (M50/50; Novartis SA 
Animal Health) at twice the dosage of the M99.  When xylazine was used to 
immobilize calves, 3 – 5ml of yohimbine (Kyron Laboratories) was administered 
additionally to reverse the effects of this component at the same time.  
 

2.3.  Blood specimens and weight gain 

During 2003 (the first year of the semi-free range study), blood samples were 
collected at capture (two months prior to primary vaccination) (-2 mths), at 
primary vaccination (0 mths), at booster vaccination (1.5 mths) and six months 
after primary vaccination (6 mnths) from all experimental buffalo yearlings, the 
calves as well as from cows that tested negative in the IFNg assay. 
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After the experimental groups were challenged in 2004 (14 months after primary 
vaccination), blood samples were collected every eight weeks (16 mths, 18 mths, 
20 mths, 22 mths) until one month prior to slaughter. Body conditions were 
scored throughout the study and all the carcasses were weighed at the abattoir 
after euthanasia at conclusion of the study. 
 
 
2.4. BCG vaccine  
The BCG seed stock (Pasteur 1173P2) was grown in 7H9 Middlebrook broth 
(Difco Laboratories, Detroit, USA) supplemented with 10% OADC (3.83g NaCl, 
25g BSA, 15ml sodium oleate and 20ml of 50% glucose in 465ml of distilled 
water) and 0.05% Tween 80 (VWR International, Merck House, UK) at 37°C, 
without shaking, to the  mid-logarithmic growth phase.  Bacteria were harvested 
by centrifugation, washed three times and the re-suspended bacteria were 
enumerated using a phase contrast microscope.  The actual number of colony-
forming units was determined retrospectively by plating out serial dilutions of the 
inoculum dose.   Plate counts for the semi-free range study reflected a dosage of 
3.2 x 107cfu for the primary and of 4.4 x 107cfu for the booster vaccination.   
 

2.5. Experimental infection procedure 

After one year of the study no evidence of natural M. bovis transmission was 
evident by IFNg assay and it was hence decided to challenge the buffaloes via 
the intratonsilar route.  All the buffalo yearlings were experimentally infected on 
two consecutive days with the first group receiving 1 x 103 cfu and the second 
group 6 x 102 cfu of M. bovis, respectively. using the method as previously 
described [22].  
 

2.6.  Mycobacterium bovis strain 

To be able to distinguish between experimentally and natural challenged animals, 
a genetically different M. bovis field strain was used for the experimental 
challenge of the two treatment groups. This challenge strain (TB 1088), a field 
isolate from KNP, possessed a unique IS6110 RFLP pattern, different from the 
genotypes commonly found prevalent in the buffalo herds of the southern region 
of KNP (Michel, in prep.).  

 

2.7.  Laboratory tests 

Interferon-gamma (IFNg) assay A modified protocol for the IFNg assay applicable 
in buffaloes was used [25,26].  The responses to mycobacterial antigens were 
used as markers of response to BCG vaccination [27,28]. 
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2.8.  Comparative intra-dermal tuberculin test 

The method for the intra-dermal tuberculin test and its interpretation was applied 
as described previously [22] on all cows and both treatment groups of buffalo 
yearlings on the day of capture. This test was carried out once only, with the aim 
of determining the BTB status of each animal at that specific time and to avoid 
any influence of this test on IFNg results during the course of the study.  
 
 
2.9.  Euthanasia 
At the end of the study, all experimental and in-contact buffaloes were 
euthanased using 2 - 3ml of a saturated solution (850mg/ml) of succinyl dicholine 
chloride (Scoline) intramuscularly by darting.  The jugular veins were cut for 
exsanguination. 

 

2.10.  Necropsy procedure 

The buffalo carcases were taken to the abattoir and immediately subjected to a 
detailed meat inspection and post mortem examination.  Selected lymph nodes 
were removed from the carcases and after being thinly sliced with a trimming 
blade (Accu-Edge, Bayer Healthcare) the cut surfaces were carefully examined 
with the naked eye for the presence of macroscopic granulomatous lesions. The 
left and right palatine tonsils and both medial retropharyngeal lymph nodes were 
processed separately and equally divided for mycobacterial culture and histo-
pathology.  Specimens of all lesions detected in any of the other lymph nodes or 
organs, were collected and processed for mycobacterial culture and 
histopathology. Specimens from other lymph nodes (as indicated below) were 
pooled for culture:  

 

• Pooled head lymph nodes:   Mandibular and parotid lymph nodes 
• Pooled thoracic lymph nodes: Mediastinal and bronchial lymph nodes 
• Pooled abdominal lymph nodes: Mesenteric, hepatic, renal, omasal, and 

abomasal lymph nodes 
• Pooled carcass lymph nodes: Superficial cervical, axillary, popliteal, 

inguinal, and mammary or scrotal lymph 
nodes. 

 

The lungs were systematically palpated to detect granulomas, and then 
systematically sliced with a sharp knife to aid visualisation of any undetected 
lesions. All visible lesions were collected for histopathology and culture. 
Specimens for histopathology were preserved in 10% buffered formalin and 
transferred to the Department of Pathology at the Faculty of Veterinary Science, 
University of Pretoria, for histopathological examination. 
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2.11.  Grading of macroscopic lesions 

The following system was used to grade macroscopic tuberculous lesions: 
Grade 0: No visible lesions 
Grade 1: Less than 50% of one lymph node or tonsil affected 
Grade 2: More than 50% of one lymph node or tonsil affected, but not more         

than 2 lymph nodes involved 
Grade 3: More than two lymph nodes affected, but no organs involved 
Grade 4: Pulmonary lesions and/or multiple lymph nodes affected  
Grade 5: Lesions in multiple lymph nodes, lungs and other organs (milliary 

disease) 

 

2.12.  Bacterial isolation 

Pooled specimens were collected as indicated and stored in sterile containers at 
minus 20°C. At the end of the study the frozen specimens were transferred to the 
Tuberculosis Laboratory of the ARC-Onderstepoort Veterinary Institute.  The 
specimens were processed and mycobacterial culture and identification of isolates 
were performed as described by Bengis et al. [29].  Cultures were considered 
negative for M. bovis if no growth was detected after 10 weeks incubation.  

 

2.13.  Statistical methods 

Analysis of variance (ANOVA) was the method of choice for statistical analyses 
performed on the IFNg data [30].  

 

 

3. Results  

 

3.1. Clinical signs and weight loss 

Due to the nature of the semi free-range study body mass could not be 
determined but condition scores were recorded whenever animals were captured 
to collect blood samples. Three animals were euthanased following severe loss of 
body weight. One, an adult cow (LM 47), had extensive lesions typical of BTB at 
necropsy. The other two were yearlings (LM30~ and LM35~) and both showed 
dental malocclusion involving the mandibular molars, interfering with normal 
mastication. No lesions consistent with BTB were observed in these two animals. 
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 3.2.  Laboratory tests 

 
Interferon-gamma assay 
All the experimental yearlings tested negative for BTB on the IFNg assays at 
capture.  Two months later, at the time of administering the primary vaccination 
with BCG, the buffaloes were tested again and all were found negative after 
stimulation with bovine PPD.  Differences between the optical density values 
(bovine PPD stimulated plasmas only) of the two treatment groups (vaccine and 
control), are indicated in Fig. 1. 

