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Preface

Considerable progress has been made toward the eradication of tuberculosis
caused by Mycobacterium bovis from domestic animals. However, sporadic out-
breaks continue to occur in many countries in which the disease was nearly elimi-
nated. The importance of M. bovis outbreaks in wild and alternate species and the
effects these disease outbreaks have on control of tuberculosis in cattle, other
domestic farm animals, captive wild animals, and humans is of concern to public
health and regulatory officials throughout the world.

Medical professionals and allied health scientists responsible for the develop-
ment of tuberculosis control programs are confronted with problems related to sup-
pression of host defenses by viral agents such as HIV (human immunodeficiency
virus). Because M. bovis infections have recently been reported in humans with
AIDS in several countries, protocols for therapeutic intervention must be modified.
Therefore, it appears imminent that virulence factors be identified so that new
approaches may be initiated for management of disease in these patients. A great
deal of progress has been made in the last decade in elucidating the genetics of the
genus Mycobacterium. However, only a limited knowledge of pathogenesis is
available. Although research workers have determined the DNA composition of the
genome of M. bovis, no specific sequence has been identified that codes for viru-
lence.

The importance of various host factors in providing protection against virulent
mycobacteria has been investigated in several laboratories; however, definitive in-
formation on their importance in host resistance remains unclear. Most recently,
studies on the role of nitric oxide indicate that it may contribute to inhibiting the
multiplication of tubercle bacilli and participate in the intracellular killing of these
organisms. Other reports indicate that cell wall components may be important in
entry and survival in the host macrophage. Many individuals are infected with
tubercle bacilli, and a percentage develops progressive disease and dies. Therefore,
it would be important to identify host factors responsible for resistance to develop
interventions that limit the disease process. The development of multiple-drug-
resistant (MDR) strains of the M. tuberculosis complex and the isolation of MDR
strains from animals and humans further emphasizes the need to obtain an im-
proved understanding of the host mechanisms associated with protection.

It is the purpose of the second edition of this text to provide medical profes-
sionals, allied health scientists, research workers, diagnosticians, and graduate stu-
dents with current information on the significance of M. bovis in the control and

xix
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eradication of tuberculosis in animals and humans. The book also includes current
updates on the status of M. bovis infection in animals and humans in countries in
different regions of the world. This information is of value to public health offi-
cials, state and federal regulatory veterinarians, practitioners, and producers inter-
ested in the importation of animals for herd additions.

xx Preface
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Mycobacterium bovis, in addition to causing disease in animals, is one of three
species of the Mycobacterium tuberculosis complex that causes tuberculosis 
in humans. Although its effect on the economy and livelihood of communities
through its effects on cattle and other animals is striking and extensively docu-
mented, its role in the global epidemic of human tuberculosis is much less well
understood and not studied in great detail. Nevertheless, the elimination of tuber-
culosis from human society will necessitate understanding and controlling this
organism.

The extent of bovine tuberculosis in animals has been summarized previously
(1,2). Available information shows that only seven countries of Africa report regu-
lar control measures for the disease, and of these, three (Algeria, Burkina Faso, and
South Africa) note the disease to be enzootic. An additional six (Tunisia, Mali,
Ghana, Burundi, Malawi, and Madagascar) are also noted to have enzootic bovine
tuberculosis. Five countries of Asia, of which none have enzootic tuberculosis,
have organized control measures. Those with reported enzootic disease include
Saudi Arabia, Kuwait, Iraq, Afghanistan, Pakistan, Nepal, Laos, Cambodia, Viet-
nam, Indonesia, and Papua New Guinea. Enzootic locations in the Americas are
Guatemala, El Salvador, Dominican Republic, Peru, Bolivia, Chile, and Argentina.
Reports from the countries without organized control programs are much less likely
to be reliable.

Fanning has further identified countries with a high occurrence of bovine tuber-
culosis in animals: in Africa, Angola, Cameroon, Central African Republic, Chad,
Congo Republic, Mali, Rwanda, Senegal, Sudan, and Zambia; in Europe, Ireland
and Spain; in the Americas, Brazil, Nicaragua, and Venezuela.

Very much less is known about the extent of disease in humans caused by M.
bovis. Kleeberg (3), Fanning and Edwards (4) and Cosivi et al. (1) have summa-
rized the information available. The table summarizes the published materials
reporting on cases in the last 40 years that could be comparably assessed. These
reports are primarily from countries with mid-to-low levels of human tuberculosis
and, in the case of the market economies, that are comprised of either older
patients, who were initially infected many years ago, or foreign-born individuals.

Chapter 1

Introduction
D.A. Enarson, MD

1
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In all instances, M. bovis was isolated in a very small proportion (less than 1 in 10)
of all cases.

The lack of knowledge of the extent of this organism as a contributor to the
global tuberculosis epidemic in humans must be addressed. In the past, mecha-
nisms for systematically collecting such information at a high level of quality 
were nonexistent. This is no longer the case. A Global Project on Anti-Tuberculosis
Drug Resistance Surveillance has been in place for a number of years; it isolates
representative samples of patients from all the regions of the world are systemati-
cally collected and evaluated. This network can and needs to be used to gather
information about the extent of disease due to M. bovis.

The understanding of the role of bovine tuberculosis in human disease has
changed considerably over time. Koch became increasingly isolated from the
mainstream partly because of his belief that the bovine bacillus was of a much-
reduced pathogenicity in man (5,6). Investigations in Great Britain in the early
twentieth century (7) definitively demonstrated the role of M. bovis in the devel-
opment of human disease. The extent to which human tuberculosis is caused by M.
bovis has been difficult to determine with accuracy as a result of technical prob-
lems in isolating the microorganisms (discussed in other sections of this book).
Although newer molecular methods should help to overcome these obstacles, they
will do so only if systematically applied.

The role of bovine tuberculosis in the human epidemic of tuberculosis has been
noted in the Netherlands (8), where the introduction of pasteurization of milk in
1940 was postulated as the explanation for a sharp acceleration in the decline of
tuberculosis in the country. Styblo (9) documented a continuing reduction in the
proportion of cases in which M. bovis was isolated, from 10% of pulmonary and
17% of extrapulmonary cases in 1933 to 1% and 0%, respectively, in 1950.

The table also summarizes the information available on the sites of the body
affected by tuberculosis in the cases reported. In most instances, the majority of the

2 Chapter 1

Table 1.1. Series of cases of human tuberculosis caused by Mycobacterium bovis
reported in the past four decades

Number of % of % Bovine
Location Period Reference Cases Total Pulmonary Enzootic

Germany 1963–72 26 555 65 low
Canada 1964–70 19 31 0.5 42 low
Canada 1967–76 27 13 0.3 73 low
Australia 1970–94 28 236 1.4 72 low
Germany 1975–80 29 240 4.5 74 low
England 1977–90 30 232 1.2 40 low
Argentina 1977–82 31 54 2.7 82 high
USA 1980–91 32 73 3.0 52 low
Ireland 1982–85 33 9 0.9 89 high
New Zealand 1983–90 34 22 7.2 32 high
Sweden 1983–92 35 96 2.0 low
Ireland 1986–90 36 17 6.4 71 high
Spain 1986–90 37 10 0.9 50 high
Switzerland 1994 38 18 2.6 low
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cases are pulmonary (often very similar to the distribution of all forms of tubercu-
losis). This observation belies a common misconception that cases of tuberculosis
caused by M. bovis are typically extrapulmonary. This impression arose from
observations that, in previous periods, M. bovis was particularly frequent in sites
thought to represent primary tuberculosis outside the lung. For example, in Great
Britain in 1937 (10), proportions were 85% of primary abdominal tuberculosis,
50% of cases of cervical lymphadenitis, 49% of tuberculous lupus, 25% of tuber-
culous meningitis, and 20% of bone and joint tuberculosis. The contribution of the
bovine bacillus to infectious pulmonary cases of tuberculosis was considerably less
(0.6% in the south of England, 2.0% in the north of England, and 7.0% in Scot-
land). The majority of cases among these reports had known occupational expo-
sures to cattle. A recent study from Tanzania (11) showed a similar observation
with 29% of isolates from extrapulmonary (primarily cervical and mesenteric
lymph nodes) sites yielding M. bovis.

One important difference between the diseases caused by the two organisms is
the resistance to pyrazinamide in M. bovis (12). This may be of consequence
because of the important role of pyrazinamide in short-course treatment regimens
for the treatment of tuberculosis. However, comparison of treatment outcome in
those whose disease is caused by M. bovis with those whose disease is caused by
the human bacillus has not been reported.

Bovine tuberculosis has been most frequently spread by means of ingesting con-
taminated milk that had been neither boiled nor pasteurized. The role of ingesting
undercooked contaminated meat or offal has never been systematically elucidated,
although it has been included as one element in a program to reduce the risk of
spread of the disease among hunters (13). Ingestion of contaminated food results
in clinical forms of primary disease such as mesenteric and cervical lymphadenitis
that are relatively uncommon where milk is boiled and meat is well cooked. A
series of studies (14–16) has demonstrated the importance of occupational and
recreational exposures to infectious material.

M. bovis is pathogenic for man, but its pathogenicity is less than that of M. tuber-
culosis hominis. It is certainly capable of producing cases of pulmonary tuberculo-
sis that are sputum-smear positive and, therefore, potentially infectious to other
humans. Person-to-person spread has been recorded (17–21), but its relative con-
tribution to the overall problem of tuberculosis has not been investigated in detail.

In Denmark (22), a community-based study of the epidemiology of tuberculosis
determined that the risk of developing adult pulmonary tuberculosis was inversely
proportional to the prevalence of bovine tuberculosis in the area, indicating a rela-
tive “protective” effect of infection with M. bovis as compared with infection
resulting from M. tuberculosis. Indeed, the relative risk of development of active
tuberculosis, following infection with the bovine bacillus, was estimated to be 7.3
(in the urban area) and 12.5 (in the rural area) less than that following infection
with the human bacillus. Similar findings, with an even stronger inverse relation-
ship, have been reported from Sweden (23). The occurrence of bovine tuberculo-
sis in a community is a powerful determinant for the probability of a positive
tuberculin reaction, but it has an effect on morbidity subsequent to infection that is
much reduced compared with infection with M. tuberculosis.
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Currently available knowledge is based on old techniques and gives us infor-
mation that must be extrapolated if we are to understand the pathogenesis of tuber-
culosis caused by M. bovis. Newer molecular techniques are now available and are
systematically used to evaluate the pathogenesis and transmission of tuberculosis.
They now need to be applied to the study of M. bovis.

The control of bovine tuberculosis in man is essentially that of the control of
bovine tuberculosis in animals (discussed in another section of this book), coupled
with effective treatment of diseased persons. Although less likely to produce dis-
ease, M. bovis is a contributor to the global tuberculosis epidemic and therefore
must be taken into account in the global plan for its containment. This is particu-
larly urgent in the present day, when the convergence of M. bovis and the human
immunodeficiency virus has the potential (as with every other aspect of the global
tuberculosis problem) to exacerbate the situation (24).
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Chapter 2

Public Health Significance of 
M. bovis
P. LoBue, MD, FACP, FCCP

Introduction

Tuberculosis control in humans relies on interventions that will both cure patients
and interrupt disease transmission. As with other contagious diseases, specific tu-
berculosis control measures have evolved on the basis of our understanding of the
mode of transmission.

When tuberculosis is caused by Mycobacterium tuberculosis, transmission with
very rare exception occurs from patients with pulmonary tuberculosis to uninfect-
ed persons via the airborne route. Therefore, the priority activities for the public
health department are to identify patients with active pulmonary tuberculosis, place
them in respiratory isolation if contagious, and have the patients complete adequate
treatment. In addition, the health department identifies individuals who have been
exposed to contagious patients, evaluates those contacts for tuberculosis infection
and disease, and places them on treatment for latent infection or disease as need-
ed. Finally, persons in groups known to be at risk of becoming infected with tu-
berculosis or to progress from infection to disease (e.g., immigrants from high–
tuberculosis incidence countries; HIV-infected persons) may be targeted for infec-
tion and disease screening.

When tuberculosis in humans is caused by Mycobacterium bovis, the goals of
the health department are the same: curing patients and interrupting transmission.
However, investigative procedures and interventions are more varied because M.
bovis can be transmitted to humans from a number of mammals, including other
humans, and because there are several potential routes of transmission, including
gastrointestinal, airborne, and direct inoculation.

Historical Background

Shortly after M. tuberculosis and M. bovis were discovered to be unique organisms,
controversy arose regarding the latter’s ability to pose a significant health threat to
humans. Robert Koch, for example, did not believe that bovine strains of tubercu-
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losis represented a sufficient danger to humans such that their eradication was nec-
essary (1). Subsequent work by a British Royal Commission and others showed,
however, that humans could become infected by drinking contaminated milk, with
the resulting disease commonly manifesting as lymphadenitis in children, or via
inhalation of droplet nuclei produced by sick cattle, which could result in pul-
monary disease (1). In response, M. bovis eradication programs were begun in cat-
tle herds, along with widespread pasteurization of dairy products. These measures
produced a sharp decline in the incidence of human M. bovis. By the 1990s less
than 1% of human tuberculosis cases in industrialized countries were caused by
this organism (2).

Cow-to-Human Transmission

Although human M. bovis disease is rare in technologically advanced nations in
general, it appears to be more common in certain geographic regions of the indus-
trialized world. In the United States, for example, the disease is more common in
areas along the U.S.-Mexico border such as San Diego, California. Over the last
decade, approximately 7% of culture-positive tuberculosis patients in San Diego
had disease caused by M. bovis. A large majority (90%) of these patients were
Hispanic persons born in the United States or Mexico, and most had extrapul-
monary disease (3). A study of pediatric tuberculosis in the San Diego region
revealed that for many children infected with tuberculosis, the only risk factor was
ingestion of unpasteurized dairy products from Mexico (4). These findings have
implicated dairy products from Mexican cattle herds as the major source of M.
bovis infection for patients in San Diego. Ultimately, eradication of human M.
bovis disease in this setting will require eradication of the organism in the infected
dairy herds by culling them. In the short term, more extensive efforts at educating
the public about the dangers of consuming raw dairy products may be of value.

In addition to via the consumption of contaminated dairy products, M. bovis can
be transmitted to humans from cattle via inhalation. Recent reports from the United
Kingdom and France have shown that many human cases of M. bovis can be attrib-
uted to direct contact with cattle. In a description of the molecular epidemiology
of M. bovis in the United Kingdom, it was reported that 59% of patients worked or
lived on a farm (5). In a survey done in France, 13 of 38 patients had an occupa-
tional exposure, whereas only three ingested unpasteurized milk (6). Airborne
transmission from cattle is also an occupational risk for abattoir workers, as dem-
onstrated by a report from Australia in which five cases of M. bovis occurred in a
population of 3000 workers during a 2-year period, and for veterinarians and vet-
erinary students (7,8).

In rare cases, humans can become infected with M. bovis via direct inoculation
(9). Referred to as the Butcher’s Wart (analogous to the Prosector’s Wart, which is
caused by M. tuberculosis and is an occupational risk associated with performing
autopsies), this skin lesion can occur in persons handling infected meat. It is very
rare and generally self-limited.

Because M. bovis is either enzootic or found sporadically in much of the devel-
oping world, there is clearly a risk for cow-to-human transmission by either inges-
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tion or inhalation (10). As a result of the lack of surveillance data, the actual scope
of the problem is unknown, however.

From the public health perspective, eradication programs in cattle and universal
pasteurization of milk remain the mainstays of the prevention of a disease in hu-
mans that is caused by transmission from cows. These measures should be aug-
mented by public education efforts explaining the dangers of consuming unpas-
teurized dairy products in areas where M. bovis disease in humans is more common.

Other Animal-to-Human Transmission

Spillover of M. bovis from cattle to other animal reservoirs represents another pos-
sible source of human infection. Cervidae, such as elk and deer, have been con-
firmed as one such source. During an outbreak of M. bovis in domesticated elk in
Canada, transmission was documented among persons exposed to live elk and also
among those who processed elk carcasses (11). Although most individuals were
only found to have latent infection, a veterinary surgeon who examined the index
animal case was found to have a positive sputum culture for M. bovis. The spread
of M. bovis to the wild white-tailed deer population of Michigan, where the disease
is now endemic, also prompted concerns about possible transmission to humans,
and especially hunters. Recent surveillance, however, has not detected any human
M. bovis cases in Michigan that could be linked to white-tailed deer by either tra-
ditional or molecular epidemiologic methods (12). Transmission from more exotic
animals has also been reported; in one unusual case, zoo workers were apparently
infected by a Southern white rhinoceros (13).

In theory, as with cattle there are three potential routes of transmission from
cervidae to humans. Sick deer or elk could transmit M. bovis to humans via the air-
borne route. Direct cutaneous inoculation could result from field dressing an ani-
mal or processing a carcass. Finally, there is a theoretical possibility of gastroin-
testinal transmission through ingestion of undercooked meat, although this has
never been documented (12). To prevent disease in humans, education should be
provided to persons at risk. The public health message should instruct such indi-
viduals to take appropriate precautions such as wearing gloves and cooking meat
thoroughly (12).

Human-to-Human Transmission

For M. tuberculosis, human-to-human airborne transmission is essentially the only
mode of transmission of public health significance, and therefore it has been the
primary focus of efforts to control tuberculosis. The potential for human-to-human
transmission of M. bovis has been recognized for many years, with reports of spo-
radic, anecdotal examples. However, this route of transmission was felt to be rare
and of questionable importance (2,9,14,15).

Several recent lines of evidence indicate that human-to-human transmission of
M. bovis may be more important than originally believed. During the mid-1990s,
multiple nosocomial outbreaks of multidrug-resistant M. bovis were documented
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in Europe (16–19). All of the patients involved were HIV infected; susceptibility
of HIV-infected individuals to M. bovis has also been documented in other settings
(1,3). These findings are of particular concern because of the high rate of HIV
infection in places like Africa, where M. bovis is enzootic in several countries. In
nations with high rates of M. bovis infection in cattle and high rates of HIV infec-
tion in humans, the potential exists for transmission of M. bovis from cattle to
immunosuppressed humans, followed by human-to-human spread among im-
munosuppressed persons (10). Because cultures are not routinely performed in
most developing countries with high burdens of tuberculosis, the percentage of
cases caused by M. bovis in such countries is unknown. Given the high rate of HIV
infection in humans and the persistence of M. bovis in cattle, it is possible that a
substantial fraction of tuberculosis in these countries is of bovine origin.

Although the risk of human-to-human transmission among persons who are not
HIV infected is probably substantially less, there is evidence that such transmis-
sion occurs. A recent report in which pulmonary M. bovis patients were compared
with pulmonary M. tuberculosis patients showed that these groups of patients were
comparably likely to have cavities on chest radiographs and positive sputum
smears for acid-fast bacilli (AFB) (20). Both of these characteristics are associat-
ed with an increased risk of transmission of tuberculosis in humans. In addition, it
was found that contacts exposed to sputum AFB smear–positive patients were
equally likely to convert their tuberculin skin test result to positive, regardless of
whether the organism infecting the source patient was M. tuberculosis or M. bovis.
This indicates that the contacts had become infected recently, and that it may have
been the result of human-to-human transmission. Included in this cohort of patients
and contacts were three family members, all of whom had sputum AFB smear–pos-
itive pulmonary M. bovis, and none of whom was known to be HIV infected. Geno-
typing revealed the three M. bovis isolates to be of one strain, consistent with person-
to-person transmission among these individuals (21).

On the basis of these findings, it seems prudent from a public health standpoint
to treat pulmonary M. bovis patients in the same manner as pulmonary M. tuber-
culosis patients. Respiratory precautions, as determined by local health department
policies and procedures, should be instituted for all patients with potentially con-
tagious M. bovis. Directly observed therapy is the preferred method of treatment
for tuberculosis patients regardless of whether the infecting organism is M. tuber-
culosis or M. bovis. Contact investigation should be conducted in the same manner
for M. bovis and M. tuberculosis patients, and priority of the contact investigation
should be assigned on the basis of patient characteristics such as sputum AFB
smear results or cavity on chest radiograph—not the species of tuberculosis infect-
ing the patient. Finally, it is important that all tuberculosis patients be offered HIV
counseling and testing.

Molecular Epidemiology

Over the last decade, genotyping of tuberculosis strains has been shown to be an
increasingly valuable tool in tuberculosis control. For disease caused by M. tuber-
culosis, molecular epidemiology has helped to identify unsuspected transmission,
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determine likely locations of transmission, and measure the extent of transmission
(22). Molecular epidemiology serves as a complement to traditional methods of
outbreak and contact investigation. Initial studies of the use of molecular epidemi-
ology in examining the transmission of M. bovis to humans from other humans and
other species indicate that genotyping can play a similar role (5,21).

In one example from the United Kingdom, two siblings were diagnosed with M.
bovis (23). Both lived on a farm, and neither drank unpasteurized milk. The broth-
er, however, assisted during veterinary examinations of the cattle, and he would
become covered with bovine mucus and saliva. The sister had no contact with the
cattle. When the brother was diagnosed, he had a positive sputum smear for AFB,
and his chest radiograph had a cavity—two characteristics indicative of a high
degree of contagiousness. Two years previous to the siblings’ diagnosis of M. bovis
disease, cattle on the farm were found to have M. bovis and were slaughtered.
Genotyping demonstrated that both siblings’ isolates were identical and matched
the cattle strain. Thus, molecular epidemiology was able to confirm suspected
transmission from cattle to human and subsequent transmission from human to
human.

Role of Treatment in Disease Control

For patients with active disease caused by M. tuberculosis, treatment serves two
public health functions. If patients are contagious, treatment will reduce their dis-
ease burden to the point where they are no longer contagious, and eventually to the
point where they are cured. If patients are not contagious, treatment will prevent
them from becoming contagious. Although controlled clinical trials have not been
performed to determine the efficacy of treatment for M. bovis in humans, pro-
grammatic data indicate that treatment outcomes are similar to those found for
treatment of M. tuberculosis when standard regimens, based on drug-susceptibility
testing, are used (e.g., 9 months of isoniazid and rifampin for M. bovis that is sus-
ceptible to both drugs) (24).

Treatment of persons with latent tuberculosis infection also plays a role in tuber-
culosis control. Multiple clinical trials and programmatic reports have repeatedly
demonstrated the effectiveness of latent tuberculosis treatment, primarily with iso-
niazid, in preventing latently infected persons from progressing to active disease
(25). Because there is still no diagnostic test that can distinguish M. tuberculosis
from M. bovis, when the infection is latent, there is no method to evaluate the rel-
ative efficacy of preventive treatment. Nevertheless, it seems reasonable to treat
persons with latent tuberculosis where M. bovis is the suspected cause, especially
as M. tuberculosis infection cannot be excluded as a possibility (11).

Summary

Although disease caused by human Mycobacterium bovis is rare in industrialized
countries, cases continue to be reported. There are three potential routes of trans-
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mission: ingestion of contaminated dairy products (animal-to-human), inhalation
of infectious droplet nuclei (animal-to-human or human-to-human), and direct
inoculation of the skin (animal-to-human). The different modes of infection require
different public health interventions to prevent transmission and additional human
cases. Eradication of M. bovis in cattle and pasteurization of dairy products are the
cornerstones of prevention of human disease. In addition, public education regard-
ing the risks of consumption of unpasteurized dairy products and the precautions
that should be taken when field dressing or processing animal carcasses or when
cooking meat from animals that are particularly susceptible to the disease (e.g.,
deer and elk) may be useful in reducing the risks of transmission through ingestion
or direct inoculation. Standard public health measures used to manage patients
with contagious M. tuberculosis should be applied to contagious patients with M.
bovis to stop airborne person-to-person spread.

Of major concern is the high susceptibility of HIV-infected persons to M. bovis
infection. Multiple nosocomial outbreaks have already been reported in this popu-
lation. Perhaps the greatest potential danger is that M. bovis could become a sus-
tainable epidemic in areas like Africa, where HIV is rampant and M. bovis is
enzootic. Even if an epidemic does not become self-sustaining, an increase in
human morbidity and mortality, as has occurred with M. tuberculosis, is very like-
ly. International efforts to improve M. bovis surveillance, provide access to ade-
quate HIV and tuberculosis treatment, and eradicate the disease from animal hosts
are needed to avert a resurgence of human M. bovis in the developing world.
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At present, in most industrialized countries, human tuberculosis (TB) incidence
ranges between 2 and 10/100,000, and TB in cattle has been either controlled or
totally eradicated. Milk is pasteurized. Reported bovine TB cases in humans are
either persons more than 70 years of age, whose disease is a result of endogenous
reactivation of ancient infections, or immigrants from developing countries. A
steady relationship between the number of Mycobacterium bovis and Mycobac-
terium tuberculosis human TB cases (0.5–1.0%) is observed, mostly because of a
constant decrease in the denominator (1–4).

Nowadays, in most Latin American and Caribbean countries, milk is pasteur-
ized, but the quality control of this process is not always complete and reliable, and
the coverage is rather low in certain areas, meaning that a part of the population
continues consuming unpasteurized milk. In addition, bovine TB infection in cat-
tle continues being prevalent in several countries, and human TB incidence rates
are relatively high (30 to �100/100,000). In these conditions, the relationship
between M. bovis/M. tuberculosis human TB cases can be also steadily maintained,
but not because of a decrease in the denominator.

Historically, M. bovis had been related to extrapulmonary TB in infants and
children, because of the consumption of unpasteurized and unboiled milk from TB-
infected cattle. With the introduction of habit of boiling milk, and the growing
number of milk pasteurization plants all over the world, the digestive route of
infection lost its relevance, except in the conditions above described. However,
aerogenic infection is still quite frequent among cattle industries and slaughter-
house workers in areas where TB infection in cattle continues to be prevalent (5).

According to data collected in a recent survey (6), at least 7% of the total
population in 15 Latin America and Caribbean countries that answered the ques-
tionnaire (Mexico, Panama, Costa Rica, Nicaragua, Honduras, Argentina, Chile,
Uruguay, Brazil, Paraguay, Peru, Ecuador, Surinam, Cuba, and Jamaica) are in
close contact with cattle, including meat processing and veterinary services work-
ers, as well as cattle breeders and farmers. This 7% represents some 21 million

Chapter 3

Human Tuberculosis Caused by
Mycobacterium bovis in Latin
America and the Caribbean
V. Ritacco, MD, PhD, M.D. Sequeira, MSc, and I.N. 
de Kantor, PhD
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people. However, the estimated percentage for these 15 countries would be sig-
nificantly higher if the peasant population were also considered at risk, as a result
of their sporadic or frequent contact with bovines and the habit of drinking raw
milk.

In most Latin American and Caribbean countries, the bacteriological diagnosis
of pulmonary tuberculosis is usually performed by the Ziehl Neelsen smear exam-
ination. This is mainly because of the limited laboratory facilities that exist in these
countries. The priority for using culture are, first, patients who are repeatedly
smear negative but who are suspected to have TB because of clinical symptoms and
thorax radiography; childhood and extrapulmonary TB suspects; those who been
associated with HIV; and those who have suffered from suspected failures of treat-
ment and relapses. In addition, culture is used in special surveys, such as those
addressed to determine the prevalence of drug resistance in TB.

Information on Human TB Caused By M. bovis in
Argentina

In Argentina, a study performed in 1982–1984 in 15 provincial laboratories showed
that M. bovis was the origin of human disease in 0.5% of all TB cases diagnosed
by culture, ranging between 2% in Santa Fe and 0.04% in the northwest of the
country, where cattle breeding is not frequent (7).

From the late 1970s on, several reference TB laboratories have systematically
performed culture and drug susceptibility tests in newly diagnosed patients, using
Lowenstein Jensen and Stonebrink media. The use of this last culture media allows
us to isolate and to identify M. bovis strains.

One of these reference laboratories, the E. Coni Institute, is situated in the
Province of Santa Fe, where the main productive activities are cattle breeding,
slaughterhouses, dairy industries, and agriculture. In the period 1977–2001, nearly
150,000 persons were investigated for TB. In Table 3.1, the number and percent-
ages of cases with M. bovis or M. avium complex isolated is presented. The aver-
age percentage of cases caused by M. bovis versus the total cases caused by any
mycobacterial species was 2.3% (97 of 4243 cases; range: 0.0–6.0). There was not
any trend in the incidence of M. bovis.

Eighty-three percent of patients who had M. bovis isolated were men; in 65% of
these cases, a direct working relationship with cattle was proved (rural or slaugh-
terhouse workers, veterinary professionals, and other related activities). All cases
presented pulmonary localization. No extrapulmonary TB case caused by M. bovis
was detected during this period. The mean age of M. bovis TB patients was 45
years. The youngest patient diagnosed with bovine TB was a 14-year-old girl. In
the period 1980–2001, the incidence rate of TB in Santa Fe decreased from 48.1 to
20.3/100,000. Although the total incident cases in the province showed a clear
decreasing trend, the number of cases caused by M. bovis or MAC (Mycobacterium
avium complex) did not present any clear trend, either increasing or decreasing.
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The percentage of cases caused by MAC in the same period was 1.8% (range: 0.8–
5.0). In the case of M. bovis, the random variation here found could be related to a
rather constant risk of infection (endemic TB in cattle, maintained risk for rural and
slaughterhouse workers). The infection risk for MAC seems to be also quite con-
stant, possibly as a result of contact with birds and poultry in a population pre-
dominantly residing in small towns with a rural environment (8).

In populations from big cities, two studies were published in the last decade in
Argentina. In La Plata, Ferreyra and Poggio (9) found in 1997 that 1.7% of TB
cases were caused by M. bovis. In Buenos Aires, among 10,000 patients not sus-
pected of being HIV infected who were studied over an 11-year period, 1981–1991,
M. bovis was the cause of disease in 0.95% of them, and MAC in another 0.32%.
Among 240 HIV-positive patients examined in the same laboratory in the period
1985–1991, with mycobacteria isolated by culture, in 0.8% of the patients, the dis-
ease was caused by M. bovis, and by MAC in another 5.8%. All cases caused by M.
bovis, either in HIV-infected patients or not, presented pulmonary localization (10).

Human TB—M. bovis in Latin America and the Caribbean 15

Table 3.1. Patients with Mycobacterium spp. isolations. Number and percentage of
M. bovis and MAC (M. avium Complex) cases, E. Coni Institute, Santa Fe, years
1977–2001; and incidence rates (tuberculosis cases per 100,000 inhabitants) in the
Santa Fe Province, Argentina, years 1980–2001.

M.A.C. TB cases/
Year M. bovis Complex Total (*) 100 000

1977 1(0.6) 2 (1.3) 150 —
1978 6 (3.1) 2 (1.1) 189 —
1979 2 (1.0) 2 (1.0) 199 —
1980 2 (1.1) 2 (1.1) 175 48.1
1981 5 (3.2) 2 (1.3) 155 46.4
1982 4 (1.6) 3 (1.2) 246 51.0
1983 7 (2.6) 3 (1.1) 268 46.5
1984 6 (2.7) 2 (0.9) 225 42.2
1985 7 (3.2) 2 (0.9) 216 34.7
1986 7 (3.4) 2 (1.0) 207 33.2
1987 6 (3.5) 4 (2.3) 170 27.3
1988 9 (6.0) 4 (2.7) 149 35.3
1989 4 (2.4) 2 (1.2) 167 31.5
1990 4 (2.3) 3 (1.8) 171 27.2
1991 4 (2.3) 3 (1.7) 174 27.9
1992 2 (1.1) 4 (2.2) 183 30.7
1993 4 (2.4) 5 (2.9) 170 29.1
1994 3 (1.9) 3 (1.9) 161 28.1
1995 4 (2.9) 7 (5.0) 139 26.5
1996 2 (1.5) 4 (3.1) 130 24.7
1997 2 (1.6) 4 (3.1) 128 24.1
1998 2 (1.5) 1 (0.8) 132 22.9
1999 1 (0.7) 4 (3.0) 135 22.0
2000 3 (3.7) 2 (2.5) 81 21.6
2001 0 (0.0) 4 (3.3) 121 20.3
Total 97 (2.3) 76 (1.9) 4 243 —
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Bovine TB among Mexican Immigrants, San Diego,
California, and Its Possible Relation with TB in Dairy
Cattle in Mexico

An interesting piece of information on bovine TB in humans proceeds from San
Diego, California, and is directly related to previously mentioned studies concerning
rates of TB infection and lesions found predominantly in dairy cattle in Mexico
(11–14). In San Diego, 3% of TB cases diagnosed between 1980 and 1991 were
caused by M. bovis. Of these cases, more than 90% occurred in Hispanic persons,
about 25% of patients were children, the main site of disease was extrapulmonary,
and 54.3% of the patients were born in Mexico. Of all adults with M. bovis disease,
30% tested positive to HIV infection. The authors (16) suggest that the relatively
high percentage of extrapulmonary M. bovis disease—and particularly abdominal
disease, which occurred nine times more frequently in M. bovis than in M. tuber-
culosis cases—could be caused by transmission via ingestion of unpasteurized
dairy products. As almost all cases were confined to Hispanic persons born in the
United States or Mexico, and a large proportion of them were children, it appears
that Mexican dairy herds could be the primary source of M. bovis in San Diego
County. This combination of HIV and contaminated dairy products was considered
a very probable origin for the continuing presence of HIV-associated M. bovis dis-
ease in young adults and children.
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Chapter 4

Pathogenesis of Mycobacterium bovis
C.O. Thoen, DVM, PhD, and R.G. Barletta, PhD

Introduction

Mycobacterium bovis, the etiologic agent of bovine tuberculosis, is a slow-growing
nonphotochromogenic acid-fast bacillus (1). Bovine tuberculosis can be transmit-
ted from cattle to humans and, thus, is considered a zoonoses. This microorganism
is a member of the Mycobacterium tuberculosis complex, a designation that,
though without taxonomical status, includes important animal and human
pathogens. In addition to M. bovis, other members of the complex include M. tuber-
culosis, Mycobacterium africanum, Mycobacterium canettii, and Mycobacterium
microti. Other host-adapted variants of M. bovis have been designated
Mycobacterium pinnipedii (seal-adapted) and Mycobacterium caprae (2,3). Inter-
estingly, the antituberculosis vaccine used throughout the world, Mycobacterium
bovis Bacille Calmette-Güerin (BCG), was attenuated by in vitro passage on potato
slices. M. africanum, M. cannettii, and M. microti are human pathogens.

Genomics

This chapter is written at a crucial time when the knowledge of these microorgan-
isms has increased substantially. The new science of genomics has made possible
the elucidation of the complete genetic blueprint of M. bovis (4) and M. tubercu-
losis (5), which has already provided major insights into evolutionary relationships
and virulence factors underlying the molecular basis of disease. Moreover, genet-
ic systems have been developed to create defined mutants and elucidate the func-
tion of each gene in the physiopathology of M. bovis (6).

A major finding from the genome sequencing project has been that the 65.6%
GC M. bovis genome (4,345,492 bp for the virulent bovine isolate AF2122/97) is
a downsized version of the genome of M. tuberculosis (4,411,532 for the human
isolate H37Rv), with more than 99.95% identity (Figure 4.1). Moreover, M. bovis
does not have any new genetic material when compared to M. tuberculosis. Thus,
DNA deletions in M. bovis are the major contributors to these differences, though

18
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more than 2000 single nucleotide polymorphisms have also been found. It is
intriguing how these two microorganisms could have such differences in patho-
genicity and host range. However, a comparative genomic analysis indicates that
minor genome changes have a profound effect on the phenotype. For example, a
point mutation in M. bovis is responsible for its resistance to pyrazinamide. The
greatest sequence variations have been found in gene coding for cell wall and
secreted proteins, such as the PE_PGRS and PPE protein families. Because these
proteins may be involved in adhesion functions (7), it is possible that tissue tropism
and host range are also affected. Likewise, the TbD 1 locus (present in M. bovis,
but absent from most M. tuberculosis strains) encodes transporter proteins and syn-
thetases involved in lipid trafficking and glycolipid biosynthesis. Other sequence
changes involve master regulatory genes controlling the expression of multiple
gene families. Likewise, deletions have been found to affect genes involved in
transport, cell-surface structures, and intermediary metabolism. Finally, it is impor-
tant to note that deletions may remove genes that are unnecessary for host adapta-
tion and lead to a different or even wider host range.

Evolutionary Relationships

The analysis of the M. bovis genome challenged the natural epidemiological
hypothesis that M. tuberculosis is a human-adapted variety of M. bovis that was
acquired from cattle. The irreversible loss of DNA material uncovered by the M.
bovis genome sequencing project and the systematic analysis of polymorphisms in
a large panel of strains indicate quite a different scenario (8,9). This analysis indi-
cates that Mycobacterium canettii is likely the ancestral species of the M. tubercu-
losis complex. Successive DNA deletions, starting by the loss of region RD 9 (RD

Pathogenesis of Mycobacterium bovis 19

Figure 4.1 Reductive evolution of mycobacterial genomes. Relative sizes of
Mycobacterium tuberculosis (4,411,532 bp, continuous thin line), Mycobacterium bovis
(4,345,492 bp, continuous heavy line), and Mycobacterium leprae (3,258,203 bp, bro-
ken line).
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stands for regions of difference), originated Mycobacterium africanum, Mycobac-
terium microti, and M. bovis. Moreover, M. bovis BCG experienced further dele-
tions during in vitro adaptation, and the loss of region RD1 has been implicated as
the mechanism of virulence attenuation. In this view, modern M. tuberculosis
strains originated later from ancestral M. canettii by loss of the TbD 1 locus (Fig-
ure 4.2).

Pathogenesis

Aerosol exposure of cattle to M. bovis is considered the most frequent route of infec-
tion; gross lesions usually involve the lungs and thoracic lymph nodes (10). Cattle

20 Chapter 4

Figure 4.2 Proposed evolution of mycobacterial pathogens from a common ancestral
M. cannetti strain. During evolution, the ancestral progenitor underwent various dele-
tions (e.g., loss of RDcan, RD 9, RD 4, and RD 1), giving origin to the microorganisms
of the Mycobacterium tuberculosis complex. The scheme is based on Brosch et al. (8),
as modified by other studies (5,22,27). Note the two lineages for M. africanum with the
more ancestral-like lineage originating before the loss of RD 7, RD 8, and RD 10. This
scheme is compatible with bovine tuberculosis arising from human tuberculosis.
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exposed by ingestion of food and water contaminated with M. bovis often develop
primary foci in lymph tissues associated with the intestinal tract. Other mycobacte-
ria including Mycobacterium subsp. avium, Mycobacterium avium subsp. paratu-
berculosis, Mycobacterium intracellulare, Mycobacterium scrofulaceum, Myco-
bacterium kansassii, Mycobacterium fortuitum, and M. tuberculosis may induce
tuberculin skin sensitivity, but they do not produce progressive pulmonary disease
in cattle. Experimental investigations in animals comparing intravenous, intratra-
cheal, intraperitoneal injection, as well as oral exposure to M. bovis, reveal that the
nature and extent of disease varies with the route of exposure and dose of organisms.