 

Table 1. Gross pathology and histopathology results for control and vaccinated 
buffaloes 

Number Gender                                    Gross pathology       Histopathology Culture 
   Head  Thoracic  Lung Other Grading    
    lnn. lnn.           
Control group        

LM1~ Male + - - - 2 + - 
LM2~ Male - - - - 0 - + 
LM3~ Female +++ - + - 4 + + 
LM5~ Female +++ + - - 3 + + 
LM7~ Male +++ - - - 2 - + 
LM24~ Male - - - - 0 - - 
LM25~ Male - - - - 0 - - 
LM26~ Male ++ - - - 2 + + 
LM27~ Male +++ - - - 2 + + 
LM28~ Female + - - - 1 + + 
LM29~ Female - - - - 0 - - 
LM32~ Male - - - - 0 + + 
LM35~ Female ++ - - - 2 + + 

Vaccine group        
LM4~ Female +++ ++ - - 3 + + 
LM9~ Male - - - - 0 - - 
LM10~ Male - + - - 1 + + 
LM11~ Male - - - - 0 - - 
LM12~ Male - - - - 0 + - 
LM14~ Male +++ + - - 2 + + 
LM15~ Female + - - - 2 + + 
LM17~ Male - - - - 0 - - 
LM18~ Male - - - - 0 - - 
LM19~ Female + - - - 1 + + 
LM20~ Female + - - - 1 + + 
LM21~ Male - - - - 0 + + 
LM22~ Female - - - - 0 - - 
LM23~ Female + - - - 3 + + 

Histopathology + : Granuloma associated with BTB infection in buffaloes;   
 Histopathology - : No granuloma typical for BTB could be detected 
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Five months after the booster vaccination a significant difference could be 
detected between the IFNg responses to bovine PPD (P < 0.01) between the 
vaccinated and control animals and was still detectable one year post vaccination 
when the animals were challenged (Fig. 1). Following challenge with live M. 
bovis, an increase in IFNg responses was observed in vaccinated and control  

 

Table 2. Gross pathology and histopathology results of in-contact cows and 
calves 

Number                                    Gross pathology       Histopathology Culture 
  Head  Thoracic  Lung Other Grading    
  lnn. lnn.           
Adult cows        
LM 40~ - - + - 4 + + 
LM 41~ - + - - 1 + - 
LM 42~ - - - - 0 + + 
LM 43~ - - - - 0 + - 
LM 44~ - - - - 0 + + 
LM 45~ - - - - 0 - - 
LM 46~ +++ ++ +++ - 5 + + 
LM 47~ +++ +++ +++ - 5 + + 
LM 48~ + - ++ - 4 + + 
LM 49~ + - - - 1 + MOTT 
LM 50~ - - ++ - 4 + + 
LM 51~ - - - - 0 - - 
LM 52~ + - ++ - 4 + + 
LM 53~ - - - - 0 - - 
LM 54~ +++ + ++ ++ 4 + + 
LM 55~ - - - - 0 - - 
LM 56~ + ++ ++ - 4 + + 
LM 59~ - - - - 0 + - 
LM 60~ - +++ +++ - 4 + + 
LM 61~ - ++ + - 4 + + 
LM 62~ - - - - 0 - + 
LM 63~ - - ++ - 4 + + 
LM 65~ - - - - 0 - - 
LM 66~ - - - - 0 - - 
In contact 
calves 

       

 C 1 - - - - 0 - - 
C 4 - - - - 0 - - 
C 8 - - - - 0 - - 
C 9 - - - - 0 - - 

C 10 - + + - 4 + - 
C 11 - - pneumonia - 0 + + 
C 12 - - - - 0 - + 
C 14 - - - - 0 - - 
C 15 - - - - 0 - - 
C 16 - - - - 0 - - 
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animals.  The responses in control animals were higher than in vaccinated ones. 
Simultaneous IFNg reactivity to avian PPD was observed sporadically in some 
animals but at a significant level 12 months post vaccination in six vaccinated and 
two control buffaloes (results not shown). 

 

3.3.  Comparative intra-dermal tuberculin test 

All buffalo yearlings were found to be negative in the comparative tuberculin skin 
test at capture. Fifteen of the 24 in-contact cows had positive results on the 
intra-dermal tuberculin test (results not shown).  

 

3.4.  Pathology and culture 

Control animals 
Eight of the thirteen animals had macroscopic lesions while nine were culture 
positive for M. bovis. For one buffalo (LM1~) with macroscopic lesions, confirmed 
by histopathology to be typical for bovine tuberculosis, the culture result was 
negative.  

 
Vaccinated animals 
Seven of the fourteen animals had macroscopic lesions while eight were positive 
for M. bovis on bacterial culture. One male buffalo (LM12~) which showed no 
macroscopic lesions and was culture negative for M. bovis, histopathological 
examination revealed a typical granulomatous mycobacterial reaction.  The strain 
used for experimental infection, which showed a unique IS6110 RFLP profile, was 
isolated from both control and vaccinated animals. Results for gross pathology 
and histopathology are summarised in Table 1. 
 

In-contact cows  
Fourteen of the 24 cows were found to be positive for M. bovis on culture (Table 
2).  Mycobacterium bovis was cultured from eleven of the thirteen cows with 
macroscopic lesions consistent with bovine tuberculosis. In addition, M. bovis was 
isolated form three cows with non-visible lesions. The strains were typed and 
showed the same IS6110 RFLP profile typical for strains isolated from buffaloes in 
the southern region of KNP (strain C8, Michel in prep.). This profile was indeed 
different from the profile of the strain (TB 1088) used for experimental infection. 
Histopathological examination of two cows with macroscopic lesions revealed 
granulomatous lesions consistent with those of bovine tuberculosis. 
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4. Discussion 

Horizontal disease transmission between the in-contact cows and the 
experimental buffaloes failed, despite the fact that the majority of in-contact 
cows could be considered as potent source of infection. Eleven of the 17 culture 
positive cows presented with macroscopic lung lesions, of which nine represented 
cases of disseminated tuberculous pneumonia (Table 2). One of these cows even 
had to be euthanased due to severe emaciation because of generalised 
tuberculosis (LM 47) half-way through the study. The distribution of lesions 
confirms that aerosol is the most important mode of natural disease transmission 
between buffaloes and this is strongly supported by the presence of macroscopic 
lesions and isolation of M. bovis from pulmonary tissues of very young calves 
born to the in-contact cows during the study (Table 2). But it also demonstrated 
that the opportunity for close contact with infected animals was, on its own, not 
sufficient to effect disease transmission. 

 
 
Figure 1: Comparison between the optical densities of bovine PPD stimulated 
plasmas in control (c) and vaccinated (v) animals from capture until slaughter 
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-2 months: Day of capture; Day 0: Primary vaccination; 13 months: Day of experimental 
  challenge with live M. bovis 

 

It should be noted here that the yearlings did not interact closely with the 
infected in-contact cows, because they were introduced from different social 
groupings and this was aggravated by the fact that the majority of cows had their 
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own offspring they were associated with.  Essentially the same observation was 
reported for natural transmission of M. bovis between captive brushtail possums 
[31]. We therefore conclude that regular and close physical contact i.e. by licking, 
grooming, suckling between animals over a longer period of time is necessary for 
successful disease transmission to occur. Our results suggest that after one year 
of contact, no transmission from infected cows to in-contact calves occurred, 
whereas transmission from infected cow to offspring took place. Typing of the 
strains isolated after experimental and natural infection in the different groups of 
animals strongly supports this. 

If vaccination of animals can lead to a lesser degree of disease resulting in a 
reduced risk of animals becoming shedders of M. bovis, there may be merit in 
pursuing vaccination as the most or only feasible option for controlling BTB in 
free-ranging buffalo populations. The establishment of an infection model for BTB 
in African buffaloes [22] enabled us to conduct a vaccination trial to assess the 
efficacy of BCG in this reservoir species. The outcome of this study indicates that 
the BCG vaccine does not protect buffaloes under semi-free-ranging conditions 
from BTB infection and disease.   

In trying to identify the potential causes and contributing factors for the failure, 
we reviewed those with a reported impact on vaccine efficacy including route of 
administration, booster applications, infection dose, immunogenicity, exposure to 
non-tuberculous mycobacteria, age and type of target species [32]. The 
intramuscular vaccine delivery has been preferred over the more commonly used 
subcutaneous route for reasons of practicality in vaccinating large buffalo herds 
from the air. Boostering was previously found necessary to protect against 
establishment of infection in deer [19] and since no data were available for 
buffalo the same concept was adopted. The infectious dose of M. bovis that was 
used, induced typical lesions of tuberculosis in our previous study, establishing 
the M. bovis experimental infectious model in buffalo. The use of an M. bovis 
strain showing a different RFLP profile than the anticipated natural infection 
strain was critical in assessing transmission patterns.  