Tubercle bacilli were identified more than 100 years ago; however, definitive
information on the pathogenesis of M. bovis in cattle and other bovidae is not avail-
able (1). Aerosol exposure leads to the involvement of the lung and associated
lymph nodes. The mucociliary clearance by mucus and epithelial cilia in the upper
respiratory passages provides a defense against infection by inhalation of myco-
bacteria. However, microorganisms on small particles such as dust and water drop-
lets that do not impinge against the mucociliary layer can pass through terminal
bronchioles, thus gaining access to alveolar spaces. The estimated size of terminal
endings of bronchioles is about 20 �m as compared to 1–4 �m for an acid-fast
bacillus. Following aerosol exposure, M. bovis is carried to the small air passages,
where it is ingested by phagocytes. The phagocytes pass through the lining of the
bronchioles, enter the circulation, and are carried to lymph nodes, parenchyma of
lungs, or other sites. After ingestion of the bacillus, the mononuclear macrophages
attempt to kill the organism; however, virulent tubercle bacilli possess the ability
to escape killing. Ingestion of the tubercle bacilli by the phagocytes into phago-
somes or intracytoplasmic vacuoles protects the organisms from bactericidal com-
ponents in serum. Following ingestion into phagocytes, mycobacteria effectively
prevent phagolysosome fusion and acidification (11).

Mycobacterial lipids such as lipoarabinomannan (LAM) and phosphatidyl ino-
sitol mannoside have been shown to intercalate within endosomal membranes and
contribute to the arrest in phagosome maturation (12,13). In addition, mycobacte-
rial proteins of the antigen 85 complex have been shown to localize within cyto-
plasmic vacuoles free of mycobacteria (14). By this mechanism, mycobacteria sur-
vive and multiply within the phagosomes and eventually destroy the phagocytes.
Mycobacterium marinum, a close relative of M. tuberculosis and M. bovis, may
lyse the phagosome and enter into the cytoplasm and use actin polymerization to
spread from cell to cell (15), a phenomenon that has not been observed with M.
tuberculosis or M. bovis. Nonetheless, phagosomes containing M. tuberculosis or
M. bovis BCG display certain degree of permeability, allowing entrance of cytosol
components of up to 70 kDa in size (16). These findings led to the hypothesis that
these membrane-permeable phagosomes may allow a bidirectional transfer of
mycobacterial products such as peptides, cord factor, or other toxic products from
the phagosomes into the cytoplasm. This process may have implications for the
role of cytotoxic T cells and class I–mediated antigen presentation in the patho-
genesis of mycobacterial infections (16). On the basis of these findings, pathogen-
ic mycobacteria may even gain access to the cytoplasm (17).

Following the stage described above, other phagocytes then enter the area and
ingest the increasing numbers of tubercle bacilli. A small cluster of cells referred
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to as a granuloma develops. Cellular responses attempting to control the disease
result in the accumulation of large numbers of phagocytes, and finally the formation
of macroscopic lesions, denominated tubercles. After 10–14 days, cell-mediated
immunity (CMI) responses develop, and macrophages of the host have an in-
creased capacity to kill the intracellular bacilli. The CMI responses are mediated
by T lymphocytes, which release lymphokines (messenger proteins secreted by
lymphocytes) that attract, immobilize, and activate additional blood-borne mono-
nuclear cells at the sites where virulent mycobacteria or their products exist. The
cellular hypersensitivity that develops contributes to cell death and tissue destruc-
tion (caseous necrosis). In some instances, liquefaction and cavity formation occur
as a result of enzymatic action on proteins and lipids. Rupture of these cavities into
the bronchi allows aerosol spread of bacilli (Figures 4.3). Activated macrophages
migrate to blind endings of lymphatic vessels and course to one or more of the tho-
racic lymph nodes, either bronchial or mediastinal. Lymph nodes are more com-
monly infected than other tissues because fluids in an animal eventually pass
through the nodes, where the meshwork of trabeculae entraps the microorganisms.
The enlargement and presence of macrophages in impenetrable passageways 
between reticular cell fibers of the lymph node provide an environment for myco-
bacterial growth and development of the granulomatous lesion in the node. On
occasion, some phagocytized mycobacteria remain in the lung, and both lung and
thoracic nodes are affected. Primary lesions often become localized in a node or
nodes and may become large and firm. Fibrous connective tissue development in
the dynamics of granuloma formation probably contributes to the localization of
lesions.
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Figure 4.3. Photomicrograph of lung of an elk from which Mycobacterium bovis was
isolated. Note multiple granulomas, some containing caseation necrosis and mineral-
ization. One granuloma is adjacent to a bronchiole. HE � 63.28.
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Granuloma formation is an attempt by the host to localize the disease process
and to allow inflammatory and immune mechanisms to destroy bacilli. A few le-
sions may appear to be regressing while becoming encapsulated by well-organized
connective tissue; however, such lesions may contain viable bacilli. Typically, the
microscopic appearance of a granuloma (tubercle) is focal and has some caseous
necrosis in a central area encircled by a zone of epithelioid cells, lymphocytes, and
some granulocytes. Mineralization may be present in necrotic centers; in more
advanced lesions, several foci of mineralization may coalesce (Fig. 4.4). Multi-
nucleated giant cells, which contain several nuclei, often in a horseshoe or ring
shape near the cytoplasmic border, are often seen in the zone near the necrotic area.
An outer boundary of fibrous connective tissue is usually present between the
lesions and normal tissue (18). Occasionally, fibrous tissue is not apparent, and the
lesion assumes a more diffuse appearance (Fig. 4.5). Lesions caused by M. bovis
may have few, if any, organisms that can be found by microscopic examination.

Virulence Factors

The development of disease in an animal depends on the ability of M. bovis to mul-
tiply within phagocytic cells and induce a host response while escaping the host
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Figure 4.4. Pulmonary tuberculosis in a cow. Section of a mature tubercle in lung
with caseous necrosis (CN) and slight mineralization present at lower right. Note other
lesions of epithelioid cells, some of which have formed multinucleated giant cells
(arrows). One giant cell is present in debris that occludes a bronchiole. Columnar
epithelial cells of the bronchiole are shown at B. Mycobacterium bovis was isolated.
HE � 65. Photo by E. M. Himes.
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bactericidal action associated with this response. Pathogenicity of mycobacteria is
a multifactorial phenomenon requiring the participation and cumulative effects of
several components, including complex lipids and proteins in both the cell wall and
the cytoplasm of tubercle bacilli (19–21). Moreover, most studies of mycobacteri-
al virulence determinants have been performed with M. tuberculosis rather than
with M. bovis. However, the presence of homologous genes in M. bovis and the
close relationship between these microorganisms indicate the use of similar viru-
lence determinants and mechanisms of pathogenicity.

Complex lipids, extracted from both virulent and attenuated strains of myco-
bacteria, have been extensively evaluated by in vivo or in vitro systems to obtain
information on their significance in disease (22–26). The cell wall core of myco-
bacteria is composed of three covalently attached molecules: peptidoglycan, ara-
binogalactan, and mycolic acid. Glycolipid complexes present in the cell wall of
virulent and attenuated strains of mycobacteria have been extensively examined to
obtain information on their significance in granuloma formation. An important
property of virulent bovine tubercle bacilli is their ability to form cords when
grown in liquid culture medium. These cords are consistently demonstrated in
smears. Lipids or lipid complexes present in the cell wall of the virulent tubercle
bacilli appear to contribute to the formation of these “ropelike” cords, which rep-
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Figure 4.5. Tuberculous metritis in a cow. Diffuse tuberculous granulation tissue of
epithelioid cells, lymphocytes, and macrophages are shown at left with lesion adjacent
to smooth muscle cells (M) of endometrium of the uterus. Numerous multinucleated
giant cells are present. HE � 65. Photo by E. M. Himes.
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resent bacilli aligned in parallel form. Several lipid components have been isolat-
ed, chemically characterized, and evaluated in certain in vivo and in vitro systems
to determine their importance in pathogenicity. Cord factor, a glycolipid, extracted
with petroleum ether from viable turbercle bacilli, identified as trehalose-6,6� di-
mycolate, does not induce tuberculin sensitivity, but it does inhibit the migration of
leukocytes and is leukotoxic (27). Moreover, cord factor has been found to induce
swelling and disruption of liver mitochondria; the swollen mitochondria have de-
creased respiratory and phosphorylative activity (28). Also, cord factor was report-
ed to induce disintegration of the rough endoplasmic reticulum and detachment of
ribosomes in liver cells (29). Furthermore, gene deletion mutants unable to syn-
thesize cord factor have normal initial replication but fail to persist within and kill
infected mice (30), which underlies the importance of this virulence factor.

Improved biochemical techniques for purifying cell wall lipids have permitted
the isolation of sulfur-containing glycolipids (sulfolipids, sulfatides) from M. tuber-
culosis. However, sulfated lipids are absent from the envelope of M. bovis because
the glycolipid sulfotransferase and arylsulphatase genes are disrupted or deleted
(4). This difference may also contribute to determine the host range and tissue tro-
pism of M. bovis. As described above, LAM, the major mycobacterial glycolipid,
may contribute to arrest phagosome maturation. In addition, LAM is a powerful
scavenger of oxygen (reactive oxygen intermediates, ROI) and nitrogen (reactive
nitrogen intermediates, RNI) reactive intermediates (23,23). Moreover, virulent
strains of M. tuberculosis and M. bovis BCG contain mannosylated LAM.
Mannosylated LAM provides another way for mycobacteria to enter phagocytes
via mannose receptors, and it serves as a ligand for the interaction with dendritic
cells (a major antigen-presenting cell). The macrophage mannose receptor is in-
volved in the presentation of LAM to T cells via CD1 molecules. However, no
definitive correlation of mannosylated LAM to mycobacterial virulence has yet
been shown (31,32).

Proteins and protein complexes (i.e., lipoproteins) of M. bovis and other patho-
genic mycobacteria also play an important role in pathogenesis. Of particular
interest are the secreted proteins in the antigen 85 complex, as they may play a role
in development of CMI and disease in the host (33). Moreover, these proteins have
been shown to possess enzymatic activity and catalyze mycolyltransfer reactions
involved in the final stages of mycobacterial cell wall assembly (34). Regarding
binding activities, fibronectin binds to antigen 85 complex, and the release of large
amounts of this antigen could inhibit binding of fibronectin to tubercle bacilli (35).
Although little or no evidence exists that fibronectin directly mediates phagocyto-
sis of mycobacteria, there is some evidence that fibronectin enables monocytes to
phagocytose C3b-sensitized cells (36). This finding may be of importance, as it has
been shown that complement receptors also mediate phagocytosis of M. tubercu-
losis (25,37). Proteins encoded by the mce operons seem to play a role in the entry
and survival of mycobacteria within phagocytic cells, as well as in the invasion of
epithelial cells (38). There are four operons in M. tuberculosis, each encoding five
to six proteins, whereas the mce3 operon is absent from M. bovis (4,5).

Several stress proteins have been identified as major immunodominant antigens
of mycobacteria (39,40). The elevated synthesis of these proteins in response to
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changes in physiological conditions within the phagosome may protect the
mycobacteria from hydrolytic enzymes, ROI (i.e., superoxide anion), and RNI
(i.e., nitric oxide—NO). Superoxide dismutases (SODs) are produced and released
by several mycobacterial pathogens (41–43). M. bovis and M. tuberculosis possess
a redundant system of two SODs (4,5). The iron–manganese–dependent SOD (Sod
A) is secreted and seems the more fundamental enzyme for resistance against reac-
tive oxygen intermediates (42,44). Another membrane-associated copper–zinc–
dependent SOD (Sod C) may play an additional role to protect tubercle bacilli
against the oxidative burst of activated macrophages (45). In contrast, protection
against reactive nitrogen intermediates is provided by two alkyl hydroperoxidases
denominated AhpC and AhpD (46,47). In addition, housekeeping functions such as
enzymes involved in major metabolic pathways are also important for the virulence
of M. bovis. For example, it has been shown that M. tuberculosis persistence in
infected mice and macrophages requires the glyoxylate enzyme isocitrate lyase
that is also present in M. bovis (48). Furthermore, mutations in many metabolic
genes also result in the attenuation of the virulence of tubercle bacilli (49,50).

Effector Mechanisms against Mycobacterial Infections

Discussions will concern primarily CMI against virulent tubercle bacilli or their
virulence factors, as these effects are the most relevant to determine protection.
However, analysis of serum therapy against human tuberculosis indicates that
humoral (antibody) responses against certain antigens (e.g., carbohydrate compo-
nents or adhesion proteins) also may be protective (51). In this context, a conju-
gated vaccine of protein-arabinomannan was shown to be protective against tuber-
culosis in a mice model of infection (52). In contrast, other humoral responses are
usually detrimental (e.g., antibodies that alter the surface charge of phagocytic
cells enhancing chemotaxis and uptake). Thus, the role of humoral immunity in
protection against M. bovis is unclear.

The natural and acquired cellular immune response mechanisms of bovines are
often successful in limiting proliferation of tubercle bacilli and development of
progressive disease. Elimination of M. bovis from host tissues depends, in part, on
killing the bacillus in mononuclear macrophages that have been activated by lym-
phokines. Although this mechanism is generally accepted, evidence to support this
concept is mostly based on information obtained from studies in small laboratory
animals using M. tuberculosis or M. bovis BCG. Tuberculostatic murine macro-
phage functions are enhanced following exposure to interferon (IFN) gamma,
whereas interleukin 4 and tumor necrosis factor do not increase these activities
(53). However, IFN-gamma and tumor necrosis factor act synergistically to induce
increased production of NO and RNI in mouse macrophages that are able to inhib-
it growth and kill intracellular M. tuberculosis and M. bovis BCG (53,54). Sig-
nificant studies have been performed on the role of RNI and ROI in mycobacteri-
cidal action (47,55). Mouse macrophages release abundant NO production on
infection with mycobacteria. This release is mediated by IFN-gamma-inducible
nitric oxide synthase (also referred as iNOS or NOS2). Several studies indicated
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that cultured human macrophages did not produce iNOS upon mycobacterial infec-
tions. However, in vivo studies have shown significant induction of NO production.
Current evidence indicates that human macrophages do possess iNOS activity, but
that the levels of NO production are highly dependent on the state of differentia-
tion of the phagocytes and the tissue of origin. For example, alveolar and peritoneal
macrophages display significant NO production. In summary, RNI, especially NO,
may play the more fundamental role in the control of mycobacterial infections
(47,55). This view is supported by the fact that NO has both bactericidal and
immunomodulatory effects, in contrast to ROI, which are only bactericidal.
Moreover, RNI and ROI may also act synergistically by the formation of the high-
ly bactericidal compound peroxynitrite. In cattle, iNOS activity and NO production
have been shown to occur in cultured bovine macrophages in response to mycobac-
terial infections, but they do not seem to require stimulation with bovine IFN-
gamma (56). Thus, iNOS synthesis in cattle seems to differ in its regulation by
lymphokines.

Processing of mycobacterial antigens by macrophages and presentation to T
lymphocytes also play a key role in the release of the appropriate lymphokines nec-
essary for full activation of the bactericidal mechanisms of phagocytic cells. T lym-
phocytes can be divided in T-helper (CD4) and T-cytotoxic cells (CD8, CTL). T-
helper cells are further subdivided on the basis of their lymphokine profiles (57).
Type 1 cells (Th1) produce IFN-gamma and interleukin 2, which stimulate ma-
crophage activation, whereas type 2 cells (Th2) produce interleukin 4, which leads
to a humoral response. Th1 and Th2 cells operate in a reciprocal fashion, whereby
cellular and humoral immune responses are mutually antagonistic. Thus, Th2 cells
are associated with exacerbation and rapid lesion formation in several chronic
infectious disease models. Therefore, the existence or absence of an immune
response does not predict protection; this is dependent on the balance between the
various types of host responses and the virulence of the bacterial strain.

The availability of transgenic “knockout” mice with disruptions in genes criti-
cal for immunological functions has provided new tools for delineating the role of
the various immune responses in protection from infection. Mice lacking the gene
for beta-2 microglobulin are unable to express the major histocompatibility com-
plex class I (MHC class I). MHC class I molecules are required for presenting anti-
gens to CTL; hence, these mice lack the ability to generate CTL. It was assumed
that only CD4 T cells capable of making appropriate lymphokines were involved
in protection against tuberculosis. However, it has been shown that mice that are
unable to generate MHC class I–restricted T cells die extremely rapidly from M.
tuberculosis infection. Interestingly, these mice can survive M. bovis BCG infec-
tion, indicating that CTLs are necessary for protection against tuberculosis (58).

Deficiencies of T lymphocyte and macrophage functions have been associated
with opportunistic mycobacterial diseases (59,60). These abnormalities may be
mediated by increased conversion of arachidonic acid into prostaglandins via the
cyclooxygenase pathway. In this context, lymphocyte responses to a purified pro-
tein derivative from M. avium and M. intracellulare improved in cultures con-
taining indomethacin, an inhibitor of cyclooxygenase (61). Activated mononuclear
macrophages exhibit marked morphological changes, including increases in the
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number of mitochondria, spreading ability, and phagocytic and microbicidal activ-
ities. Activated alveolar macrophages from rabbits receiving M. bovis BCG (heat
killed in oil) showed increases in tricarboxylic acid cycle and hexose monophos-
phate shunt activities in comparison to normal cells.

Macrophage functions such as chemotaxis, phagocytosis, enzyme secretion, and
cytotoxicity are also influenced by intracellular nucleotide levels. Studies on the
activation of adenylate cyclase in isolated macrophage membranes revealed that
guanine-5-monophosphate, present in the macrophage membrane, regulates adeny-
late cyclase activation (62). Furthermore, certain chemical mediators such as pros-
taglandins can exert their effect on cyclic adenosine-5-monophosphate production
by stimulating membrane-bound adenylate cyclase. Macrophages infected with
live M. bovis BCG have increased cyclic adenosine-5-monophosphate levels and
reduced phagolysosome formation (63).

Concerns when conducting tuberculin skin tests in animals are related most
often to the failure of some M. bovis–infected animals with advanced lesions to
respond to purified protein derivative tuberculin (64). The analytical sensitivity of
these tests in detecting tuberculosis varies for animals in a population. In animals
with healed lesions, dormant infections, or advanced disease, test responses may
be diminished. The problem of nonresponsiveness can be minimized by removing
all test-responder animals on the first test. Repeated testing appears to increase 
the number of M. bovis–infected animals failing to respond to M. bovis purified
protein derivative in populations in which infection persists (10). Changes in
responsiveness to tuberculin in skin tests have been attributed in part to lym-
phokine-induced immunosuppression. M. bovis and M. tuberculosis are formidable
pathogens that appear to require an orchestrated immune response to engender pro-
tection. In summary, both CD4-helper T cells producing lymphokines such as IFN-
gamma that can activate bactericidal macrophage effector mechanisms and CD8
MHC class I restricted cytotoxic T lymphocytes are necessary. The model would
hold that activated macrophages can kill or inhibit the growth of small numbers of
invading organisms. However, if mycobacteria escape this immunological surveil-
lance and reach a critical number, an individual macrophage is no longer capable
of killing or inhibiting growth of the microorganism and is likely to spread the
infection. Thus, only by lysing macrophages overwhelmed by the infection and
creating inflammation is it possible to reduce the number of invading bacilli to a
level that can be resisted by new infiltrating mononuclear phagocytes. This ulti-
mately raises the question of whether pathogenesis and tissue damage are the price
one pays for protection against tuberculosis. However, it is not known whether pro-
tective immunity requires a strong delayed-type hypersensitive response (65). In
this context, vaccines eliciting strong hypersensitive responses may be less protec-
tive than vaccines eliciting weaker responses.

Natural Resistance to Mycobacterial Infections

Some animals and humans display increased natural resistance to mycobacterial
infections. The molecular bases of this effect have been extensively investigated,
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but contradictory results across and within host species have raised substantial con-
troversy. In mice, it seems that the Nramp1 protein plays an important role in
resistance (66). This protein is a divalent cation transporter and has affinity for both
iron and manganese (67). Definite polymorphisms leading to nonconservative
changes in the amino acid sequence of the host Nramp1 protein have been associ-
ated with increased natural resistance to mycobacterial infections, with the resist-
ant allele being dominant. More recently, an Nramp1 orthologue (e.g., genes in dif-
ferent species that derive from a common ancestor) has been found in M. bovis and
M. tuberculosis (5). This finding led to the hypothesis that the resistant Nramp1
protein in the host may compete favorably with the mycobacterial counterpart
(Mramp) and decrease the availability of iron and manganese for the bacilli (68).
However, this hypothesis is difficult to reconcile with the finding that disruption of
the bacterial gene in M. tuberculosis does not affect virulence in mice (69,70). An
Nramp1 orthologue is also present in cattle, but in this case, polymorphisms asso-
ciated in mice with resistance failed to protect cattle against tuberculosis (71). This
indicates that in bovines, Nramp1 polymorphisms cannot account for natural
resistance. In humans, some evidence predicts a role of Nramp in resistance (72),
but more extensive studies are needed. Moreover, in all animal species, there is a
family of Nramp proteins, making it difficult to sort out individual effects (73).
Thus, extensive investigations are necessary to reach a more thorough understand-
ing of the resistant phenotype in the various hosts.
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Chapter 5

Epidemiology of Mycobacterium
bovis
J.B. Kaneene, DVM, PhD, and D. Pfeiffer, DVM, PhD

Introduction

Bovine tuberculosis (TB) was first recognized in domesticated animals, although
its host range is broad and includes most mammalian species. In addition to live-
stock and wild hoofed mammals, the disease has been reported in elephants, non-
human primates, and many other species (1). Apart from the pathogenetic mecha-
nisms, the ability of Mycobacterium bovis to infect such a wide variety of species
can be attributed to the different routes of transmission by which M. bovis can be
passed from animal to animal.

Routes of Transmission

There are several routes of transmission for M. bovis infection, but the primary
routes of infection are via the respiratory and gastrointestinal tracts. Experimental
studies involving exposure of animals to M. bovis via different routes (intratra-
cheal, oral, intravenous, intraperitoneal) have demonstrated that the nature and
extent of tuberculous lesions vary with the route of exposure (2), and the location
of tuberculous lesions affects how M. bovis is shed from the infected host. These
include lesions of the respiratory system, kidneys, mammary glands, and the gas-
trointestinal system (3,4). Externally draining cutaneous abscesses can also be a
source of infection in a wide variety of domestic and wild mammals (4,5).

Inhalation

Respiratory transmission via the inhalation of contaminated aerosols or fomites is
the most efficient form of transmission, requiring a low number of organisms as an
infective dose (2). Under most circumstances, an infected host generates an aerosol
containing M. bovis when the animal coughs or sneezes, and the aerosol is inhaled
directly by an uninfected host, resulting in infection (2).

Under natural conditions, respiratory transmission has been detected in herding
animals, such as domestic and wild bovines, and in captive herds of various cervid
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species (6). Transmission of M. bovis via inhalation is effective in animals that are
kept in confinement (7) and in free-ranging wildlife that maintain social or famil-
ial groups in underground dens, such as European badgers (Meles meles) in the
United Kingdom (8) and brushtail possums (Trichosurus vulpecula) in New Zea-
land (9). There have been rare instances in which an indirect aerosol transmission
has been documented: pressure-washing facilities at a zoo where a TB-infected rhi-
noceros was housed may have aerosolized M. bovis and resulted in cases of pul-
monary TB in primates housed in facilities near the rhinoceros housing (7).
Respiratory transmission of M. bovis has been detected in wildlife during periods
when normal behaviors become altered and result in direct contact between ani-
mals, such as white-tailed deer (Odocoileus virginianus) behavior in the presence
of supplemental winter feeding in Michigan (6,10), or an instance in which a dog
acquired TB through inhalation from contact with a tuberculous possum, based on
the presence of extensive lesions in the lungs and an absence of lesions elsewhere
in the body (11).

Evidence for inhalation transmission is in the location of affected lymph nodes
(12). Respiratory transmission has been experimentally demonstrated in a variety
of different species, and lymph nodes associated with the respiratory tract, partic-
ularly the bronchial and mediastinal, are the most commonly affected by inhaled
M. bovis (13).

Ingestion

Although respiratory transmission is the most important route of infection in
groups of animals that remain in close contact, oral transmission through ingestion
of M. bovis is another important route. For oral transmission to be accomplished,
an uninfected animal has to consume feed or water contaminated with mucous or
nasal secretions, feces, or urine that contain the infective organisms, or to receive
milk from an infected dam.

Oral transmission of M. bovis has been seen in several species through pastures
(14) water sources (15), infected animal carcasses (16), and contaminated mucous
or abscesses (13). Consumption of infected feeds has also been implicated in inter-
species disease transmission in which direct contact between species was not evi-
dent (14,17). It has even been suggested that M. bovis–infected wild seals in Wes-
tern Australia contracted the infection from cattle carcasses dumped in the sea by
some farmers during the TB eradication process (18).

As in the case of transmission through inhalation, evidence for ingestion trans-
mission is often found through the distribution of tuberculous lesions in naturally
infected animals. In these circumstances, the mesenteric lymph nodes are usually
affected (3) and have been used to suggest that oral transmission is a more impor-
tant route of infection in some situations (4).

Transcutaneous

Another less-common form of transmission is through transcutaneous transmis-
sion of M. bovis. This occurs in humans who handle infected carcasses, where in-
fection had been spread via cuts and abrasions (e.g., butcher’s wart in humans) (19).
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In animals, transcutaneous transmission is primarily from bites by infected ani-
mals. This has been seen in domestic cats (16), ferrets (Mustela furo) (16), and
European badgers (3).

Vertical

One route of transmission that is less evident in the epidemiology of M. bovis is
vertical transmission. Vertical transmission has also been identified in some species
(12) but has rarely been documented in wildlife under natural conditions. Cases of
apparent vertical transmission, or pseudo-vertical transmission, in wildlife can ap-
pear through consumption of milk from infected mothers (4), or simply from close
contact between mother and offspring (9,13). This form of transmission has been
seen in many wildlife species, including badgers (20,21), brushtail possums (9),
and white-tailed deer (13).

Issues with Determining Routes of Transmission

Unfortunately, the location of tuberculous lesions is not a conclusive determinant
of the route of transmission of the disease (22). Although the lymph nodes of the
respiratory and gastrointestinal tracts are commonly affected in naturally transmit-
ted M. bovis, lesions in the alimentary canal, such as in retropharyngeal lymph
nodes in white-tailed deer (23), can come into contact with the organism through
either inhalation or ingestion. Once infection becomes disseminated, or is given at
high doses under experimental conditions, severe disease will involve lymph nodes
throughout the thorax and abdomen (4). However, some hosts exposed orally to M.
bovis, such as swine, may only develop lesions in cranial lymph nodes (14,22).
Although many of the primary nonaerosol sources of M. bovis infection in humans
have been removed in industrialized countries, there has been an increase in the
number of cases of pulmonary infection with M. bovis, which may be caused by
several factors: the lung is the usual site of postprimary M. bovis infection, regard-
less of the site of the primary lesion, and cases of pulmonary M. bovis infection
maybe the result of reactivation of previously quiescent (i.e., nonclinical) primary
lesions.

Characteristics of the Epidemiology of M. bovis

Given the public health consequences of M. bovis infection, the epidemiology of
the disease has historically been of great interest. Outbreaks of M. bovis infection
as well as endemic infection have been reported in animal populations. Outbreaks
are characterized by a relatively rapid increase in infection rate over a short period
within a population of animals; these outbreaks can occur with the introduction of
infected animals to a population (e.g., a cattle herd) that has susceptible animals
that have the capacity to spread the disease among their herd mates. However, it is
also possible for the infection to spread relatively slowly, depending on the disease
progression in infected animals and on the opportunities for contact with other ani-
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mals within the herd. Endemic mycobacterial infections are characterized by low
rates of infection and have also been reported in animal populations. The extent of
the disease is not sufficient to affect the survival of the population, but it is suffi-
cient to continue transmission of infection within the populations (24).

The development of molecular techniques for differentiating strains of M. bovis,
such as DNA fingerprinting (restriction fragment length polymorphism and spoli-
gotyping) has been useful in outbreak investigations in animals and humans to
identify potential sources of infection, or relatedness of strains (14,25). Although
DNA fingerprinting is a useful tool, the tests must be conducted under carefully
controlled conditions to avoid contamination and false-positive findings. More
important, results of these tests do not indicate the source and direction of the
infection (i.e., results of the test cannot indicate which of two infected populations
was the source of infection for the other), but it may be possible to draw causal
inferences by taking other epidemiological information into account.

Because of the large number of susceptible species, the differences in patho-
genesis, and the variety of possible transmission mechanisms, combined with the
lack of effective vaccination and moderately accurate diagnostic methods, bovine
TB can be difficult to control. This is particularly the case in epidemiological sys-
tems in which wild animal infection reservoirs are present. In such situations, a
systems approach, rather than the traditional single-species approach, needs to be
applied to disease management to be able to effectively control infection. As part
of this approach, epidemiological investigations need to be conducted so that the
spillover and key reservoir hosts can be defined. Effective disease management will
change a reservoir to a spillover host (1).

M. bovis in Livestock

Bovine TB, as the name implies, was first recognized in domesticated animals.
Farmed species that are known to be susceptible to M. bovis include cattle (15,26),
water buffalo (Bubalus bubalis) (27), and other hoof stock (26). There have also
been instances in which feral livestock, such as swine, have been infected in the
wild (9,22). Of these species, cattle are the most important reservoir for M. bovis.
The geographic range of M. bovis in livestock parallels the distribution of livestock
throughout the world. Apart from small-scale studies, little information is available
on the M. bovis infection rates in livestock in developing countries.

Rates of Disease

United States

Since the inception of national TB control programs in the early 20th century, rates
of M. bovis infection had dramatically declined to the point at which the disease
was eradicated in the majority of the country. Recently, however, there have been
outbreaks of M. bovis in U.S. cattle herds in four states: Michigan, Texas, New
Mexico, and California. Tuberculosis in Michigan has affected a total of 33 beef
and dairy cattle operations since 1997, and a wildlife reservoir of M. bovis has been
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presumed to be the source of infection for these cattle (17,28). In Texas, the TB
problem is concentrated in the El Paso milkshed area. The states of California 
and New Mexico have experienced limited outbreaks of TB (affecting two and
three dairies, respectively), which have been attributed to cattle imported from
areas where M. bovis is an ongoing problem. To curtail spread of M. bovis through-
out the United States, increased surveillance has been implemented at slaughter
and in the affected regions in the country. Of 10 newly affected herds in 2003, six
were detected through active area test surveillance in Michigan and California (28).

Canada

Since 1993, a total of 12 herds of cattle and farmed bison (Bison bison) have been
affected by eight separate outbreaks of M. bovis infection in five provinces in
Canada (28). Recent identification of a wildlife reservoir in Manitoba has impli-
cated wildlife as a possible source of outbreaks in Manitoba (28).

Great Britain

Tuberculosis herd incidence amongst unrestricted herds has increased from 1.3%
in 1996 to 3.5% in 2003 (29). One of the reasons for this increase has been the
reduction in cattle testing during the foot-and-mouth disease outbreak in 2001. The
sources of infection are still debated, despite several scientific reports commis-
sioned by the U.K. government (30). Infection in wild badgers and the movements
of infected animals are considered to be important factors, and the relative contri-
bution of these two components is currently being investigated by a large-scale ran-
domized trial (31).

New Zealand

Control programs are in operation to eradicate infection from domestic cattle as
well as farmed deer populations. The percentage of infected herds reduced from
3.78% in 1995–1996 to 0.77% in 2003–2004 (32). Infection occurs only in parts
of the country where endemic infection is present in wild brushtail possums (9).

Surveillance and Control Programs

Control programs for TB in animals are primarily focused on control of infection
with M. bovis. These programs can be considered as having four components: pre-
vention, treatment, eradication, and surveillance. Disease prevention primarily fo-
cuses on reducing opportunities for animals to be exposed to the pathogen of con-
cern, as well as reducing the likelihood that an exposed animal will become infected
after exposure. A final component of any TB control and eradication program is
routine surveillance to detect any changes in development of the disease. This in-
cludes antemortem testing and slaughter surveillance of livestock and captive ani-
mal species.

Antemortem evaluations are a critical component of TB control programs
throughout the world. At this time, one of the most reliable and practical methods
of diagnosis (albeit tentative) in domestic animals is assessment via the tuberculin
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skin test. Animals infected with mycobacteria are allergic to the proteins contained
in tuberculin and develop characteristic delayed-type hypersensitivity reactions
when exposed to those proteins. The deposition of tuberculin intradermally in the
deep layers of the skin usually elicits a local reaction characterized by inflamma-
tion and swelling in infected animals, whereas such reactions at the injection site
fail to develop in uninfected animals. The sensitivity and specificity of the intra-
dermal test depend on the field conditions, prevalence of infection, and other fac-
tors, and the test may not be effective or practical for use in all species; however,
it has been accepted by the U.S. Department of Agriculture for identification of M.
bovis in cattle and goats (33).

On cattle farms, the major source of M. bovis is infected cattle that either reside
on the farm or are introduced to the herd from another facility. In some production
systems, as found in the Republic of Ireland, there is also the possibility of contact
between animals from neighboring farms. Basic herd hygiene and biosecurity
practices (e.g., routine testing for TB and quarantine of imported animals, manure
management, and maintenance of feed and water hygiene) have been found 
to reduce the risks of spread of M. bovis on cattle farms (12,17). The Bacille
Calmette-Güerin vaccine does not completely prevent infection in cattle or other
animals (34); moreover, vaccinated animals yield positive results on the tuberculin
skin test, which precludes the use of the vaccine in the United States and other
countries with eradication programs. It should be noted that there is considerable
interest in the development of new DNA vaccines; however, they have not yet been
accepted for use in food producing animals.

In domestic livestock herds, complete depopulation is an effective way of
removing M. bovis from a livestock operation. The facility can be restocked after
a waiting period during which livestock are not allowed onto the depopulated site.
Although depopulation is an effective tool for controlling the livestock industry as
a whole, the effects can be devastating both financially and emotionally to individ-
ual farmers. As an alternative to depopulation of herds in the United States, the
U.S. Department of Agriculture allows regulatory agencies to develop herd-specific
test and slaughter programs for individual livestock operations (33).

Many countries in Europe and New Zealand conduct control programs that are
based on herd testing and removal of test-positive animals. An essential component
of these programs is that once at least one animal from a herd tests positive, no
movements of animals other than to slaughter are allowed until the herd tests neg-
ative (1). Until the discovery of the anti-TB drug isonicotinic acid hydrazide, there
was no practical treatment for TB. In Brazil and South Africa, investigators have
suggested that it is feasible to treat cattle with isoniazid, and guidelines have been
developed for treatment of infective animals with anti-TB drugs, but the treatment
of TB in cattle is not permitted in the United States or in many other countries (15).

M. bovis in Free-Ranging Wildlife

Infection with M. bovis has been documented in wildlife throughout the world in
any area where livestock are raised, and in most situations these cases have been
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considered to be spillover from infected domestic populations (22,35). Cases have
been reported in Europe (8,36), Africa (5), Asia (27), Australia (22) and New Zea-
land (26), and the Americas (37). Wildlife known to be susceptible to M. bovis
include cervids and other artiodactylae (6,21,35), insectivora (moles, voles, hedge-
hogs) (8,24), rodents (24), lagomorphs (26), rhinoceros (5,7), primates (38), and
several species of pinnipeds (39). In some species, TB is believed to be spillover
through consumption of infected carcasses by carnivores and scavengers under nat-
ural conditions (6,8,35).

Although a wide variety of wildlife species are susceptible to M. bovis, evidence
of infection in a given species is not necessarily proof that the species is a reser-
voir (40). In many of these situations, when the livestock source of TB is removed
from an area, spillover cases in wildlife disappear. This was seen in feral swine on
Molokai, Hawaii, where the prevalence of M. bovis in swine dropped from 30% in
1980 to 3.2% in 1982, after depopulation of a TB-infected cattle herd in 1981 (41).
A wildlife reservoir species may serve as a constant source of infection for anoth-
er, such as cases of TB in feral red deer contracted from infected brushtail possums
in New Zealand (9), and TB infection from white-tailed deer to coyotes in Mich-
igan (6). Often, spillover cases of disease match the spatial distribution of known
reservoir species (14).

In recent years, several free-ranging wildlife reservoir hosts have been identi-
fied. These species include North American bison (B. bison) (37), African buffalo
(Syncerus caffer) (35), European badgers in United Kingdom (24) and Switzerland
(8), brushtail possums in New Zealand (21), white-tailed deer in Michigan (6), and
several antelope species in South Africa (35). Studies on these wildlife reservoir
hosts for M. bovis are providing greater insight into the epidemiology of M. bovis
in both wildlife and domestic animal populations, which is needed to allow more
effective control of the infection in domestic livestock.

Examples of Wildlife Reservoirs—European Badgers in Great
Britain

Bovine TB was first identified in badgers in Gloucestershire in 1971, in an area
where cattle herds had been experiencing TB outbreaks (42). In this area, as in
many parts of the world, wildlife (badgers) and livestock (cattle) have coexisted in
the same locations for years, and it has been presumed that cattle served as the pri-
mary source of infection for badgers: In the Dorset area, cattle outbreaks preceded
infection in badgers, with the first outbreak in cattle recorded in 1970 and the first
tuberculous badger found in 1974 (42), and infection levels in badger populations
have been highest in the region.

European badgers have been shown to be effective reservoir hosts for M. bovis.
Badgers are susceptible to M. bovis, they can survive for years after infection (24),
infected females can reproduce (24), and they may be able to contain the infection
for long periods of time until infection is “reactivated” by physical stress (43).
Infected badgers can shed M. bovis through a variety of routes (e.g., respiratory
secretions, urine, feces), and shedding may be intermittent, depending on the host’s
physical condition (36). Female badgers have been found with mammary lesions,
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making transmission from mother to offspring through milk possible (20). Al-
though mycobacterial infection can be fatal for an individual badger, TB does not
negatively affect the age–sex profile of an infected population (20), indicating that
an infected population can continue to reproduce and maintain its numbers.

Badger behavior readily supports transmission of M. bovis within social groups.
Badgers are animals that live in social groups in underground setts, conditions that
put several individuals in close contact in confined spaces, where respiratory trans-
mission of TB is efficient. The use of common “latrine” areas for defecation and
urination, which can become heavily contaminated with M. bovis, can serve as
another source of infection. Finally, aggressive behavior by males can result in
transcutaneous transmission of M. bovis through bite wounding (3).

Examples of Wildlife Reservoirs—African Buffalo in South Africa

Bovine TB was first reported in Kruger National Park in an impala in 1967 (5),
with no other evidence of infection in the area, despite surveys conducted in the
1970s. Later, TB was identified in buffalo in the southern edge of Kruger National
Park in 1990, in an area where domestic cattle were known to have outbreaks of
TB in the 1960s and early 1980s (5). Tuberculosis was probably passed from
domestic cattle to buffalo at these times, as contact between species was suggest-
ed by a concurrent outbreak of Corridor Disease (buffalo-associated theileriosis) in
the domestic cattle (5). As mentioned above, TB first appeared in southern Kruger
National Park in 1967 and has been spreading steadily northward from the south-
ern region to the central and northern regions of the park at a rate of approximate-
ly 6 km per year (44).

As in the case of European badgers, buffalo have the qualities necessary for a
reservoir host for M. bovis. Buffalo are highly susceptible to TB (44), and infection
does not appear to affect the fertility or lactation rate of female buffalo, allowing
infected cows to reproduce. Natural herding behavior, which keeps animals in close
contact, allows easy transmission of TB within free-ranging herds (35).

Examples of Wildlife Reservoirs—White-Tailed Deer in the United
States

The presence of a self-sustaining M. bovis infection in white-tailed deer in
Michigan is unique in the world. The majority of cases of bovine TB in wild deer
are sporadic cases in individual animals, often in areas where livestock are known
reservoirs of infection. In other areas where free-ranging cervids have had long-
standing M. bovis infections, these infections have been supported by other wildlife
reservoirs, such as bison and captive elk (Cervus elaphus) in North America,
brushtail possums in New Zealand (16), and European badgers in Great Britain
(42).

In white-tailed deer, many diseases can be maintained in nature through winter
yarding behavior, in which deer spend large amounts of time together in cedar
swamplands, where food and shelter from weather is available, and direct contact
between individuals is likely. Behavioral modification can also result in changes
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that increase the likelihood of the spread of disease in a free-ranging wildlife pop-
ulation, particularly those associated with supplemental feeding. Feeding sites,
where large numbers of deer come into very close contact for extended periods,
have been suggested as contributing to the spread of TB in Michigan deer (6,10).
Unintentional supplemental feeding, as in the utilization of cattle feed, either fed
or stored outdoors, by white-tailed deer on Michigan farms, has been implicated as
a possible cause of bovine TB for cattle herds (17).

Current control measures in this situation include banning supplemental feeding
and baiting to reduce the deer population and to decrease direct contact between
deer at feeding or baiting sites (6). This program of reduced deer feeding and inten-
sifying hunting pressure has resulted in a decline in TB levels in the wild deer pop-
ulation since 1998 (45).

Examples of Wildlife Reservoirs—Brushtail Possums in New Zealand

Tuberculosis was first identified in brushtail possums in 1967 and has since then
become a major source of infection for cattle and deer in New Zealand (46). The
initial source of infection for possums is not clear, but it may be from contact with
infected livestock in the past.

Brushtail possums have many of the qualities necessary for an ideal host for M.
bovis. Possums are highly susceptible to infection, shed M. bovis through multiple
routes (21), and share dens (9). Respiratory transmission of TB is common (9), and
transmission from mother to offspring through direct contact and milk has been
seen. High local population densities have been associated with increased preva-
lence of TB in possums, and levels of TB decreased in areas where population
reduction was practiced. Unfortunately, in some instances, culling to reduce popu-
lations resulted in dispersing infected animals over greater geographic areas. Edge
habitats have been associated with clusters of bovine TB in brushtail possums in
New Zealand (21,47).

Tuberculosis levels in possums have shown seasonal variations (20,48). Mating
behavior appears to account for some of the seasonal variation (48), as possums
gather during mating season (9), and the physical stress of hard winters has been
associated with changes in levels of TB in possums (48).

Wildlife Surveillance and Control Programs

Explosive increases in numbers of cases of infection are often easily identified
through routine surveillance procedures that detect increases in the prevalence or
incidence of infection, or as a result of the identification of sick animals that are
not included in surveillance programs. An example of the latter is the detection of
M. bovis infection in free-ranging white-tailed deer in Michigan that was recog-
nized after a hunter submitted a carcass with suspicious lesions to the state’s De-
partment of Natural Resources for investigation (49). However, low rates of infec-
tion may be below detectable levels for some surveillance methods; the infection
may only be detected when circumstances change to increase the number of cases
of disease in the population or when a highly susceptible dead-end host is affected
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by infection from an endemically infected host species, with dramatic effect. These
problems associated with detection of low rates of infection must be taken into
consideration when evaluating the effectiveness of any surveillance program.
Although it is acknowledged that the Michigan form of TB surveillance in wild
white-tailed deer (convenience sample of hunter-harvested heads) will not capture
all TB cases, because of reliance on hunter submissions and examination of only
heads, rather than complete carcasses (13,23), the system has been able to detect
TB at levels less than 1% in the TB-affected area from 1996 to 2000 (45).

In areas where livestock have become infected from wildlife, such as in New
Zealand, where wild possums are difficult to track, livestock reinfection can be
viewed as an indicator of infection in the local possum population (46). Although
the main reservoir of M. bovis is cattle, there are several instances in which wildlife
reservoirs [including European badgers (8), brushtail possums (46), deer (49),
African Cape buffalo (35), and wild boar (14)] have been important sources of
infection for cattle. Reservoir animals infected with tubercle bacilli that interact
with cattle may be the source of herd infections and significant production losses
(17,35).

Depending on the reservoir species involved, eradication of M. bovis infection
in wildlife can be highly problematic. The size and distribution of wildlife popula-
tions is often unknown, the extent of disease in the population can be difficult (if
not impossible) to estimate accurately, and aspects of animal behavior associated
with the distribution of the disease in the wild may be unclear. The control of TB
in cervids and other wild animals is limited to population control, because intra-
dermal skin testing of those animals is not practical. In countries in which M. bovis
infection has been reported in wildlife with relatively small and stable home ranges
(brushtail possums and badgers), a Bacille Calmette-Güerin vaccine has been eval-
uated as an immunizing agent (34).

Population control is commonly used for disease control in wildlife (40). This
is usually accomplished by culling to remove infected animals and to reduce pop-
ulation density, which is effective in handling diseases like TB (45). This is usual-
ly exercised through trapping and removal programs (36), by directed hunts to
reduce animal numbers (35), or by providing incentives to hunters (i.e., unlimited
hunting permits and increased duration of the hunting season) to increase the num-
ber of animals removed during the hunting season (6). However, culling large num-
bers of animals from an area may encourage emigration, and reduction or removal
of a species could significantly affect local ecosystem integrity (37). In addition,
culling to reduce disease may require levels of killing that result in a critical reduc-
tion of genetic diversity in endangered species (35). Culling animals for disease
control is often unpopular with the general public, and public sentiment may raise
objections to necessary levels of culling (40).

Despite potential problems, however, although it has been demonstrated in test
areas in an earlier study that badger population reduction has resulted in decreases
in tuberculosis in cattle (24), preliminary results from a large-scale randomized
trial in Great Britain showed that localized culling of badger populations around
infected herds was associated with in an increase in cattle infection levels. It has
been hypothesized that this might have been the result of disturbance of population
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stability, resulting in increased movements of badgers (31). As part of a review of
this trial (31), researchers emphasized that the results should be interpreted very
cautiously because of statistical uncertainties as well as the presence of confound-
ing biases.

In addition to population control, wildlife behavior modification has been used
as a tool to reduce the spread of the disease in the wildlife population. In the out-
break of M. bovis in free-ranging white-tailed deer in Michigan, large-scale winter
feeding in one area of the state that had continued for decades had dramatically
increased the numbers of deer in the area and created conditions in which large
numbers of normally timid animals would congregate around feed piles (10,49).
After the discovery of TB in wildlife, bans were placed on feeding and baiting of
animals in areas where they may gather during cold weather or under other condi-
tions associated with limited food supply (10). After these measures had been
applied over a 6-year period, the apparent prevalence of TB in deer in a 12-county
area in Michigan decreased by 50% (6).

M. bovis in Captive Wildlife

The occurrence of M. bovis in captive wildlife populations has been well docu-
mented, and the epidemiology of the disease in captive populations is very similar
to circumstances seen in livestock populations. A wide variety of species have been
documented with M. bovis, including rhinoceri (5) and primates (38). In addition
to zoos, animal parks or “farms” that maintain populations of wildlife have been
affected by M. bovis. The intradermal tuberculin skin test may not be effective or
practical for use in all species, but it has been accepted by the U.S. Department of
Agriculture for identification of M. bovis in bison and captive cervids (33).

Surveillance and TB control programs for captive wildlife are similar to those
exercised for livestock. In the case of some valuable exotic species, animals may
receive treatment for the disease, as in the case where elephants have successfully
recovered from TB after 6 months of treatment with isonicotinic acid hydrazide
along with rifampicin or ethambutol (50).

M. bovis in Humans

Human infection with M. bovis is a recognized public health hazard in developing
and industrial nations (19). The advent of milk pasteurization and eradication pro-
grams has reduced the levels of human bovine TB in industrialized nations, but
sporadic cases still occur when individuals come into contact with infected live-
stock (1), captive wildlife (7), or contaminated animal carcasses (1).

Humans are susceptible to M. bovis, and there are numerous instances of human
infection resulting from contact with infected animals. Recently, there has been
increased interest among public health officials in drug-resistant strains of Myco-
bacterium tuberculosis, M. bovis, and Mycobacterium avium, because several such
strains have been isolated from HIV-infected and nonimmunocompromised hu-
mans (1). Infection with M. bovis causes pulmonary and extrapulmonary disease
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(19). Contact with infected animals is a source of M. bovis infection for humans
and is a recognized hazard for abattoir workers, veterinarians, and livestock han-
dlers (7).

In the United States and other developed countries, extrapulmonary M. bovis
infections in humans have been almost eliminated following the introduction of
food production procedures such as pasteurization of milk and routine carcass in-
spection, and many of the primary nonaerosol sources of M. bovis infection in hu-
mans have been removed in industrialized countries (19). M. bovis infection in
humans commonly occurs in less-developed countries and in specific demograph-
ic groups within developed countries in which consumption of unpasteurized dairy
products is practiced. The presence of HIV infection is considered to further com-
plicate the epidemiology in these countries, as infected individuals are more likely
to more quickly develop clinical TB (1).

Although there is no active surveillance program specific for M. bovis infection
for humans in the United States, most of the reported cases appear localized to
states with large immigrant populations from countries with recognized M. bovis
infections in livestock (25). For example, 7% of mycobacterial isolates from 1931
cases of TB in San Diego, California, were identified as M. bovis; these infections
were associated with ingestion of raw dairy products, 53% of these patients had
extrapulmonary disease (25), and 33% of isolates obtained from children were M.
bovis (25).

Surveillance and Control Programs

Tuberculosis is a reportable disease in the United States, but there is no national
active surveillance program for the disease. The existing surveillance program was
expanded in 1993 to better monitor and target groups at risk for TB, estimate and
follow the extent of drug-resistant TB, and evaluate outcomes of TB cases. When
apparent cases are presented to health care workers, an investigation is launched to
confirm the diagnosis of TB by clinical case definition (positive tuberculin skin test
and signs/symptoms/clinical evidence of TB) with laboratory confirmation (myco-
bacterial isolation or demonstration of acid-fast bacilli in a clinical specimen).
There is no separate surveillance for M. bovis in humans in the United States: sur-
veillance is for M. tuberculosis complex, which includes M. bovis. Cases are
identified in the instances in which additional testing is conducted to determine the
bacterial species. Following identification of a case of TB, epidemiological inves-
tigations are conducted to identify the source of infection, and any other individu-
als who may have come into contact with the case and may have been exposed to
the disease. The Bacille Calmette-Güerin vaccine has been used in humans in some
countries in which TB is prevalent in the population.

Conclusions

Bovine TB is a difficult disease to control because of the large number of suscep-
tible species, the variation in pathogenesis, and the limited effectiveness of cur-
rently available control methods for wild animals. Effective control requires an
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understanding of the epidemiology of infection within the ecological system that
can include domestic as well as wild animal species. It is also affected by man-
agement practices within the livestock production system as well as societal con-
siderations toward the application of control in wild animal reservoir species.
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The intradermal tuberculin test using purified protein derivative (PPD) prepared
from the culture filtrate of Mycobacterium bovis by precipitation with ammonium
sulfate or trichloroacetic acid is widely used to identify tuberculous cattle and other
animals in countries throughout the world (1–3). The protein content of the PPD is
determined and biologic activity evaluated in sensitized guinea pigs.

The single caudal fold intradermal test, the single cervical intradermal test, and
the comparative cervical test are the tuberculin tests used in most bovine tubercu-
losis control or eradication programs (2,3). In the United States, the caudal fold test
is a presumptive test. The injection site is visually observed and palpated at 72
hours following injection of M. bovis PPD, and any inflammatory response is clas-
sified as suspect. Cattle with suspicious reactions to the caudal fold test are subse-
quently subjected to a comparative cervical test to determine their relative respon-
siveness to biologically balanced M. bovis and M. avium ss avium PPD (4,5).

Cattle infected with M. bovis will develop more induration (measured as an
increase in skin thickness at the site of injection) in response to the M. bovis PPD
than to the M. avium PPD, except in animals with advanced disease that have
become nonresponsive to tuberculin. The increase in skin thickness at each injec-
tion site is plotted on a scattergram. The results are classified as negative, suspect,
or reactor (positive) (4).

In vitro cell-mediated assays that monitor cell responses to PPD by incorpora-
tion of tritiated thymidine or the production of gamma interferon have been devel-
oped and evaluated in cattle and other animals in several countries (6,7). In addi-
tion, in vitro assays have been developed to detect antibodies in M. bovis–infected
cattle (8,9). The tuberculin skin test, which involves the injection of 0.1 mL PPD
intradermally and observation of the injection site at 72 hours in cattle, requires the
handling of cattle twice. An in vitro blood test would provide a distinct advantage
because animals would be restrained only once; this is especially important when
working with wild animals (9–11).

The specificity and sensitivity of a diagnostic test should be determined in nat-
urally sensitized M. bovis–infected cattle and in cattle in M. bovis–free herds in the
geographical region under conditions in which the test will be used (2,3,12). This
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is important because nonspecific sensitization caused by other organisms that share
antigenic determinants may vary for different regions and countries (13). For ex-
ample, it is possible that cattle not infected with M. bovis will respond to M. bovis
because of exposure to other mycobacteria (i.e., M. avium ss paratuberculosis)

In vitro Tests

The primary immune response in animals to M. bovis infections is cell mediated
(14). Because some concerns have been reported concerning the sensitivity and
specificity of the tuberculin skin test, considerable research has been conducted to
develop in vitro correlates of delayed hypersensitivity to monitor cell-mediated
responses (6,7). Initial efforts involved the development of lymphocyte blastogenic
assays (LBA) using the incorporation of tritiated thymidine following exposure to
specific mycobacterial antigen as a measure of cell-mediated responsiveness (6).
The stimulation index is determined by comparing the response to specific antigen
to nonstimulated controls and is used to determine the status of the animal.
Investigations conducted on experimentally infected cattle revealed a good corre-
lation with LBA and skin tests (15). However, the results of LBA and skin test
responses in cattle naturally exposed to M. bovis varied considerably in different
herds within the same geographical region. Systematic studies to determine the
conditions of shipment and storage time failed to provide definitive information
useful in explaining the variation in findings on LBA. The reproducibility of LBA
on the same animals was questioned because results sometimes varied even when
conditions for shipment and storage were similar. Therefore, the LBA has not come
into widespread use as a stand-alone or supplemental diagnostic test to be used
routinely in the diagnosis of bovine tuberculosis.

More recently, a gamma interferon (IFN) assay was described for monitoring
cell-mediated responses (6,17). This in vitro assay is similar to the LBA in that it
requires the collection of blood samples from cattle for antigen stimulation. It dif-
fers from the LBA in that IFN produced by the stimulated cells is measured in an
ELISA, and no radioactive isotopes are involved in measuring cell stimulation. The
IFN assay has been used in detecting tuberculous cattle in several countries, and
the results correlate with responses obtained on a tuberculin skin test (7,16–19).
This test has been approved as a supplemental test for cattle in the U. S. National
Tuberculosis Eradication Program. Nevertheless, a comparison of the sensitivity of
the caudal fold test and the IFN assay revealed that the caudal fold test was signif-
icantly more sensitive than the IFN for the diagnosis of bovine tuberculosis (19).
Maximum overall sensitivity was achieved when results of the caudal fold test and
IFN assay were interpreted in parallel. The specificity of the IFN assay has been
reported to be 93%; however, the probability that a positive test indicates infection
(i.e., the positive predictive value) is reduced when testing cattle in low-prevalence
herds. This positive predictive value can only be improved by increasing the speci-
ficity of the IFN assay. As with most in vivo assays, the success for detecting M.
bovis–infected animals and minimizing false-positive responses varies with differ-
ent antigen preparations. M. bovis PPD and M. avium ss avium PPD are used to
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stimulate lymphocytes in the plasma sample to produce IFN. The use of proteins
secreted by mycobacteria such as ESAT-6 may improve the specificity of the IFN
assay (21,22).

Numerous investigations have been conducted to develop antibody-based diag-
nostic tests (e.g., ELISA) for detecting M. bovis–infected cattle and other animals
(8–10,23–28). These tests could be used in conjunction with tuberculin skin tests
or in vitro cell-mediated tests to identify tuberculous animals with advanced dis-
ease that fail to elicit a response on intradermal testing with PPD (29). The sensi-
tivity and specificity of serologic tests may be improved by using purified antigens
(21). However, it is generally agreed that antibody-based tests are not stand-alone
tests, as they fail to detect many M. bovis–infected cattle with subclinical disease
in a population (3,8). Moreover, nonspecific responses may be observed on these
tests because of responses elicited by other mycobacteria or organisms that share
antigens with M. bovis.

Development of more sensitive and specific serologic tests through continued
research could be useful in slaughter surveillance programs and when evaluating
progress within individual herds. However, unless sensitivity and specificity are
increased dramatically, they would only be considered presumptive tests, and the
intradermal and in vitro cellular assays would be used in making a final diagnosis.

The use of the intradermal tests, along with herd management, has been suc-
cessful in eradicating tuberculosis within herds. However, to allay concerns about
the specificity of the tuberculin skin tests, in vitro cellular assays may improve
diagnostic specificity when used in conjunction with the intradermal tests. The in
vitro tests have the advantage that animals only need to be handled once and the
animals can be retested at short time intervals. However, the cost of IFN assay may
limit its use.

It is important to emphasize that to confirm a diagnosis of M. bovis infection, it
is necessary to isolate and identify the acid-fast organism by biochemical tests or
molecular techniques (3). A detailed description of the molecular techniques is
presented in chapters 7 and 8.
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Chapter 7

Molecular Techniques: Applications
in Epidemiologic Studies
N.B. Harris, PhD

Introduction

Mycobacterium bovis continues to be a major pathogen for domestic livestock.
Increasingly, contact between production animals and wildlife leads to the estab-
lishment of reservoirs of M. bovis infections within localized wildlife populations.
This in turn facilitates elevated levels of infection in both populations, as well as
leads to higher risks of transmission of M. bovis between animal species and from
animals to humans. Epidemiological identification of reactor and diseased animals
is a necessary part of the effective control and eradication of bovine tuberculosis in
domestic livestock. By applying molecular techniques together with traditional
epidemiology traceback approaches, important insights can be made regarding the
sources of infection and the identification of practices or environments that may aid
the spread and maintenance of tuberculosis.

The basis of all molecular genotyping techniques relies on the acquisition of
genetic mutations over time within specified regions of the bacterial genome, thus
creating unique profiles between isolates. Although two bacterial strains of the
same species have virtually identical genomes, differences will inevitably occur at
a few loci. These differences may be small, such as the alteration of a single
nucleotide that may either create or remove a specific restriction enzyme site, or
larger changes may occur leading to the replication or deletion of DNA fragments
hundreds of base pairs in size. Therefore, epidemiologically related strains will
show identical or very similar genetic profiles, whereas unrelated clinical isolates
will have divergent patterns.

The specificity and discriminatory power (the ability to differentiate among
closely related strains) of any molecular epidemiology technique are dependent on
the frequency at which the targeted genetic element is present in the bacterial
genome. The higher this frequency, or copy number, the greater the certainty that
two identical results from one method represent epidemiologically related strains.
When typing methods only detect low copy numbers of a genetic element, no con-
clusion about clonal identity among bacterial strains can be drawn, and other
methods may be needed to verify relationships. Thus, the choice of methods for
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molecular epidemiology work must be selected with respect to the end goal, be it
epidemiological identification of strains involved in a disease outbreak or a more
global perspective of biogeographic distribution of isolates from a phylogenetic
perspective.

New molecular epidemiological tools beyond the standard fingerprinting refer-
ence technique have been described recently for M. bovis (1), expanding the rep-
ertoire of techniques available for genotyping isolates recovered from disease 
outbreaks. These new techniques include spacer oligotyping (spoligotyping) and
variable number tandem repeat typing. In general, the finding of genetic differ-
ences between two strains of M. bovis implies that they presumably originate from
different sources, which is a fundamental question to be answered during a disease
outbreak. Confidence in this assumption can be increased by using more than one
typing system to detect genetic differences, as various genetic markers target
changes or mutations within different parts of the mycobacterial genome.

IS6110 Restriction Fragment Length Polymorphism
(RFLP)

The insertion sequence IS6110 is a transposable (mobile) element belonging to the
IS3 family of insertion elements, and it is found only in members of the Myco-
bacterium tuberculosis complex (2). However, the total number of IS6110 copies
found in the genome differs widely between the various M. tuberculosis complex
species. For example, the M. tuberculosis genome may harbor up to 19 copies of
IS6110, whereas M. bovis only contains one to five copies (1). The foundation of
any RFLP technique relies on digestion of genomic DNA followed by probing with
a specific marker using Southern blotting techniques. Thus, the combination of the
restriction enzyme used and the DNA sequence of the probe allows for polymor-
phisms in the genomic DNA to be visualized. For IS6110-RFLP, the variation in
the copy number of IS6110 is a major source of genetic polymorphisms between
bacterial isolates. This variation has significantly contributed to IS6110-RFLP
becoming the standard reference typing technique for M. tuberculosis (2). Unfor-
tunately, IS6110-RFLP is less useful for differentiating M. bovis isolates because
strains of M. bovis only harbor one to five copies of IS6110. Furthermore, this ele-
ment is routinely present in the same 1.9-kb PvuII fragment of many M. bovis
strains (1), limiting the differential capacity of this technique. However, utilization
of different DNA probes against the same IS6110 target increases the resolution of
this method. For example, Whipple et al. (3) used two different probes against
IS6110 when analyzing 16 M. bovis strains from wildlife and domestic cattle.
When a fragment internal to IS6110 was used as a probe, only a single band for
each insertion element present in the genomic DNA could be visualized. Re-
probing the same strains with a fragment of the inverted repeat region of the inser-
tion element produced two bands per IS6110 copy, allowing a single-band cluster
of isolates to be differentiated into two distinct groups.

Interestingly, the copy number of IS6110 in clinical strains of M. bovis appears
to be somewhat correlated with animal species. M. bovis isolates recovered from
cattle generally carry one copy of IS6110, whereas strains harboring multiple
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copies are more likely to have originated from wildlife or zoo animals (4). How-
ever, M. bovis strains from Canada appear to be distinct from the usual bovine-ori-
gin isolates in that many carry multiple copies of IS6110 (4).

Polymorphic G/C-Rich Sequence RFLP

The polymorphic G/C-rich sequence (PGRS) loci are microsatellite regions in the
mycobacterial genome consisting of multiple short tandem repeat units that are less
than 10 bp in length. The DNA residues in these PGRS locales occur within struc-
tural genes as repetitive trinucleotide sequences and frequently contain the motif
CGG (5). These genes are associated with a unique gene family found only in
mycobacteria, in which the encoded proteins contain a signature proline-glutamic
acid (PE) amino acid sequence near their amino terminus (6). Although the func-
tion of the encoded proteins has yet to be determined, current hypotheses suggest
they may be cell surface constituents, presumably involved in antigenic variation
designed to evade host immune responses (6). These PE–PGRS genes are ran-
domly dispersed throughout the genome in all M. tuberculosis complex bacteria
(6), as well as several other mycobacterial species, including Mycobacterium gas-
tri, Mycobacterium gordonae, Mycobacterium kansasii, Mycobacterium szulgai,
Mycobacterium malmoense, and Mycobacterium phlei (7). Thus, by combining
multiple genetic targets with coverage throughout the entire genome, these
PE–PGRS regions provide greater sensitivity for epidemiological studies and
molecular fingerprinting of clinical M. bovis isolates than does IS6110-RFLP (4,7).
However, because of the complexity of the fingerprint pattern obtained with
PGRS-RFLP and the poor resolution of bands below approximately 1.5–2 kb in
size, most studies limit the analysis of PGRS-RFLP patterns to fragments above
this range (4).

Figure 7.1 illustrates typical PGRS-RFLP fingerprints obtained from M. bovis,
M. tuberculosis, and M. kansasii. Isolates of M. bovis cultured from a single dairy
herd in California demonstrate identical banding patterns (Fig. 7.1, lanes designat-
ed CA) and can be distinguished from other M. bovis isolates recovered from cat-
tle in Colorado, Wisconsin, Missouri, and Kansas (lanes CO, WI, MO, and KS), as
well as from M. tuberculosis (M. tb.). The M. kansasii PGRS-RFLP pattern shown
in lane “M. kansasii” demonstrates that this technique can be applied to other
mycobacterial species beyond those in the M. tuberculosis complex.

Spoligotyping

Another region of the M. tuberculosis complex chromosome that has been exploit-
ed recently for molecular epidemiology studies is the direct repeat (DR) locus. This
single locus is composed of a series of 43 identical DR sequences. Each DR is 36
bp long, interspersed by spacer sequences varying in length from 35 to 41 bp (8).
The DR region is also a preferred “hot spot” for IS6110 insertions. For M. bovis
strains carrying only one copy of this transposable element, IS6110 is inserted into
the DR located between spacer sequences 24 and 25 (Fig. 7.2) (8). As a conse-
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quence, M. bovis genotypic variations in the DR region can be directly correlated
with polymorphisms in IS6110 RFLP types (9).

This DR region is the basis of a novel mycobacterial strain-typing technique
called “reverse line blot hybridization,” or spoligotyping (defined earlier). In
spoligotyping, polymerase chain reaction (PCR) products are amplified using
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Figure 7.1. RFLP patterns of Mycobacterium bovis, Mycobacterium tuberculosis,
and Mycobacterium kansasii DNA digested with AluI and probed with a 33-bp probe
against the PGRS regions. Lanes CA, CO, WI, MO, and KS contain DNA from 
M. bovis. Lanes labeled CA, field isolates recovered from cattle in California; lane CO,
bovine isolate from Colorado; lane WI, bovine isolate from Wisconsin; lane MO,
bovine isolate from Missouri; lane KS, bovine isolate from Kansas; lane M. tb ATCC,
M. tuberculosis ATCC strain 14323; lane M. kansasii, M. kansasii field isolate from
Minnesota. Numbers at right indicate sizes of standard DNA fragments in kilobase
pairs.
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primers specific for the DR sequences. Thus, products of multiple sizes are gener-
ated, representing all the spacer sequences present in an isolate’s genome (Fig.
7.2). Using a specialized dot-blot apparatus, this product mixture is then
hybridized against a membrane to which the 43 individual spacer sequences have
been covalently linked, generating a specific pattern (spoligotype) of positive and
negative hybridization signals (Fig. 7.3) (8). Each spacer is then assigned the value
of 0 (negative hybridization signal) or 1 (positive signal). The 43 spacers are then
divided into a set of 14 triplets with one extra, and each set is then converted to a
15-digit octal code (Fig. 7.3) (10). Differences between spoligotype patterns are
mainly the result of deletions of spacer sequence regions (11). Interestingly, the
absence of spacers 3, 9, 16, and 39–43 is a characteristic of all M. bovis strains
(8,9) and is thought to be a result of the deletion of this region by homologous
recombination instead of genetic divergence from the M. tuberculosis spacer
sequence (12).

Spoligotyping has the advantage of being significantly less technically demand-
ing than RFLP fingerprinting, with a much shorter turnaround time. In addition, the
degree of differentiation achieved by spoligotyping is higher than that of IS6110-
RFLP for M. bovis (8). One of the major drawbacks to spoligotyping is that it can
only identify polymorphisms within the DR cluster, whereas RFLP typing can
detect genetic differences arising from multiple loci. Despite this limitation, spo-
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Figure 7.2. Schematic diagram of a segment of the direct-repeat locus in the
mycobacterial genome. The direct-repeat sequences are depicted as rectangles, inter-
spersed by variable length spacer regions, labeled 8–28. The site of integration of the
IS6110 insertion element within the DR region is also indicated. The in vitro amplifica-
tion of the DR region by PCR is represented by the expanded diagram, which illus-
trates a series of five direct repeats containing spacer regions 14–17. Spoligotyping
primers directed against terminal sequences of the DR region are shown as outward-
facing arrows, whereas the variable-length polymerase chain reaction products gener-
ated from these primers are indicated as solid lines below the diagram.
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ligotyping is capable of providing satisfactory sensitivity for routine molecular epi-
demiologic analyses at both regional and global levels (9).

Figure 7.4 shows M. bovis and M. tuberculosis spoligotype patterns obtained
from infected wildlife, domestic livestock, and exotic animal species. Indicative of
all M. bovis strains, the field isolates represented in this illustration lack spacers 3,
9, 16, and 39–43. Furthermore, identical spoligotype patterns from M. bovis field
strains obtained from both wildlife and cattle indicate a potential epidemiological
link between these two animal populations.

Variable-Number Tandem Repeat Typing

A more recent PCR-based typing method for the M. tuberculosis complex was first
described by Frothingham and Meeker-O’Connell (13). This method is based on
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Figure 7.3. Diagram demonstrating the hybridization pattern (spoligotype) and octal
code derivation for M. bovis BCG. Positive hybridization signals are represented by
solid black rectangles, and negative signals are indicated by empty rectangles. The
numbers directly below the rectangles are the assigned value of 0 or 1, for negative
and positive hybridization signals, respectively. The octal code is derived from these
values by first allocating the individual signals into 14 sets of triplets plus one addition-
al singlet. Within each triplet, the first position is arbitrarily assigned the value of 4, the
second position is assigned the value of 2, and the third position is assigned the value
of 1. These values are then summed for each positive signal within the triplet to arrive
at a single digit. The 15 individual digits then form the unique octal code for an isolate.

Figure 7.4. Spoligotype patterns of M. bovis and M. tuberculosis isolates from elk,
cattle, and elephants. Spacers 3, 9, 16, and 39–43, characteristically absent from 
M. bovis, are indicated at the top of the figure. Bacterial species designation and ani-
mal species of origin are listed at the left. M. tb H37Rv, M. tuberculosis strain H37Rv.
Photo courtesy of D. Whipple, USDA-ARS.
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the variable-number tandem repeats of mycobacterial interspersed repetitive units
(MIRU-VNTR). In mycobacteria, isolates are typed by determining the number of
copies of specific repeat units at various MIRU-VNTR loci scattered throughout
the genome. These short-sequence repeat units are 52–77 nucleotides in length,
thus classifying these loci as minisatellite regions. In MIRU-VNTR genotyping,
the number of repeat units within a specific locus is determined by PCR amplifi-
cation of the entire locus, followed by gel electrophoresis, where the number of
repeats is determined by the size of the PCR amplicon. The MIRU minisatellite
regions have been classified into three major types: type 1, which consists of 77
nucleotide repeat units, type 2, which has a 24-bp gap in the 3� portion of the type
1 sequence, and type 3, which has a 15-bp gap in the 5� portion of the type 1
sequence. Mixed type 2 and type 3 MIRUs have also been discovered, which con-
tain gaps in both the 3� and 5� regions (14).

Bacteria belonging to the M. tuberculosis complex contain 41 different MIRUs
randomly located throughout their genomes (Fig. 7.5) (14,15). Within the genome,
these MIRUs generally contain an open reading frame that overlaps the termina-
tion and initiation codons of their flanking genes. However, some are also found
entirely within predicted coding regions (14–16). The purpose of these minisatel-
lite regions in the bacterial chromosome is uncertain, but some evidence indicates
that similar to the PE–PGRS genes, they may code repeating amino acid motifs,
thus providing another source of antigenic variation (16). Alternatively, these
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Figure 7.5. Graphic representation of the 41 mycobacterial interspersed repetitive
units (MIRU) loci on the M. bovis chromosome. Positions along the M. bovis chromo-
some are given in kilobase pairs inside the open circle. The approximate locations of
known VNTR-MIRUs are indicated as triangles. Filled triangles represent MIRUs that
are invariant among M. bovis strains, and the open triangles indicate MIRUs with
moderate to high allelic diversity. Published names and aliases of these loci are pro-
vided in the accompanying text box.
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MIRU-VNTR regions may function in transcriptional or translational regulation
(13,17).

Several early studies identified small sets of these MIRU loci that had sufficient
allelic variation to differentiate nonrelated bacterial strains, demonstrating the util-
ity of these genetic markers for molecular epidemiology studies. In a landmark
study by Frothingham and Meeker-O’Connell, a systematic analysis of the M.
tuberculosis type strain H37Rv identified 11 tandem repeat loci (13). These 11 loci
were PCR amplified and could be reproducibly found in all strains of M. tubercu-
losis, M. bovis, M. bovis BCG, and Mycobacterium africanum tested. Only five of
these loci (designated ETR-A, ETR-B, ETR-C, ETR-D, and ETR-E) were suitable
for epidemiological studies, as the remainder did not demonstrate sufficient allelic
diversity to allow discrimination between nonrelated strains (13). Subsequent anal-
yses of both the M. tuberculosis and M. bovis genomes have identified other novel
randomly dispersed loci containing MIRUs suitable for strain discrimination as
well (Fig. 7.5) (14,18). Interestingly, one locus from the M. tuberculosis genome,
MIRU 21, is absent from all M. bovis strains tested to date (14). One of the draw-
backs of these studies is the lack of uniformity in nomenclature between the vari-
ous MIRU loci. Thus, careful analysis of the literature is necessary to accurately
interpret data regarding specific minisatellite regions and their potential utility in
epidemiology studies. To this end, a standardized system of nomenclature has been
proposed that uses the first four digits of the exact position of the MIRU with ref-
erence to the M. tuberculosis H37Rv chromosome (Fig. 7.5) (15).

A recent comprehensive analysis of all published VNTR-MIRUs compared the
ability of 30 minisatellite sets to differentiate strains of M. bovis and found that
individual loci differed significantly in their discriminatory capacity (15). Of the 30
loci evaluated, 12 had no allelic diversity among the 47 different M. bovis isolates,
and an additional five had diversity indices of � 0.2. However, some of the loci
with low discriminatory power in this study demonstrated significantly higher
diversity in a different study (18). It is possible that these differences may be
attributed in part to the phylogenetic relationship of the bacterial strains used. The
study by Roring et al. (17) used field isolates from Northern Ireland and the
Republic of Ireland, which may be an overrepresentation of phylogenetically sim-
ilar strains, whereas the previous research focused on more genetically and geo-
graphically diverse groups of isolates. Thus, it appears that the degree of discrim-
ination provided by VNTR typing is dependent on both the individual VNTR loci
used and on the test panel of bacterial isolates chosen for analysis. As a conse-
quence, certain MIRU-VNTR markers may be useful for larger population-based
studies, whereas others may be more appropriate for outbreak analyses.
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Polymerase chain reaction (PCR) testing of formalin-fixed tissues is a relatively
new and rapid method to diagnose tuberculosis in cattle and other species (1). PCR
testing on formalin-fixed tissue has the advantage of being rapid like histopatholo-
gy, as well as being able to identify whether the bacteria are within the
Mycobacteria tuberculosis complex, which includes Mycobacteria bovis. The test
uses formalin-fixed, paraffin-embedded tissue blocks that are used in microscopic
slide preparation, which allows retrospective investigations of cases in which only
archived paraffin blocks are available because fresh tissue samples were never col-
lected or no longer exist.

Before the development of this test, the primary laboratory methods of bovine
tuberculosis diagnosis were histopathology and bacterial culture. Cattle suspected
of having tuberculosis, based on the detection of macroscopic tissue granulomas,
positive skin test results, or other reasons, are commonly killed, and their tissues
are sampled for histopathology and bacterial culture. Histopathology samples are
used to confirm the presence or absence of granulomatous lesions with acid-fast
bacilli. These lesions would strongly support the diagnosis of a mycobacterial
infection, whereas other diagnoses, such as fungal lymphadenitis, effectively rule
out the diagnosis of tuberculosis. The testing can be completed rapidly within 24
hours but has the disadvantage of not being definitive for the specific type of
mycobacteria present when acid-fast bacteria are identified. In contrast to
histopathology, bacterial culture of fresh tissue samples has the advantage of giv-
ing a specific genus and species diagnosis, but the significant disadvantage of tak-
ing 4–8 weeks to complete the testing.

The Procedure and Interpretation of Positive Results

After acid-fast bacteria have been identified by histopathology, sections from those
same paraffin tissue blocks can then be used for PCR testing. This procedure in-
creases the sensitivity of testing by ensuring that there will be bacterial DNA with-
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in the sample that is being tested by PCR. The DNA is extracted from the sample,
and then PCR is used to amplify any target bacterial DNA within the sample, using
highly specific primers, polymerases, and other reagents. Primers are oligonu-
cleotide sequences that bind to complementary bacterial DNA. The primers used in
our laboratory, which bind to a fragment of the insertion sequence 6110 (IS6110),
have been widely used in veterinary and human medicine for the identification of
M. tuberculosis complex bacteria (1,2). M. bovis is a member of the M. tuberculo-
sis complex, along with M. tuberculosis, Mycobacteria africanum, Mycobacteria
canettii, Mycobacteria microti, Mycobacteria caprae, and Mycobacteria pinnipedii
(3). Methods other than PCR for IS6110 are required to differentiate between the
seven species of mycobacteria within the M. tuberculosis complex, but the species
of the animal diagnosed with tuberculosis and the geographic location of the animal
frequently give a strong indication of which member of M. tuberculosis complex is
involved. M. bovis is the primary cause of tuberculosis in cattle and frequently
infects many other species, including man. M. microti primarily infects voles, M.
caprae has been identified primarily in goats from Spain, M. pinnipedii has been
found primarily in seals, and all three infrequently infect other species of animals
(3). M. tuberculosis, M. africanum, and M. canettii are all human pathogens; in
addition, M. tuberculosis occasionally infects a wide variety of animal species (3).