 

Recently, it has been shown that different BCG strains (lyophilised or in solution 
formulations) induced the same level of protection although the immune 
responses measured in the IFNg test was different. This particular study 
suggested that there is no correlation between the amount of IFNg release after 
in vitro stimulation and the degree of protection conferred [27].  

 

We compared the increase in IFNg response between the vaccinated and control 
animals at pre- and post-vaccination intervals. There was a significant difference 
between IFNg response in the bovine PPD stimulated plasmas of the vaccinated 
and control groups at six months post vaccination, demonstrating a biological 
activity of BCG in the vaccinated buffalo. This was still persistent one year after 
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vaccination. It must, however, be mentioned that IFNg reactivity in the 
vaccinated animals was not only detected to bovine PPD but also to avian PPD, 
Twelve months after BCG vaccination responses to both bovine and avian PPD 
occurred in six animals in the vaccination group as compared to two animals in 
the control group (results not shown), Buddle et al. [33] reported similar 
observations for the skin test in BCG vaccinated cattle.  

A strong IFNg response does not necessarily mean protection to subsequent 
challenge [27], but may be the result of non-specific stimulation following 
infection with environmental mycobacteria [34]. We have shown in a parallel 
investigation to the vaccination study that the water in the buffalo camp 
contained various environmental non-tuberculous mycobacteria (NTM) [24], 
which could have negatively influenced the immune response of the buffaloes to 
M. bovis. Buddle et al [35] in fact reported that sensitisation to Mycobacterium 
avium adversely affected the protective efficacy of the BCG vaccine. Similar 
findings have been published on the effects of other environmental mycobacteria 
[36, 37]. All together these findings suggest that sensitisation to NTM took place 
and may have adversely affected the protective efficacy of the BCG vaccine. 

 

Literature reports provide indications that the age of the vaccinates has a direct 
influence on the vaccine efficacy. Neonates and very young animals are usually 
better vaccine responders [12, 38], which may be due to younger animals having 
less exposure to environmental mycobacteria and because maternal immunity 
may have protected them from infection. The ages of the experimental animals 
were generally underestimated during selection of the groups for capture and the 
majority were older than 12 months at the start of the study, which could have 
compromised vaccine efficacy.  

 

Gender was previously not found to be a risk factor in buffalo for developing 
bovine tuberculosis [1]. In the present study it was striking that 9 out of 11 
challenged female buffaloes had tuberculous lesions, while only six out of 16 
males showed lesions (Table 1). All buffaloes with the highest lesion scores of  
(3) and (4) were female, in contrast to males for which the maximum lesion 
score was (2) (Table 1).  The reason for the observed difference in lesion 
development between the gender groups is not clear at this stage, but continued 
social stress in the young heifers due to competition with the older cows may 
have played a significant role. 

  

The virulence of the KNP M. bovis strain used for challenge might have had an 
influence on vaccine efficacy but unfortunately very little is known about the 
virulence of different M. bovis strains throughout the world [39]. 
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Finally, the process of identifying and applying an effective vaccine for BTB in 
buffaloes poses considerable challenges, both logistical and developmental. 
According to Cross & Getz [40] the success of a vaccination programme will 
depend largely on the half-life and ability of protection of the vaccine as well as 
the number of new calves that will need to be vaccinated every year. Because no 
vaccine is currently available which meets these requirements, vaccination alone 
cannot be expected to successfully limit the spread of the disease and should 
ultimately be used in combination with other control measures. A combined 
strategy of vaccinating the young cohorts and culling the more severely affected 
older individuals could be considered as a possible future solution to limit the 
spread of BTB and to reduce the prevalence of the infection in the KNP buffalo 
populations.  
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Abstract 

 

Background 
African buffaloes are the maintenance host for Mycobacterium bovis in the 
endemically infected Kruger National Park (KNP). The infection is primarily spread 
between buffaloes via the respiratory route, but it is not known whether shedding 
of M. bovis in nasal and oral excretions may lead to contamination of ground and 
surface water and facilitate the transmission to other animal species. A study to 
investigate the possibility of water contamination with M. bovis was conducted in 
association with a BCG vaccination trial in African buffalo. Groups of vaccinated 
and nonvaccinated buffaloes were kept together with known infected in-contact 
buffalo cows to allow natural M. bovis transmission under semi-free ranging 
conditions. In the absence of horizontal transmission vaccinated and control 
buffaloes were experimentally challenged with M. bovis. Hence, all study 
buffaloes in the vaccination trial could be considered potential shedders and 
provided a suitable setting for investigating questions relating to the tenacity of 
M. bovis shed in water.  
 
Results 
Serial water samples were collected from the drinking troughs of the buffaloes 
once per season over an eleven-month period and cultured for presence of 
mycobacteria. All water samples were found to be negative for M. bovis, but 16 
non-tuberculous Mycobacterium spp. isolates were cultured. The non-tuberculous 
Mycobacterium species were further characterised using 5'-16S rDNA PCR-
sequencing, resulting in the identification of M. terrae, M. vaccae (or vanbaalenii), 
M. engbaekii, M. thermoresistibile as well as at least two species which have not 
yet been classified.  
 
Conclusion 
The absence of detectable levels of Mycobacterium bovis in the trough water 
suggests that diseased buffalo do not commonly shed the organism in high 
quantities in nasal and oral discharges. Surface water may therefore not be likely 
to play an important role in the transmission of bovine tuberculosis from buffalo 
living in free-ranging ecosystems. The study buffalo were, however, frequently 
exposed to different species of non-tuberculous, environmental mycobacteria, 
with an unknown effect on the buffaloes’ immune response to mycobacteria. 

 

Background 

Tuberculosis in wildlife, caused by Mycobacterium bovis, has emerged as an 
increasingly important disease of free-ranging wildlife populations [1-3]. The 
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African buffalo (Syncerus caffer) has established itself as a maintenance host for 
M. bovis in two of South Africa’s largest conservation areas, namely the Kruger 
National Park (KNP) and the Hluhluwe iMfolozi Park (HiP) [4,5]. Transmission of 
M. bovis between herd members occurs most frequently by aerosol, whereas 
spillover to other species requires different modes of transmission [6]. Predators 
and scavengers alike contract the infection commonly by ingestion of infected 
tissues [3]. Other pathways may apply only to particular animal species. The 
secretion of infectious pus from draining fistulae of parotid lymph glands, for 
example, has been suggested as a mode of transmission between greater kudu 
(Tragelaphus strepsiceros) [7], as well as between cattle and kudu [8]. 
Contaminated faeces have been implicated in the spread of bovine tuberculosis 
(BTB) within a troop of baboons (Papio ursinus) [9]. Hence, environmental M. 
bovis contamination may be a side effect of events leading to spillover or it may 
be the cause of spillover itself. If pathogenic microorganisms can retain their 
viability for some time outside the animal host, environmental sources could play 
a significant role in their spread to a wide range of animal species from different 
habitats and ecological niches. To this effect, it has been shown that M. bovis can 
survive for 42 days in tissues with lesions and up to four weeks in faecal material 
from buffalo [10]. The tenacity of tubercle bacilli in effluents from sanatoria and 
dairies and its significance in the spread of infection to cattle were major public 
health concerns prior to eradication of BTB in Europe [11,12].  
No information is, however, available on the role of surface water in the 
epidemiology of bovine tuberculosis in an endemically infected ecosystem, 
especially where limited water sources cause a variety of animal species to gather 
in high densities for most of the year.  
The present study was conducted during a BCG vaccination trial in buffalo 
involving M. bovis challenge. We used this opportunity to determine whether 
naturally and/or experimentally infected buffalo were shedding detectable levels 
of M. bovis into the drinking water, and if so, to provide an estimate of the 
organism’s tenacity.  
 