The strains of M. bovis commonly found in cattle typically contain a single copy
of IS6110 (4). Because the primers we use amplify a relatively short sequence of
DNA (123 base pairs), they are well suited for use on formalin-fixed DNA (Fig.
8.1) (1). Short sequences of DNA are less prone to damage by formalin fixation
than are longer sequences, which frequently are damaged by formalin fixation (5).
In addition, PCR using primers for other common ruminant mycobacteria, such as
M. avium or M. avium paratuberculosis, can be run concurrently to increase the like-
lihood of identifying the unknown acid-fast bacteria detected by histopathology.

PCR Performance Compared to Traditional Bacterial
Culture

PCR on formalin-fixed tissues has proven to be both complementary and confir-
matory to bacterial culture in several studies (5–7). In the majority of cases of
bovine tuberculosis, histopathology, PCR testing of fixed tissue, and bacterial cul-
ture results are all in agreement (5,6). Miller et al. detected IS6110 by PCR in 65
of 70 animals that had both microscopic lesions with acid-fast bacteria in forma-
lin-fixed tissue and M. bovis cultured from fresh tissues (1). In an additional 133
cases with microscopic lesions typical of M. bovis containing acid-fast bacteria,
92% were positive for M. tuberculosis complex by PCR and 89% were positive for
M. bovis by bacterial culture (6). However, 11 of the cases were positive by PCR
testing and culture negative, whereas 10 cases had M. bovis cultured but were neg-
ative by PCR (6). Similar conflicting results were further investigated in another
study (7). Seventy bovine cases that had histological lesions of M. bovis with acid-
fast bacteria but negative culture results were tested by PCR (7). A PCR product,
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confirmed to be the IS6110 sequence by Southern blotting, was detected in 35 of
the 70 cases (7). Within human granulomatous lesions in which tuberculosis was
previously diagnosed or suspected, PCR testing also detected IS6110 in tissues that
were culture negative (8).

The differing results from PCR and from culture in some animals are not unex-
pected for a variety of reasons. M. bovis infections frequently have very low num-
bers of bacteria and the bacteria are not evenly distributed throughout the body or
even within a single lymph node. When tissue samples are collected and subdivid-
ed, with one subsample placed in formalin for PCR and the other subsample used
for culture, it is possible that only one of the subsamples will contain bacteria. Of
course, PCR detects bacterial DNA, whereas culture detects live bacteria, so the
causes of a false negative for PCR are different than the causes of a false negative
for bacterial culture.

PCR Detection of Mycobacteria tuberculosis in Fixed Tissues 65

Figure 8.1. Electrophoresis gel from polymerase chain reaction using primers that
amplify a 123–base pair fragment of IS6110. Lanes 1 and 6 contain negative controls.
Lanes 2–5 are samples from cattle naturally infected with M. bovis. Lane 7 contains
the positive control sample, and L is the molecular weight ladder in 100–base pair
increments.
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Potential Causes of False-Negative Results

There are several potential causes of false-negative results in PCR testing.
Prolonged formalin fixation progressively increases DNA degradation and eventu-
ally leads to false-negative PCR results (5). Decalcifying solutions, which are used
commonly to facilitate slide preparation of tissue blocks that contain mineralized
granulomas, also decrease the sensitivity of PCR (1). The type of tissue fixation
solution used is also important. Ten percent neutral buffered formalin is a com-
monly used tissue fixative that preserves DNA relatively well, whereas tissues
fixed in unbuffered formalin, paraformaldehyde, and Bouin’s solution are less use-
ful for PCR (5,9). When using 10% neutral buffered formalin, the best DNA pre-
servation is obtained by placing tissue into formalin as soon as possible after col-
lection, keeping the tissue sample size small and no thicker than 0.5–1 cm, using a
ratio of one part tissue to greater than 20 parts formalin, and fixing the tissue for
only 3–6 hours at 4°C (5). In diagnostic veterinary medicine, it is frequently
impossible to meet these guidelines because samples are collected in the field and
then must be shipped to the laboratory. However, by following the basic concept of
rapid tissue fixation over a short duration, quality PCR testing results can be
obtained despite difficult field conditions.

False-negative bacterial culture results are created by a variety of conditions,
such as growth of tissue contaminants during shipping of an improperly preserved
tissue sample, and furthermore, the preservation methods themselves can result in
decreased numbers of viable mycobacteria (10). Sodium tetraborate, a commonly
used transportation medium used when chilling or freezing of tissue during trans-
portation is impractical, results in an 80% loss in viability in M. bovis after only 72
hours of storage (10). Understanding the causes of false negatives can help the
submitting veterinarian to properly collect samples for testing and to interpret con-
flicting culture and PCR results. In all cases, a negative test result simply means
that the test did not detect the agent in that sample and does not prove that the ani-
mal is not infected with M. bovis.

False-positive results caused by contamination are possible with both culture
and PCR but can be prevented by strict adherence to good laboratory practices and
the use of known negative control samples.

An Alternate PCR Method

Other PCR-based methods are also possible for the diagnosis of M. bovis in 
formalin-fixed tissue. One method is to first use PCR to amplify a portion of the 16S
rRNA that is common to all prokaryotes (11). The specific mycobacteria in the sam-
ple are identified by comparing the genetic sequence of the amplified PCR product
to known sequences of many different mycobacterial species (11,12). The advan-
tage of this method is that many different mycobacteria can potentially be identified
from a single PCR reaction (11,12). A slight disadvantage of the procedure is that
it is necessary to amplify longer strands of DNA, which are more susceptible to for-
malin degradation, to obtain enough sequence to identify the mycobacteria.
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Chapter 9

Economics of Bovine Tuberculosis
J. Zinsstag, DVM, PhD, E. Schelling, DVM, PhD, 
F. Roth, MA, and R. Kazwala, DVM, PhD

Introduction

Economics is concerned with how resources are made accessible, allocated, and
consumed. The unit of analysis can be the global economy, a particular region, a
country, a zone of a country, specific markets, a household, or the individual. Eco-
nomic analyses are designed to help identify means to maximize welfare with
given existing resources. The outcome of most economic analysis of different
interventions is to identify the most efficient way of using available resources (i.e.,
how to get the most benefit for a given budget, or the least costly way to achieve a
stated level of benefits) (1,2). The general methods of animal health economics are
well established and are not the subject of this chapter, which is the specific eco-
nomic issues concerning bovine tuberculosis (TB) and its control.

At the end of the 19th century, when control efforts against bovine TB were ini-
tiated (Bang in 1884), they were often matched with the control of brucellosis and
other zoonoses. These activities occupied a substantial part of the human resources
and institutional capacity of the veterinary sector in the 20th century. Compared to
its massive logistic, organizational, and financial implications, however, it is sur-
prising to see how few economic and financial analyses of bovine TB control actu-
ally exist, especially in countries that have put enormous effort into bovine TB con-
trol and that are today declared free of this disease. At the beginning of the 21st
century, economic aspects of zoonoses control in general, and specifically of
bovine TB, rapidly gained interest in view of continuing and new challenges,
including, first, that wildlife reservoirs with bovine TB persist in many countries
and slow down substantial and costly efforts of control; second, the World Trade
Organization, in its attempt to reduce trade barriers, seeks to standardize sanitary
measures to avoid their use for protectionist purposes (3). However, globalized
trade and progressively integrated markets with reduced border control increase the
risk of the introduction of animal diseases.

Third, the rapidly growing demand for milk and meat in urban centers in devel-
oping countries leads to the intensification of livestock production systems, which
increases the risk of M. bovis transmission to animals and humans. Fourth, zoo-

68

09CH_Theon_277085  11/15/05  3:00 PM  Page 68



noses have been largely eliminated in industrial countries—very important finan-
cial and organizational efforts, expended toward animal reservoirs, are not possible
in developing countries. An important part of animal disease control programs suc-
cesses were the result of the compensation of farmers for culled livestock. How-
ever, most developing countries would not be able to conduct control schemes
based on compensation of livestock owners for culled livestock. Zoonoses, and in
particular bovine TB, are considered diseases of poverty (4). In many developing
countries, large rural populations—and especially women—are not only at higher
risk for zoonotic diseases because of their close interaction with livestock but are
also more vulnerable to poverty resulting from the loss of livestock productivity,
poor institutional frameworks, and the absence of systematic disease control.

Fourth and fifth, at present, many postcommunist transition countries potential-
ly face a sharp increase of zoonotic disease occurrences resulting from both the
breakdown of governmental disease surveillance and their still-weak private health
services (5).

The above-stated challenges clearly show that bovine TB is not only a livestock
issue but affects public health, wildlife, international trade, tourism, and many
other areas of public and private interest. They call for a rethinking of control
efforts and their economic consequences. An economic assessment attempting to
consider the societal effect of bovine TB must somehow address all of these issues.
First of all, the cost of the damage of disease, control, and treatment, both to ani-
mals (livestock and wildlife) and humans, needs to be assessed. The latter also
involves nonmonetary issues, such as the often-controversial valuing of life years
and quality of life. Second, the cost of disease has to be brought into relation to
benefits of interventions, again in monetary and nonmonetary terms, to estimate
the profitability and cost-effectiveness of disease control. Most important, consid-
eration must be made for the incidence and prevalence of disease, and hence its
economic effect changes in a nonlinear way during an intervention.

A disease such as bovine TB affects the individual animal or human not only at
the private household’s level but also, as a contagious disease, on the level of the
whole livestock industry and the public health sector, as well as the national econ-
omy. Bovine TB also affects international trade, as many countries ban the import
of livestock from countries where it is endemic. Effects may occur also within
wildlife ecosystems, with unknown indirect consequences for the whole ecosystem
and for economic activities (tourism, agriculture). Current successful intervention
schemes based on farmer compensation have to be rethought for their use in devel-
oping countries. Hence, an in-depth economic analysis of the profitability of inter-
ventions is needed before their recommendation to potential users. This appears to
be a fairly complex challenge that only can be sketched in the following pages.

This chapter first presents an overview of the existing productivity and econom-
ic analyses and their approaches toward the effects of bovine TB. The second part
briefly outlines methods in public health to assess the burden of disease in humans.
On the basis of these considerations, an outline is included for a dynamic trans-
sectoral estimation of the burden and cost of disease for bovine TB from a societal
perspective. This framework will then be expanded to include the profitability and
cost-effectiveness analysis of culling and potential new vaccination interventions,
with an outlook on perspectives for bovine TB control in developing countries.

Economics of Bovine Tuberculosis 69
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Review of Existing Production and Economic
Assessments of the Effects of Bovine TB

Effects on Cattle Productivity

One of the earliest reports on the effects of bovine TB on livestock production was
by Meisinger (6), who conducted a cohort study on 8000 cows over 5 years and an
abattoir survey in a collectivist production system (Landwirtschaftliche Produk-
tions Genossenschaft) in the former German Democratic Republic. The main pro-
ductivity losses in cattle are reduced milk and meat production and increased
reproduction efforts. Milk productivity, given total livestock contamination, was
10% � 2.5% lower compared to that of noninfected cows (7). Losses in meat pro-
duction are divided into losses in beef processing caused by emergency/illness
slaughter and losses in processing caused by normal slaughter and reduction of
increment meat production. In totally TB infected livestock, 4% (�2%) of the meat
production is lost because of emergency and illness slaughter. The losses are main-
ly in cattle and cows over 18 months of age, and no differences of growth could be
found in young animals in fattening schemes.

Overall, bovine TB was found to decrease meat production by 6%–12%
(�2.5%), depending on the percentage of cows (30%–70%) in a herd in which
more than 80% of all animals or more than 95% of cows are afflicted with the dis-
ease (6). Canadian workers (8) assumed a loss of 10% of milk production and one
fewer calf in infected cows. They included also a replacement loss of 15% for
infected animals. Losses in beef were estimated at 1/5 calf loss and 1/5 replace-
ment loss per year attributed to each infected beef cow. Morris estimates the total
losses to 3%–4% of the total cattle and milk output [cited in ref. (9)], but this esti-
mate is not related to a prevalence. Bernues et al. (10) assumed losses in meat pro-
duction at 10% in calves born from infected cows. Milk losses were assumed at
12% of the total yield, and losses caused by sterility at 5% in infected animals,
referring to Denes (11).

Economic Assessments

Existing economic assessments are mainly documents relating to the cost of con-
trol efforts and of the disease. Analyses of the profitability of control efforts (ben-
efit/cost) are very rare. Schlegel (12) presents comprehensive data for the cost of
controlling bovine TB between 1966 and 1979 in Lower Saxony (Germany), which
can be related to herd-level incidence. A benefit/cost analysis of the Canadian TB
control program used a stochastic simulation model adapted from the U.S. Animal
and Plant Health Inspection Services, known as “Stratified Triple Binomial Herd-
to-Herd Disease Population Model in Cost-Benefit Analysis” (8). This compre-
hensive assessment considers the very complex process of TB transmission
between farms, but the authors state that it was most difficult to find documented
data on the numerous parameters. The Canadian study resulted in an extraordinary
high benefit/cost ratio of 33/1 for the effect of a herd depopulation program com-
pared to that of a “no program” scenario. According to Frye (13), a benefit/cost
analysis of M. bovis eradication in the United States showed an actual cost of $538
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million between 1917 and 1992; current programs cost approximately $3.5–4 mil-
lion per year. By reducing the number of cattle lost from 100,000 to less than 30
per year, the program saves $150 million per year in replacement costs alone. As a
consequence of such efforts, farmers have benefited by eliminating the indirect cost
of losses in milk and meat production, stock replacement, and decontamination
procedures.

In the Republic of Ireland, the costs of an eradication program of bovine TB,
which was inaugurated in 1954, was conveniently rounded to £1 billion by the year
1988 (9). The present value of the benefit exceeded the present value of the costs
by 85%, and the rate of return of the scheme was 15.5% and also included the ben-
efits from preserving international market access. In contrast, in the United
Kingdom, Power and Watts (14) obtained negative results in the economic evalua-
tion of TB control campaigns, including the control of badgers. In Spain, the pay-
back of an eradication program in two districts of the Huesca Province was infinite
(i.e., the accumulated benefits obtained never exceeded the costs) (10). However,
none of these analyses included the cost to human health.

In May 2004, we sent out a short questionnaire on the availability of economic
analyses on bovine TB to almost 100 national veterinary services based on an OIE
(Office International des Epizooties) address list. The received answers and an
additional Internet search (October 2004) are summarized in Table 9.1. The table
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Table 9.1. Nonexhaustive list of existing economic studies on bovine tuberculosis

Analysis of Analysis of
Country Cost of Control Profitability of Control

Andorra None None
Australia Turner (2003) (25)
Austria None None
Canada Management Consulting

Services (1979) (8)
Croatia None None
Czech Republic Pavlas (1999) (26)
Eritrea None None
Germany Schlegel (1980) (11) None
Greece http://www.minagric.gr/greek/

data/bov_tuber.doc
Ireland Sheehy and Christiansen

(1991) (9)
Luxembourg Internal document
New Zealand Animal Health Board Animal Health Board 

(2001) (18) (2001) (18)
Portugal Internal document
Spain Bernues et al. (1997) (14)
Slovenia Internal document
Switzerland None none
Tanzania Ongoing (Cleaveland and 

Kazwala)
United Kingdom http://www.defra.gov.uk/ Power and Watts 

animalh/tb/stats/stats1.htm (1987) (13)
United States of Frye (1994) (12), Nelson (1999)

America (27), Meyer (2003) (28)
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shows that in most responding countries, the costs of control programs are as-
sessed. However, analyses of their profitability are lacking, with a few exceptions.
We conclude that the profitability of existing bovine TB control programs is highly
variable and difficult to compare because of the different epidemiological situa-
tions, livestock systems, natural reservoirs, time horizons, and analytical methods.
No commonly agreed framework of analysis exists to date.

The Burden of Bovine TB

Within human health, the Disability Adjusted Life Year (DALY) is an instrument
developed to determine the relative burden of disease in different settings and at
different stages of economic and public health development. As well as being used
for ranking of the overall burden of an individual disease, the DALY is also an out-
come measure, particularly useful in cost-effectiveness analysis in the frame of
economic evaluations. DALYs are composed of years of life lost and years of life
lost because of disability (15). Although the number of years of life lost can be esti-
mated by relating the age at death to the life expectancy, the years of life lost
because of disability include an estimation of the duration of disease and the sever-
ity of disability. There is a lot of controversy in the defining and weighting of dis-
ability. For many diseases, discrepancies exist between observed and perceived
symptoms that are determined by the sociocultural background and many other
factors such as the general health status of the population. Another indicator
accounting for perceived preferences and weights of disability is the Quality
Adjusted Life Year. For most zoonoses, estimations of DALY do not exist and are
currently being developed; for example, for brucellosis (5). For TB, detailed DALY
estimates are available and are useful to assess the burden of bovine TB, as in gen-
eral the clinical outcome in humans is the same as for TB caused by M. tuberculo-
sis (16). TB is ranking among the top 10 in the burden-of-disease table because
90% of the DALYs lost are because of premature death (Christopher Dye, World
Health Organization, personal communication).

A preliminary estimate of a DALY score for M. bovis in the Arusha Region of
Tanzania was calculated on the basis of the proportion of culture-positive cases of
extrapulmonary TB caused by M. bovis (10%), as well as the proportion of extra-
pulmonary TB cases in Tanzania (20%–30% of cases). The DALY calculation was
based on the age-specific incidence of extrapulmonary TB cases resulting from M.
bovis infection and incorporates both premature death and morbidity/disability.
Mortality data were obtained from trace-back of cases. The severity of disease was
assessed both from clinical signs reported at the hospital and from duration of dis-
ease determined during trace-back studies. Weighting for the disability component
for M. bovis was given as 0.15 (on a scale of 0–1 in increasing severity) and with
guidance from weightings given to other conditions in the Global Burden of
Disease study. The overall DALY burden for M. bovis in Tanzania was estimated
as equivalent to approximately 1.3% of the total burden of TB in the country (Table
9.2). In this preliminary calculation, all extrapulmonary TB cases not caused by M.
bovis and all pulmonary cases were combined, which resulted in a DALY score of
730,891 for other forms of TB. In the light of results showing a high prevalence of

72 Chapter 9

09CH_Theon_277085  11/15/05  3:00 PM  Page 72



atypical Mycobacteria in cases of extrapulmonary TB, further refinement of this
calculation is needed and a new calculation carried out specifically for TB caused
by atypical Mycobacteria.

Transsectoral (Public Health, Agriculture, Environment)
Economic Analysis of Bovine TB Control

It is widely recognized that many zoonoses can only be eliminated if the disease is
controlled in the animal reservoir. However, from a public health sector perspec-
tive, the cost-effectiveness of control interventions must be demonstrated. A recent
economic analysis of a livestock brucellosis mass vaccination campaign to reduce
human brucellosis has shown that for the public health sector, this intervention is
not profitable. However, if the benefits for the livestock sector are added and the
costs of the intervention are shared between the public health and the agricultural
sector proportionally to their benefits, the control of brucellosis is profitable for
both sectors (5). For bovine TB, comparable assessments do not exist, and a full
societal analysis implies sectors other than health and agriculture (see following).

The transmission of bovine TB changes in a nonlinear way during a control
scheme, and consequently, the effects on productivity and public health cannot be
assessed by linear extrapolation. Transmission models can provide frameworks to
simulate the nonlinear decrease of disease prevalence and the disease transmission
with and without control interventions (17). For bovine TB, the transmission to
humans must also be included, as was done for brucellosis control (5). In Figure
9.1, we propose a transsectoral framework for the transmission simulation of
bovine TB among wildlife, cattle, and humans. The compartmental backbone is
flexible and can be adapted to a specific epidemiological situation such as multiple
wildlife reservoirs. The black arrows indicate flows of newly infected, infectious,
and recovered wildlife, and livestock and human populations between compart-
ments. For example, susceptible cattle become latently infected. Eventually they
become infectious as the disease progresses. Infectious livestock (cattle, small
ruminants, and camels) may cause human infection (grey arrow), but they also
cause infection of wildlife. For every compartment, differential equations can be
formulated, and if field data are available, parameters can be estimated for every
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Table 9.2. Estimates of the DALY burden for tuberculosis infection caused by
Mycobacterium tuberculosis (anthroponotic transmission) and Mycobacterium bovis
(zoonotic transmission) in Tanzania in 2000

Age Group, years M. tuberculosis and Atypical Mycobacteria M. bovis

0–4 77,332 547
5–14 154,383 3247
15–44 421,652 5244
45–59 61,066 459
60� 16,458 242
All ages 730,891 9739
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flow. If parameter estimates for demographic (birth, death rates) and transmission
(contact rates) are available, the transmission of bovine TB can be simulated. Dif-
ferent interventions (test and slaughter, vaccination) can be specified and their
effect simulated and possibly validated with field data. The bovine TB control
strategy of New Zealand (18) gives particular emphasis to environmental and bio-
diversity issues in their economic analysis but conclude that “in the absence of an
agreed set of values for risk probabilities, costs and benefits all of which are spec-
ulative, it is not possible to derive the optimal programme.”

As the example from New Zealand shows, in most situations, sufficient data to
validate all compartments in Figure 9.1 are not available. A balance has to be found
between aspirations to consider complexity and the availability of data to validate
a transmission model.

In Figure 9.2, a simplified framework for a model of animal-to-human bovine
TB transmission is presented. We consider transmission between cattle (and no
other livestock species) and from cattle to humans. Thereby we do not consider aer-
ial and milk transmission separately but aim at estimating one single cattle-to-
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Figure 9.1. Flow chart of transmission of bovine tuberculosis as a backbone to a
dynamic transsectoral economic assessment.
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human contact rate. Bovine TB affects fertility, growth, and milk production in
livestock. The incidence is the product of the number of susceptible animals, the
number of infectious animals (via aerosol and milk), and a contact rate, which we
intend to estimate. The number of actually infectious animals is breed- and proba-
bly prevalence-dependent and can only be estimated by establishing the proportion
of tuberculin-positive animals who show lung and udder localizations (78%–85%
of all tuberculin-positive animals have gross visible lesions; Almaty Turgenbaev,
personal communication). This proportion should be increased by an estimate of
the proportion of animals with gross visible lesions that are nonreactors. We tenta-
tively estimate this latter proportion at 3%–6% from observations by Meisinger (7).
This proportion can be used to simplify our model considerably. In most cases, only
data on the proportion of tuberculin-positive animals will be available. Thus, we
use (instead of “infectious” and “recovered” compartments) only one “latent infect-
ed” compartment, which contains the number of tuberculin-positive animals. In
Equation 9.1, the incidence in cattle is then expressed as the product of � (propor-
tion of infectious among the latent infected), � (contact rate), the number of sus-
ceptible cattle (X), and the number of latent infected (tuberculin-positive) cattle (Y).

9.1

Compartments and Flows between Compartments

The compartment of susceptible humans A (Figure 9.2) represents the whole pop-
ulation of the area of assessment (district, province) because precise estimates of

Incidencecattle XY= γβ
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Figure 9.2. Simplified model of transmission of bovine tuberculosis between cattle
and humans
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the population at risk (in general, all ages are at risk if milk is not strictly pasteur-
ized) are often not available. Human TB patients are reported in general, and those
affected with M. bovis are often not assessed or underestimated.

The description of flows (Figure 9.2) is expressed [see Eqs. (2–7)] as follows:
The flow into the susceptible cattle compartment is a result of calf birth. Loss of
immunity and immigration/emigration (purchase/sale) are not considered in this
outline but can be added easily. Cattle birth (unit: cattle/year) � � (X � Y), where
� � birth rate of cattle, multiplied by the sum of (X � Y). Flows out of compart-
ment X are mortality of susceptible cattle, infected cattle, and vaccinated cattle
(Bacille Calmette-Güerin and new candidates): Mortality (unit: cattle/year) of sus-
ceptible cattle � �(�X), where � is the mortality rate of cattle. Infected cattle (�
incidence in cattle; unit: cattle/year) � �� �XY in analogy to Equation 9.1 (see
above).

9.2

Flows going into the compartment of latent infected cattle Y are as described
above. Flows out of compartment Y are mortality of latent infected cattle and
culling of skin test–positive animals. Loss of positive skin-test reactivity is not con-
sidered at this stage. Mortality (unit: cattle/year) of latent infected animals � (�lY),
where �l is the specific mortality rate of latent infected animals. Culling (test and
slaughter; unit: cattle/year) of skin test-positive animals � �Y, where � is the pro-
portion of tested and slaughtered cattle Y.

9.3

Flows into compartment A (susceptible humans) are human births. Human birth
(unit: humans/year) � �h(A � B � C), where �h � human birth rate multiplied by
the sum of all human compartments. Flows out of A are infected humans, mortal-
ity, and Bacille Calmette-Güerin vaccination of susceptible humans. Infected
humans (unit: humans/year) (cattle-to-human transmission) � (��hAY), where �h

is the cattle–human contact rate. Mortality (unit: humans/year) of susceptible
humans is �hA, where �h is the mortality rate of humans multiplied with compart-
ment A. Changes of compartment A are expressed in Eq. (9.4) dA/dt. Flows into
compartment B are infected humans (as above), which takes a positive sign for this
compartment. Flows out of B are mortality. We do not consider recovery. Mortality
(unit: humans/year) of annually reported cases � mhB in analogy for compartment
A (Equation 9.5). Finally, flows into compartment C are immunized humans,
which would be to a limited extent protected from M. bovis infections. Immunized
humans � �A where � is the proportion of protected susceptibles (A) (Equation
9.6). The chronic nature of clinical TB development can be considered using
delayed time step functions.

9.4
dA

dt
A B C AY Ah h h= + + − −α γβ µ( )

dY

dt
XY Y Yl= − −γβ µ ϕ

dX

dt
X Y X XY= + − −α µ γβ( )
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9.5

9.6

Estimates of the transmission parameters obtained by fitting such a model, pos-
sibly over 5–10 years, can be used to simulate different scenarios both with and
without interventions. Outcomes of the simulations are prevalences in cattle and
humans, which are changing over time. They can be used as inputs into the eco-
nomic assessment by linking them to human health costs and livestock productiv-
ity (5). For example, milk production in tuberculin-positive animals is reduced by
10% (6). Comparable links between productivity and disease occurrence can also
be established for other productivity parameters (10) and used as input parameters
of livestock production simulation (e.g., Livestock Development Planning System,
Food and Agriculture Organization or the United Nations).

During control interventions the costs of control include administrative costs
such as salaries and fees paid to veterinarians, hired labor, administrators, and field
workers; compensation costs; and field material. The economic analysis of an
intervention to control bovine TB should include the effect on human health costs
and income loss, the coping costs, and the effect on livestock production. Benefits
in monetary terms can then be computed for three different sectors:

1. For the agricultural sector: the benefit resulting from the avoided losses in
animals and animal products:
a. Avoided on-farm losses, which include milk losses, calf losses, meat losses

(condemnations), herd restriction (reduced herd size), and replacement
losses (difference between salvage value and purchase price of replace-
ment)

b. Avoided costs and losses in processing reactors: losses incurred through
processing reactors ordered to be slaughtered including costs of removal
of a reactor such as disinfection of the barn, movement of tuberculin reac-
tors to approved slaughter facility, and destruction of affected carcasses
and condemned organs

c. Other avoided costs (e.g., material used, travel, rent)
d. Avoided administrative costs: salaries and fees paid to veterinarians and

field material to deal with ill animals
2. For the public health sector: the benefit resulting from the avoided costs to

the public health sector, such as drug expenses, medical costs, or hospital
costs.

3. For private households with patients suffering from bovine tuberculosis: the
benefit resulting from avoided out-of-pocket payment for treatment, income
loss (opportunity costs), and coping costs (e.g., hiring extra labor capacity).

The sum of the benefits in all three mentioned sectors will be considered as a
benefit for the society as a whole and represents monetary valuation of bovine TB
control. The methodology avoids double counting of common costs between the

dC

dt
A Ch= −λ µ

dB

dt
AY Bh h= −γβ µ
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public health sector and the payments made by patients for treatment. For every
sector, the present monetary value of the intervention can then be computed. A spe-
cific feature of zoonoses is that improvements in public health are obtained through
interventions in the livestock sector. Hence, it is obvious that the public sector
should somehow contribute to the costs of the intervention. Economic methods for
the sharing of cost between different sectors are existent, and an example is given
by reference (5), in which basic elements of the technique for joint cost allocation
in multipurpose projects are applied and adapted. All costs are regarded as joint
costs and are allocated proportionally to the benefit. By sharing the costs of the
intervention between sectors that benefited from the intervention, the public health
sector does not bear the whole cost, and interventions against zoonoses may
become cost-effective for human health. Cost-effectiveness to the public health
sector is expressed as financial cost per averted DALY.

Using the above approach, the nonlinear change of disease occurrence, in the
course of different interventions, can be considered and compared directly. This
provides results based on a transmission process that can be validated. If data are
available, economic assessments can be expanded to include other sectors, as out-
lined in Figure 9.1. In addition, benefits derived from retaining access to premium
markets that would be lost or curtailed in the absence of the scheme should be
added as appropriate. Benefits from access to export markets contributed signifi-
cantly to the profitability of the Irish control scheme (9).

Developing World Perspectives—Sub-Saharan Africa and
Outlook to Financing

The livestock industry in most of Sub-Saharan Africa is significantly underpro-
ductive in comparison to that in South Africa, Asia, and Europe. Despite a large
herd size, comparable to that of Europe and larger than that of the United States,
returns are very low (19). There are many facets to this underperformance, but it is
mainly a result of livestock diseases causing relatively low outputs. Economic
returns from cattle in Africa are rather low and do not provide impetus to control
major diseases, which hampers trade with developed countries. In addition, most
developed countries impose strict regulations on imported livestock and products
to prevent the introduction of disease from foreign countries.

As an OIE List B disease, bovine TB is one of the significant diseases that af-
fects the international trade of animals and animal products between countries. List
B diseases are transmissible diseases that are considered to be of socioeconomic or
public health importance within countries. According to OIE bovine TB records
within the last 5 years (1998–2003), 31 of 50 African countries have reported the
occurrence of TB in their respective countries (20). Control measures have been
put in place in 35 of the 50 African countries reporting to OIE.

Despite these control measures, not a single country has been able to eliminate
or effectively control bovine TB. There is also a general scarcity of data from indi-
vidual countries as a result of a lack of a coordinated African, regional, or subre-
gional effort in TB surveillance. It is obvious that some countries are not reporting
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bovine TB for political, social, and economic motives. For these reasons, the lack
of control in the majority of African countries is not surprising. In South Africa,
whose performance in livestock productivity is comparable to that of most devel-
oped countries, bovine TB has been strongly reduced in the livestock population.
However, it remains in the wildlife, particularly in Kruger National Park’s buffalo
population. The ensuing efforts to attain this success emanated from efforts carried
out in the early 20th century, when mandatory tuberculin testing was enforced.
Test-and-slaughter approaches (stamping out) have been successful in Europe
(except Britain and Ireland), Australia, Canada, and the United States. The major
obstacles have been the involvement of wildlife and, up until now, difficulties in
realizing the economic benefits of control strategies. Benefit cost analyses fail to
produce favorable results and in some cases give negative benefits, making the dis-
eases hard to control with current strategies. In Africa, wildlife involvement in the
spread of bovine TB has been documented; however, it is not clear how much
wildlife transmission contributes to the occurrence of bovine TB in domesticated
animals, and therefore its economical effect on the control of bovine TB in live-
stock.

The effect of bovine TB on human populations in Africa has not been assessed,
bearing in mind that routes of transmission for both pulmonary and extra pul-
monary TB exist. In some communities, close housing with cattle is not uncom-
mon for social and security reasons. Aerosol transmission from animals may occur
as a result of close contact to infected cattle. Eating habits also exacerbate the
transmission of bovine TB (e.g., by consuming raw and undercooked meat and
drinking unpasteurized milk).

Bovine TB was completely eliminated in many U.S. herds, at a cost of $450 mil-
lion over 50 years, using a “test-and-slaughter” program combined with surveil-
lance at slaughter. In Africa, and particularly in Sub-Saharan Africa, such resources
are not available. It should be noted that as much as 90% of the human population
in Africa live in countries where cattle and dairy cows undergo no or only partial
disease controls. In many areas, pasteurization of locally produced milk is not fea-
sible, and 13%–90% of milk is consumed fresh (unboiled) or soured. Cattle testing
and meat inspection surveillance are often not conducted because of lack of trained
personnel, lack of resources, or fear of economic loss. Unlike the United States,
where less than 5% of the population has regular, direct exposure to cattle, more
than half of the population in Africa has close contact with potentially infected
animals and, therefore, is at risk of acquiring M. bovis.

Data from the World Health Organization shows that at present, more than 95%
of the estimated 8 million new TB cases occurring each year are in the developing
world, where more than 80% of cases occur among people between the ages of 15
and 59 years. It is estimated that there are about 2 million adult deaths annually
from TB in developing countries, which accounts for a quarter of all avoidable
adult deaths, and in Sub-Saharan Africa, TB is a leading cause of mortality. Data
from Tanzania show that up to 20% of all human cases of TB are of extrapul-
monary form, and among the culture-positive cases of extrapulmonary-positive
TB, 10% were caused by M. bovis. If such figures are extrapolated to the African
continent data, the magnitude of the involvement of M. bovis in total TB cases
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should not be underestimated, particularly now with the HIV/AIDS coinfection
with TB cases approaching more than 31% (21).

The economic situation in most of the developing countries may not be able to
maintain the approaches presently used by developed countries. The major factors
limiting control of bovine TB in developing countries are as follows:

• Economic constraints
• Absence of culture and strain characterization
• Lack of resources for compensation of culled animals and vaccination, opposed

by financial constraints and controversial effectiveness of Bacille Calmette-
Güerin

• Inadequate reporting systems, collaboration, and communication between pub-
lic health and veterinary services

• Low food safety standards in informal dairy systems
• Low public awareness of risk factors
• Absence of national control programs
• Lack of government commitment
• Use of modern methods limited by resources

It is imperative that alternative cheaper control approaches are developed and
tested for their profitability and cost-effectiveness to reduce the incidence of bo-
vine TB in both animals and humans. Such approaches may include strengthening
public education, raising awareness, correction of misperceptions on risk factors,
and correction of unfavorable customs and beliefs. Milk sold by small-scale hold-
ers and informal channels should be pasteurized. Grazing management should be
changed to avoid contact with wildlife. Intermixing between herds at common
watering points and markets should be reduced. If possible, larger herds should be
managed as smaller and separate units. Finally, effects of new and existing vac-
cines in high-risk livestock and wildlife should be assessed.

These approaches, however, involve promoting research and training on risk
factors, feasibility and effectiveness of control measures, distribution of strains and
patterns of spread, and transmissions and new diagnostic methods.

There is sufficient evidence that the control and elimination of bovine TB is pos-
sible. Economic analyses help identify the most cost-effective strategies in a par-
ticular context. However, if seen from a global perspective, the shortfalls of current
control efforts in developing countries should be of interest for all countries. In a
globalized world, with falling trade barriers, endemic diseases in one part of the
world will always threaten the spread of disease to disease-free zones. The most
recent examples are the foot-and-mouth disease epidemic in the United Kingdom
and the risk of the spread of avian influenza and SARS. Many developing coun-
tries, however, will not be able by their own means to invest in control and elimi-
nation programs for decades.

For human health, the report on macroeconomics and health to the World Health
Organization (22) advocates subsidized funding by the international community of
minimal health care in the poorest countries. First efforts for this have been made
by creating the Global Fund to control malaria, HIV/AIDS, and TB, which pro-
vides substantial means to countries in need for the control of these priority dis-
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eases (23). Analogously, international organizations such as OIE, Food and
Agriculture Organization or the United Nations, and the World Health
Organization should enhance their leading role in the development of plans for
international financing of animal disease control. This financing also should be
expanded to zoonotic diseases as a poverty-reduction strategy (4). A past success-
ful example of international animal disease control is the Pan African Rinderpest
Campaign, within the Global Rinderpest Eradication Programme, which is cur-
rently expanded to other infectious diseases by the Pan African Programme for the
Control of Epizootics (24). Finally, the control of bovine TB should also be seen
in a broader disease control perspective, as in many countries the control of bovine
TB was linked to brucellosis and other disease control measures. Thereby, the cost
of control could be reduced even further.
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Chapter 10

A Tuberculosis Outbreak in Farmed
Deer in Sweden and Its Economic
Consequences
G. Bölske, DVM, PhD, H. Wahlström, DVM, PhD, 
B. Larsson, DVM, PhD, and J.Å. Robertsson, DVM, PhD

History of Bovine Tuberculosis in Cattle in Sweden

Tuberculosis caused by Mycobacterium bovis (BTB) was probably imported to
Sweden with infected breeding cattle in the middle of the 19th century and then,
from breeding centers, spread all over the country (1). At that time, the dairy indus-
try was developing rapidly, and at the end of the 19th century, it became common
to return unpasteurized skim milk to farms for the feeding of calves. This resulted
in an increased spread of BTB among cattle, and in the 1930s, about 30% of the
slaughtered adult cattle had TB lesions. This route of infection was arrested in
1925, when pasteurization of milk used for feeding livestock became compulsory.

Control for BTB was initiated in the early 20th century. In 1930–1940, control
was intensified, and in 1958 Sweden was one of the first countries in the world to
be declared free from BTB (2). After 1958, sporadic cases have occurred in cattle,
the most recent in 1978. The compulsory tuberculin testing of all cattle was abol-
ished in 1970, and national BTB control is now based on meat inspection (3). In
Swedish wildlife, only two cases of TB have been reported, both in free-living
moose (Alces alces) in the 1940s. In humans, fewer than 10 cases of M. bovis are
notified annually in Sweden. Most of those infected are elderly people, infected in
their youth before BTB was eradicated in Sweden, or immigrants from areas where
BTB is still common.

Legislation

BTB in animals has been notifiable under the Swedish legislation for epizootic dis-
eases since 1958. If M. bovis is confirmed in a herd, the whole herd is depopulat-
ed and a 1-year standstill is implemented on the deer enclosures. Farmers are com-
pensated for any loss resulting from actions taken by the Swedish Board of
Agriculture. Before 1999, the compensation rate for animal value, cleaning and
disinfection, and production losses was 100%. After 1999, the compensation rate
for production losses was reduced to 50%.
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TB in Farmed Deer

In 1991, BTB was diagnosed for the first time in farmed fallow deer (Dama dama)
in Sweden (4,5). A total of 13 BTB-infected deer farms have been identified, the lat-
est being in 1997 (as of February 2005). All identified infected deer were fallow
deer. A consignment of fallow deer imported in 1987 was identified as the source of
infection. This tracing to a common source of infection was supported by results
from restriction fragment analysis (4) and restriction fragment length polymor-
phism. This M. bovis strain produced seven bands in the restriction fragment length
polymorphism, considerably more than the typical one to two bands for M. bovis (6).

TB Control Program for Deer Farms

As all imported deer could not be traced, a voluntary control program, based on
tuberculin testing, was implemented in July 1994, and in June 2003 the control
program became compulsory. In brief, a herd obtains BTB-free status (A status)
after three consecutive whole-herd tuberculin tests of all deer older than 1 year,
with negative results. Furthermore, all deer that are killed or die as a result of other
reasons shall be meat inspected/necropsied. Only herds with A status may trade in
live deer, and to maintain the A status, all female deer in the herd have to be test-
ed after 2 years and then every third year without positive findings. BTB-free sta-
tus can also be obtained by slaughter and meat inspection of the whole herd and
repopulation with deer from BTB-free herds. Herds that do not continue to tuber-
culin test are downgraded to BTB-free herds with B status, which prohibits trade
in live deer.

Since the program’s inception, it has become evident that on certain large exten-
sive deer farms, it is difficult to muster all animals in the herd. Therefore, if there
is no indication that the flock includes imported deer, the farmer may apply for an
alternative control for BTB, based on slaughter and meat inspection. These herds
can be declared BTB-free when at least 20% of the herd (equally distributed over
sex and age classes) has been slaughtered annually for at least 15 years and the car-
casses submitted for meat inspection without any findings of BTB (7).

Meat inspection became compulsory for farmed deer in 1990 and was extended
to include free-living red deer (Cervus elaphus) and fallow deer in 1994.

The BTB control program is administered by a veterinary company providing
official health control programs (Swedish Animal Health Service) in accordance
with regulations issued by the Veterinary Authority (Swedish Board of Agricul-
ture).

Deer Farming in Sweden

Fallow deer is the deer species most commonly farmed in Sweden. To a lesser
extent, red deer, indigenous to Sweden, are also farmed. The interest in deer keeping
increased in the 1990s when government subsidies to promote alternative use of
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farmland made deer farming more profitable. Most deer are kept for venison pro-
duction, and velvetting is prohibited. A few producers sell live deer, and in certain
large herds (game parks), deer are kept for shooting purposes. Deer farming in
Sweden is an extensive production. Farmed deer are not allowed to be kept on areas
smaller than 5 metric hectares. Furthermore, the size of the deer herd is required to
be adjusted to the size and biotope of the deer enclosure, so that supplementary
feeding is not needed during the plant-growing period.

At present (February 2005), there are approximately 20,000 farmed deer, of
which approximately 80% are fallow deer and 20% red deer distributed between
370 herds. In addition, there are 239 empty, depopulated farms, bringing the total
number of registered deer farms to 609. In all, 515 (85%) herds have obtained
BTB-free status, and about 40 of these continue to test to maintain their A status.

Costs for eradicating BTB

The total cost for elimination of BTB in the 13 BTB-infected herds was 15,000,000
SEK (2,146,000 USD). The cost per herd varied between 61,000 and 7,000,000
SEK. These figures include the costs for initial investigations to identify the infect-
ed herds. In some herds, this could include building handling facilities to make it
possible to tuberculin-test deer. The figures also include production losses for the
farmer during depopulation, standstill period, and repopulation of the herd, as well
as costs for cleaning and disinfection. Direct costs for the farmer caused by the dis-
ease per se, such as rejection of carcasses at meat inspection or deer dying from
TB, are not included.

Costs for trace-back and trace-forward investigations, as well as costs for the
investigation of other suspected BTB infections in farmed deer for the 7 years from
1998 to 2004, were about 1,500,000 SEK (214,600 USD). Corresponding figures
for 1991–1997 are not available. However, as all 13 BTB infected herds were
detected between 1991 and 1997, it is probable that this figure is much higher than
for the figure for 1998–2004.

Costs for the Control Program

Government subsidies to the control program, from its inception in July 1994 to
December 2004, have been 31,000,000 SEK (4,435,000 USD). This covers the
administrative costs and approximately 50% of the costs for TB testing or total
slaughter and meat inspection of the herd. The remaining costs have been covered
by the farmers themselves. Costs for necropsies are covered by other governmen-
tal funding for necropsies in food-producing animals.

Total Governmental Cost for Eradication and Control
Program

The total cost for the eradication of BTB in farmed deer until December 2004 is
not possible to calculate, as the total costs for 1991–1997 cannot be retrieved. It
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can, however, be concluded that the total costs exceed 47,500,000 SEK (6,795,000
USD). Furthermore, this figure does not include costs for the government staff
members who administrated the control and eradication of BTB, nor does it
include costs for legal service.

As BTB infection in farmed deer has not spread to cattle, Sweden’s official
BTB-free status has not been affected, and there have been no additional costs for
routine tuberculin testing in cattle.

Additional Costs for the Deer Farmers

As mentioned earlier, approximately 50% of the costs of the TB control in deer
herds are paid by the farmers. However, in herds in which deer are tuberculin test-
ed, owners also have to build handling facilities for deer. Furthermore, in herds in
which all deer are slaughtered and meat inspected within the program, there prob-
ably are production losses during the first years of the repopulation of the herd. It
can also be assumed that production losses have occurred for certain farmers as a
result of the restriction of live animal movement from 1994, when only BTB-free
herds with A status were allowed to sell live deer. The market for live-animal sale
initially came to a standstill but has subsequently increased as the control program
has progressed. At present, this has probably led to an increased income for herds
with A status. Although there are no official statistics, it is judged that export of
deer never has been a major issue. Therefore, losses, if any, resulting from de-
creased export are probably negligible.

Benefits of the Program

Apart from the major benefit of obtaining BTB-free status in all farmed deer herds,
there are also some additional benefits. The implementation of the control program
has increased the government’s control of farmed deer herds, which is of benefit
from a disease-control point of view. Furthermore, it has been reported that in
herds with handling facilities for deer, the owners have more control over the pro-
duction, to optimize it, and to thereby increase their economic return from deer
farming.
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Introduction

Historically, the National Tuberculosis (TB; Mycobacterium bovis) eradication
campaign in the United States is an economic and animal health success. The suc-
cess of the past is manifest in the low occurrence of TB in U.S. cattle, bison, cap-
tive cervids, and swine today. The reduction or elimination of TB’s burden is a per-
petual benefit that all subsequent generations realize.

The U.S. TB eradication program has improved the welfare of consumers and
producers alike. When the program began in 1917, bovine TB occurred within a
substantial proportion of cattle. There can be no doubt that the TB pathogen was
withdrawing value from the U.S. cattle industry at that time. This agent was also
inflicting terrible consequences on humans via unpasteurized milk.

To summarize the accomplishments of the U.S. TB eradication campaign, the
annual benefits and costs of the program are evaluated from its inception to 2003.

Annual Benefits

The benefit of reducing the occurrence of TB among cattle is a reduction in losses
caused by the TB bacterium. Most of these losses can be assessed at the individual
animal level. The total cost (reduced benefit) of TB from these productivity losses
is, therefore, proportional to the prevalence of infection among all U.S. cattle.

To estimate the annual benefits, the downward trend in animal prevalence is esti-
mated first. Next, the productivity costs associated with TB infection are estimat-
ed. Finally, these productivity costs for each year are compared to a scenario in
which TB is not controlled.

The existence of TB in the United States also influences the international trade
of cattle and public health. These additional economic losses are not considered in
the following analysis but would increase benefits beyond what we have shown.

Chapter 11

Benefit and Cost Assessment of the
U.S. Bovine Tuberculosis
Eradication Program
M.J. Gilsdorf, DVM, MS, E.D. Ebel, DVM, MS, and
T.W. Disney, PhD
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The international trade costs caused by TB are complex and difficult to estimate.
Although the productivity losses of TB represent a direct cost to U.S. producers,
international trade losses for U.S. producers represent a transfer of benefits to other
countries. If the U.S. experiences a loss in trade, then another country undoubtedly
benefits. Nevertheless, the existence of TB in the United States also creates ineffi-
ciencies in the world market that are corrected by control or eradication.

For example, if country A prefers to purchase cattle from country B but does not
because of the existence of TB in country B, then country A may not be as pros-
perous or successful if they must purchase from another country other than coun-
try B. Country A hypothetically prefers country B cattle because of price or quali-
ty factors. Nevertheless, the other country experiences a benefit from country B
and country A’s loss. The trade benefits from the U.S. eradication program repre-
sent improvements in market efficiency and losses to countries whose cattle are
preferred less than those of the United States.

Although public and animal health were synergistic motivations for the U.S. TB
program, the public health benefits that were subsequently realized, especially out-
side of the agricultural communities, were more the result of pasteurization than of
reduction in the prevalence of TB in cattle (1). Between 1901 and 1933, M. bovis
was responsible for 158 (13%) of 1200 human cases of tuberculosis in the United
States (1). Nevertheless, the progressive implementation of milk pasteurization,
beginning about 1908, nearly eliminated human illnesses caused by M. bovis.
Between 1954 and 1968, M. bovis was responsible for 6 (0.2%) of 2086 human
cases of tuberculosis in the Unites States (1). The direct transmission of TB from
cattle to humans is an important public health hazard, and as long as TB occurs
among U.S. livestock, it remains a public health risk.

Prevalence Trend

Since 1917, the estimated prevalence of infected U.S. cattle has declined from
about 5% to about 0.001%. Estimates of TB prevalence during the intervening
years have been previously reported (2–6). Early estimates of prevalence were pri-
marily based on individual-animal testing results. The program was focused on
individual-animal testing from 1917 through 1959, and prevalence was estimated
as the number of reactors detected divided by the number of cattle tested in a given
year. Since 1959, TB surveillance has shifted to a much greater reliance on slaugh-
ter inspection of carcasses. Estimates of cattle prevalence since that time are com-
monly calculated as the number of TB-positive cattle detected among all of the cat-
tle slaughtered in the United States for a given year.

The trend in prevalence of TB-infected cattle is downward and log-linear (Fig.
11.1). Such a pattern is consistent with a program that experiences diminishing
returns. Early success is dramatic as the program more easily identifies and elimi-
nates infected cattle. As prevalence decreases, however, its rate of decline decreas-
es because infected cattle are more difficult to detect and eliminate. Therefore, the
exponential relationship between prevalence and time in the program is expected.
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The log-linear trend illustrated in Figure 11.1 is a graphical representation of this
relationship, where the y-axis is shown in log10 units.

The log-linear trend indicates that the prevalence of TB-infected cattle has
decreased by 90% for each 20 years of the program. For example, between the 20th
year of the program (1937) and the 40th year of the program (1957), the prevalence
decreased 90%, from approximately 1% to 0.1%.

Although the trend line seems reasonably accurate through the first 40 years of
the program, the estimated prevalence levels for more recent years are less consis-
tent with this log-linear relationship. For example, the trend line consistently under-
estimates prevalence relative to reported prevalence during the period between the
40th (1957) and 80th (1997) years. However, recent estimates for the 84th–86th
years of the program (2001–2003) suggest dramatically lower prevalence levels
than the trend predicts. These recent reductions in prevalence may be directly
attributable to increased vigilance in the national TB program.

Discrepancies between the data points and the trend line should not be overin-
terpreted, but it is interesting to note that reported prevalence exceeds the predict-
ed prevalence for much of the time (after 1959) that slaughter surveillance has been
emphasized. It is also important to note that most of the TB-infected cattle detect-
ed at slaughter for the last decade were ultimately determined to be steers that orig-
inated in Mexico. Therefore, the trend and data illustrated in Figure 11.1 are only
a rough estimate of the true prevalence of infected cattle in the United States.
Despite the potential inaccuracies, however, this trend in prevalence is useful for
estimating the benefits that have accumulated through the efforts of the U.S. TB
eradication program.
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Figure 11.1. Relationship between the prevalence of tuberculosis-infected cattle and
the number of years the tuberculosis program has been operating in the United
States. The data points shown are the available reported estimates of prevalence at
different times in the program. The trend line was estimated using regression, and the
best-fitting equation is shown (Microsoft Excel 2000 TM).
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Benefits Are Foregone Costs

As the TB program progressed through the years, the benefits accruing to the
Unites States were the costs not experienced because of TB prevalence, and more
important, the number of infected animals was decreasing. These benefits are typ-
ically referred to as “foregone” costs.

The productivity losses from TB infection have been estimated in previous
analyses (7,8). These direct losses are categorized into slaughter and on-farm loss-
es. Slaughter losses apply to infected cattle that are condemned or retained at
slaughter. On-farm losses include reduced milk production for infected dairy cat-
tle, as well as decreased reproductive capacity and replacement costs for infected
beef and dairy cattle.

To estimate slaughter losses, the methods of Kryder et al. (7) are used. Infected
cattle that are slaughtered can be classified as condemned (12%), retained (45%),
or neither retained or condemned (43%). The loss from a condemned carcass is
essentially the purchased value of a slaughter animal. The loss from a retained car-
cass is some fraction of the value of a carcass. This retained carcass cost was
assumed to be approximately $10 in 1970 dollars (7).

To estimate on-farm losses, a combination of previous methods is used (7,8). It
is assumed that TB is responsible for a 10% decline in milk production among
infected dairy cattle, a 20% reduction in calf weight, and a 5% opportunity cost
from replacing infected cattle. Opportunity cost is calculated as 5% of the differ-
ence between the value of a purchased replacement animal and the value of a
slaughtered animal. In other words, this estimate assumes one-quarter year of lost
production in a typical 5-year productive life. These values have been calculated to
be between 5% and 20% (7,8). The lower value is used in this assessment to gen-
erate conservative benefit estimates.

To measure the total annual cost of TB infection, the average cost per infected
animal is calculated (Table 11.1). The average on-farm cost per infected animal per
year comprises milk loss, calf loss, and replacement loss. For an average infected
dairy cow, the milk cost ranges between $55.66 and $258.74 (10% � [4033–18749
pounds] � $0.14). For both dairy and beef cows, the cost of calf loss is $22.40 (20%
� $112.00). The cost from early replacement is $39.86 and $24.66 (5% � [$1390–
592.80] or [$1086–592.90]) for dairy and beef cows, respectively. The average on-
farm cost per infected cow is further adjusted to account for culling (7). An infect-
ed cow that is culled would only accrue, on average, one-half the farm-level losses.
Therefore, average on-farm cost for infected dairy cows is calculated as

(11.1)

where the culling fraction is 30%. This cost is similarly calculated for beef cows,
except a 20% culling fraction is used.

Average slaughter cost per infected cow comprises losses from condemnation
and carcass retention. The average cost from condemnation is $21.34 (30% � 12%
� $592.90) per infected dairy cow and $14.23 (20% � 12% � $592.90) per infected
beef cow. Retention costs are similarly calculated.

70 30% [ %× + ×Total Average Cost]
Total Average CCost

2
⎡
⎣⎢

⎤
⎦⎥
,
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The total cost of TB per year is calculated as

(11.2)

where P is the prevalence of TB infection and N is the number of cows. Prevalence
decreases as a function of years in the program (Fig. 11.1). The number of dairy
and beef cows also changes with time in the program, as does the average milk
production per dairy cow (Fig. 11.2). Prevalence is held constant at about 5%
between 1917 and 1921 to avoid the upward bias for these early years estimated by
the equation in Figure 11.1.

P N perdairy× ×
+

[ ]Avg. cost  infected cowdairy

PP N perbeef× × [ ],Avg. cost  infected cowbeef
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Table 11.1. Prices and production effects used to determine annual average cost of
tuberculosis infection per infected cow. Prices are adapted from USDA-NASS,1

assuming an average weight of 1200 pounds for cull cows and beef cow replace-
ments, except that the cost of carcass retention is from Kryder et al. (7) and adjusted
for inflation.

Prices (2003 dollars) Dairy Beef

Cull cow slaughter price $592.80 $592.80
Replacement cow price $1390.00 $1086.00
Milk price per lb. $0.14 $0.00
Calf price $112.00 $112.00
Retained carcass cost $47.42 $47.42

1http://usda.mannlib.cornell.edu/reports/nassr/price/pap-bb/2004/agpr0104.txt
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Figure 11.2. Time series information shows the pattern in numbers of dairy and beef
cows, and milk production per cow, between 1917 and 2003. Beef cow data were only
available back to 1920, so the 1920 inventory was assumed for 1917–1919. Similarly,
milk production data were only available back to 1924, so the 1924 production level
was assumed for 1917–1923. Source: USDA-NASS
(http://www.nass.usda.gov:81/ipedb/).

11CH_Theon_277085  11/15/05  3:38 PM  Page 93



To calculate the annual benefits of the TB eradication program, the foregone
costs per year are estimated. The TB program results in a declining prevalence
across time. The question that could be asked is, What would the U.S. cattle indus-
try look like today if there had been no TB program? Experience, in the TB pro-
gram in monitoring prevalence, within the United States and areas that were defi-
cient in meeting the U.S. TB eradication program minimum standards, has shown
that if the disease is left uncontrolled, it will increase to a level higher than 5%.
Therefore, the number of infected animals in 1917 would remain constant, or
increase, between 1917 and 2003 if there were no program. If the number of infect-
ed cattle is held constant, then the total cost estimated in 1917 (using 2003 dollars)
is the point of reference for calculating the foregone costs for subsequent years of
the program. In other words, the benefits experienced in yeart are equal to the total
cost of TB in 1917 minus the total cost of TB in yeart.

Stipulating that the total number of infected cows would remain constant at
1917 levels had there been no TB program, the annual benefits of the TB eradi-
cation program increase from zero in 1917 to more than $180 million by 1951
(Fig. 11.3). These benefits stabilize at nearly $190 million per year through 2003.
Nevertheless, it seems more likely that the number of infected cows would
increase between 1917 and 2003 if there had been no TB program. If TB occur-
rences increased across time, then the benefit stream shown in Figure 11.3 repre-
sents a lower-bound estimate of the actual annual benefits the United States expe-
rienced between 1917 and 2003. The benefits shown in Figure 11.3 are further
reduced because the on-farm cost from replacement of infected cows is based on
the 5% estimate of Bernues et al. (8) instead of the 20% estimate of Kryder et al.
(7). If this 20% estimate is used, the total benefit per year stabilizes around $350
million.

The benefit from the TB eradication program might be almost $2 billion per
year if the reference point for measuring foregone costs is an increasing prevalence
between 1917 and 2003. To assess how TB infection might have increased from
1917, a simple Reed-Frost transmission model was constructed using the demo-
graphic data in Figure 11.2. This simple model indicates that if there is just one
infective contact per year, then prevalence levels increase to, and stabilize around,
30% after 1960. One study has estimated an average of 2.2 infective contacts per
year (9). At this contact rate, the prevalence stabilizes around 50%–60% by 1930
and remains at that level indefinitely. If these substantially higher prevalence lev-
els were to apply to the benefit model we have constructed, the calculated benefits
could be 5 to 10 times larger than shown in Figure 11.3.

Annual Costs

The costs of the TB eradication program comprise the cost of government person-
nel and equipment involved in the daily operations of the program, the costs of lab-
oratory resources, and the cost of compensating owners for animals depopulated
because of the eradication effort. On an annual basis, these costs are paid by fed-
eral and state governments. There are also producer’s costs, such as labor costs in
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gathering and handling cattle, as well as loss in milk or meat production because
of handling stress. Producer costs are difficult to estimate and are not included in
this estimate. It is thought, however, that such costs represent a small fraction of
the total annual cost of the eradication program.
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Figure 11.3. Lower-bound estimate of the benefits per year of the tuberculosis erad-
ication program is shown.
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Annual Government Costs

The annual TB expenditure by federal and nonfederal governments has been sum-
marized in nominal values since 1957 (Fig. 11.4). The consumer price index is
used to estimate the annual expenditures in 2003 dollars. Although the nominal
costs per year appear to increase slightly between 1957 and 2003, the trend in real
costs appears to be generally downward. Nevertheless, these are substantial fluctu-
ations in annual costs. For example, real cost increases from just over $40 million
in 1957 to above $70 million in 1967. Although the reasons for this dramatic change
are uncertain, it is likely that there was a deemphasis in the TB program in the
mid-1950s that was corrected by the late 1960s. A reduction in TB program inten-
sity around this time was noted by Frye (2).

Although empiric information is available between 1957 and 2003, no such evi-
dence is available between 1917 and 1957. To estimate the early-year costs, an
exponential function was used in calculating the average cost-per-cow data (Fig.
11.5). The average cost per cow was estimated for 1957–2003 by dividing the real
program cost per year by the total inventory of cows per year. The trend in these data
is downward. Exponential predictions result in larger program costs than the linear
predictions. In keeping with the conservative approach of this analysis, the expo-
nential relationship is used because smaller net benefits result using the exponential
prediction.

Since the TB program began, the total cost of the program has declined while
its total benefits have increased (Fig. 11.6). Total cost of the TB program is calcu-
lated for each year by multiplying the estimated average cost per cow by the total
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inventory of cows in the United States. The estimated cost of the program equaled
its benefit in about 1927, and after that time, benefits have steadily outpaced costs,
such that in 2003 the net benefit of the TB program (i.e., Total Benefits per Year �
Total Costs per Year) is about $159 million.

Present Value of Net Benefits

The net benefit for each year of the program is the difference between benefits and
costs. For the first 10 years of the program, net benefits were negative. For exam-
ple, in 1917 it is estimated that almost $206 million were spent without any appre-
ciable reduction in TB. Following 1927, however, net benefits became positive as
the benefits of the program began exceeding its cost (Fig. 11.6).

Net benefits experienced in the past are reinvested into other activities during
subsequent years. These alternative activities reasonably gain in value with time.
Therefore, the present value of the net benefits between 1917 and 2003 is calcu-
lated as

(11.3)

where NBt is the net benefit calculated for year t and is the social discount rate.
This social discount rate is conservatively assumed to be 3% historically.

Despite the conservative assumptions made in the analysis, the total net benefits
of the TB program are valued at $13.1 billion. In other words, the TB program has

Total Net Benefits NB it
t   =

1917

2003

( ) ,1 2003+ −∑∑
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returned over $13 billion to the U.S. economy since it began. These monies were
gained by controlling disease losses that otherwise would have been experienced
within the cattle industry.

The true economic return of the TB program could be substantially greater than
$13 billion. For example, if the Kryder et al. (7) assumption of a 20% replacement
loss is used, and all other assumptions are held constant, the total net benefit of the
TB program since 1917 is almost $55 billion. Modest reductions in the annual
costs of the program during its early years could also substantially increase the
total net benefits. Similarly, allowing for increasing numbers of infected cattle in
lieu of a TB program would dramatically increase the benefits of control.

Net benefits can be reduced by decreasing TB’s expected production effects on
infected cattle. For example, if the percentage decline in calf value is decreased
from 20% to 10%, then the present value of net benefits is reduced from $13 bil-
lion to $6.9 billion. Similarly, if the percentage decline in milk production is
decreased from 10% to 5%, then the present value of net benefits is reduced to $6.2
billion.

The break-even values for the three production-effect inputs are the levels at
which the present value of net benefits equals zero. These break-even values are
about 0%, 1%, and 1% for the percentage decline in calf value, percent replace-
ment loss, and percentage decline in milk production, respectively. These findings
indicate that the economic valuation of the TB program is most sensitive to the
assumed percentage replacement loss because this input can only be reduced from
5% to 1% before the present value of net benefits equals zero. The present value of
net benefits is moderately sensitive to the percentage decline in milk production
because this input must be reduced from 10% to 1% before a zero value is
obtained. The percentage decline in calf value is the least sensitive input because
it can be reduced from 20% to 0%, whereas the present value of net benefits
remains greater than zero.

Summary

This historical analysis used available data to assess the economic benefits and
costs of the U.S. TB program. More sophisticated methods, such as welfare eco-
nomic methods that estimate consumer and producer surplus, might generate dif-
ferent estimates than derived here. Nevertheless, the essential nature of disease
loss—and mitigation of disease loss—is captured in the analysis described in this
report. For livestock diseases, the economic consequence of living with infection
is reduced livestock performance caused by the pathogen. To combat the losses
imposed by a pathogen such as TB requires a coordinated effort on the part of
industry and government. This effort involves substantial investment of public
funds. The true economic return of the TB program, as discussed above, is esti-
mated to be between $13 and $55 billion.

As shown in this analysis, the U.S. TB program has been a highly beneficial
campaign. Furthermore, there are additional trade benefits resulting from reduced
TB occurrence that have not been included in this analysis. These trade benefits for
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the U.S. are potentially substantial and could be increased as the U.S. achieves
eradication of bovine TB.
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Chapter 12

The Fall and Rise of Bovine
Tuberculosis in Great Britain
T. Goodchild, DVM, and R. Clifton-Hadley, DVM

Despite a steady decrease in the prevalence of bovine tuberculosis (BTB) between
1935 and 1980 (the number of cattle slaughtered annually decreased from 23,000
to less than 1000), since then there has been a many-fold increase, with 24,000
head being slaughtered annually between 2002 and 2004, of which 19,700 a year
were reactors to the skin test. The role of the badger in the epidemiology of BTB
was not acted on until 1975. Despite badger control program halving the incidence
of BTB in cattle in 4 years, a further 18 years of control did not prevent a rise in
incidence. Since 1990, the number of BTB-lesioned or BTB-infected animals has
doubled every 4 years.

The cost of control has increased in parallel with the incidence of BTB because
of an increasing number of routine tests and tests of restricted herds and an
increase in the rates of compensation paid to farmers. The cost of research is also
edging upward, with at least half being spent on work to understand the role of the
badger. There is an ever-increasing urgency to develop precise methods for detect-
ing infected animals, the ability to distinguish strains for epidemiological and
pathogenesis studies, vaccines for cattle and wildlife, and cost-effective policies.

It is possible that husbandry trends have contributed to the rate of increase in
BTB, including increasing herd sizes and changes in cattle genotypes. Whether
these account for all of the increase in BTB incidence in the country is an unset-
tled question.

History of Bovine Tuberculosis in Great Britain

From the Beginning of the Eradication Program

The extent and zoonotic effect of BTB in cattle was recognized in the 1930s, when
as many as 40% of cattle in Great Britain were infected (1). It led to a program of
progressively skin-testing herds, slaughtering animals that reacted to the test, and
accrediting herds in which the disease had been controlled. In 1960, after the
slaughter of some 2.2 million cattle (Fig. 12.1), some 240,000 herds became ac-
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credited. In all years, animals other than test reactors have been slaughtered for the
sake of BTB control, but these animals have been a minority. The number of cat-
tle slaughtered annually continued to decrease until the late 1970s, stayed constant
until the mid-1980s, and then commenced the present pattern of doubling every 4
years (Figs. 12.1 and 12.2).

Bovine Tuberculosis in Great Britain 101

Figure 12.1. Number of animals slaughtered in the bovine tuberculosis control pro-
gram, 1935–2004. Data for 1951–1964 (- - - -) were unreliable and have been interpo-
lated; the small number removed in 2001 was a result of the Foot and Mouth Disease
epidemic.

Figure 12.2. Herds with reactors as a proportion of all herds in Southwest England
and the rest of England and Wales (extended from Krebs et al. 1997). The incidence
for 2001 and 2002 has been averaged and shown as one point. Boxes surrounded by
broken lines show various badger control strategies.
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Pattern of Spread, 1986 to Date

The increase in number of animals slaughtered in the BTB control program in the
last 20 years (Fig. 12.1) has largely resulted from the increased number of herds
affected (Fig. 12.2), although an increase in the number of reactors in each incident
has made a contribution (Table 12.1). The large numbers of animals slaughtered
between 2001 and 2004 offer no clear evidence that the national rate of increase of
new infections has been affected by the 8 months’ suspension of testing in 2001.
There was also no sign of a national effect of the change in compensation rate from
75% to 100% in 1997–1998.

Fronts of Prevalence that Move with Time

So-called hot spots are areas of long-established BTB prevalence in cattle in which
there is a large risk of local transmission. They are sometimes referred to as en-
demic areas. If test-reactor cattle with typical slaughterhouse lesions or cattle from
which Mycobacterium bovis has been isolated are assumed to have BTB, the most
direct measurement is incidence (the rate that animals with BTB are detected),
rather than prevalence (the proportion of live cattle infected with BTB). Starting in
1986, Fig. 12.3 maps the years in which the incidence of BTB reached 2.5 visibly
lesioned (VL) bovines per 5 � 5 km square (i.e. 0.1 VL/km2). Hot spots represent
isolated clusters with expanding fronts of infection. In areas in which BTB is spo-
radic, isolated points tend to remain isolated, sometimes representing a potential
hot spot that failed to develop (Fig. 12.3). Some patterns, such as those in Scotland
and Northern England, are intermediate between the hot spot and sporadic type,
indicating that longer-distance spread from the focal cluster may have occurred.

Each of the hot spots shown in Fig. 12.3 accounts for between 5% and 20% of
the current incidence of BTB in Great Britain. Although each spot started as iso-
lated clusters of incidents, there have been many more clusters than there now are
hotspots. The benefit of preventing each new hot spot is potentially considerable,
and there is a range of possible preventive methods from which to choose, such as
preempting the initial cluster (through tracing and premovement testing) or assess-
ing the risk that a cluster may expand and preventing this (through neighborhood
testing and wildlife surveys).
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Table 12.1. The total number confirmed bovine tuberculosis incidents and average
numbers of reactors or slaughterhouse cases taken, in three representative years

Proportion of Mean Number of
Number of Confirmed Incidents Skin-Test Reactors or
Confirmed with More Than One Slaughterhouse Cases

Year Incidents Skin-Test Reactor per Confirmed Incident

1990 162 59.9% 4.1
2000 1128 67.5% 7.0
2003 1778 76.1% 8.0
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Next Year’s Prevalence as a Function of the Previous Year’s Prevalence

The older established map squares (Fig. 12.3) are either surrounded by more recent
squares (BTB hotspots) or not (sporadic BTB). The progress of BTB within a 5 �
5 km map square also depends on the history of BTB for that square. The number
of VL animals in the next calendar year tends to increase with the number of VL
animals already recorded in the same map square (Fig. 12.4). Where 2.0 or fewer
VL animals have been recorded since 1986 in a square, it is rare for that square to
have more than 1.0 VL in the following year. Where more than 4.0 VL animals
have been recorded, it is 10%–50% probable that more than 1.0 VL will be found
in the next year. The progress of BTB in each square may be described as autocat-
alytic, where a certain prevalence of BTB is necessary before epidemic local
spread can be sustained.
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Figure 12.3. Year (during the period 1986–2004) in which the cumulative number of
visibly lesioned animals first reached 0.1 per square kilometer. 
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The three processes—expansion of hotspots, increasing incidence in endemic
areas, and appearance of potential new hotspots in sporadic areas—together de-
scribe the exponential increase in BTB in Great Britain since the mid-1980s.

The Role of Wildlife

Wildlife and the Transmission of BTB to Cattle

The role of the badger in the epidemiology of BTB in cattle was recognized by the
U.K. government in the early 1970s (2). The presence of badger setts and finding
badger carcasses are significant risk factors for BTB infection of cattle herds in
Northern Ireland (3). Badger control program in Great Britain commenced in 1975
and were focussed on areas where a proportion of culled badgers had signs of BTB.
The badger control program continued until 1998, but they were not associated
with any decrease in the BTB incidence in cattle except in the first 4 years after
1975 (Fig. 12.2).

Widespread Culling of Badgers

The program of badger gassing from 1975 to 1981 coincided with a halving of the
incidence of BTB in the first 4 years, followed by a small increasing trend (Fig.
12.2). Interpretation of the reduction has been contentious, as in 1975 the strain
from which mammalian tuberculin was made changed from M. tuberculosis to M.
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Figure 12.4. Distribution of the number of visibly lesioned animals next year for dif-
ferent cumulative numbers of visibly lesioned animals, for each 5 � 5 km map square.
Non–visibly lesioned animals have been treated as the equivalent of 0.33 visibly
lesioned animals.
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bovis AN5. This increased specificity and so reduced false-positive reactions.
Nevertheless, confirmed incidence decreased substantially as well during the
gassing program (4). Removal of badgers from wide areas in the Republic of Ire-
land with endemic badger BTB has reduced the incidence of disease in cattle, with
most of the effect developing in the first 3 years (5). The Krebs Report (1) recom-
mended a Randomized Badger Culling Trial (RBCT), 10 replicates of which com-
menced between 1999 and 2003. At the date of writing, however, a conclusive
result for the effects of culling badgers in widespread areas (about 100 km2) has
not been published and may not be expected very much before 2007 (6).

Reactive Culling of Badgers

Following the program of gassing (1975–1981), and until 1998, badger control tar-
geted farms on which infected cattle had been found. In centrifugal (“clean ring”)
culling (1982–1986), badgers were first removed from setts close to the infected
herd, followed by their removal from successively distant setts until the prevalence
of BTB in badgers was low. The average size of these areas was 7 km2. The “inter-
im strategy” (1986–1998) employed smaller culling areas, often less than 1 km2,
as only the land used by the reactor cattle was targeted. These culling strategies
were associated—not necessarily causally—with the start of an exponential trend
in the number of herds affected with BTB in the late 1980s (Fig. 12.2).

One of the now-suspended treatments in the RBCT, the reactive cull, had much
in common with the culls of badgers around affected farms that commenced in
1982. In the autumn of 2003, the data indicated that the incidence of BTB in herds
in treatment areas with reactive badger culling increased in comparison with areas
without culling (7), but the statistical significance was marginal (6). It was hypoth-
esized that this increase was attributed in part to a change in badger social behav-
ior called perturbation. Perturbation can result in enlarged social group ranges that
overlap considerably, are difficult to define (8), and could result in an increased risk
of transmission of BTB between badgers that had formerly been living in separate
territories.

The Role of Deer

Although an estimate of the prevalence of M. bovis in deer (Cervidae) is on the
order of 1%, this figure derives from limited areas in the Southwest of England,
where prevalence in cattle is high and prevalence in badgers can be even higher.
There is variation between locations and species of deer (Central Science Lab-
oratory, 2004, unpublished data). It is hypothesized that fallow deer are at
increased risk from infection through their feeding preferences (grazing rather than
browsing), and they do appear to have a prevalence that is about five times as high
as that in red deer (Central Science Laboratory, 2004, unpublished data). Fallow
deer also do not establish territories outside the rutting season (Deer-UK, unpub-
lished data). As a result, fallow and other deer have larger feeding ranges than
badgers. Deer may enhance the role of badgers in the geographical spread of BTB
by acting as the longer-distance links in “small-world” networks (9).
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Control Methods for Bovine TB

Regular Test and Cull

In Great Britain, veterinarians in the State Veterinary Service oversee the control
of tuberculosis, and they normally take responsibility for disease control in herds
in which BTB is suspected or demonstrated, including performing skin testing,
organizing the removal of culls, and performing slaughterhouse inspection. The
herds are initially detected by surveillance skin tests generally performed by a net-
work of private veterinary surgeons or by routine veterinarian-supervised inspec-
tion of carcasses and offal from apparently healthy herds. The State Veterinary
Service is organized into 24 divisional offices (Fig. 12.5), each of which is respon-
sible for the control of notifiable diseases in around a third of a million cattle.

Interpretation of Test Results

The single intradermal comparative cervical tuberculin test measures 72-hour hy-
persensitivity reactions to two antigens injected into the dermis of the neck. The
antigens used in the British Isles are proteins (tuberculins, also known a purified
protein derivative) secreted by cultures of M. bovis (strain AN5, 100 �g) and of
Mycobacterium avium (50 �g). The test compares the responses to the two tuber-
culins to increase discrimination between sensitization to BTB antigens and sensi-
tization to other mycobacteria (specificity). It assumes that infection with M. bovis
promotes a larger response to M. bovis tuberculin than to M. avium tuberculin, and
that infections with other types of mycobacteria promote the reverse relationship
(10). This assumption is a statistical one (Fig. 12.6) and is to some extent flawed,
in that the hypersensitivity response to avian tuberculin in the field equalled or
exceeded the response to bovine tuberculin in 5 of 58 animals infected with BTB
(12). This fact was commented on by Morrison et al. (13) and has been observed
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Figure 12.5. Number of cattle (thousands) served by each Animal Health Divisional
Office. Divisions are contrasted by shading. Great Britain, mid-2004.
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on a wide scale in the national database. It is a main reason for the single intrader-
mal comparative cervical tuberculin test being recommended as a herd screening
test rather than a check test for individual animals.

Intervals between Routine Tests

Routine skin testing in Great Britain follows European Union guidelines (14),
varying in frequency according to risk of infection. In the year ending 2004, about
26% of cattle were tested yearly, 13% in alternate years, and 61% at 3- or 4-year
intervals. There has been a rapid annual increase in the number of herds tested
annually, most of which were formerly tested in alternate years (Table 12.2). The
distribution of testing intervals at the time of writing is shown in Figure 12.7.

The effectiveness of the testing intervals can be estimated indirectly. One of the
most damaging aspects to farming of a BTB incident is its duration (15). The test-
ing interval did not significantly affect the proportion of herds in which the dura-
tion of restriction was longer than 200 days (Table 12.3) or the duration of move-
ment restrictions (except in 1990, when yearly testing was unable to keep duration
in check). As the years progressed, the proportion of incidents that were long, their
average duration, and the variability of the duration increased. One may conclude
that the testing intervals, together with other measures, have distributed testing
resources efficiently. As a result, farms are not disproportionately burdened by the
duration of restrictions under any particular testing frequency.

The proportion of confirmed incidents with more than one reactor may be about
20 percentage units larger in yearly tested incidents than in 4-yearly tested inci-
dents; differences were highly significant. The average number of reactors per con-
firmed incident has doubled over 13 years, but it has not steadily varied with testing

Bovine Tuberculosis in Great Britain 107

Figure 12.6. Frequency distribution of skin-test results for numbers of visibly
lesioned and non–visibly lesioned carcasses, and the ratio between the two.
Disclosing tests, 2002 and 2003; data are truncated where animals were not 
slaughtered.
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interval in any of the years (Table 12.4). This, again, is evidence that the distribu-
tion of effort between testing intervals is broadly appropriate. Recently (16), there
has been a change in the procedure for deciding testing intervals for each parish, but
this must be seen as a precautionary response to the predicted spread of BTB (Table
12.3), rather than retrospectively reflecting the geographical pattern of BTB.
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Figure 12.7. Testing intervals in force in Great Britain at the end of 2004.