 
Table 1. Bovine tuberculosis culture and lesion status of the different 
groups of study buffalo   

No. of 
buffalo 

Group No. of buffalo 
surviving 

Culture 
positive 

No. buffalo 
with lesions 

27 Experimental 27 17 15  
27 In-contact 24 14 13 
11 Calves* 10 2 2 
Total * 61 33 30 
*One calf which died before the end of the study presented with lesions consistent with 
pneumonia and yielded M. bovis on culture of lung tissue 
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Results 

 
Animals 
The results of macroscopic and culture examination of all surviving study animals 
are summarised in Table 1. M. bovis infection was confirmed by culture and 
subsequent PCR identification of acid-fast isolates in 14 of the 24 surviving in-
contact buffalo cows. Three culture positive buffalo did not yield macroscopic 
lesions and two buffalo with lesions in a single lymph node were culture negative. 
A total of 13 buffaloes presented with macroscopic lesions, two of which had 
lesions restricted to lymph nodes. Eleven cows presented with macroscopic lung 
lesions varying from pinpoint foci in two cases, to disseminated tuberculous 
pneumonia in nine animals (de Klerk, unpublished data).  
From the experimental group, fourteen buffaloes showed visible lesions in mainly 
the lymph nodes of the head, with only three having secondary spread to 
thoracic lymph nodes. One additional buffalo had a single lung lesion. However, 
17 buffaloes yielded M. bovis on culture. M. bovis infection was confirmed in two 
out of the ten surviving calves, both showed involvement of the thoracic lymph 
nodes. Another calf, which died a few weeks after birth, yielded M. bovis from 
lung tissue.  
 

Isolation and identification of Mycobacterium spp. by polymerase chain 
reaction (PCR)  

In contrast to the tissue samples, M. bovis was not cultured from any of the 
water samples except the spiked water used for quality control. Four inoculated 
trough water samples containing M. bovis concentrations ranging from 2 . 105  to 
2 . 102/ml yielded abundant growth of M. bovis after three weeks for the highest 
and after eight weeks for the lowest concentration.  
 
 
However, 16 other mycobacterial isolates were recovered from water samples 
(Table 2) and two others were cultured from lymph nodes of vaccinated buffalo. 
These 18 Mycobacterium spp. isolates were acid-fast on microscopic smear 
examination but failed to amplify the expected 372 bp product in the PCR 
protocol used to identify M. tuberculosis complex bacteria (data not shown). 
Subsequent analysis using 5'-16S rDNA PCR-sequencing revealed that these 
Mycobacterium spp. belonged to the species M. terrae, M. engbaekii, M. vaccae 
(or vanbaalenii) and two previously unidentified species closely related to M. 
moriokaense and M. kansasii (and M. szulgai), respectively (Table 2 and Figure 
1). The mycobacterial species isolated from the buffalo tissues were identified as 
M. thermoresistibile and an unidentified species closely related to M. moriokaense 
(Fig. 1). Three NTM isolates could not be further identified to species level. 
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Table 2. Culture of water samples collected from drinking troughs of buffalo 

 
Sampling occasion Culture result  Water temp in 

exptl trough. 1 October 2003 N 25 
 Day 1 M. vaccae or M. vanbaalenii  35 
 Day 2 N 37 
 Day 3 N 33 
 Day 4 NTM* 36.5 
 Day 5 N 33 
 Day 6 N 25 
 Day 7 N 31 
 Day 14 N 46 
 Day 21 N 42.5 
2 January 2004 Unknown Mycobacterium species 

closely related to M. moriokaense 
28 

 Day 1 P/C 37 
 Day 2 C 36.5 
 Day 3 M. terrae 30 
 Day 4 N 29 
 Day 5 P/C 34 
 Day 6 M. engbaekii 36 
 Day 7 N 34 
 Day 14 P/C 30 
 Day 21 P/C 32 
3 26 April 2004 C 23.6 
 Day 1 M. terrae  20.0 
 Day 2 N 22.0 
 Day 3 M. engbaekii 26.5 
 Day 4 N 26.5 
 Day 5 M. terrae  26.0 
 Day 6 NTM* 26.5 
 Day 7  M. terrae 24.5 
 Day 14 M. engbaekii 23.0 
 Day 21 N 23.6 
4 02 August 04 N 18.5 
 Day 1 Unknown Mycobacterium species 

closely related to M. kansasii and M. 
24 

 Day 2 N 25 
 Day 3 

No sample 
N/A 

 Day 4 
M. engbaekii 

24 
 Day 5 N 25 
 Day 6 Mixed culture of M. engbaekii and M. 

terrae 
26 

 Day 7 NTM* 25 
 Day 14 N 26.5 
 Day 21 M. vaccae or M. vanbaalenii 19.5 



 155 

Figure 1.  Multiple sequence alignment of a part of the 16S rRNA gene of Mycobacterium species isolated from water 
samples.  
 
 
 
 

 

 
 
 

 

 
 
 

 
 

 
 
 

 

 
 
Fig. 1. Sample sequences obtained through PCR sequencing of the 16S rRNA gene were aligned  with those of type strains of 
species resembling the isolated mycobacteria. Species-specific variable region is indicated. * - mixed sample in April F identified by 
two different overlapping chromatograms at the positions indicated by N and highlighted in pink.  Chromatogram 1 - 
ATGGGATGCATGTTC = M. terrae   Chromatogram 2 - GCGCGCTTCATGGTG = M. engbaekii 
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Discussion 

 
To assess the risk of M. bovis spillover from buffalo to other species it is critical to 
determine the mode, frequency and level of shedding by infected buffalo herds. 
Neill et al. [14,15], concluded from experimental infections in calves that 
excretion of M. bovis in nasal mucus is a consistent feature in all infected cattle 
and can continue for weeks and even months. Furthermore, shedding rates 
ranging from 6% to 20% were found among naturally infected, tuberculous cattle 
in different countries, whereby the occurrence of lung lesions may be very low 
[14]. If the same was true for African buffalo, for which lesion types and 
distribution are generally comparable to those in cattle, they could possibly 
spread bovine tuberculosis by contaminating surface water such as water holes, 
dams and pools formed in stagnant rivers, as they commonly spend extended 
periods in and along the various water points. Especially large buffalo herds with 
high M. bovis infection rates as documented for the southern region of the Kruger 
National Park [3], could pose a significant risk to all susceptible species in the 
area. 
Based on the abovementioned shedding rate for cattle, our study could have 
contained at least two to six shedders among the 31 tuberculous buffalo at any 
time during the study (Table 1). The actual conditions for shedding in buffalo 
were, however, more favorable than reported for cattle [14], since our study 
population included nine in-contact buffalo cows with advanced (‘open’) lung 
lesions, which is considered a sign of infectiousness in cattle [16,17]. If M. bovis 
shedding was an intermittent but common feature in infected buffalo, we had 
expected the M. bovis load in the trough water to be well above the confirmed 
detection limit of bacterial culture.  
Our study did, however, not provide any indication of detectable amounts of M. 
bovis being present in the water troughs. Despite a degree of sampling 
uncertainty e.g. mycobacteria trapped in sediments or biofilms may have escaped 
sampling, we believe that the culture method used was suitable since it 
supported isolation of 16 Mycobacterium spp. isolates and of M. bovis from all 
spiked water samples. We are therefore of the opinion that shedding of M. bovis 
in nasal and oral discharges is an infrequent event in African buffalo, possibly 
limited to animals with clinical signs or to very low bacterial loads below the 
detection limit. This finding suggests a low to negligible risk for buffalo to serve 
as transmitters of M. bovis via water under free-ranging conditions.  
Our conclusions are furthermore supported by the fact that no evidence of 
horizontal transmission of M. bovis between in-contact cows and the 
experimental buffalo could be demonstrated (results not shown). This includes 
potential spread by water or aerosolised droplets. Spread by aerosolised droplets 
may be dependent on frequent, close physical contact and social interactions, 
which, although well described characteristics in buffalo behaviour, were not 
observed between the two study groups. The in-contact and experimental buffalo 



 157 

had been sourced from different herds. Apart from grazing and resting in relative 
proximity to each other, the two groups remained separate social entities 
throughout the vaccination trial. This observation is important as it may indicate 
that social and behavioural patterns are key determinants in driving transmission 
within and between buffalo herds and warrants more in-depth investigations.  
 