Table 12.3. Distribution of the lengths of time that confirmed incidents ending in one
of 3 years remained under restriction, by testing interval in force at the end of the 
incident

Percentage of Incidents Length of Time under
Restricted for Longer Restriction, Days (with

Testing 
than 200 Days standard deviation)

Interval 1990 2000 2003 1990 2000 2003

Yearly 14.3% 41.8% 63.8% 226 (108) 198 (92) 264 (172)
Two yearly 8.0% 34.2% 59.1% 115 (46) 158 (50) 230 (104)
Three yearly 0.0% 27.3% 66.7% 137 (49) 200 (100) 274 (177)
Four yearly 49.4% 37.5% 58.1% 149 (51) 213 (112) 289 (177)
All GB 28.2% 39.7% 62.1% 179 (95) 208 (107) 282 (176)

The herds have been classified by their testing intervals at the time of restriction.
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Routine Slaughterhouse Inspection

Another monitor of the efficiency of testing intervals is the proportion of confirmed
incidents that were not detected at routine herd testing but were disclosed when
animals with lesions were slaughtered for reasons other than BTB control. Because
cattle can be infected with BTB at any time during the intertest period, the longer
this period, the greater proportion of cattle that could be missed in routine testing,
even if the testing was highly efficient. The proportion of incidents first disclosed
at slaughterhouse inspection would be expected to increase with the period of time
between tests; it may not be a direct proportion, as it takes on average about 5
months for a reactor to progress to infectiousness (17). However, the testing inter-
val for the parish does not apply to some herds, such as some beef fattening herds
(not routinely tested) and herds that retail their own milk (tested every year). In
actual fact, the proportion of confirmed incidents disclosed at slaughterhouse
inspection rather than skin testing conforms closely to the parish testing interval
(Fig. 12.8).

Herd Characteristics and TB

Several phenomena have occurred simultaneously with the rise in BTB. A causal
relationship cannot be inferred, but in some cases the association is statistically sig-
nificant and causality is theoretically possible.

Herd Size and Incident Duration

The incident duration almost doubles between a herd size of 1–20 cattle and a size
of more than 350 animals (Table 12.5).

Herd Size and Herd Type

Although there are large differences between herd types in the average incidence
of BTB, these can be explained by differences in herd size distributions (Table
12.6).
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Table 12.4. Total number of reactors taken in each confirmed incident: percentage
distribution by testing interval

Percentage of
Incidents with More Incidents with More 

Testing 
Than One Reactora (with standard deviation)

Interval 1990 2000 2003 1990 2000 2003

Yearly 40.7% 60.0% 65.5% 4.4 (10.6) 7.0 (12.3) 8.2 (12.1)
Two yearly 34.1% 47.7% 59.2% 3.8 (4.6) 7.7 (18.6) 7.3 (10.4)
Three yearly 34.0% 40.9% 56.5% 4.0 (5.3) 3.5 (6.4) 10.5 (12.7)
Four yearly 12.5% 36.2% 43.8% 1.0 (—) 6.8 (19.9) 7.9 (13.2)
All GB 35.8% 52.5% 60.1% 4.1 (8.0) 7.0 (14.5) 8.0 (12.0)

aAs a percentage of all confirmed incidents.
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Figure 12.8. Confirmed incidents revealed by animals slaughtered from herds not
suspected as being infected, as a proportion of the total number of incidents for each
parish testing interval.

Table 12.5. Distribution of the lengths of time that confirmed incidents ending in
2003 have been under movement restriction, by herd size

Mean Duration, Days Proportion Longer
Herd Size (with standard deviation) Than 200 Days

1–20 200 (95) 38%
21–50 228 (122) 48%
51–100 240 (139) 55%
101–350 294 (177) 65%
Over 350 360 (220) 78%
All herds 281.7 (176.0) 62.0%

Table 12.6. Number of confirmed incidents in three types of herd according to herd
size categories in the year 2003

Herd Type

Herd Size Category Beef Dairy Other

1–20 0.3% 0.8% 0.3%
21–50 1.1% 0.9% 1.0%
51–100 2.2% 1.8% 1.8%
101–350 3.6% 4.0% 4.2%
Over 350 5.0% 7.0% 7.2%
Mean for herd type 1.43% 3.31% 1.09%
Mean for GB 1.78%
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Herd Size, Testing Interval, and Herd Type

Both herd size and testing interval affected the incidence of BTB (Table 12.7).

Association with Previous TB History

From 2000, some herds have shown recurrence of BTB as much as three times in
3 years (Table 12.8).

Number of Reactors and Testing Interval

The frequency distribution of the number of reactors is similar, whatever the parish
testing interval. Large numbers of reactors are possible in any testing interval in all
three time periods studied (Figure 12.9).
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Table 12.8. History of confirmed bovine tuberculosis in the previous 3 years of herds
having a confirmed incident in 1990, 2000, or 2003

Number of
Number of Confirmed Incidents in

Confirmed Incidents 
the Previous 36 Months, %

Year in the Year None One Two Three

1990 162 94.4% 5.6% 0.0% 0.0%
2000 1128 75.5% 20.7% 3.3% 0.5%
2003 1777 76.8% 19.7% 3.3% 0.2%

Figure 12.9. Frequency distribu-
tion of numbers of reactors and
slaughterhouse cases in the dis-
closing tests of confirmed incidents
in 2003 (top left), 2000 (top right),
and 1990–1994 (bottom left).
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Cost of Control Methods

BTB control legislation in Great Britain intends for the state to bear the costs,
through providing a testing and implementation service and through compensation
payments to farmers for each animal removed. The actual costs of the control pro-
gram are incurred for each herd, for each animal tested, and for each animal culled.
The unit costs (per herd, animal, or cull) vary by production system, season of the
year, and to some extent amount of pedigree breeding effort expended on herds
(15,17). Because the costs not borne directly by the state are paid to farmers
through a compensation system that depends solely on valuations of animals
culled, it is almost impossible for each and every farmer to receive accurate com-
pensation for all components of costs (18).

In the late 1990s, the government’s net disbursement of compensation to farm-
ers was about one-seventh of the total cost to government of BTB control; the
absolute amount increased about tenfold after the foot-and-mouth disease epidem-
ic of 2001 (Table 12.9). In the late 1990s, by far the largest cost was that of the
State Veterinary Service and their veterinarian subcontractors—over 50% of the
total—but since the epidemic of foot-and-mouth disease, this cost has been over-
taken by the cost of compensation. Laboratory costs and badger control and
research, being 10%–13% of the total cost in the late 1990s, have now doubled in
absolute cost but are a smaller proportion of the total. Badger control (or the
RBCT) has cost about the same as non-RBCT research in all years.

Conclusions

In response to the increasing incidence of TB, Defra developed a 5-point plan incor-
porating the recommendations of the Krebs Review (1). More recently, a consulta-
tion process has been undertaken by Defra as a preliminary step toward a new bovine
TB control strategy for Great Britain (16). It is to be hoped that this process, com-
bined with the results from the extensive research program now in place in Great
Britain and other countries, will be able to reverse the TB trends of the last 20 years.
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Bovine Tuberculosis Eradication Plans in Italy

In Italy, measures against bovine tuberculosis (TB) were enforced for the first time
in 1954, with compulsory slaughtering of bovines showing clinical evidence of TB.
Eradication plans on a voluntary basis took place in 1964. Since 1977, the eradi-
cation scheme has been made compulsory in every breeding herd with the excep-
tion of specialized and separated fattening units. Compared with other European
countries, this program indicates a medium delay of 12 years, which was one of the
reasons for the higher TB prevalence in the years following 1977 (Tables 13.1 and
13.2) (1).

Nevertheless, during the years of the required compulsory control, and particu-
larly after the reform law that enhanced the veterinary public health services was
passed in 1978, some improvements were obtained. Since 1995, a more severe reg-
ulation, in accordance with the European Community requirements, has made the

Chapter 13
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M. bovis Infection in Wild Swine
A. Dondo, DVM, E. Ferroglio, DVM, PhD, M. Goria, Dr of
Sci, G. Moda, DVM, L. Ruocco, DVM, and P. Vignetta, DVM

Table 13.1. Tuberculosis eradication plans in different European countries

Country U.K. France Italy

Compulsory slaughtering of bovines 1925 1933 1954
with clinical tuberculosis

Voluntary slaughtering of tuberculosis 1950 1954 1964
reactors

Compulsory slaughtering of tuberculosis Before 1960 1965 1977
reactors all over the country

Table 13.2 Tuberculosis annual herd prevalence in different European countries
(1961–1978)

Country 1961 1970 1978

U.K. 0.16 0.045 0.019
France 2.5 0.25 0.26
Italy 13.7 3.87 1.01
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eradication scheme more effective. The main measures adopted to strengthen the
organization of the plan were the following:

• Programs on a 3-year basis
• Better identification of premises and bovines
• Requirements for introducing animals in fattening herds and specific surveil-

lance programs
• Summer grazing limited to officially free herds
• Tracing back of TB visible lesions at slaughter
• Epidemiological investigation in outbreaks
• TB test in newly introduced cattle
• Periodical controls on dealers
• Stamping out in highly infected premises
• No compensation or public contribution to breeders that do not cooperate in

controls
• Controls against illegal antitubercular drugs and frauds.

From 1995 to 2001, the annual herd prevalence dropped from 1.31% to 0.63%.
In the same time, the percentage of TB reactors decreased from 0.31% to 0.16%
(Fig. 13.1).

The Italian eradication scheme includes an annual single intradermal test with
bovine PPD injection in the medial third region of the neck of every bovine aged
more than 6 weeks, lower frequencies in free areas, a higher frequency of tests in
infected premises (6–8 weeks interval), and slaughtering of TB reactors within 30
days with partial governmental compensation of the value of the animal.

Diagnosis is performed by official veterinarians of the Local Veterinary Units
belonging to the National Health System, and the prescriptive measures are adopt-
ed forcibly by the municipality.

Since 1996, in some still seriously infected herds and areas of northern Italy
(Piemonte), the gamma interferon assay, properly adapted and validated, was suc-
cessfully used as a complementary test, receiving the final approval of the Com-
mission of the European Community in 2002 (EU Reg. 8/7/2002 N.1226/2002) (2).

In 2003, the herd national prevalence of the disease was 0.98%, but it has to be
pointed out that the value is mainly a result of the exceptionally widespread pres-
ence of the disease in Sicilia (5.94%). On a total number of 4,775,000 cattle sub-
mitted to periodical controls, 6573 were found to be positive, half of them in Sicilia.

Apart from bovines, TB is diagnosed rarely in goats, which are raised in strict
contact with infected bovines.
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TB seems to have a low impact also in Italian buffalos, which are mainly bred
in Lazio and Campania: In the last year, out of 319,000 buffalo, only 109 were pos-
itive to tuberculinization.

Thanks to the progresses made, seven provinces in northern and central Italy
have had official recognition of their free status from the European community.
This requires an uninterrupted period of 6 years with a prevalence of 0.1% infect-
ed herds and with 99.9% officially free herds. The qualification is not granted if the
rate of herds controlled by tuberculinization is less than 100%.

Mycobacterium bovis Infection in Wild Boar

Mycobacteriosis in wild boar is caused both by Mycobacterium tuberculosis and
by Mycobacterium avium complex.

Mycobacterium bovis was reported in wild boar (Sus scrofa) for the first time in
Germany in the 1930s, and it has been lately found in many European countries, in
North America, and in Oceania. The vast majority of cases refer to sporadic cases
or situations with low prevalence in wild boar or feral pig populations. Reports
rarely refer to a high prevalence of infection in free-ranging wild boar or feral pig
populations. In northwest Australia, prevalence dropped from 31% in the 1960s to
4.9% in the 1980s and to a mere 0.25% in the 1990s (3,4). This decrease was a
result of the reduction of infection in buffaloes, which are considered the source of
infection in the feral pig populations (4). The same reduction occurred in Cali-
fornia in the 1960s, when after the restocking of cattle herds with TB-free animals,
TB disappeared from feral pigs. In New Zealand, the infection is reported from
free-ranging feral pigs, but these animals are considered as dead-end hosts that
contract the infection scavenging infected carcasses of possums (6).

In Italy, a focus of TB was determined in the late 1990s to be wild boars from
the Liguria region. Prevalence was high: Up to 12% of wild boars presented lesions
in mandibular lymph nodes, but only 4.5% of animals tested positive at the Myco-
bacterium tuberculosis complex probe.

Lesions are localized in the head lymph nodes, and TB nodules in lymph nodes
seem to evolve from the necrotic to the fibronecrotic-calcified form with the “ster-
ilization” of nodules (7).

Nodules are never open, so that wild boars do not eliminate M. bovis in the envi-
ronment, as happens with other wild reservoirs of infection such as possums or
badgers. Another confirmation of the self-limiting process of TB infection in wild
boar lymph nodes arises from the fact that although the prevalence of lesions
increases significantly with the wild boar’s age, positive results upon DNA prob-
ing actually decrease with the animal’s age. In the area under consideration, TB in
domestic cattle was still high, and it is possible that wild boars of the area became
infected by scavenging infected cattle carcasses or during rooting by ingestion of
M. bovis present in the soil (8).

Wild boars that are reported to be infected by M. bovis show lesions at necro-
scopy. Very rarely, M. bovis isolation occurs from wild boar carcasses with no lesion
at necroscopy, as happens in other animal species (i.e. in cattle). On contrast, the
presence of lesions is not sufficient to diagnose the infection correctly: diagnosis

Bovine Tuberculosis in Italy and Mycobacterium bovis Infection in Wild Swine 119

13CH_Theon_277085  11/15/05  3:04 PM  Page 119



must be confirmed by a panel of laboratory tests, including bacteriological and
histopathological techniques and, nowadays, with the aid of biomolecular methods.
The implementation of molecular assays in addition to the traditional microbio-
logical techniques has permitted the realization of diagnostic protocols to acceler-
ate the demonstration of the agent, the typing of isolated strains, and the charac-
terization of their genome. As well as in TB control strategies for domestic ani-
mals, the implementation of diagnostic tests has improved the knowledge about the
role of wild boar in the epidemiology of TB infections, allowing the enhancement
of the regional surveillance scheme on wildlife diseases as realized in Piemonte, in
areas close to the outbreak in the Liguria Region (7).

Diagnosis of Mycobacteriosis in Wild Boar

A diagnostic protocol was formulated by the aid of research projects aimed to
evaluate its efficacy by the comparison and the exchange of experience among sev-
eral centers involved in mycobacterial disease diagnosis in both the human and ani-
mal fields. To apply the diagnostic protocol correctly, lymph nodes or organs with
suspected lesions are cleaned from connective and adipose tissue, and the speci-
mens are homogenized and then submitted to decontamination procedures, mainly
based on alkali (2%–4% NaOH) and hexadecylpyridinium chloride (1.5% HPC).
Subsequently, each aliquot is seeded in selective culture media according to the
OIE Manual of Diagnostic Test and Vaccines for Terrestrial Animals, 5th edition
(2004). Slopes are examined weekly for either occurring gross contamination or
Ziehl-Neelsen staining of suspected grown colonies.

Usually, mycobacteria culture from wild boar samples require a longer incuba-
tion time (at least 90–120 days), as often the growth is very slow.

Every isolated strain must be submitted to identification procedures to deter-
mine its cultural and biochemical properties, together with molecular characteriza-
tion.

Molecular methods can also be applied to recognize the presence of mycobac-
teria DNA directly in tissue specimens from domestic and wild animals as well as
to identify and characterize, by the genomic way, mycobacteria previously isolat-
ed by selective culture media.

Mycobacteria identification is thus obtained by the traditional microbiological
assays (biochemical profile) and by genomic analysis of specific gene targets (most-
ly IS6110 genes for M. tuberculosis complex, Oxy-R analysis, spoligotyping for
DR locus polymorphism analysis, Variable Number of Tandem Repeats/VNTR
polymorphism analysis, etc.). Moreover, molecular DNA analysis could also pro-
vide intraspecific characterization of strains, which represents a very helpful tool
to enrich epidemiological investigations with objective and proofing information.

Concerning mycobacteriosis etiology, it is important to report that many studies
are still ongoing in wild boar to detect mycobacteria that could infect or lodge in.
Data collected during the last 5 years (2000/04) reported that mycobacteria other
than M. bovis are often isolated from wild boar, and sometimes they show unusu-
al biochemical and molecular profiles (Table 13.3).
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By means of molecular techniques, DNA from TB complex mycobacteria could
be detected, particularly from tissue samples (lymph nodes, organs) of hunted wild
boars in particular restricted geographic areas in northwestern Italy. The direct
detection by heminested polymerase chain reaction technique recognizes the pres-
ence of the IS6110 gene, which represents a specific target gene of the TB com-
plex mycobacteria genome. This target gene, widely investigated by restriction
fragment length polymorphism analysis, was usually found in a high number of
copies (10–12) in M. tuberculosis strains and in a very low number of copies (one to
two) in M. bovis strains.

In domestic animal species, the detection of IS6110 by polymerase chain reac-
tion analysis is very often confirmed by the isolation of M. bovis strains on selec-
tive culture media. On the contrary, in wild boars, a very high frequency is regis-
tered in IS6110 polymerase chain reaction detection, followed only in a few cases
with isolation of TB complex mycobacteria strains. These strains are commonly
very slow growers, and they show a biochemical profile not sufficiently defined to
allow the proper attribution to specific species identification for M. tuberculosis or
M. bovis. In the light of most well-established tests applied for the characterization
of TB complex, the resulting genomic profile does not allow a definite identifica-
tion of a species: it still remains an open, rising question.

The analysis of published reports and the results of experiences in Italy seem to
indicate that wild boars, or the feral pig population, are not an effective reservoir
of M. bovis. The role of wild boars appears, rather, to be that of a sentry species
that, because of its omnivorous feeding habit, can contract M. bovis from infected
soil during rooting or, in particular circumstances unusual in our country, by scav-
enging infected carcasses.

Evidence of M. bovis Cattle-to-Human Transmission

One of the main concerns about the presence of M. bovis in domestic animals and
wildlife is its capability to be transmitted to man.

Despite the well-known idea that M. bovis is able to induce a disease in humans
that is indistinguishable with regard to clinical findings, lesions, and evolution to
that caused by M. tuberculosis, human infections caused by M. bovis are rarely
reported (9). Specimens from TB patients are not submitted to identification of the
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Table 13.3 Mycobacteria detection in wild boar specimens during the period 2000–
2004 in Northwestern Italy 

Mycobacteria
tuberculosis

Complex
Strains of Total

Mycobacteria Uncertain Mycobacterium Negative Tested
bovis Classification M. avium spp Samples Samples

10 37 8 74 532 661
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causal agent, and as a consequence, TB caused by M. bovis is detected in humans
only by specifically dedicated surveillance systems (10).

Therefore, estimation of the losses caused by animal-to-man transmission is
always difficult. However, in areas with a high prevalence of the disease, TB has
been repeatedly diagnosed in owners of herds with a history of bovine TB. The
application of molecular techniques of strain typing has recently confirmed three
cases in Piemonte, bringing to evidence the suspicion that bovine TB is an occu-
pational disease that is not rare, and that is already demonstrated in veterinarians
working in the same area (11).

Other Losses Resulting from Bovine TB

Apart from the serious consequences of the disease in humans, of great relevance
with regard to food safety and public health, bovine TB is responsible for a series
of damages and losses resulting from both the direct effects of the disease (mor-
bidity and diminution of the productivity of infected animals, mortality, and reduc-
tion of the productive life span) and the regulatory restrictions on infected herds.

With the actual prevalence rates, most of the extra expenses resulting from the
presence of TB in domestic animals falls more on the breeding system than on the
food industry. According to the current national and European Union law, cattle
positive to the tuberculin test are slaughtered separately and submitted to post-
mortem examination. Carcasses are not ordinarily destroyed and are declared fit for
consumption with the same rules as other slaughtered animals. The entire carcass
is considered unfit for human consumption only in the case of generalized or dis-
seminated TB: localized lesions only require the discharge of the lesioned offal.
The major losses in meat production are caused by the anticipated elimination of
infected cattle suffered by the breeder. However, the reduced income for the meat
industry is usually less important.

Second, the milk of infected animals has to be destroyed. However, milk com-
ing from negative heads of an infected herd cannot be destined directly to con-
sumers (it requires preliminary pasteurization), nor is it allowed in raw-milk pro-
ductions and high-quality products.

The residue rates of tubercular infection are still a major concern for the breed-
ing system. The risk of reinfections in officially free herds is, in theory, a result of
infected bovine herds and wildlife reservoirs. The main source of risk is actually
represented by the vicious circle set up in case of persistence of the disease even
in a small percentage of bovine herds. A few infected herds that are undetected
because of fraud or that are lacking or have low-frequency controls can cause more
damage than a higher number of promptly detected infected herds (1).

Infected herds are severely restricted, and selling bovines from these herds is not
allowed, except for slaughter. This restriction impedes or hampers the full devel-
opment of the breeding industry in still-infected areas, reducing the potentiality in
national and international trade of local breeds and of Italian cattle.

The evidence indicating the minor importance of the wild boar as reservoir, the
gradual elimination of TB from bovines, and cobred goats suggests that, at least for
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some years after eradication in domestic species, active surveillance plans on
wildlife should be maintained (11).
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Chapter 14

The Effect of Wildlife Reservoirs of
Mycobacterium bovis on Programs
for the Eradication of Tuberculosis
in Cattle in Ireland
P.J. Quinn, MVB, PhD, MRCVS, and J.D. Collins, MVB,
MVM, MS, Dipl. ECVPH, PhD, MRCVS

Diseases in domestic animals caused by mycobacteria include tuberculosis in avian
and mammalian species, paratuberculosis in ruminants, and feline leprosy. Bovine
tuberculosis, caused by Mycobacterium bovis, occurs worldwide. Despite the fact
that cattle are considered to be the natural hosts of M. bovis, this pathogen has an
exceptionally wide host range, with most warm-blooded animals and humans sus-
ceptible to infection.

Although there are a number of ways whereby M. bovis can spread in cattle pop-
ulations (Fig. 14.1), there is general acceptance that airborne transmission is the
most common method of pathogen transfer. In tuberculous cattle, lesions in the res-
piratory tract occur much more frequently than in the alimentary tract (1). Because
of the low occurrence of generalized tuberculosis in cattle in developed countries,
shedding of M. bovis in milk, urine, feces, and exudates is considered to be a rela-
tively infrequent mode of transmission of these pathogenic mycobacteria.

Because of the zoonotic implications of the disease and the production losses
caused by its chronic progressive nature, tuberculosis eradication programs have
been implemented in many countries. The incidence of human infection with M.
bovis has been reduced to low levels in countries in which tuberculosis eradication
programs for cattle have been implemented. In addition, pasteurization of milk has
eliminated the exposure of humans to infection from dairy products. Bovine tuber-
culosis eradication programs, however, have had limited success in countries in
which transmission of M. bovis from domestic to wild animals has led to the emer-
gence of wildlife reservoirs of this disease. As a consequence, in many countries,
persistence of tuberculosis in cattle populations has been attributed to reservoirs of
M. bovis in wildlife or feral animals. Only a small proportion of wildlife species
that become infected with M. bovis, however, can act as maintenance hosts for this
pathogen. Examples include brushtail possums, badgers, bison, deer, and African
buffalos. Once infection spills over into animal species that can become mainte-
nance hosts, conventional control and eradication measures for bovine tuberculo-
sis are no longer effective.
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Among wildlife species, brushtail possums, badgers, deer, and African buffalos
constitute important reservoirs of M. bovis in defined geographical regions through-
out the world. In Ireland and the United Kingdom, the European badger (Meles me-
les) is a species of particular importance, and in New Zealand, brushtail possums
(Trichosurus vulpecula) and feral deer are important reservoirs of M. bovis. African
buffalos (Syncerus caffer) act as maintenance hosts for M. bovis in South Africa and
transmit infection not only to predators and scavengers but also to other wildlife
species and livestock in the same environment (2). Wildlife reservoirs of M. bovis
in North America include deer and bison.

The socioeconomic importance of M. bovis infection in wild animals relates to
their ability to act as maintenance hosts and to transmit infection to cattle and other
wildlife species. Reinfection of herds in Ireland can be linked to the presence of
infected badger colonies in close proximity to grazing cattle, with evidence of
transfer from badgers to cattle. Restriction fragment length polymorphism analy-
sis and spoligotyping of 452 isolates of M. bovis in Ireland, most of which were
obtained from cattle, badgers, and deer, demonstrated the same range and geo-
graphical distribution of strains in all three species (3). These findings indicate that
transmission of infection occurred between these three species. Brushtail possums
are recognized as the most important wildlife reservoirs of M. bovis in New Zea-
land (4). In defined geographical regions of North America, tuberculosis is report-
ed to be endemic in wood bison (Bison bison athabascae) herds (5), and the dis-
ease is recognized as an increasing problem in white-tailed deer (Odocoileus vir-
ginianus) (6).

Herd Breakdowns with Tuberculosis

Factors that contribute to herd breakdowns with tuberculosis include lateral spread
from contiguous herds with established M. bovis infection and purchase of replace-
ment animals with undetected infection. It is recognized that recently infected cat-
tle fail to react to tuberculin, as reactivity is not usually apparent until at least 30
days following infection. False-negative reactions to the tuberculin test may relate
to reduced potency of tuberculin, injection of an insufficient quantity of tuberculin,
desensitization following recent intradermal testing, immunosuppression relating
to the physiological state of the animals under test, and errors in reading and re-
cording test results (7).

The intradermal test may fail to detect infection in old anergic cattle, and such
animals may shed M. bovis in their secretions or excretions for long periods of
time. In areas of Ireland in which tuberculosis affects multiple or contiguous herds,
involvement of M. bovis–infected badgers is often suspected as the source of infec-
tion. Contamination of farm buildings, pasture, and feed by badger excretions or
secretions containing large numbers of M. bovis is a possible source of infection
for cattle. The fact that M. bovis can survive for long intervals in cattle slurry sug-
gests the possibility of prolonged environmental contamination as a consequence
of shedding of M. bovis by wildlife reservoir hosts (8).
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Transmission of M. bovis

M. bovis shed in respiratory secretions, feces, urine, milk, or exudates by infected
domestic or wild animals may be transmitted directly to susceptible animals. Typ-
ically, infection is acquired by inhalation or ingestion (Fig. 14.1). Alternatively, in-
fection may be acquired indirectly from a contaminated environment. Because of
the modes of transmission of M. bovis and the ability of this pathogen to infect a
wide range of domestic animals including cattle, sheep, pigs, horses, dogs, and
cats, there are many opportunities for wild animals to become infected through
contact with domestic animals shedding M. bovis. Likewise, the opportunity for
domestic animals to acquire infection from wildlife species is enhanced through
the wildlife–livestock interface.

Farms bordering game reserves, national parks, or other lands designated for the
preservation of wildlife species provide an opportunity for common grazing by
domestic and wild ruminants. Badgers and possums, which live either on farms or in
close proximity to grazing land, may share the same general environment as grazing
cattle. Transfer of infection from terminally ill badgers or possums to cattle may
occur through licking, sniffing, or biting moribund animals on pasture. Cattle shed-
ding M. bovis into the environment can indirectly infect badgers and possums with
agent-related and dose-related factors that determine the severity of infection (Fig.
14.1). In possums, tuberculosis is usually progressive and fatal (9). More than 80%
of tuberculous possums have lung lesions, indicating that infection was acquired by
the respiratory route. The lungs and kidneys are two common sites of lesions in tu-
berculous badgers, with high concentrations of M. bovis recorded in the urine and
sputum of infected animals (10). The interactive behavior of cattle and infected bad-
gers at pasture indicates that direct transmission of M. bovis through inhalation by
cattle of expired aerosols from infected badgers is unlikely (11). Most cattle avoided
grass contaminated with badger feces and urine, but when grass was scarce, individ-
ual cattle inhaled and grazed close to badger excretions on pasture. In this study, it
was noted that badgers were attracted to and ate cattle food throughout the year.

Nocturnal observations, radio telemetry, and time-lapse camera surveillance of
an estimated 26 identifiable badgers from two social groups were used to investi-
gate visits by these nocturnal animals to two cattle farms (12). The badgers, which
included three individuals infected with M. bovis, frequented cowsheds, feed sheds,
barns, haystacks, slurry pits, and cattle troughs in their search for food. Among the
observations, it was noted that contamination of cattle feed with badger feces oc-
curred and that badgers also came into close contact with cattle. During the course
of the study, outbreaks of tuberculosis occurred on both farms on which the badger
surveillance took place.

In some animal species, a change in behavior may occur in the advanced stages
of tuberculosis. It has been noted that brushtail possums, which are normally noc-
turnal, may become active during daylight. Such behavioral changes may be im-
portant in the transmission of infection to other animals. It has been reported also
that cattle and farmed deer at pasture may become infected as a result of direct or
close contact with brushtail possums that are terminally ill with tuberculosis.
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Detection of Tuberculosis in Wildlife

Tuberculosis caused by M. bovis is a chronic, progressive disease, and the majori-
ty of infected animals show few characteristic clinical signs. The most common
clinical sign of tuberculosis in most wildlife species is weight loss, but this change
becomes evident only in the advanced stage of the disease. In common with many
other microbial infections, the specificity of immune-based tests for the diagnosis
of M. bovis infection depends on the antigens employed in such tests. Formerly,
only complex mixtures of antigens such as purified protein derivative were avail-
able for diagnostic procedures—usually the tuberculin skin test. The availability of
purified mycobacterial antigens has improved the number and specificity of tests
for the diagnosis of tuberculosis not only in cattle but also in wildlife species.

Diagnostic Tests Based on Cell-Mediated Responses

The intradermal tuberculin test, which has been a standard test for identifying
tuberculous cattle in many countries for decades, has serious limitations when
applied to wild animals. Practical difficulties include reexamination of sites inject-
ed with tuberculin between 48 and 96 hours and the necessity for standardization
of the tuberculin dose for each species. The potential immunosuppressive effect of
the stress arising from capture may adversely affect delayed-type hypersensitivity
responses in some wildlife species. Diagnostic tests yielding results in less than 24
hours would allow retention of animals until test results were known. Some in vitro
cell-mediated tests require restraint on only one occasion. Lymphocyte prolifera-
tion assays, which offer this advantage, have been employed in a number of wild-
life species including brushtail possums and badgers. The requirement for viable
white blood cells, collected within 24 hours, and technical difficulties relating to
standardization have restricted the application of this method to research trials. An
assay based on the detection of interferon � (IFN-�) in purified protein derivative-
stimulated white blood cells has been used for some time in cattle, with consider-
able success. Levels of IFN-� are measured using an ELISA capture assay employ-
ing monoclonal antibody. The success of this assay system has stimulated interest
in developing similar reagents for badgers, deer, and other wildlife species. The
requirement for species-specific monoclonal antibodies adds to the cost of such test
systems. A further refinement of the IFN-� test for cattle, which involves the use
of the purified antigens ESAT-6 and CFP10 derived from M. tuberculosis, is report-
ed to enhance the specificity of this convenient in vitro test. It is likely that addi-
tional purified antigens derived from M. bovis and M. tuberculosis will improve the
specificity of cell-mediated tests for use in wildlife, a group of animals in which
nonspecific infections sometimes limit the reliability of test procedures.

Serological Tests

Many serological tests have been employed for the detection of tuberculosis in dif-
ferent host species, with limited success. As high levels of antibody to mycobacte-
rial antigens are usually present in the advanced stages of tuberculosis when acid-
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fast bacteria are numerous, many of the serological tests developed for use in wild-
life species have a low level of sensitivity. Serological tests for identifying tuber-
culosis in badgers have been refined in recent years. A blocking ELISA test using
monoclonal antibody to an antigenic determinant on M. bovis that is immunodom-
inant in badgers had high specificity but low sensitivity (13). Similar low levels of
sensitivity have been obtained in brushtail possums. It is reported that few possums
with subclinical tuberculosis produce detectable antibodies, but animals with
advanced disease can be detected using serological tests.

Both domestic and wild ruminants with advanced tuberculosis sometimes ex-
hibit anergy, a state in which they are unresponsive to the intradermal tuberculin
test because of suppressed or weak cellular immune responses. Such animals, how-
ever, may have moderate or high levels of circulating antibody. A combination of
lymphocyte proliferation assay and ELISA has been used to detect tuberculosis in
deer (13). Prior intradermal skin testing of deer boosted the levels of specific anti-
body detected by ELISA in this species.

Postmortem Diagnosis

The distribution of lesions in an animal with tuberculosis depends on the route by
which infection was acquired and whether or not dissemination of M. bovis has
occurred. Animals with lesions in the thoracic cavity are presumed to have
acquired infection by inhalation of aerosols containing M. bovis. Lesions in the
mesenteric lymph nodes are consistent with infection acquired by the oral route.
The sites in which lesions occur may point to the likely route of transmission of
infection to in-contact animals. Kidney lesions occur in approximately 25% of tu-
berculous badgers with tuberculosis (10), and accordingly, contaminated urine has
been identified as a further means of spreading M. bovis in the environment.

A presumptive diagnosis of tuberculosis in cattle is often made on the basis of
characteristic macroscopic lesions, followed by histopathology. The appearance,
nature, and distribution of tuberculous lesions in wildlife species are sometimes
different from those observed in cattle. In brushtail possums and badgers, fibrosis
is not a feature of tuberculous lesions, and mineralization is uncommon. High
numbers of acid-fast bacilli are usually observed in tuberculous lesions in brush-
tail possums and badgers. In contrast, the number of acid-fast bacteria in bovine
lesions is usually low, and Ziehl-Neelsen-stained smears require careful examina-
tion to confirm the presence of these bacteria in smears from lesions.

Microbiology

Although a presumptive diagnosis of tuberculosis can be arrived at by the detection
of acid-fast bacilli in a smear from a suspect lesion, culture of M. bovis is required
for confirmation. Bacterial isolation, although a sensitive and specific method, re-
quires weeks to months for final identification of pathogenic mycobacteria. A num-
ber of DNA amplification methods for the detection of M. bovis, including the poly-
merase chain reaction, have been developed in recent years. These methods, which
are potentially specific, sensitive, and rapid, require rigorous procedures to minimize
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sample contamination. Typing systems, employing DNA fingerprinting, are widely
used for studying the epidemiology of tuberculosis in domestic animals and wildlife
species. Restriction endonuclease analysis has been used extensively as part of such
epidemiological investigations of tuberculosis in cattle. Other DNA typing methods
that have been used for comparing isolates of M. bovis from cattle and wildlife
include restriction fragment length polymorphism and spoligotyping (3).

Immunity to M. bovis

Much of our current understanding of immunity to M. bovis derives from studies
in experimental animals, and mostly laboratory animals. Although the information
derived from such studies may not be directly applicable to tuberculous cattle or
infected wildlife species, it is probable that many common mechanisms of immu-
nity to M. bovis apply in most mammalian species.

In common with many other intracellular pathogens, immunity to M. bovis in-
volves immune responses at two levels; namely, innate or nonspecific immune me-
chanisms—the first line of defense—and specific cell-mediated responses that
require the active participation of T lymphocytes and macrophages. Components
of the functional elements of the immune system that operate in a nonspecific man-
ner include anatomical structures such as skin and mucous membranes that hinder
the entry of microbial pathogens, inhibitory secretions such as gastric hydrochlo-
ric acid and bile, and antimicrobial factors present in blood and secretions, includ-
ing lysozyme, complement, and interferons. Phagocytic cells, particularly neu-
trophils and macrophages, contribute to the removal of microbial pathogens from
the tissues and their destruction within the phagolysosomes. A notable virulence
factor of M. bovis is its ability to survive within phagocytic cells and to later repli-
cate in these cells before specific immune responses develop. Before specific
immunity develops, natural killer cells contribute to body defenses by killing bacilli-
laden macrophages and producing IFN-�, which activates macrophages and stim-
ulates a TH1 cytokine immune response in preference to a TH2 response. Macro-
phages and dendritic cells, stimulated by microbial products, produce interleukin
(IL) 12. Both natural killer cells and TH1 lymphocytes are activated by IL-12 (14).
Subsequently, IL-12 induces IL-10 production in lymphocytes and macrophages.
Lymphocytes provide the immunological specificity for the host’s cell-mediated
response to tubercle bacilli. When exposed to specific antigens, T and B lympho-
cytes undergo clonal proliferation, with T cells responsible for cell-mediated re-
sponses and B cells for humoral immune responses.

In the early stages of tuberculosis, cell-mediated responses predominate, with
macrophage participation limiting the intracellular multiplication of these patho-
genic mycobacteria. In contrast, humoral immunity does not affect the survival of
these intracellular bacteria in infected animals, and high antibody levels occur only
in advanced stages of tuberculosis when large numbers of acid-fast bacteria are
present. T cells have two important functions in animals infected with M. bovis;
namely, producing cytokines that activate macrophages so that those phagocytic
cells can kill or inhibit the growth of tubercle bacilli, and killing weakly activated
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macrophages in which pathogenic mycobacteria are multiplying. On the basis of
the cytokines that they produce, CD4� T cells can be divided into two subsets, TH1
and TH2. The TH1 subset produces IL-2, which promotes T-cell proliferation, and
also IFN-� and tumor necrosis factor �, both of which activate macrophages. The
TH2 subset produces IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13, which promote anti-
body production. The cytokines IL-4, IL-10, and IL-13 down-regulate TH1 re-
sponses. Cytokines provide two-way communication between macrophages and T
cells. Macrophages and dendritic cells are the principal producers of IL-12, espe-
cially when macrophages have engulfed tubercle bacilli. IL-12 is one of the major
cytokines involved in the specific expansion of the TH1 population and in up-
regulating its diverse functions. Accordingly, IL-12 plays a central role in promot-
ing cell-mediated immune responses to M. bovis and in regulating delayed-type hy-
persensitivity responses that ultimately determine the pathogenesis of tuberculosis.

In tuberculous cattle, antigen-responsive T-cell clones of CD4�, CD8�, and
WC1� phenotypes have been isolated (15). In vitro studies of antigen-stimulated
bovine lymphocytes have shown that CD8� T cells are capable of releasing meta-
bolically active M. bovis from infected macrophages, indicating that cytolytic
activity is a feature of cell-mediated immunity in bovine tuberculosis.

The number of pathogenic mycobacteria in the infecting dose, the route of entry
into the host, and the ability of the infected animal to deal with the organisms at
the site of entry often determine the outcome of infection, and ultimately whether
or not shedding of M. bovis occurs (Fig. 14.1).