Unlike members of the M. tuberculosis complex, NTMs are rarely associated with 
invasive disease, but they may temporarily colonise the host and cause transient 
infection accompanied by non-specific stimulation of the host’s immune system 
[18]. In our study we isolated an unidentified Mycobacterium species closely 
related to M. moriokaense from both the trough water and lymph node tissue 
from one of the buffalos, suggesting the environment as the source of infection. 
The specific effect of this particular, or other, NTM species on the immune 
response of buffalo is unknown at this stage. In both, cattle and buffalo, 
environmental mycobacteria have been suspected to cause non-specific 
sensitisation to the tuberculin skin test [19,20]. Corner et al. [21,22] showed that 
cattle inoculated with atypical mycobacteria isolated from either soil or bovine 
origin developed a significant level of sensitivity to both bovine and avian PPD in 
the tuberculin skin test. The immune response lasted for between four and ten 
weeks and was generally higher for avian PPD than bovine PPD. Demangel et al. 
[23] have implied a potential adverse effect of environmental mycobacteria on 
vaccination efficacy of BCG, depending on the extent to which these 
mycobacteria share cross-reacting antigens with the vaccine. In calves, 
sensitisation with environmental mycobacteria prior to vaccination had an 
antagonistic effect on BCG efficacy [24]. Initial vaccination trials using BCG in 
buffalo did not yield a significant reduction of infection, questioning the efficacy 
of BCG in these animals (de Klerk, unpublished data) and raising the question 
whether this effect might be due to the presence of NTMs. Our microbiological 
examination of water, pumped from a tributary of the Sabie River into the water 
trough for the study buffaloes, yielded five species of NTM, including two 
previously unidentified species (Table 2). M. vaccae and M. terrae are reportedly 
among the most frequently isolated organisms from fresh water [25], along with 
M. engbaekii and a number of unclassified mycobacteria [26]. Their natural 
habitat, however, is more likely to be wet soil [27], which may suggest that the 
NTMs, especially M. terrae, did not all originate from the river water but could 
have been introduced via the soiled muzzles or feet of the buffalo while drinking. 
Favourable water temperatures throughout the experiments (Table 2) and the 
presence of sufficient nutrients in river water are known to facilitate replication of 
mycobacteria [27].  
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Conclusion 

 
The findings of this study suggest that contamination of surface water by infected 
buffalo may not be likely to play a significant role in the spread of M. bovis in a 
free-ranging ecosystem. The study also demonstrated that buffalo were exposed 
to different environmental NTMs in river-water without producing any signs of 
infection or disease.  
Further studies will be required to investigate the potential effects of these and 
other NTM species on the immune response of buffalo especially in the context of 
BTB control strategies involving vaccination and diagnostics.  
 
 
 
Methods 
 
Study site 
 
The present study was dovetailed with a BCG vaccination trial in buffalo, and was 
carried out in a 100 hectare fenced camp with natural habitat near Skukuza in 
the KNP. Two concrete drinking troughs (inner troughs) with a capacity of 500 
liters each, were located in an enclosure situated within one corner of the camp 
and were the only permanent water source for the buffalo during the trial. Fresh 
water was pumped daily from a tributary of the nearby Sabie River to replenish 
the water in both drinking troughs. A separate concrete trough (experimental 
trough) with a capacity of approximately 250 liters was located next to the inner 
troughs but on the outside of the enclosure and camp. This trough was used for 
collection of serial water samples as described below. Access to the inner water 
troughs was restricted for several hours before each new sampling experiment to 
ensure that all buffaloes would consume water before sampling took place later 
on that same day.  
 
 
Animals 
 
A trial to evaluate the efficacy of BCG vaccination in African buffalo was 
conducted between January 2003 and November 2004 with prior approval by the 
Animal Care and Use Committee of the South African National Parks. Before the 
start of the project twenty-seven PPD skin test and interferon gamma negative 
buffalo (experimental buffalo), aged about two years, were translocated from the 
northern part of KNP into a holding facility (boma) at Skukuza. Prior to 
introduction into a 100 hectare camp, 14 animals were randomly selected and 
vaccinated twice, six weeks apart, with BCG (Pasteur strain P1172) via the 
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intramuscular route (de Klerk, unpublished data). The initial vaccination protocol 
anticipated natural M. bovis challenge from close contact with infected herd 
members. For this purpose a group of 27 adult buffalo cows (in-contact buffalo) 
was captured from a high prevalence herd in the south of the KNP and 
introduced into the same camp to join up with the 27 experimental buffalo. After 
a period of eleven months without any evidence (skin test, interferon gamma 
test) of horizontal transmission of M. bovis to the nonvaccinated buffalo, both the 
vaccinated and nonvaccinated groups were challenged with a field strain of M. 
bovis via the intra-tonsilar route in January 2004 [13]. For the purpose of the 
present study the vaccination status of the experimental buffalo was considered 
insignificant and hence no distinction is made hereafter between the two 
treatment groups. Twenty-four of the 27 in-contact buffalo cows as well as all 27 
experimental buffalo survived. Three cows died of undetermined causes. During 
the trial period 16 calves were born to the in-contact cows, of which ten survived. 
Three months after the last water sampling was conducted, all buffalo (n=61) 
were slaughtered in November 2004. 
 
 
Water sample collection plan  
 
One sampling experiment was conducted each in October 2003, as well as in the 
months of January, April, and August 2004 (Table 2). The experimental troughs 
were emptied and dried between sampling experiments. At the start of each 
sampling experiment, the buffalo were allowed to drink from both inner troughs 
and subsequently moved out of the enclosure. Following mixing of the water and 
collection of the first water sample (Table 2), approximately 100 liters of water 
was transferred manually from each inner trough into the experimental trough 
outside the fence, using a bucket. The water temperature in both troughs was 
recorded daily. Each experiment was designed to determine the survival time of 
potentially excreted M. bovis, by collecting ten serial water samples into 400 ml 
sterile containers. On day 1 the water sample was taken from the inner trough 
within two hours after buffalo contact. Thereafter water samples were collected 
from the experimental trough on a daily basis up to day 7 as well as on day 14 
and day 21. The water samples were stored at –minus 20°C until transferred to 
the Tuberculosis laboratory at the ARC-Onderstepoort Veterinary Institute (OVI) 
for culture. For quality control purposes, four aliquots of 50 ml trough water 
each, were spiked with serial dilutions from 107 to 104 organisms from a M. bovis 
field strain and frozen until processing.  
 

Tissue sample collection plan 

At slaughter, a standard set consisting of nine lymph node samples was collected 
for histopathology and culture from each buffalo. The samples included lymph 
nodes of the head (incl. tonsils), thorax, abdomen and carcass. Samples were 
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also collected from any other tissues with visible lesions. All tissue samples for 
culture were individually packed in sterile containers and frozen at minus 20oC 
until processed in the Tuberculosis laboratory at the OVI.  
 
 
Bacterial isolation 

Tissue samples were processed and cultured according to the protocol described 
by Bengis et al. [6]. A modification of the standard protocol was used to isolate 
M. bovis from the water samples and the quality control samples. Briefly, the 
water was centrifuged at 3500 rpm for 10 min and the pellet resuspended in 25 
ml of sterile, double distilled water. Decontamination was effected by adding 25 
ml of sodium hydroxide (4% w/v). The mixture was left for 10 minutes before 
centrifugation for 15 min at 3500 rpm. The pellet was neutralised by adding 5% 
oxalic acid for 15 minutes, followed by centrifugation as before. The pellet was 
mixed and inoculated onto four slants of Lőwenstein-Jensen medium, two of 
which contained pyruvate to facilitate growth of M. bovis. All cultures were 
evaluated for colony growth on a weekly basis up to 10 weeks. Culture slants, 
which showed contamination on less than 50% of the medium surface, were 
classified as partially contaminated. These cultures were maintained unless the 
contamination covered more than 50% of the medium slant in which case it was 
discarded for contamination.  
 
 
Identification of Mycobacterium spp. by polymerase chain reaction 
(PCR)  
All acid-fast isolates were subjected to a PCR assay specific for M. tuberculosis 
complex bacteria [28]. All isolates, which failed to yield the expected 372 bp 
amplification product, were subjected to a 5'-16S rDNA PCR-sequencing assay, 
which is able to identify non-tuberculous Mycobacterium spp. [29].  
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Animal tuberculosis is a disease of high relevance within the South African 
context of wildlife conservation, commercial game farming, livestock farming and 
not least of all at the interface with human health. Although implications of 
animal tuberculosis on any of these commodities are not unique to South Africa 
and have been documented in a number of countries and continents (de Lisle et 
al. 2002), there is a fundamental difference in the complexity and level at which 
they impact on South Africa’s economy at large. The accepted driving forces for 
the control and eradication of bovine tuberculosis from the national herd, 
especially in developed countries, are indisputably of economic and socio-political 
nature, based mainly on the negative impact of the disease on international 
trade, and, to a lesser extent, on its potential as zoonosis. In situations outside 
Africa where control efforts are hampered by the existence of wildlife reservoirs 
for bovine tuberculosis, these maintenance host species score a low priority on 
their national wildlife conservation listings and enjoy, at best, the status of 
valued, sought-after hunting trophies such as the white tailed deer in Michigan, 
USA, wild boar in Spain or deer in the Czech Republic. In some cases these 
reservoir species are even classified as alien or feral with well documented 
examples from the brushtail possums in New Zealand (Morris et al. 1994) and 
feral water buffalo in Australia (Cousins et al. 1998). As a direct result control 
programmes were designed to exclusively or primarily benefit the livestock 
sector, at the cost of the affected wildlife species, which is not recognised in its 
own right.  
 
In sharp contrast with the spectrum of scenarios found in developed countries 
worldwide, bovine tuberculosis is not only an endemic disease in South African 
livestock but has established itself in the African buffalo (Syncerus caffer), a 
wildlife species of outstanding economic and ecological value, also reflected in its 
ranking among the ‘Big Five’ wildlife species. Bovine tuberculosis in buffalo poses 
a threat not only to species conservation efforts but to commercial game farming 
which has, through the historically embedded prestige associated with keeping 
indigenous game, created a unique and sustainable niche in South African 
agriculture (Reilly et al. 2003). The sudden, sharp increase in wildlife-based 
tourism after 1994 further catalysed the rapid growth of the wildlife industry 
which nowadays enjoys the status of a fully-fledged agricultural   activity. Wildlife 
ranching is further integrated into other sectors of the economy such as tourism 
and conservation (www.nda.agric.za). Today the land surface utilised for game 
farming is equal to or has, in parts of several of the country’s provinces, 
exceeded that of livestock farming (Fig. 1).  
 
The WHO in conjunction with FAO & OIE recently classified bovine tuberculosis, 
along with a few other diseases, as a neglected zoonosis, with special reference 
to developing countries (WHO Report 2006). In the world’s most vulnerable 

communities animal diseases, which are transmissible between livestock and 
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Figure 1. Distribution of game farms registered to keep buffalo in Limpopo 
Province, South Africa  

 
humans not only have the potential to impact on human health directly, but to 
threaten human livelihoods by compromising sustainable food supply, income and 
social status. Although reported evidence on Mycobacterium bovis as cause of 
human disease does exist, it is accepted that its role is negligible in most of the 
developed world (Grange & Yates 1994). The significance in developing countries 
in Africa is largely unknown but the situation may be profoundly different due to 
the existence of complex contributing factors (Ayele et al. 2004). In South Africa, 
like other countries in the region, communities facing a higher disease risk from 
M. bovis include those living at the livestock/human interface, consuming mostly 
unpasteurised milk and dairy products derived from cattle herds with an 
uncontrolled bovine tuberculosis disease status. At the same time they also 
include those population groups who are suffering from the world’s highest 
HIV/AIDS infection rates and the associated increased susceptibility to co-
infection with M. tuberculosis, cause of tuberculosis in humans (Narain et al. 
1992).  
 
Molecular epidemiology 
A thorough understanding of the epidemiology of bovine tuberculosis in wildlife is 
essential for the development of suitable control strategies. Genetic 
characterisation of M. bovis strains has revolutionised the control of bovine 
tuberculosis internationally as it enables studies on the spatial spread and genetic 
relationship of strains. While the concerted efforts of international research teams 
have greatly contributed to the development and evaluation of a variety of 
genetic markers, such as those based on restriction fragment length 
polymorphism (RFLP) (IS6110, IS1081, PGRS), spoligo- and VNTR typing, the 
diverse approaches have led to varying degrees of success in different countries 
and no “ideal”, standardised typing method for universal use globally exists to 
date (Aranaz et al. 1998,  Roring et al. 2002, Allix et al. 2006, Hewinson et al. 
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2006). For South Africa, information on the genetic profiles of M. bovis strains 
causing outbreaks in local cattle and wildlife was lacking entirely. The studies 
presented in this thesis provided the first insight in the usefulness of specific 
markers and the genetic diversity among South African M. bovis isolates from 
cattle. The findings showed that IS6110 RFLP, potentially supported by PGRS 
RFLP where necessary, provided a high discriminatory power between known 
unrelated strains and at the same time proved to generate reproducible results 
within groups of related strains. These markers revealed the existence of a 
genetically more diverse M. bovis population in South Africa than reported from 
parts of Europe or central Africa. This may be attributed to a route–cause 
association between the high number of M. bovis strains imports during colonial 
times and the initial lack or subsequent low efficiency of bovine tuberculosis 
control during the previous century.  In conclusion the outcomes of these genetic 
markers were found suitable for investigating geographical distribution of 
particular genotypes and their spread to other species including wildlife.  A 
database of typing patterns in cattle and different wildlife species in KNP and HiP 
was established, which showed that the BTB epidemics in these two ecosystems 
were each caused by a unique M. bovis strain. These M. bovis strains were 
genetically and epidemiologically unrelated. In the case of the KNP an association 
could be established on a genetic level between isolates from buffalo in KNP and 
cattle in adjacent farmland south of KNP.  Through characterisation and 
comparison of the M. bovis isolates from wildlife in HiP and KNP it became 
evident that the dominant KNP strain C8 underwent evolutionary events leading 
to the description of 21 variant strains of C8 in this thesis, while all 
epidemiologically related strains in three game reserves in Kwazulu-Natal shared 
the same genotype. The investigations included inter-species spread of the C8 
and several of its variant strains, revealing a clustered distribution of certain 
variants in defined geographical regions of KNP and adjacent private reserves of 
the GKNPC. 
 
Future directions: 
Further optimisation of the typing approach in the medium term will include 
evaluation of next generation VNTR typing strategies. A particular need for a 
molecular epidemiological support system has been recently identified in the 
context of the planned implementation of the Greater Limpopo Transfrontier 
Conservation Area (GLTFCA) joining national parks in South Africa, Mozambique 
and Zimbabwe. It will be an interesting challenge to extend the application of the 
typing methodology to link with large-scale comparative epidemiological studies 
across political borders and encompassing ecological and cultural landscapes.  
 