Vaccination against M. bovis

Protection of cattle against infection with M. bovis through vaccination is likely to
be considered an important control strategy in some countries in which persistence
of mycobacteria in wildlife results in reinfection of cattle. Vaccination of wildlife
reservoirs of M. bovis is ecologically and politically a more attractive option than
depopulation of such maintenance hosts in countries in which eradication of tuber-
culosis in cattle, using test and slaughter programs, has not succeeded.

Induction of protective immunity to pathogenic mycobacteria presents many
challenges. In the human population, the use of live attenuated M. bovis Bacille
Calmette-Güerin (BCG) for the prevention of infection with M. tuberculosis has
yielded inconsistent results. Vaccination studies in brushtail possums and badgers
using BCG vaccine have shown promising results when vaccinated animals were
challenged with virulent M. bovis. In possums, BCG delivered as an intranasal aer-
osol induced a protective immune response that persisted for 12 months after vac-
cination (9). Revaccination of opossums enhanced protection, and conjunctival
vaccination proved as effective as an intranasal aerosol. Oral baits are readily
accepted by brushtail possums and badgers, but delivery of live vaccines by the oral
route has serious limitations because of the adverse effects of gastric acidity on live
bacteria. Microencapsulation of the BCG vaccine may overcome this difficulty.
Despite the potential usefulness of the BCG vaccine for inducing immunity to M.
bovis, studies in mice have shown that animals exposed to certain environmental
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bacteria produce an immune response that controlled the replication of BCG,
thereby curtailing the vaccine-induced immune response before it developed. In
mice sensitized to live environmental mycobacteria before exposure to BCG, the
vaccine elicited only a transient immune response with a low frequency of myco-
bacterium-specific cells and no protective immunity against challenge with M.
tuberculosis (16).

Apart from the BCG vaccine, attempts are being made to develop new vaccines
through the deletion of virulence genes in M. bovis. The efficacy of a range of non-
living vaccines including inactivated mycobacteria, subunits of mycobacterial pro-
teins, and DNA vaccines for use in domestic and wild animals are being evaluated
at present. Live attenuated vaccines, however, offer several potential advantages
over inactivated or subunit vaccines for the induction of immunity to pathogenic
mycobacteria. Because these pathogens can replicate intracellularly, live vaccines,
which promote strong cell-mediated immune responses, are often preferred over
inactivated vaccines. Furthermore, in comparison with inactivated or subunit my-
cobacterial vaccines, live attenuated vaccines usually require only a single admin-
istration for the induction of long-lasting protective immunity, a point of particular
importance when dealing with wildlife species.

In small animal models, mycobacterial DNA vaccines have yielded encourag-
ing results (17). Studies in mice have shown that DNA vaccines encoding a single
protein or epitope can stimulate IFN-� and cytotoxic T-cell responses. Improved
protection was achieved with mycobacterial vaccines encoding several proteins or
epitopes and incorporating adjuvant. Using murine models, it has been demon-
strated that mycobacterial DNA vaccines can also contribute to the elimination of
existing infections. Diagnostic reagents capable of differentiating infected from vac-
cinated animals are necessary for the practical development and utilization of a
vaccine against tuberculosis in cattle and also in wildlife. Recent studies have de-
monstrated that diagnostic peptide cocktails, based either on recombinant proteins
or on peptides derived from antigens expressed in M. bovis but not in BCG, can
distinguish between vaccinated and infected cattle, using lymphocyte transforma-
tion and IFN-� assays (18).

Concluding Comments

Until more reliable methods for the diagnosis of M. bovis infection in wildlife
species are available, control of tuberculosis in free-ranging wildlife in a manner
similar to the test-and-slaughter policies used for eradication of tuberculosis in cat-
tle are unlikely to be successful. Even if reliable antemortem tests for wildlife
species were available, sampling sufficient numbers of animals to determine their
health status presents many logistical challenges. An additional complication is the
legal status of some wildlife species within a country. The control of badgers by
depopulation has resulted in much public debate, as this species is statutorily pro-
tected in a number of countries, including Ireland.

Control measures for tuberculosis in domestic animals must include considera-
tion of all sources of infection, including wildlife reservoirs (Fig. 14.2). Culling of
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selected wildlife species, principally brushtail possums in defined areas of New
Zealand, resulted in the eradication of M. bovis from both domestic animals and
wildlife. Depopulation studies of badgers in areas of the United Kingdom and
Ireland where the incidence of tuberculosis in cattle herds was high demonstrated
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Figure 14.2. Modes of transmission of Mycobacterium bovis from infected to sus-
ceptible animals and relevant control measures relating to animals and the environ-
ment.
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a substantial decline in the occurrence of confirmed cases of tuberculosis in such
herds. Despite the data obtained from these studies, it is uncertain whether public
opinion would support large-scale culling of badgers for the control and eradica-
tion of tuberculosis in cattle. However, different wildlife reservoirs of M. bovis are
present in many countries and, accordingly, the species of animals implicated often
require different control strategies.

Awareness of the importance of tuberculosis in wildlife, not only as a potential
reservoir of infection for domestic animals but also as a threat to the endangered
wildlife species involved, has increased in recent years. Surveillance of the health
status of wildlife species should form a central part of national programs for the
eradication of tuberculosis from the cattle population. Control programs should be
carefully balanced to reflect the ecological importance of many wildlife species.
Substantial research investment may be required to devise effective control meas-
ures such as vaccination, which can be applied to wildlife reservoirs of M. bovis,
but ultimately the benefits derived from such investment may assist in the elimina-
tion of tuberculosis from national herds in many countries.
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Chapter 15

Control and Eradication of Bovine
Tuberculosis in Central Europe
I. Pavlik, DVM, MVDr, CSc

Introduction

This chapter is devoted especially to bovine tuberculosis in animals and human
beings in seven Central European countries (Bosnia and Herzegovina, Croatia, the
Czech Republic, Hungary, Poland, Slovakia, and Slovenia). These countries, lying
between the Baltic and the Adriatic seas, cover an area of 661,635 km2, with
72.030 million inhabitants. Until 1995, a total of 13.040 million head of cattle were
kept in this area, of which 6.001 million were cows (Table 15.1).

Bovine Tuberculosis in Cattle

With the framework of the national bovine tuberculosis control programs of the
seven above-mentioned Central European countries, bovine tuberculosis was suc-
cessfully eliminated between the years 1953 and 1980 (Table 15.1). During the
postelimination period, the incidence of bovine tuberculosis decreased.

Bovine Tuberculosis in Cattle in the Czech Republic

In the Czech Republic (1), the incidence of bovine tuberculosis in cattle was
recorded following the postelimination period (1969–1996), when incidence
reached 12–16 outbreaks per year during the years 1969–1978. During the next
decade (1979–1988), however, this incidence decreased to from one to nine out-
breaks per year, with a consequent decline to zero outbreaks in the years 1981,
1987, and 1988. Nevertheless, bovine tuberculosis of cattle was observed sporadi-
cally (from one to two infected herds per year), and the last outbreak was reported
in 1995 (2). In the years 1989, 1990, 1993, and 1996–2003, however, no bovine
tuberculosis was reported in cattle at all (3,4; unpublished statistical data, State
VeterinaryAdministration, Prague, the Czech Republic). Subsequently, on 31 March
2004, the Czech Republic was declared a bovine tuberculosis–free country by the
European Union (Commission Decision 2004/320/EC, OJ NO. L102, 07.04.2004,
p. 75).
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Bovine Tuberculosis in Other Central European Countries

In the other Central European countries, the postelimination epizootiological situ-
ation of the disease in cattle was analogous to that in the Czech Republic (Table
15.1; 3). During the study period (1990–1999), bovine tuberculosis was diagnosed
in 1084 herds of cattle. In 975 (89.9%) small herds (�10 cows) outbreaks of infec-
tion were found, whereas in large herds (�10 cows), this number reached only 109
(10.1%). The incidence of bovine tuberculosis reached its maximum peak (16.3%)
in 1992; nevertheless, the incidence of infection decreased in the following years,
with the 1999 incidence rate (3.4%) attaining the minimum (Table 15.1).

During the last decade of the last century (1990–1999), the last outbreak of
bovine tuberculosis in cattle was diagnosed in Slovakia, Slovenia, the Czech Re-
public, Croatia, and Bosnia and Herzegovina in the years 1993, 1994, 1995, 1998,
and 1999, respectively (Table 15.2). Bovine tuberculosis was diagnosed as a result
of the proper quarantine in Slovenia of 37 fattening bulls imported from two for-
eign European countries before the animals were introduced to the targeting farms
(3).

As preventive measures, all animals up to the age of 2 years are subject to an
intravital skin test for bovine tuberculin at least once every 2 years in all study
countries except Bosnia and Herzegovina, where this test was performed, because
of the war, after 1996. Six to 8 weeks later, all reactor animals to the first single
intradermal skin test are further tested by a simultaneous intradermal inoculation
of bovine and avian tuberculin. As a consequence, animals with repeated positive
skin test results to bovine tuberculin are slaughtered, and direct microscopy, histo-
logical, and culture examinations are performed. The same diagnostic procedure is
applied to examine tuberculous lesions found during routine abattoir meat inspec-
tion (3,4).

Tuberculous Lesions in Cattle Caused By Other Causal
Agents than Mycobacterium bovis or Mycobacterium
caprae

Although in the Czech Republic bovine tuberculosis was controlled in domestic
animals including cattle and pigs in 1995 (2), tuberculous lesions were still being
found, above all, in the intestinal and lung lymph nodes of cattle. During the years
1990–1999, mycobacteria were isolated from the organs of cattle only in 561
(17.5%) of 3202 culturally examined animals. M. bovis only was isolated from 48
(8.6%) animals, originating from seven herds (two infected herds in each year in
1991, 1992, and 1994, and one infected herd in the year 1995): Four outbreaks
were detected by annual skin testing, one outbreak by movement tuberculin skin
testing, and two outbreaks by the detection of tuberculous lesions at slaughter (4).

During the years 1990–1999, in the Czech Republic M. avium complex isolates
of serotypes 1, 2, and 3 and of genotype IS901� and IS1245� (M. avium subsp.
avium according to the current taxonomy) were detected in 331 (59.0%) slaughter
cattle, and isolates of serotypes 4–6, 8–11, and 21, and of genotype IS901� and
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IS1245� (M. avium subsp. hominissuis according to the current taxonomy) were
detected in 132 (23.5%) slaughter cattle. Potentially pathogenic mycobacteria like
Mycobacterium terrae, Mycobacterium chelonae, Mycobacterium phlei, and My-
cobacterium triviale were isolated from 50 (8.9%) heads of cattle (4).

From the tuberculous lesions of cattle, except those of mycobacteria, Rho-
dococcus equi and other species of bacteria were commonly isolated (4,5). IS901
restriction fragment length polymorphism analysis of Ma avium isolates in the
Czech Republic showed high heterogeneity of sources of infection for cattle, which
develop tuberculous lesions in lymph nodes, leading to economic losses (6). Be-
cause of the risk of transmission of M. avium complex infections to the human pop-
ulation, in which avian mycobacterioses are considered as serious and difficult-to-
treat infections (7,8), attention should be paid to these infections.

Current Risk Factors for the Spread of Bovine
Tuberculosis

The possible risk factors for new infection of cattle in the Central European coun-
tries with causal agents of bovine tuberculosis can be as follows (1,3): cattle kept
on pasture in an extensive farming condition may acquire infection from natural
reservoirs by direct or indirect contact with infected wild animals; import of ani-
mals from countries with prevalence of bovine tuberculosis and uncontrollable shift
of infected animals from farm to farm without the knowledge of veterinary servic-
es personnel and failure to perform required bovine tuberculin tests may account
for the hazardous source of new infections—animal auction centers and artificial
insemination sites, where animals from different herds interact, are places where
animals may contract infection; attendants who are involved in the management
practice of caring for animals should be tuberculin test negative; and the impair-
ment of the immune system of animal caretakers, at advanced age, with chronic
lesions of bovine tuberculosis may lead to overt tuberculosis. These individuals are
the potential source of infection for food-producing animals via sputum, urine, and
direct exhalation.

Bovine Tuberculosis and Tuberculous Lesions Caused By
Other Causal Agents in Domestic Pigs

The elimination of the major source of causal agents of bovine tuberculosis repre-
sented by infected cattle was accompanied by decreasing incidence of this infec-
tion in other domestic animal species in all Central European countries (Table 15.1;
1,9,10).

During the veterinary meat-inspection of pigs slaughtered, however, tuberculous
lesions were still being found in the head and intestinal lymph nodes. Parts of the
adjacent organs (or on occasion the whole body of the pig) were then assessed
according to valid veterinary regulations to ensure that the consumer was protected
against mycobacterial infection. For this reason, some organs were condemned,
and the whole bodies of animals were adjudged to be conditionally edible after pro-
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cessing (i.e., only for heat-treated products). Pig breeders of animals affected in this
way suffered major economic losses. In the Czech Republic, the resulting financial
losses were 6% from confiscating the head, intestines, and stomach, and 22%–24%
for assessing meat as conditionally edible after processing (i.e., intended only for
heat-processed products, 11).

The most common isolates obtained from pig lymph nodes with tuberculous
lesions were of the M. avium complex and, less commonly, atypical mycobacte-
ria—and also Rhodococcus equi (5,11). In the monitored period (1990–1999) in
the Czech Republic, higher incidence of tuberculous lesions in pigs was recorded
in two peaks: the first increase occurred in the mid-1990s, when enzymatically
(e.g., using Envistim) split sawdust began to be more commonly used in pig rear-
ing as deep bedding; this sawdust was often contaminated with Ma hominissuis
(12). The second peak occurred at the end of the 1990s, when peat and kaolin often
contaminated with Ma hominissuis began to be used as an addition to feed for
piglets for 2 and up to 4 weeks after birth (12,13).

The infection of pig herds by M. avium complex members is represented by the
transmission of Ma avium, the causal agent of avian tuberculosis, by free-living
wild birds, especially in smaller herds, using traditional feed technology (13). In
the autumn, at the time when these small terrestrial mammals migrate into the
barns of pigs, they evidently may become vectors for the transmission of patho-
genic mycobacterial species for pigs (14). In large herds of pigs, contact between
pigs and wild or domestic birds is made impossible. However, contact between
pigs and nonvertebrates, which may also be infected with M. avium complex mem-
bers or atypical mycobacteria cannot always be ruled out (13,15).

Bovine Tuberculosis in Animal Species Other than Cattle
and Domestic Pig

With regard to the distribution of the disease in other species of animals than cat-
tle, higher incidence was observed especially in zoological gardens (Table 15.2;
1,9). Diagnosed bovine tuberculosis in free-living European bison, red deer, and
wild boar (1,9,10) can represent risk factors that can dramatically change the cur-
rent extremely low incidence of bovine tuberculosis in domestic ruminants in the
above mentioned Central European countries.

Molecular Epidemiology of Bovine Tuberculosis

Spoligotyping and/or IS6110 RFLP analysis were used to examine randomly
selected M. bovis and M. caprae isolates from Croatia, the Czech Republic,
Hungary, Poland, Slovakia, and Slovenia (2,16,17). The results confirm an effective
control of bovine tuberculosis in cattle in this area, because previously circulating
spoligotypes were successfully eradicated. The data also indicated that M. caprae
belongs to an often-isolated causal agent of bovine tuberculosis in Central
European countries in animal and human populations and that other reservoirs of
bovine tuberculosis may exist among free-living wild animals.
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Bovine Tuberculosis in the Human Population

A reduction in the incidence of bovine tuberculosis in the human population was
enhanced by an improved understanding of the pathogenesis of the disease, intro-
duction of milk pasteurization, and meat inspection at abattoirs. Other preventive
veterinary hygiene measures in agriculture were also introduced to reduce the risk
of infection to humans working with infected animals. As a result, tuberculosis in
human population caused by the causal agent of bovine tuberculosis gradually de-
creased in Central Europe to the current low level, compared to the relatively high
occurrence of M. tuberculosis cases (18).

A survey on bovine and human tuberculosis in human populations has been per-
formed in four Central European countries (Croatia, the Czech Republic, Slovakia,
and Slovenia), with 22.135 million inhabitants during the years 1990–1999 (18).
During the studied period, new cases of tuberculosis were bacteriologically diag-
nosed in 47,516 patients. M. tuberculosis infection was detected in 47,461 (99.88%)
cases, and bovine tuberculosis was found only in 55 (0.12%) patients. The rate of
infection with bovine tuberculosis in humans did not exceed 0.29% in the study
countries. The annual incidence of bacteriologically confirmed bovine tuberculosis
did not exceed 0.1 per 100,000 inhabitants (Table 15.3).

The data obtained for 44 patients infected with M. bovis in the Czech Republic,
Slovakia, and Slovenia indicate that the ratio of infection in men and women was
1:4. The number of infected individuals varied among age categories, with none of
the patients being under 30 years of age. Twelve (27%) patients were in the age
group of 31–60 years, and the remaining 32 (73%) were between the ages of 61 and
90 years. Thirty (83%) of the 36 patients in the Czech Republic were either inhab-
itants of the rural area or had at least lived in the countryside and worked in farms
in their youth (18).

Although bovine tuberculosis is eradicated from the cattle population of the
Central European countries, considerable attention should also be given to the fol-
lowing risk factors: infected wild animals manifesting clinical signs of weakness
and a loss of timidity may become a source of causal agent of bovine tuberculosis
for their self-sacrificing rescuers; wild animals kept in captivity at zoological gar-
dens, and domestic animals like cats, horses, dogs, and others, may pose the risk of
infection for humans; refugees from Third World countries infected with a causal
agent of bovine tuberculosis and working on farms may also represent a risk in
spreading the infection; and products from infected animals, such as milk and milk
products processed from unpasteurized milk, and the total absence of or inconsis-
tent meat inspections in slaughterhouses, as well as inadequate laboratory exami-
nation of organs with tuberculous alterations, may leave a dangerous window of
infection for humans.

Infection Caused By M. tuberculosis in Domestic and
Wild Animals

Another risk could be presented by the animals that have tuberculous lesions—
found at the veterinary meat inspections—that are caused by M. tuberculosis. The
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detection of causal agent of human tuberculosis in animals was analyzed in six
Central European countries (Croatia, the Czech Republic, Hungary, Poland, Slo-
vakia, and Slovenia). In the monitoring period, 1990–1999, M. tuberculosis from
animals was isolated only in two countries (Poland and Slovakia), from 16 animals
with tuberculous lesions (11). These 16 animals comprise nine head of cattle (Bos
taurus), four domestic pigs (Sus scrofa f. domestica), and three wild animals: an
African elephant (Loxodonta africana), an agouti (Dasyprocta aguti), and a terres-
trial tapir (Tapirus terrestris), originating from a zoological garden in Gdansk in
Poland. In January 2004, one 5.5-year-old dog, after 4 months of contact with its
owner, who was suffering open tuberculosis, was found to be infected with M. tu-
berculosis in the lung and mesenteric lymph nodes in the Czech Republic (unpub-
lished data).

The steady decrease in the incidence of tuberculosis in humans was recorded
during the monitoring period in all countries. The human population of the study
countries was 68.03 million. In the period monitored, infection caused by M. tuber-
culosis was identified in a total of 241,079 patients, with a decreasing incidence of
tuberculosis found in all countries. The lowest relative bacteriologically confirmed
disease was found in the Czech Republic, Slovakia, and Slovenia. Given the low
number of infected domestic and wild animals, the epidemiological and epizooti-
ological situation may be considered auspicious (19).

However, domestic and wild animals kept in captivity are most frequently put at
risk of infection from infected attendants or from visitors who feed animals with
food often contaminated with their secretions, saliva, and nasal discharges. As peo-
ple are most frequently infected with M. tuberculosis, they may act as the primary
source of infection for animals in zoological gardens. In this way, animals kept, for
example, in zoological gardens, national parks, and other establishments are put at
risk of M. tuberculosis infection not only from attendants but also from visitors (18).

Conclusions

The epidemiological situation of bovine tuberculosis in animal and human popula-
tions could be considered as stable and promising. From tuberculous lesions from
cattle, pigs, and other domestic and wild animals, other mycobacterial isolates (esp.
M. avium species) than members of M. tuberculosis complex were received. Rarely,
Ma paratuberculosis (a causal agent from paratuberculosis or Johne’s disease) was
isolated from tuberculoid lesions in mesenteric lymph nodes in the Czech Republic
(6).

Paratuberculosis has become the most serious chronically bacterial infection for
which prevalence is increasing following the socioeconomic and agricultural
reforms that took place in the end of the 1980s in all Central European countries.
Agricultural transformation brought about the disintegration of large-scale state
and collectively owned farms into small holdings as a result of restitution of state-
seized properties, especially in the Czech Republic, Hungary, Slovakia, and Slo-
venia. Previously, the countries restricted animal importation, but in the 1980s, the
low paratuberculosis prevalence restrictions were lifted, giving way to the intro-
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duction of various purebred dairy and beef cattle from Western European countries
with a relatively high prevalence of paratuberculosis (20).
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By 1992–1994, control measures for bovine tuberculosis (TB) based on a test-and-
slaughter policy and disease notification were applied in 11 countries: Argentina,
Uruguay, Paraguay, Peru, Venezuela, Cuba, Guatemala, El Salvador, Dominican
Republic, and two Caribbean isles. The regional prevalence of bovine TB was at
that time estimated to be 1% and higher in 67% of the total cattle population, and
0.1%–0.9% in a further 7% of the population; the remaining 26% were free of the
disease or approaching the point of elimination.(1)

In 1998, of 34 Latin American and Caribbean countries, 12 had reported bovine
TB as having sporadic/low occurrence (Brazil, Ecuador, Paraguay, Uruguay, Cu-
ba, Mexico, Belize, Honduras, Nicaragua, Costa Rica, Montserrat, and Trinidad-
Tobago), eight reported it as enzootic (Argentina, Chile, Bolivia, Peru, Venezuela,
Guatemala, El Salvador, and Dominican Republic), and another 12 countries had
not reported any bovine TB, among them Colombia, Panama, and several Carib-
bean isles. No data were available from Guyana and Surinam. Almost 76% of the
cattle population was at that time—and continues to be—in countries where bovine
TB is notifiable and a test-and-slaughter policy is used. Thus, approximately 24%
of the cattle population in this region is either only partly controlled for bovine TB
or not controlled at all (2). Cosivi et al. estimated that 60% of the human popula-
tion lives in countries where cattle undergo no control or only limited control for
bovine TB (2).

In 1999–2000, the Pan American Health Organization/World Health Organi-
zation (PAHO/WHO) conducted a survey on brucellosis and TB in domestic mam-
malian species including bovines, swine, and goats, recording information from 23
Latin American and Caribbean countries (3,4).

Table 16.1 presents information concerning the compulsory notification of TB
in these species; this requirement has been established in most of these countries.

Control activities are based on tuberculin testing and veterinary inspection in
official abattoirs, followed in certain cases by microbiological and histopathologi-
cal confirmation of macroscopic lesions of suspected TB (5–9).

In 21 of the 23 countries included in the PAHO/WHO survey, tuberculin testing
must be performed on cattle from herds either suspected or confirmed to be TB

Chapter 16
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infected, and 16 of these countries reportedly follow a test-and-slaughter policy on
bovine positive reactors to the tuberculin test. Nevertheless, this policy may not be
applied in all cases. At present, there are constrictions in the availability of purified
protein derivatives (PPD). Several countries import the product from Europe (Neth-
erlands). Other countries (Dominican Republic, Honduras, Mexico, Brazil, Uru-
guay, Paraguay, Colombia, Cuba, Argentina, and Venezuela) are producing this
biological in official or private laboratories, in different amounts (7,8).

A national quality-control system is available at least in Brazil, Mexico, and
Argentina. The Regional Reference Laboratory Control Service (Instituto Pan-
americano de Protección de Alimentos y Zoonosis, PAHO/WHO), as well as the
production of reference bovine and avian PPD for the region, were discontinued in
1999. The Brazilian Reference Laboratory (Laboratorio Regional de Apoio Ani-
mal, Minas Gerais), produces the PPD batch used as the PAHO/WHO reference.
The lab also performs external quality control of PPD batches produced by nation-
al laboratories in other countries of the region.

Significant differences in the units per dose, as required by the countries’ nation-
al standards for the caudal bovine PPD test in cattle, were observed (Table 16.2),
as well as diversity in the positivity criteria: in some countries, any reaction to the
intradermal PPD is considered positive, whereas in others, a diameter of 2 mm or
more—3, 4, or even 5 mm—are required for defining a positive reactor. Regional
standardization is still lacking, and so is the comparability of results for different
countries in the region (3,4).

Surveillance in Abattoirs

An adequate system of epidemiological surveillance and control starts with surveil-
lance in abattoirs, with an infrastructure of services and sufficient personnel trained
for detecting macroscopic lesions compatible with TB in the sacrificed livestock,
and with a mechanism to correlate each lesion with the animal and herd of origin (6).

Official inspection exists and is currently working in at least 22 countries. In 16
countries, the process depends on the Ministry of Agriculture, and in the rest it
depends on the Ministry of Health or on the provincial or other local authority. In
most of the countries, there is only one veterinary inspector per establishment,
except in abattoirs and meat processing plants for export, where the conditions are
better. This situation limits the sensitivity of postmortem examination. Taking this
into account, the estimated rates of TB lesions per 10,000 bovines killed could be
higher than those presented in Table 16.3.
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Table 16.1. Compulsory notification of TB in bovines, swine, and goats (Source:
PAHO/WHO survey, 2000) (3,4)

Subregion Countries (No.) Bovines Swine Goats

North America 1 (Mexico) 1 1 1
Central America 5 5 4 4
South America 12 10 6 3
The Caribbean 5 5 3 3
Total 23 21 14 11
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In Guyana, El Salvador, Brazil and Dominican Republic, lesions apparently
caused by TB were only sporadically observed. Rates there reported were, respec-
tively, 99, 57, 9, and 3 per 10,000.

Laboratory Confirmation of Macroscopic Diagnosis

The laboratory confirmation by culture, followed by the identification of
Mycobacterium bovis, is a basic component in the surveillance of TB infection in
bovines.

Samples of tissues collected from animals inspected or submitted to necropsy
are sent to the laboratory for histopathological and bacteriological examination. In
areas free of bovine TB, a number of samples suspicious for TB or selected at ran-
dom are sent to the laboratory. When M. bovis is detected in a sample, a trace-back
to the origin should be made, followed by tuberculin testing of all the animals and
herds considered to be contacts. In Table 16.4, the number and results obtained in
samples submitted from the slaughterhouse are presented. Differences in positivi-
ty rates can be appreciated. For Cuba, a country that is nearing the eradication of
TB, the rate of M. bovis isolations from samples submitted was approximately
1.5/100,000, whereas in other countries, like Paraguay, the only sample examined
in the laboratory resulted positive for M. bovis.
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Table 16.2. International Units in 0.1 mL of bovine PPD,
as required in 23 different Latin American and Caribbean
Countries (PAHO/WHO survey, 2000)(3,4)

Countries (No.) I.U. per Doses, in 0.1 mL

1 500
2 2500
7 3250
3 5000
1 10000
9 Not reported

Table 16.3. TB lesions in bovines sacrificed under official
inspection: annual rates/10,000 animals, 1994–1998
(PAHO/WHO survey, 2000)(3,4)

Country Rate/10,000

Argentina 220
Paraguay 32
Chile 31
Mexico 10
Nicaragua 0.4
Jamaica 0.3
Panama 0.25
Cuba 0.04
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Coverage of Surveillance

In eight of 23 countries (3,4), surveillance for bovine TB has a national coverage,
and in another six countries it is limited to regions administered by official servic-
es. Finally, another eight countries were not reported to have any surveillance sys-
tem implemented.

Projects for Certified Free Herds

In Table 16.5 information is presented on the projects for herds certified to be free
from bovine TB in the region.

TB-Free Herds, Regions and Countries

Cuba (nearly 4 million head of cattle) and Jamaica (nearly 300,000 head) are con-
sidered to be free of bovine TB. Panama (1.5 million head), which had achieved
this category in 1994, suffered a reinfection (Province Boca del Toro, 1997), and
new cases were still being detected in 2001. In South America, even though there
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Table 16.4. Bacteriological confirmation of Mycobacterium bovis in samples collect-
ed at the veterinary inspection in abattoirs, 1994-98. (PAHO/WHO survey, 2000)(3,4)

Cases of Samples with M. bovis
Country Samples (No.) Isolated by Culture

Chile 579 161
Mexico — 174
Uruguay 8 3
Cuba 196 943 3
Colombia — 338
Paraguay 1 1
Panama 94 7
Nicaragua 18 2
Dominican R. — 33
Bolivia 16 —
Jamaica 3 0
Trinidad-Tobago 6 0

Table 16.5. Bovine tuberculosis in cattle. Projects for certification of free herds: Latin
American and Caribbean Region (PAHO/WHO Survey, 2000) (3,4)

No. of Countries No. of
Subregion Included in the Survey Countries with Projects

North America 1* 1
Central America 5 5
South America 12 8
The Caribbean 5 2
Total 23 16

* Mexico.
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are not TB-free countries registered, there are TB-free zones: J.E. Estigarribia, in
Paraguay, and Cañada de Urdaneta, Zulia State, in Venezuela (Table 16.6).
Uruguay (11 million head), where control activities in dairy herds started at the
beginning of the 1960s and a national campaign was launched in July 1996, is near
achieving eradication.

Three groups of countries can be considered according to the information cur-
rently available (10): first, countries with prevalence less than 0.1% or null (Carib-
bean: Anguilla, Antigua, Bahamas, Barbados, Bermuda, Virgin Islands, Dominican
Republic, Grenada, Guadeloupe, St. Kitts-Nevis, St. Lucia, St. Vincent-Grenadines,
Trinidad-Tobago, Jamaica, and Cuba; Central America: Panama, Costa Rica,
Honduras, and Belize; South America: Colombia, Surinam, Paraguay, Uruguay,
and Venezuela); second, countries with a prevalence between 0.1 and 1.0% (only
Dominican Republic in the Caribbean); and third, countries with prevalence
greater than 1%, or with no information available (North America: Mexico;
Caribbean: Haiti; Central America: El Salvador, Guatemala, and Nicaragua; South
America: Argentina, Bolivia, Brazil, Chile, Ecuador, Peru, and Guyana).

Current Status of Infection and Programs

Central America

In the Central American countries (8), there is an increasing cooperation between
PAHO/WHO, OIRSA (Regional Cooperation Agency), Universities and Ministries
of Agriculture, specially in training activities, addressed to veterinary and labora-
tory professionals to improve diagnosis of animal brucellosis and TB.(10)

Dominican Republic (2.4 million cattle) started a national program for brucel-
losis and TB eradication in 1973. By 2001 the prevalence of tuberculin reactors
was 0.36%, scattered around the country, which makes eradication quite difficult.

Costa Rica (1.4 million cattle) restarted the national program for brucellosis and
TB eradication in 1999, in coordination with official authorities and cattle breed-
ers associations, with the aim of achieving a brucellosis- and TB-free status. In
2001, 1.5% of 6969 animals that were tuberculin tested resulted in positive reac-
tors.

Guatemala (2.1 million cattle) has suffered a weakening in the official veteri-
nary services structure in the last decade. No recent information on TB infection
status is available, mainly because of a shortfall in PPD supplied for tuberculin
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Table 16.6. Bovine tuberculosis—free populations by regions or countries: Latin
America and The Caribbean, 2000 (PAHO/WHO,3,4)

Free Population
Subregion Country/Zone (Cattle)

The Caribbean Jamaica 370,000
Cuba 4,643,656

South America Paraguay (J. E. Estigarribia) 49,295
Venezuela (Cañada de Urdaneta, Zulia) 127,272
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testing. PPD was previously imported from the United Kingdom, but this importa-
tion was discontinued for sanitary reasons.

Nicaragua (1.8 million cattle) also suffered a weakening in the official veteri-
nary services similar to that of Guatemala. The Brucellosis and TB National
Program started in 1998. In the first tuberculin survey, 0.45% of cattle tested result-
ed positive. It is now projected that Ometepe Island, in the Nicaragua Lake, with
some 3000 cattle, will be declared free of brucellosis and TB.

Panama (1.5 million cattle) is the first country in Central America close to
attaining a TB- and brucellosis-free status. Active epidemiological surveillance is
based mainly on the control of cattle movement and disinfections. The polymerase
chain reaction technique is being evaluated alongside conventional diagnostic meth-
ods for its potential use in the last stages of eradication. The National Direction of
Animal Health, created in 1997, is in charge of sanitary campaigns for brucellosis,
TB, and rabies eradication. TB infection was detected in 19.3% of cattle herds and
in 0.61% of individual animals tested in 2001, restricted to Boca del Toro province
on the Costa Rican border.

El Salvador (1.2 million cattle) started a national program for brucellosis and
TB control in 1994, in coordination with cattle producers’ associations. Even
though 19% of herds were reported as being TB infected in the last decade, the rate
of infected animals was low (0.7%). This situation of dispersion of the infection
without achieving high rates of incidence has also been observed in Guatemala and
Nicaragua (6).

North America

Mexico

In Mexico, with a cattle population composed of 29.5 million beef cattle and 1.2
million dairy cattle, eight states are in phase II (eradication)—North Baja California,
Chihuahua, Coahuila, Durango, Nuevo Leon, Sonora, Tamaulipas, and Yucatan—
and another nine states are in phase I—South Baja California, Colima, Jalisco,
Nayarit, Quinatana Roo, San Luis de Potosí, Sinaloa, Tabasco, and Zacatecas (8,11).

TB infection seems to be confined to certain areas of the country, and particu-
larly to dairy cattle. Several recent publications confirmed M. bovis in dairy cattle
and also showed a very low prevalence in beef cattle from the northern states.

In Queretaro, from 1201 carcasses reviewed at slaughter, 17% presented gross
TB lesions, of which 79% were positive for isolation of M. bovis. Most affected
animals were females more than 2 years old. (12)

In samples received from Mexico and processed in the United States, M. bovis
was identified by polymerase chain reaction in 32.6% of the samples of milk from
460 animals and in 56.2% of the nasal swabs (n � 121) from tuberculin-positive
cattle (13).

In other investigations, tissue specimens with apparent TB lesions were collected
during routine inspection at slaughterhouses. M. bovis was confirmed in 16% of
2500 cattle carcasses. Most cattle were adult females from large dairy herds and
were not included in the Mexican TB control program (14).
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In the situation in beef cattle, the TB control program has obtained important
achievements in the northern states of Mexico. In an evaluation of TB prevalence,
performed in Texas, on a sample of 65,000 adult beef cattle originating from dif-
ferent states in Mexico, it was concluded that overall prevalence of TB in adult beef
cattle was approximately 0.5/1000, ranging from 0.07/1000 in cattle from Chi-
huahua to 1.81/1000 in cattle from Tamaulipas (15).

In a previous study conducted in Baja California to estimate the annual preva-
lence of TB in beef and dairy cattle, about 200,000 (95% beef, 5% dairy) cattle
were examined postmortem, and apparent TB lesions were submitted to laboratory
confirmation. Prevalence of TB in all slaughtered cattle was 0.12% and 0.46% in
1995 and 1996, respectively (beef cattle, 0.02% and 0.05%, respectively; dairy cat-
tle, 2.0% and 8.3%, respectively) (16).

South America

In South America, Argentina, after some achievements in the control of Foot and
Mouth Disease (1999–2000) has reformulated official rules and requirements to
strengthen the campaign to control bovine TB (17,18). In Brazil, a second Reg-
ulations Manual for the National Program, Control, and Eradication of Animal
Brucellosis and Tuberculosis was published in January 2001 (19).

Argentina

Out of the 53.5 million head of cattle that constitute the bovine population in
Argentina, approximately 3 million are dairy cattle (20,21). The major milk-
production areas of the country are located in the so-called “wet pampas,” which
include the Santa Fe and Buenos Aires provinces, where spatial clusters of bovine
TB are found.(22)

Even before the launching of specific control policies, a decline was observed
in the prevalence of bovine TB, probably resulting from modernization in farming
management. In the period from 1969 to 2002, for an average of 10 million bovines
annually killed in slaughterhouses and submitted to veterinary inspection, the per-
centage of animals suffering condemnation because of apparent TB lesions de-
creased from 6.7% to 1.3% (Fig. 16.1). Between March 1995 and February 1997,
a survey was conducted among the 160 slaughterhouses with Federal Inspection,
all over the country. Data collected from the 126 establishments that answered 
the questionnaire showed that 1.35% of 9.5 million cattle suffered condemnation
caused by apparent TB lesions. TB condemnations were found in all regions, con-
firming that TB is widely distributed.

Only since 1999 has a compulsory program been implemented aimed to elimi-
nate TB, based on test-and-cull strategies with no official compensation for culled
animals. Since then, 3455 farms holding 1.2 million head have been officially
declared free of the disease. Ninety percent of these TB-free animals belong to
dairy herds (18), and the number of TB-free herds increased from 44 in 1995 to
3455 in 2003 (Fig. 16.2).
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According to slaughterhouse condemnation, a parallel decline was observed in
the prevalence of swine TB (Table 16.7). For an annual number ranging between
1.5 and 1.7 million carcasses inspected at slaughterhouses, the percentage of ani-
mals with condemnations varied between 8.4% in 1969 and 0.7% in 2002. The
bovine bacilli are the mycobacteria most frequently isolated, and swine lesions are
mainly found in the lymph nodes of the digestive tract, indicating that infection is ac-
quired by the oral route (23). Hence, it can be inferred that in Argentina—in contrast
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Figure 16.1. Argentina: trends of slaughterhouse condemnations, in percentage of
cattle seizures for tuberculosis. Official veterinary inspection in abattoirs, SENASA,
1969–2002. Bars: cattle carcasses, submitted to official inspection, in millions. Values
ranged between 6 and 12 million animals, indicated in the right scale. Points and
black line indicate prevalence of animals with condemnations because of tuberculosis,
in percentages of the total number submitted to the inspection, and its trend.
Percentages decreased from near 7% in 1969 to 1.4% in 2002.
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Figure 16.2. Number of herds free from bovine tuberculosis, Argentina, 1995–2003.
(Source: SENASA, January 2004).
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with what is observed in many developed countries—bovine cattle are still the
most probable source of mycobacterial infection for swine as a result of the prac-
tice of feeding hogs nonpasteurized dairy products (1).