Improved diagnosis 
The intradermal tuberculin test (IDT) has proved to be very valuable for the 
diagnosis of bovine tuberculosis in cattle, but has severe limitations when applied 
to free-ranging wildlife, including the need for repeated physical manipulation of 
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the stressed animals within 72 hours and for a holding facility in which the 
buffaloes were to be contained during this period. In comparison with the labour 
intensive IDT the IFNg assay holds distinct advantages in terms of the 
simplification of test procedures in the field. On evaluation of the IFNg assay 
natural infections with M. fortuitum were encountered in free-ranging buffalo 
which were the possible cause for false positive reactions of these buffaloes in 
the IFNg assay. Due to the extremely high commercial value of buffalo a lack in 
diagnostic specificity is far less acceptable in this species than in cattle and could 
have led to the rejection of the IFNg assay from the national testing protocol for 
buffalo. This national guideline prescribes minimum requirements for testing for 
bovine tuberculosis and other notifiable diseases to private and public buffalo 
owners.    
Chapters 4.1 to 4.3 of this thesis undertook to investigate the immune reactivity 
possible of buffalo in the IFNg assay and examined different interpretation 
criteria of the test results generated.  
Serological tests have been used to detect tuberculosis in a range of wildlife 
hosts, but in the past none could overall compete in terms of sensitivity and 
specificity with cell mediated tests such as skin test and IFNg assay (Placket et al. 
1989). The technical simplicity and ability to detect antibodies in different species 
without the need for species-specific conjugates justified the evaluation of two 
new, commercially available rapid tests. These immunochromatographic assays 
have been advocated for offering improved sensitivity in detecting M. bovis 
infection in cattle as well as a number of wildlife species, including deer, 
elephant, non-human primates and camel (Lyashchenko et al. 2006, Wernery et 
al. 2007). The findings described in this thesis, however, demonstrated a low 
diagnostic accuracy for both rapid tests, precluding their use as stand-alone tests, 
especially if the IDT or IFNg assay status of the relevant herd is unknown. These 
results re-enforce previous observations of poor sensitivity of antibody-based 
detection systems in buffalo. Previously, a non-commercial EIA produced by 
Commonwealth Serum Laboratories, Australia, detected 10.4% of culture positive 
buffaloes (Cleaveland et al. 2005). In sharp contrast to the rapid tests, the EIA 
had a very high specificity of 99% which resulted in a high positive predictive 
value even in herds with a low infection prevalence.  
 
 
Future directions 
Recently two in-house ELISA systems were developed, one based on rMPB70 and 
another based on rMPB83. Preliminary validation of the assays in panels of sera 
from cattle, buffalo and lion once again indicated very low sensitivities, especially 
in buffalo. On the other hand, both systems proved to be highly specific and 
further work should focus on the validation of this diagnostic parameter, with 
regard to particularly the screening of herds and populations for animals which 
are in advanced disease stages and more likely to shed and transmit M. bovis.  
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Another technology currently pursued is the fluorescent polarisation assay for 
which preliminary work has been performed in South African cattle in conjunction 
with an international comparison and showed promising results (Jolley et al. 
2006). The major advantage of this alternative technology is that it is 
independent from secondary antibodies but based on the binding of a fluorescent 
low molecular weight moiety (tracer) to its high molecular weight binding partner 
(anti-M. bovis antibody) by determining the tracer’s fluorescence polarisation 
(FP). In the absence of the specific antibodies the tracer has a low FP, while the 
tracer’s FP is high if it binds to antibodies against M. bovis present in the serum. 
For the medium to long-term, research objectives should aim at identifying 
“early” and “late” antigens, defined by their first appearance in serum of buffalo 
infected with bovine tuberculosis. Whether the aim is to detect all infected 
animals or selectively those shedding the organism, through a series application 
of these different antigens and interpretation of the responses they elicit, the 
most valuable single or combination of M. bovis antigens can be determined.  
  
Control of bovine tuberculosis 
Bovine tuberculosis in free-ranging buffalo populations will need to be controlled 
to protect the biodiversity and especially endangered wildlife species in South 
African conservation areas and also to prevent the spread of infection to domestic 
livestock and ultimately to humans (Michel et al. 2006). The approval of tools for 
controlling M. bovis in buffalo, and in indigenous wildlife in general, is governed 
by considerations for ethical and ecological acceptance. Vaccination has been 
recognised not only as a possible but as the most promising means of controlling 
bovine tuberculosis in free-ranging wildlife, with the only vaccine currently 
available being bacillus Calmette-Guérin (BCG). Vaccination studies in new 
species require prior knowledge on the most effective route and dose of infection 
during challenge to allow a scientifically sound evaluation of the outcome. We 
have successfully established an experimental infection model in buffalo, 
demonstrating that a dose of 3 x 104 cfu was suitable for infection experiments 
as it led to visible lesions in the majority and culture isolation of M. bovis from all 
infected buffaloes. Subsequently two vaccine efficacy trials using BCG in 
conjunction with intra-tonsilar M. bovis challenge were conducted. The first trial, 
during which the groups of experimental buffaloes were kept in bomas, did not 
yield any significant protection against M. bovis challenge (results not presented). 
The failure to induce protective immunity was partially attributed to the stress 
imposed on the buffalo while housed in the bomas and partially on the 
concurrent outbreak of clinical foot-and-mouth disease in the experimental 
animals (Vosloo et al. 2006). During the second vaccine efficacy trial buffalo 
groups were maintained under semi-free ranging conditions in a 100-hectare 
enclosure. This experiment was set up to facilitate natural M. bovis challenge 
from infected buffalo cows kept together with the vaccinates and control animals, 
but required modification to needle challenge because no natural M. bovis 
transmission could be demonstrated. Once again, BCG vaccination did not result 
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in a significant reduction in the number or severity of lesions compared to the 
control animals.   
 
Future directions: 
Future challenges in vaccinating buffalo and possibly other wildlife species are 
believed to lie, apart from better vaccine candidates, mainly in the recruitment of 
very young animals into the experiment as prior stimulation with environmental 
mycobacteria may have an adverse effect on protective immune responses. 
Practical requirements such as means of vaccine delivery and the need to 
administer more than a single dose of vaccine also need to be addressed. 
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Summary 
 
Bovine tuberculosis is an endemic disease with a low prevalence in South African 
cattle. This is mostly the result of a national bovine tuberculosis control scheme 
which has been in place for nearly 40 years and has prevented outbreaks from 
spreading and causing large-scale losses, thereby also minimising the risk in view 
of human health. However, with the establishment of African buffalo as a 
successful wildlife maintenance host a new, yet undetermined risk factor has 
been introduced. It poses an entirely new challenge on national and provincial 
authorities to meet the ‘fit for purpose’ principle in terms of reducing economic 
losses but also the potentially negative impact on conservation efforts and, most 
of all, to protect human health and livelihoods.  
There is a need to shift the focus of bovine tuberculosis control from an 
exclusively cattle based to an integrated strategy, which takes into consideration 
the wildlife reservoir and the added risk of Mycobacterium bovis transmission 
between cattle and buffalo populations. In order to justify such a change in 
strategy, data regarding the epidemiology of bovine tuberculosis in wildlife 
reservoirs need to be available to underpin the interdependence of bovine 
tuberculosis in livestock and wildlife. This thesis describes the establishment of a 
set of molecular tools for researching the epidemiology of bovine tuberculosis in 
both livestock and wildlife and their crucial contribution to insight in the genetic 
diversity of M. bovis in South Africa. Furthermore it was demonstrated beyond 
doubt that spillover of M. bovis from cattle to wildlife has occurred and revealed 
important clues on the course of the epidemic within the Kruger National Park by 
intra- and interspecies spread of one dominant M. bovis strain.  
Evaluation of new and improved diagnostic methods based on both the cellular 
immunity and humoral immune response were undertaken and showed that 
especially the gamma interferon assay holds a high potential for more practical 
and reliable testing of buffalo and cattle for bovine tuberculosis than conventional 
approaches. In the long-term, all diagnostic assays applied and evaluated will 
play a crucial role in the implementation and monitoring of a suitable control 
strategy in wildlife as well as cattle. The principal aim for controlling bovine 
tuberculosis is to eliminate the risk of infecting humans, but also to protect 
biodiversity in indigenous wildlife. Ultimately vaccination will be the most feasible, 
economical and ethically acceptable control option in South Africa and work 
presented in this thesis has resulted in both an experimental intratonsilar 
infection model in buffalo and provided the first insight into the immune 
responsiveness of buffalo to vaccination with BCG Pasteur vaccine. Both 
developments present crucial milestones in gaining a better understanding of the 
factors influencing the efficacy of vaccination regimens in this wildlife reservoir. 
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Samenvatting 
 
Bovine tuberculose is een endemische ziekte, met lage prevalentie, in runderen in 
Zuid Afrika. Dit is voornamelijk te danken aan het nationale Tuberculose 
bestrijdingsprogramma, dat gedurende bijna 40 jaar ziekte-uitbraken en 
verspreiding beperkte  en daarmee grote economische verliezen heeft 
voorkomen. Tegelijkertijd werd het besmettingsgevaar voor de mens grotendeels 
gereduceerd. Echter door de zich wijd verbreidende aanwezigheid van de 
Afrikaanse buffel, als “wildlife” reservoir voor bovine tuberculose, is een tot 
dusverre onbekende risicofactor geïntroduceerd. Een totaal nieuwe uitdaging 
voor autoriteiten op nationaal en provinciaal niveau om   economische verliezen 
te beperken, een negatieve invloed op natuurbeschermingsinitiatieven, gericht op 
het behoud van biodiversiteit, te voorkomen en tevens de menselijke gezondheid 
te beschermen. 
Het is noodzakelijk om het accent van tuberculose bestrijding te verleggen van 
een exclusief rund georiënteerde benadering naar een geïntegreerde strategie die 
het “wildlife” reservoir en de overdracht van Mycobacterium bovis tussen 
runderen en buffels in aanmerking neemt. Ten einde een accentverlegging te 
rechtvaardigen zijn overtuigende gegevens nodig over de epidemiologie van 
bovine tuberculose in “wildlife”  en over de samenhang tussen bovine tuberculose 
in runderen en die in wilde diersoorten.  
Dit proefschrift beschrijft de invoering van een set moleculaire technieken die 
epidemiologisch onderzoek van bovine tuberculose in runderen en “wildlife” 
reservoirs mogelijk maken en hun cruciale bijdrage aan inzicht in de genetische 
diversiteit van M.bovis in Zuid Afrika. Onomstotelijk werd vastgesteld dat 
overdracht van M.bovis van runderen naar “wildlife” plaats vindt. Daarnaast 
levert het proefschrift belangrijke aanwijzingen tav de verspreiding van een 
dominante M.bovis stam binnen en tussen diersoorten in het Kruger Nationaal 
Park.  
Evaluatie van nieuwe en verbeterde diagnostische methoden ter bepaling van 
zowel cellulaire als humorale immuniteit liet zien dat vooral de interferon gamma 
test veelbelovend is en meer praktisch bruikbaar en betrouwbaar dan 
conventionele methoden voor diagnose van bovine tuberculose in buffels en 
runderen. Op langere termijn zullen al de geëvalueerde testen een belangrijke 
bijdrage leveren aan implementatie en monitoring van een bruikbare controle 
strategie in zowel wilde diersoorten als in runderen. De belangrijkste doelstelling 
van controle van bovine tuberculose is het elimineren van het risico van infectie 
van mensen, maar ook het behouden van de biodiversiteit in inlandse 
diersoorten.  
Uiteindelijk zal vaccinatie de meest geschikte, economisch en ethisch 
geaccepteerde controle optie zijn voor Zuid Afrika. Onderzoek gepresenteerd in 
dit proefschrift resulteerde in zowel een experimenteel intratonsilair infectie 
model in buffels, als in een eerste inzicht in immuunreactiviteit van buffels na 
vaccinatie met BCG Pasteur als vaccin. Beide ontwikkelingen zijn belangrijke 



 174 

mijlpalen op weg naar beter begrip van de factoren die de effectiviteit van 
vaccinatie strategieën in het “wildlife” reservoir kunnen beïnvloeden.  
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Zusammenfassung 
 
Die bovine Tuberkulose ist eine endemische Krankheit in Sűdafrika, mit niedriger 
Prävalenz in Rinderbeständen. Dieser Zustand ist hauptsächlich dem nationalen 
Tuberkulosebekämpfungsprogramm zu verdanken, das seit knapp 40 Jahren 
Krankheitsausbrűche in Grenzen gehalten und damit weitgreifende wirtschaftliche 
Verluste verhindert hat. Dies hat gleichzeitig auch das Risiko fűr die menschliche 
Gesundheit auf ein Minimum reduziert. Die  Entwicklung des afrikanischen Bűffels 
zum Wildtierreservoir fűr bovine Tuberkulose rief jedoch ein neues, bislang 
unbekanntes Risiko hervor. Damit stellte sich den Behörden auf nationaler- und 
Provinzebene eine gänzlich neue Herausforderung, da es jetzt gilt wirtschaftliche 
Verluste und mögliche negative Auswirkungen auf  den Artenschutz weitmőglichst 
zu begrenzen sowie vor allem den Schutz der menschlichen Gesundheit und 
Lebensgrundlage zu sichern.  
 
Aufgrund dieses neuen Risikos müssen die zukűnftigen Tuberkulose-
bekämpfungsstrategien ihren Schwerpunkt nicht mehr nur auf die Viehbestände 
legen sondern auch das Wildtierreservoir mit einbeziehen, unter Einschluss der  
potentiellen Űbertragung von Mykobakterium bovis zwischen Hausrindern und 
Bűffeln. Die Rechtfertigung eines solchen Strategiewechsels bedarf 
überzeugender Daten, die die Epidemiologie der bovinen Tuberkulose in 
Wildtierreservoiren aufzeigen und das Wechselspiel der Űbertragung zwischen 
Haus- und Wiltieren  untermauern kőnnen. In dieser Promotionsarbeit wird die 
Entwicklung von Molekulartechniken und Nachweismethoden beschrieben, die der 
Erforschung der Epidemiologie der bovinen Tuberkulose in sowohl Hausrindern 
als auch Wildtieren dienen. Ausserdem gewährten diese Erkenntnisse einen 
wichtigen Einblick in die genetische Vielfalt der sűdafrikanischen M. bovis 
Stämme. Zweifelsohne konnte bewiesen werden, dass eine Űbertragung von M. 
bovis vom Hausrind auf Wildtiere stattgefunden hat. Ausserdem liefert die 
vorliegende These wichtige Hinweise zum Verlauf der Tuberkuloseepidemie im 
Krűger Nationalpark, die durch  eine Verbreitung des dominanten M. bovis 
Stammes sowohl innerhalb als auch zwischen verschiedenen Wildtierpopulationen 
vorangetrieben wurde.  
Die Evaluierung neuer, verbesserter Diagnostikmethoden auf dem Gebiet der  
zellulären sowie der humoralen Immunität zeigte, dass besonders der Gamma 
Interferontest eine Reihe praktischer Vorteile fűr die Tuberkulosediagnose in 
Bűffeln und Rindern innehält und zuverlässigere Testergebnisse anbietet als 
konventionelle Testmethoden.  
Langfristig werden alle evaluierten und fűr tauglichen befundenen diagnostischen 
Untersuchungsmethoden eine Schlűsselfunktion bei der Einfűhrung und 
Űberwachung  einer zukűnftigen  Kontrollstrategie fűr die bovine Tuberkulose in  
Wildtier- und Hausrindern spielen. Das Hauptziel der bovinen 
Tuberkulosekontrolle besteht sowohl in der Ausmerzung eines jeglichen Risikos 
fűr menschliche Ansteckungsgefahren als auch im Schutz der einheimischen 
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Artenvielfalt. Letztendlich ist anzunehmen, dass eine auf Impfung beruhende 
Kontrollstrategie die wirtschaftlich und ethisch meist akzeptable Option in 
Sűdafrika darstellen wird. In dieser Promotionsarbeit wurde deshalb auch Wert 
auf die Erstellung eines Infektionsmodelles (intra-tonsilär) für M. bovis in Bűffeln 
gelegt. Eine darauffolgende Impfstudie lieferte die ersten Erkenntnisse zur 
Immunantwort von Bűffeln auf den BCG Impfstoff (Pasteur). Beide diese 
Entwicklungen repräsentieren bedeutende Errungenschaften, die zu unserem 
Verständnis der Faktoren beitragen, die die Wirksamkeit verschiedener 
Impfstrategien in Wildtierreservoiren beinflussen kőnnen. 
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