Brazil

Harboring 182 million head of cattle, Brazil launched a nationwide program of
control of TB in 2001 (Tables 16.8 and 16.9; 19,24). Compensation for culled cat-
tle has been officially granted, and training courses for accredited veterinary doc-
tors are being organized. Remarkably heterogeneous farming conditions challenge
the endeavor throughout the country. In addition, the epidemiological situation
regarding TB is uncertain in a vast part of the territory. The program proposes a
stratification of areas and the design of different strategies according to the level of
TB infection.
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Table 16.7. Condemnations resulting from tuberculosis at slaughterhouses with fed-
eral inspection: Argentina 1990–1995–2000 (18)

Cattle Swine

Carcasses With Tuberculous Carcasses With Tuberculous
Year Examined (n) Lesions (%) examined (n) Lesions (%)

1990 10,280,981 3.44 1,327,274 4.40
1995 10,100,398 2.22 1,916,247 2.93
2000 9,480,492 1.79 1,783,349 0.78

Table 16.8. Tuberculin skin testing of cattle: Brazil 1994–1998

Herds Animals

Year n % positive n % positive

1994 16,974 4.0 411,904 0.9
1995 15,242 3.3 372,600 0.7
1996 19,061 4.3 454,108 0.8
1997 14,162 5.7 356,698 1.0
1998 14,464 7.1 343,441 1.3

Table 16.9. Tuberculin skin testing of cattle by region: Brazil 1998

Herds Animals

Region n % Positive n % Positive

Northern 24 58.3 8,531 2.3
Northeastern 395 17.0 13,288 3.6
Southeastern 4,496 6.8 193,931 0.8
South 9,195 6.8 119,004 1.9
Central-Western 354 2.8 8,687 0.5
TOTAL 14,464 7.1 343,441 1.3
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In 1999, in Minas Gerais state, 63,000 bovines from 1600 herds were tuberculin
tested, recording an apparent prevalence of 0.8% (4). To assess the situation in this
state, a statistically significant sample was designed in 2000 involving 1586 herds
and 22,990 animals throughout the state. In such a study, 5% of the herds and 0.8%
of the animals were infected according to tuberculin skin testing results (25). In
another study, a total of 1632 animals from 13 dairy farms were tested, using the
single cervical tuberculin test. Among those animals, about 15% of each herd, or
220 cattle in total, were positive. (26)

Chile

The total cattle population in Chile is 4.1 million head. During the 1990s, the
Agricultural and Livestock Service developed a program of “certified free herds,”
particularly focused on dairy cattle, in the south. In 2000, with a new approach to
the problem, a panel on which both the official and the private sectors were repre-
sented decided to implement a national program for bovine brucellosis and TB
control on the basis of a feasibility analysis prepared by the Agricultural and
Livestock Service. In 2001, out of 133 slaughterhouses existent in the country with
official veterinary inspection, only 78 have a full-time inspection service. Mainly,
efforts are being addressed to guarantee food hygiene in meatpacking plants (7,8).

Paraguay

Paraguay holds around 10 million head of cattle, 9% of which are dairy cattle. In
2000, 70,000 tuberculin tests were performed in cattle, detecting 650 positive ani-
mals (0.9%). In 2001 and 2002, the results of tuberculin skin testing were official-
ly recorded in 16 out of the 18 districts of the country. Of nearly 11,000 animals
investigated, positive tuberculin tests were detected in only 76 animals from 10 dis-
tricts. In both consecutive years, the mean infection rate was 0.7%, ranging from
0% to 2.8%. No recent information is available on condemnation at slaughter (7,8).

Venezuela

Harboring nearly 4 million head of cattle, Venezuela is one of the South American
countries with very low prevalence of TB infection in cattle (�0.1%). There is
good continuity in the surveillance activities, based on meat inspection and tuber-
culin surveys performed by the caudal fold test. These surveys covered nearly
1,000,000 cattle annually, from 1989 to 1999 (7,8).
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The Indian Veterinary Research Institute (IVRI) has played a major role in bovine
tuberculosis research. Bovine tuberculosis (TB) in cattle was considered a rare dis-
ease in India until 1916. The increase in the incidence of bovine TB in India since
that time raises some important questions as to whether this low incidence of tuber-
culosis was the result of the relatively high resistance of the indigenous breed of
cattle, a low virulence of infective organisms, or merely the natural limitations on
the spread of the disease resulting from the husbandry practices of cattle in India.

Dr. M. B. Soparkar arrived at IVRI in 1923, and facilities were placed at his dis-
posal to work on TB. In 1925, the Board of Agriculture in Pusa, India, passed a res-
olution providing authority to conduct research on bovine TB. The Indian Research
Fund Association provided funds to institute a Bovine Tuberculosis Enquiry to be
undertaken by Dr. Soparkar. The enquiry identified the following objectives to de-
termine the susceptibility of bovines to TB in India: the virulence of strains of
tubercle bacilli isolated from natural bovine lesions in India, the diagnostic relia-
bility of TB by tuberculin testing, and the types of tubercle bacilli responsible for
the disease in man and in animals in India.

A preliminary experiment was conducted between 1923 and 1924 on the rela-
tive susceptibilities of bovine bacillus on the indigenous breeds in comparison with
a known European breed. Twelve calves, consisting of hill cattle, Plains cattle of
the desi breed (mixed Hariana and Gangaparu breeds), and buffalo calves, were
artificially infected. The results of this experiment showed that buffaloes were
more resistant than the bovine/ox calves. However some of the ox calves of both
breeds were found to exhibit nearly as high a degree of susceptibility as that pos-
sessed by the average British calf. The information about animal TB in India has
been reviewed in greater detail by Verma and Gupta (1).

Additional TB information has been generated on the basis of postmortem ex-
amination and tuberculin testing of herds in various farms in different parts of India.
The data generated by these two surveillance methods over a period of years con-
firmed that TB infection existed not only in cattle but also in different animal spe-
cies. India is endowed with great genetic diversity in animals, and as such there is
a wide range of animals infected with tubercle bacilli in both domesticated and wild
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The Status of Mycobacterium bovis
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animal populations. Interest also remains in determining the type of tubercle bacil-
li found in humans and animals in view of zoonotic concerns. With the limited avail-
ability of media and conventional methods, mycobacteria were typed traditionally.
The diagnostic procedures of Mycobacterium bovis in veterinary medicine have
now been largely improved in the IVRI laboratory with the use of molecular tech-
niques including polymerase chain reaction (PCR) assays, restriction fragment
length polymorphism, random amplified polymorphic DNA, species-specific allele
PCR assays, and PCR amplification of IS6110 in paraffin-embedded tissue.

Incidence

Cattle and Buffaloes

Information at a glance on the occurrence of TB in animals, gathered from the pub-
lished reports of slaughterhouse animal examinations, is provided in Table 17.1.

Tuberculin was standardized for subcutaneous use in cattle by the single intra-
dermal test (SID) (2). This test was replaced by the double intradermal test (DID),
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Table 17.1 Occurrence of TB in animals in India

Species No. of Percentage State or
Sl. of Animal Animals Positive Province Year of
No. Examined Examined for TB of India Reports

1. Cattle 416 17.54% Punjab 1917
2. Animals 1586 4.8% Bombay 1927
3. Cattle 614 16% Punjab and 1927

Uttar Pradesh
4. Animals 1116 22.85% Lahore 1931

(undivided
India)

5. Bullock 1 1% — 1932
6. Buffaloes 250 2.4% Uttar Pradesh 1932

120 13.3% Bombay 1944
130 2.3% Calcutta 1944

7. Buffaloes 754 1.45% Uttar Pradesh 1966
8. Swine 100 37% West Bengal 1097
9. Swine 143 13% Tamil Nadu 1975

10. Cattle 1268 (from 13.25% Uttar Pradesh 1985
1974 to 
1984)

11. Buffaloes 4010 0.24% Punjab 1957
12. Buffalo 603 1% Haryana 1987

calves
13. Buffalo 2028 17 (0.84%) 1998
14. Buffaloes 2028 0.84% Assam 1998
15. Cattle 141 59.57% Uttar Pradesh 1998
16. Cattle 1050 7.14% Kolkatta 2001
16. Cattle 3600 0.97% Kolkatta 2002

samples
of lungs
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or Comparative Cervical Test, on the recommendation of the British Tuberculin
Committee of the Medical Research Council (1925). Under field conditions in
India, it was difficult to follow up on the animals for a second injection and for the
final reading, and therefore tuberculin testing with SID was standardized, and a
final reading was taken at 72 hours postinjection. A total of 20,197 cattle were test-
ed both by DID and SID tests, using synthetic heat concentrated tuberculin pre-
pared from synthetic media from three human strains of Mycobacterium tubercu-
losis (Pw, Dt, and C). Analysis of the data showed that SID was equally good but
that the doubtful cases should be tested by the DID test. These tests on both cattle
and buffalo farms showed that the percentage of reactors varied from herd to herd
depending on the spread of the infection. There were a number of herds that were
free of infection, whereas other herds had up to 30%–55% tuberculin reactors. The
number of tuberculin tests conducted at different period of times is summarized in
Table 17.2.

Sheep

Until 1932, not a single case of caprine or ovine TB was reported. However, the
Royal Commission on Human and Animal Tuberculosis (1907) (2) reported that
goats were susceptible to bovine bacilli. Iyer (8) reported six (0.64%) cases out of
943 goats examined postmortem (9). Eleven female and three male goats (0.87%)
of 602 carcasses examined had TB lesions (10). Seven (3.7%) of 180 sheep at
Breeding Farm in Guttal, Bombay, and 12 (6.3%) of 191 sheep at the Sheep
Breeding Farm in Poona, India, showed doubtful or positive reaction to the tuber-
culin test (11). One sheep out of 222 belonging to Uttar Pradesh and Himachal
Pradesh tested with the DID tuberculin test showed one reactor (12).
Histopathological lesions of TB were also reported in sheep by Manisha et al.(13).

Goat

In India, there was a common view that goats were either immune to TB or free of
TB, which prompted Unani and Ayruvedic physicians to prescribe goat’s milk as a
remedy for TB in the human subject, causing this view to gain public acceptance.
The Royal Commission on Human and Animal Tuberculosis (1907), however, indi-
cated that goats are also susceptible to even small doses of tubercle bacilli of bo-
vine types. In 1932, Iyer (8), for the first time, detected the presence of TB in six
(0.64%) of 943 goats examined, followed by a report of TB in goats in 1943 by
Nanda and Gopal (14), as well as many others.

Horse

Four specimens from horses were diagnosed for TB by histopathological exami-
nation at IVRI between 1924 and 1954. It was observed that TB was not common
among horses in India. However, the findings of TB lesions in the larynx and
epiglottis of horses showing symptoms of roaring were especially noteworthy
(1936–1937). A survey was conducted to find out the incidence of TB in 166 horses

The Status of Mycobacterium bovis in India 163

17CH_Theon_277085  11/15/05  3:06 PM  Page 163



Table 17.2. Results of tuberculin testing in animals in Indiaa

Name of
State and Number Positive Percentage
Place of Testing Year Species Tested Reactors (Reactors)

Andhra Pradesh
Hyderabad
Himalayatsagar 1953–1954 Cattle — — 4.14
Aurangabad –do- — — 2.9
Bihar
Patna 1952–1953 Cattle 14,705 232 1.6
Patna 1957–1958 Bovines 466 41 8.8
Gujarat
Ahmedabad 1946–1947 Cattle 6521 1061 16.3
Saurashtra 1956–1957 Buffalo 5558 1404 25.3

and Kutch
Bovines 400 4 1.0

India
All over the 1967 Cattle, 999 4 0.4
country young
(Organized adult
Farms) buffaloes 3295 79 2.39

87 0 0.0
1211 83 6.85

Jammu and Kashmir
All over 1956–1957 Bovines 1470 77 5.27
the state
Kerala
Kerala 1956–1957 –do– 61 1 1.64
Madhya Pradesh
Jabalpur 1950–1951 Bovines 399 1 0.25
Jabalpur 1965–1971 Cattle — — 3.2

Young — — 3.9
adult 
buffalo

All over Young adult — — 0.99
the state bovines

Cattle — — 15.5
Buffaloes 1471 30 1.35

359 23 6.40
Maharashtra
Poona 1941–1943 Cattle 200 0 0.0

buffaloes
Bombay 1944 Cattle and 120 16 13.3

buffaloes
Bombay 1953–1957 Bovines 3000 180 6.0
Bombay 1956–1957 Cattle 38 0 0.0
Government 1985 1820 24 1.6
Farms
Mysore
Mysore 1957–1958 –do– 60 0 0.0
Pondicherry5

— 2001 Cattle 41 21 51.2
Punjab
Lahore 1946–1947 Cattle 3550 431 12.1
PEPSU 1956–1957 Bovines 1052 72 6.8
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of the Mounted Military Police, Bihar, using a DID tuberculin test; of these ani-
mals, the scientists found nine to have quite distinct reactions. A further study on
the incidence of tuberculin reactors in horses using mammalian and avian tuber-
culin obtained by the IVRI in Izatnagar was made by Singh and Kuppuswamy (15),
in which 38 reactors were found, of 87 horses tested (34 reacted to mammalian and
four to both avian and mammalian tuberculin), and seven of these animals were
positive to the intradermal tuberculin test.

Dog

Ajwani and Venkataraman (16) described the first case of TB in dogs in a six-
year-old female. The smears and histopathological sections made from the liver,
hepatic lymphatic glands, kidneys, and lungs showed acid-fast bacilli. No attempt
to isolate the organisms could be made as a result of the fixation of the material in
formalin. Eight of 35 dogs tested were positive on the tuberculin test, and one was
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Table 17.2. continued

Name of
State and Number Positive Percentage
Place of Testing Year Species Tested Reactors (Reactors)

Organized 1976 Buffaloes 328 15 4.37
Farm

Rajasthan
Goshala and 1953–1954 Cattle — — 3.09
Pinjrapole
Organized –do– –do– — — 0.82

farms
All over 1954–1955 –do– — — 2.16

the state
All over 1969 Cattle and 1010 14 1.36 (20%

the state in buffaloes)
Tamilnadu
Madras 1941 Bovines 203 0 0.0

and cattle
Madras 1957 Young adult 5817 92 1.582

buffalo 11146 158 1.12
Madras 1957–1958 Young adult 2141 32 1.49

bovines 4479 150 3.35
Organized 1983 Cattle 142 0 0.0

dairy farm 2600 60
Uttar Pradesh
Izatnagar 1944 Buffaloes 250 6 2.4
Allahabad 1953–1954 Cows — — 1.98
Mukteshwar 1957–1958 Buffaloes — — 0.0
Izatnagar –do– Bovines 175 0 0.0
Bareilly and 1968 –do– 615 81 0.19

Rampur6 Buffaloes — — 0.19
West Bengal
Calcutta 1944 Buffaloes 130 3 2.3
Calcutta 1958 Bovines 1072 182 17

*Source: Chauhan et al. (3), with added recent references Iyer (4), Mukhopadhaya (5), Rathore and Singh
(6), Tomar and Tripathi (7)
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a doubtful reactor. Postmortem examinations of four positive dogs revealed lesions
in kidneys and liver, except in one dog, which did not show any lesions. An
Alsatian dog with an apparent acute respiratory condition was diagnosed radi-
ographically to have a case of pericarditis with massive effusion. Necropsy later
confirmed the case as tuberculous pericarditis (17).

Camel

Of 802 camels, seven had a positive reaction and four had a suspicious reaction
with tuberculin; two had a positive reaction and one a suspicious reaction with
avian tuberculin. Two reactor camels were destroyed, and lesion material from one
of them showed the presence of tubercle bacilli (IVRI). Tuberculous lesions taken
from bullocks showed bovine-type tubercle bacilli. The report of the Disease In-
vestigation Office in Punjab, India, reported eight animals (4.5%) as positive reac-
tors among 178 camels tested during 1966–1967. The incidence of TB in camels
in Bikaner was reported as 2.6% (18).

Pig

Examination of 245 pigs at a slaughterhouse in Bombay showed suspicious lesions
of TB in 98 pigs. Samples from 25 of 98 pigs subjected to a biological test (guinea
pigs, rabbits, and poultry; IVRI) were positive. Datta (19) found that 4% of slaugh-
tered pigs had TB (20). Bombay, Jullunder, and Rawalpindi reported 17.7%, 5.3%,
and 7.4% TB infection in slaughtered pigs. Tuberculous bronchopneumonia in 6-
month-old piglets was reported by Rao and Venkatanaryanan (21). One hundred
pigs were examined at Tangra Pig Slaughter House in Calcutta to detect the inci-
dence of TB in pigs. Of 11 pigs found to be positive to the tuberculin test, eight
reacted to mammalian tuberculin and three to avian tuberculin. Thirty-seven pigs
of the total 100 examined after slaughter had gross lesions in different lymph
nodes, including one that had foci in the lungs and spleen that were indicative of
TB. Mycobacteria were isolated from both tuberculin-positive and tuberculin-
negative pigs. Sadana (22) detected TB in 11 of 2187 pig carcasses in Delhi,
Haryana, and Punjab. Three of these animals showed lesions in the lungs and lymph
nodes, and in the remaining pigs, only bronchial and mediastinal lymph nodes
were involved.

Genital TB

The involvement of uterus, horns, salpinx, endometrium, or other cases of gener-
alized TB involving genital organs has been reported in India. A case of metritis
and genital TB in buffalo (23) have been reported. Two of 230 uteri from slaugh-
tered bovines showed TB infection. Acid-fast bacilli were demonstrated in lentil
sizes, glistening nodules containing yellowish mucoid exudates present on uteri
and uterine horns. One and a half percent of the uteri from 64 cattle examined dur-
ing postmortem showed TB. Rajkhowa (24) reported uterine TB in crossbred
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Jersey cows. Whether the cow was infected from an infected bull or during con-
taminated artificial insemination has not been determined. Tuberculous endometri-
tis with involvement of the salpinx was reported. Genital TB was reported in both
a pregnant and a nonpregnant cow. Congenital transmission of TB in calves also
has been reported. There appears to be one report of urogenital TB in a 6-year-old
breeding Tharparkar bull, in which lesions of TB were present in prostrate gland
and testicles (25). M. bovis has been reported in bovine semen (26), but there prob-
ably is no report on the tuberculous infection of the ovaries in India. Cases of gen-
eralized TB in cows and congenital transmission to their calves were reported. A
study comprising 13 reactor cows and their calves, which died of TB, indicated that
TB of the udder and uterus is more prevalent and that prenatal infection from cat-
tle infected with generalized TB may be a strong possibility (27).

Semen

One of 20 semen samples of one of three breeding bulls tested was shown by PCR
amplification to be positive, followed by Southern hybridization of the target se-
quence from the IS1081 element of M. tuberculosis complex (26). This implies that
semen can be a potential source of TB.

Tuberculous Mastitis

Mills (28) reported the first case of tuberculous mastitis in a tuberculin-positive
cow, which later revealed typical tuberculous lesions in the lungs and udder. Six
hundred seventy-four milk samples were tested for the presence of TB. Forty-seven
(7.6%) showed the presence of acid-fast bacilli, but tubercle bacilli could not be
demonstrated by animal inoculation. Similar negative findings by animal inocula-
tion were reported in 100 cow milk samples and milk samples from reactor cows
of all ages. A number of laboratories failed to demonstrate the presence of acid-fast
bacilli by guinea pig inoculation in milk samples obtained from the tuberculin-
positive reactors at Amritsar. However, lesions were reported in a buffalo calf with
generalized TB. Cases of TB lesions in the udder were further reported in other
articles (29); described a case of tuberculous mastitis in a Sahaiwal cow caused by
bovine-type organisms affecting one-quarter of the udder, leaving a caseous type
of mastitis. Singh and SenGupta (30) stated an overall 0.5% incidence of tubercu-
lous mastitis in their review. Impression smears prepared from affected mammary
glands and inguinal and supramammary lymph nodes were positive for acid-fast
bacilli. Incidence of tuberculous mastitis in buffalo has also been reported (31).

No Visible Lesions

Virulent tubercle bacilli were isolated from the material of a reactor to subcuta-
neous tuberculin, but no naked-eye lesions were detected on slaughter (Datta19).
Twenty-one (16 cows, 2 buffaloes, 2 sheep, and 1 goat) of 3000 animals positive
to the tuberculin test were slaughtered. Only one cow had detectable lesions of TB
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(32). Of 136 cattle positive for tuberculin, 65 (47.79%) cases revealed gross lesions
of TB. Seventy-five of 77 cattle negative for tuberculin had lesions of TB (33).

First Level Infection Due to Bovine Bacilli in Humans

The experimental investigation showed that most of the cases of glandular and
surgical TB of man in India were caused by infection with the human type of bacil-
li. The researchers involved failed to demonstrate the bovine type of bacilli in 100
cases of surgical TB. Soparkar (34) investigated 65 patients, 40 of which had cer-
vical adenitis, 8 axillary gland TB, and 17 pulmonary disease, as well as 20 cases
of glandular TB in children under 16 years of age. In no case was a bovine bacil-
lus detected, and it was believed to play no important role in the causation of
human TB in India. Tables 17.3 and 17.4 provide a summary of the investigation
of M. bovis in humans and M. tuberculosis in animals.

Human Infection Caused By M. tuberculosis Complex

A 25-year-old woman developed a cervical lesion after the consumption of unpas-
teurized raw milk. A biopsy from a potato-sized cervical nodule and a milk sam-
ple of the cow both yielded M. bovis on culture. PCR on biopsy material using
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Table 17.3 M. bovis in humans

Human Infection Due to M. bovis

Sl. No. of Cultures
No. Year Investigated Finding(s)

1. 1927 90 2 M. bovis
2. 1932 60 None
3. 1936 26 None
4. 1942 62 None
5. 1946 21 None
6. 1942–1967 71 None
7. 1987 1 M. bovis
8. 2001 25 None

Table 17.4 M. tuberculosis in animals

Sl.
No. Year Source Finding(s) Reference

1. 1969 Cattle M.tuberculosis Chandrasekaranand
Ramakrishnan36

2. 1987 Cattle M.tuberculosis Verma et al.37

(niacin variant)
3. 1993 Captive wild M.tuberculosis Chakraborty et al.38

herbivores
3. 2001 Cattle M. tuberculosis Verma and Srivastava39
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IS1081 for M. bovis showed a positive result on Southern hybridization. Both M.
bovis isolates were found to be identical on genetic fingerprinting with a conserved
insertion sequence, thus supporting a possible milk-borne infection (35); Table
17.3). This is probably an authentic report of the zoonotic spread of bovine TB.

Animal Infection Caused By M. tuberculosis

Distribution of M. bovis and M. tuberculosis

The information in Tables 17.5 and 17.6 shows the type of tubercle bacilli isolated
and identified from different animals and humans.

The above reports indicate that the incidence of TB in humans in India result-
ing from the bovine tubercle bacilli is probably low but needs to be more thor-
oughly investigated by both medical and veterinary laboratories. This may be a
result of the generally nonprogressive form of the disease in indigenous cattle and
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Table 17.5 From 1942 to 1967 (Lall12)

Number of 
Type of Tubercle Bacilli

Source Cultures Bovine Human

Human beings 71�1* 1* 71
Pigs 22�4* 4�3* 16�1*
Cattle and buffaloes

(mostly buffaloes) 40�1* 40 1*
Camel 1�1* 1�1* —
Giraffe 1 — —
Sheep and goats 5 5 —
Dogs 6 — 6
Monkey 2 — 2
Chimpanzee 1 — 1
Deer 1* 1* —

* Indicates culture identification other than IVRI

Table 17.6 From 1987 to 1999 (Verma and Srivastava39)

Animal Percentage Mycobacteria
Species Sample No Positive Positive Isolated

Bovine Lung 24 11 45.8 M. bovis (7), M.
tuberculosis (4)

Bovine Lymph nodes 17 10 58.8 M. bovis (8), M.
tuberculosis (2)

Bovine Lung and 03 03 100 M. bovis (2), M.
lymph node tuberculosis (1)

Swine Lung 02 01 50 M. tuberculosis (1)
Black buck Lymph node 02 01 50 M. bovis (1)
Total 48 26 54.16
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the universal practice of boiling milk before consumption by humans. There are
also reports that indirectly report the possibility of zoonosis of M. bovis. A small
survey simultaneously carried out in both men and animals in Hoogly District of
Calcutta, India, showed a large number of human TB cases where tuberculin reac-
tor animals were housed. Throat swabs from 60 reactors of 2600 cattle were sub-
jected to the tuberculin testing, and 16 cultures were isolated. Two of the 16 cul-
tures were identified as M. tuberculosis. Chest radiography of 35 animal attendants
at the farm showed lung lesions in eight attendants (40). However, the fact that cat-
tle and buffaloes may act as maintenance hosts for M. bovis should not be ignored.
Hence, TB in cattle, if not eradicated, will continue to be a risk for human health
in India.

Control

In India, the eradication plan proposed aimed at building up a clean herd and later
clean areas by following a test-and-segregation policy, with slaughter in clinical
cases (20). Krishnaswamy (40), using a tuberculin test and segregation of reactors,
could reduce the prevalence of TB in a dairy herd of 150 cows from 20% to nil in
a period of 2.5 years. The reasons for choosing a test-and-segregation policy in
India may be that a high percentage of tuberculin-positive animals exist in several
areas, that their wholesale destruction may reduce both working bullocks used as
power for agricultural operations and milk animals, and that this may adversely
affect the economy of Indian agriculture. Sahai conducted a postmortem examina-
tion of 324 tuberculin reactor indigenous breed cattle at the government cattle
farm, Hisar, where the infection rate was very high (20.22%), and he found that the
lesions of indigenous cattle were not severe—the lesions in the majority of these
cases were confined to the mediastinal and bronchial lymph nodes.

Polding compared the course of the disease in European calves with that in
Hariana calves. He found that a dose of M. bovis, which generally produced the
progressive form of the disease in calves of European breeds, was insufficient to
set up a similar type of the disease in Hariana calves. Lall autopsied 12 tuberculin-
positive indigenous cattle and found that 11 of those animals had only localized
lesions in the bronchial or mediastinal or suprapharyngeal lymph nodes. Cultures
of tubercle bacilli isolated from these animals were found to conform to the char-
acters of M. bovis. These reports indicate that a large percentage of tuberculin-
positive animals of indigenous breeds do not develop a rapidly progressive form of
the disease. The lesions found in Indian cattle were generally localized and restrict-
ed to a few lymph nodes, although cases showing generalized lesions have been
reported occasionally.

According to the report of the National Commission on Agriculture (1976), an
all-India project for the control of TB was prepared in 1962 by the Indian Council
of Agriculture Research (ICAR) and was approved by the planning commission,
who recommended a phased program for the control of TB among animals that
would not interfere with the agricultural economy and normal progress of the ani-
mal industry.
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Phase I—Systematic control of TB on organized farms. The test-and-slaughter pol-
icy would be most suitable for making farms free from TB. However, for econom-
ic and technical reasons and in consideration of the public against destruction of
tuberculin-reactor cattle and buffalo that may otherwise look healthy, a test-and-
segregation policy may be followed. In other species of animals (e.g., pigs, goats,
and poultry) in which the extent of infection is low, only the test-and-slaughter pol-
icy is advocated.
Phase II—Extension of the control program to cover animals in the entire country.
Phase III—Final eradication program. At this stage the test-and-slaughter policy
should be followed, with payment of compensation for the animals destroyed.

To date, there has been no change in the above policy.
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Introduction

Data on bovine tuberculosis were analyzed from the available literature originating
from the former Soviet Union, which has an area of 22,275, 858 km2, with a total
of 289.102 million inhabitants (in 2002), and where 74,437,315 head of cattle were
kept in 2003. From the historical, political, demographic, and political view, this
area can be divided as follows (Table 18.1): Baltic countries (Estonia, Latvia, and
Lithuania) lying on 175,015 km2, with 7.132 million inhabitants and 1,428,739
head of cattle; Russian Federation lying on 17,075,200 km2, with 144.082 million
inhabitants and with 43,000,000 head of cattle; and the remaining 11 former USSR
countries (Armenia, Azerbaijan, Belarus, Georgia, Kazakhstan, Kyrgyzstan, Mol-
davia, Tajikistan, Turkmenistan, Ukraine, and Uzbekistan) lying on 5,025,643 km2,
with 137.888 million inhabitants and 30,008,576 head of cattle.

The above-mentioned 11 countries of the former USSR can be divided from the
geographic, demographic, and political points of view, according to Ravilone et. al
(1), into the following three groups: European countries (Belarus, Moldavia, and
Ukraine), lying on 845,143 km2, with 63.112 million inhabitants and 12,215,253
head of cattle; Central Asian countries (Kazakhstan, Kyrgyzstan, Tajikistan,
Turkmenistan, and Uzbekistan), lying on 3,994,400 km2, with 58.230 million
inhabitants and 14,239,075 head of cattle; and Caucasian countries (Armenia,
Azerbaijan, and Georgia), lying on 186,100 km2, with 16.546 million inhabitants
and 3,554,248 head of cattle.

Bovine Tuberculosis in Cattle in the Baltic Countries

On the basis of the official statistical OIE data over the period 1996–2003, all three
Baltic countries (Estonia, Latvia, and Lithuania) can be considered to be free of
bovine tuberculosis. The last outbreaks of bovine tuberculosis in Estonia, Latvia,
and Lithuania were reported in 1986, 1989, and 2001, respectively (Table 18.1). In
the human population, the epidemiological situation of lung tuberculosis in man is
complicated predominantly by the incidence of Mycobacterium tuberculosis in

Chapter 18
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middle-aged men of lower classes (2) and by the relatively frequent finding of mul-
tidrug-resistant (MDR) strains (3,4).

Bovine Tuberculosis in Cattle in the Russian Federation

A systematic control of bovine tuberculosis started in the Russian Federation in
1959, when the diagnostic methods were unified and an extensive examination of
cattle by skin testing started. In 1950, 1.16% of the examined cattle were found to
be positive, with great differences among the examined regions. Gradually, they
managed, with the strong support of the government, to reduce positive cases to
0.08% of skin-tested animals by 1960. The increase of positive findings to bovine
tuberculin, which appeared as a result of the failure of the sanitation program and
a shortage of noninfected animals, reached 1.34% in 1964 and was resolved by an
aggressive approach taken by all the responsible institutions, as follows (5):

1. All “isolation farms” were dissolved, and all animals positive to bovine tuber-
culin were immediately slaughtered.

2. In calves from dams positive for bovine tuberculin, feeding was finished, and
then the animals were slaughtered at slaughterhouses (they were not further
used for breeding).

3. The infected animals were, before dispatching to slaughterhouses, housed
and provided with drinking water under safety conditions to prevent spread-
ing Mycobacterium bovis in the environment.

4. In autumn, the infected farms were provided with equipment (special trac-
tors, trucks, etc.) that enabled disinfection, or with manure composting to
prevent spreading of the causative agent of bovine tuberculosis.

5. On farms where during winter animals infected with M. bovis were found, a
10–15-cm layer of soil was removed; the subsoil was then disinfected, based
on a standard method, and was covered with noncontaminated soil.

6. On 38 farms with high incidence and prevalence of M. bovis, radical (stamp-
ing out) methods had been used for control of the infection, when about
10,000 healthy animals from noninfected regions of eastern and western
Siberia were imported.

The above measures resulted in 1968 in drop of animals positive to bovine
tuberculin to 0.77% of all skin-tested animals (5). Economic losses in some herds
were extremely high, especially on farms where culling rate reached 56.7% (6).

Over the 8 years period of investigation (1996–2003), bovine tuberculosis was
diagnosed in 2012 outbreaks, with 201,958 heads of cattle. Dating from 1996, a
dramatic decrease was observed, from 712 recorded outbreaks then to 71 recorded
outbreaks in 2002 (Table 18.1). At present, human tuberculosis in Russia is partic-
ularly complicated by the occurrence of MDR M. tuberculosis strains, which were
recorded in the Ivanovo and Tomsk regions (7).

Complications at Allergenodiagnostics

In Latvia, nonspecific reactions to bovine tuberculin were observed during sanita-
tion to get the herds from bovine tuberculosis. In 1963–1964, changes typical for

18CH_Theon_277085  11/15/05  3:06 PM  Page 176



Bovine Tuberculosis in Russia 177

tuberculosis were found in 41 (9.7%) of 425 slaughtered animals that reacted pos-
itively to bovine tuberculin, and isolated changes only in lymph nodes were found
in 39 (9.2%) animals. Of the remaining 345 animals without pathological lesions,
Mycobacterium sp. was isolated from lymph nodes in 32 of 81 animals selected at
random. Using biological tests on guinea pigs, rabbits, and chickens, nonpatho-
genic bacteria were demonstrated in 20 animals, M. bovis in five, Mycobacterium
avium in four, and M. tuberculosis in three (8).

Risk Factors Causing New Outbreaks of Bovine Tuberculosis in
Cattle

Sanitation of cattle farms to eradicate bovine tuberculosis was, in the 1960s and
1970s, accelerated in all parts of the Russian Federation by the following proce-
dures (9):

1. Clinically suspected animals that often did not react to the skin testing were
systematically discarded to slaughterhouses or “isolation farms”.

2. Extensive skin testing of all cattle, using bovine tuberculin, had been per-
formed twice a year.

3. Test-positive animals were sent to the “isolation farms.”
4. Only young cattle from tuberculosis-free farms had been purchased.
5. A minimal contact system of calf rearing with infected mothers and a mini-

mal stay in the infected stable had been introduced.
6. On the infected farms, a system of antiepidemic measures including preven-

tive management in livestock breeding, animal hygiene, manure processing,
staff hygiene, and so on was introduced.

These procedures enabled us to control bovine tuberculosis on several farms
within 3 years, and in the Vologodsk region, the 16.5% prevalence of bovine tuber-
culosis dropped to 0% in 1967. However, in the following decades new incidence
of bovine tuberculosis in cattle was recorded on several farms, and anamnestic
analysis of 17 outbreaks in cattle were performed (9). On two farms (11.8%) M.
bovis had been introduced into a herd of purchased young breeding animals, on one
farm (5.9%) M. bovis had been introduced by open herd turnover, and on 14 farms
(82.3%) the infection appeared without being introduced to a herd (“spontaneous”
outbreak). In these cases the reason might be infected animals kept in the time of
existing outbreaks (a long incubation period), long-term persistence of the causa-
tive agent of bovine tuberculosis in the environment (insufficient disinfection), or
the presence of latently infected animals in a herd.

While studying the significance of latently infected animals, lymph nodes with-
out tuberculous pathological anatomic lesions from 170 animals reacting positive-
ly to bovine tuberculin were culture examined. M. bovis was isolated from 84
(49.4%) animals in a biological trial on guinea pigs. A subsequent study of the vir-
ulence of those isolates in guinea pigs and rabbits showed a decreased virulence
compared to the isolates originating from cattle with tuberculous pathological
lesions. As low positivity at skin testing (from 0.4% to 24.8%) was found in infect-
ed calves originating from farms with bovine tuberculosis, those calves represent a
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high risk for farms free from bovine tuberculosis. After the incubation period of 2–
3 years, these animals can become a new source of M. bovis (9).

The source of M. bovis infection for animals can also be—in herds free from
bovine tuberculosis—an infected person; on cattle farms, above all, the milkmaids,
feeders, keepers, calf attendants, and herdsmen. The infection of the genitourinary
system caused by M. bovis, with a lengthy course without clinical signs or excretion
of M. bovis via urine, is considered to be the most dangerous. Such infected people,
without hygienic awareness, can become a source of infection for cattle (10).

Bovine Tuberculosis in Humans in the Russian
Federation

In the Soviet Union, among 2719 isolates from patients with tuberculosis (particu-
larly the pulmonary form) M. bovis was isolated from 6.4% patients, predomi-
nantly children (11).

In the Kurgansk region, 88%–93% of inhabitants were examined by x-ray in the
period 1973–1976 in village counties that were infected or free from bovine tuber-
culosis. It was found that in counties where no bovine tuberculosis was diagnosed
in cattle, the morbidity rate in humans was 2.5-fold lower compared with that in
counties with infected cattle farms. In the counties with M. bovis–infected cattle
herds, 33.0%–54.6% of tuberculous patients came from farms with M. bovis–
infected cattle. In contrast, significantly (P � .05) fewer patients came from farms
with free herds. Concurrent with x-ray examination, in 14,000 inhabitants of the
Kurgansk region, skin testing with a human tuberculin (2 TU pro dosi) had been
carried out, and human tuberculin, simultaneous with bovine tuberculin (2 TU pro
dosi), was applied to another 5100 persons during the above period of 4 years. In
village counties with an occurrence of bovine tuberculosis in cattle, sensitivity to
human tuberculin was found in persons of all age categories to be higher by 20%–
25% (P � .01) when compared to the regions free from bovine tuberculosis in cat-
tle. The level of human tuberculosis was in correlation with the level of M. bovis
infection in cattle (r � 0.85). A sensitivity to bovine tuberculin 5.7 times higher
was observed in workers on cattle farms who were infected with bovine tubercu-
losis, compared to workers on farms free from bovine tuberculosis (12).

Anamnestic Data about Humans Infected with Bovine Tuberculosis

Of isolates obtained from 1163 patients over the period 1974–1976, 197 (16.9%)
were identified as M. bovis. The following conclusions were made from anamnes-
tic data and laboratory examinations of the 197 patients (12).

First, a total of 184 (93.4%) patients suffered from lung tuberculosis. In 64.7%
of these patients, the infiltrative to fibrous-cavernous process prevailed; in 66.0%,
it was the destructive process, and in 13 (6.6%) patients, extrapulmonary tubercu-
losis was found. In 92 (46.7%) patients, tuberculosis was diagnosed for the first
time, and in 105 (53.3%) patients, tuberculosis had previously been diagnosed (2–
20 years ago). The patients were aged 17–70 years, with a significant prevalence
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of women who were working predominantly as milkmaids and cattle attendants on
farms infected with bovine tuberculosis. The patients worked on cattle farms with
bovine tuberculosis as attendants (45%), as machinery operators in agricultural co-
operatives (21%), or as other workers in agriculture (15%); 10% were retired peo-
ple or household women, and 9% came from the cities. The patients from the
southern part of the above region were 3.4 times more often infected with M. bovis
than were those from the northern part, which correlated with the level of cattle
infection with the causative agent of bovine tuberculosis (r � 0.76). Finally, M.
bovis was isolated in those patients from sputum, urine, punctures of the peripheral
lymph nodes, and pleuropneumonial fluid.

In western Siberia, an incidence of tuberculosis was found to be 1.5 times high-
er in villagers than in city inhabitants. Epidemiological analysis of human tuber-
culosis in villages showed that the incidence of tuberculosis was 1.5–2.0 times
higher in villagers possessing cattle infected with bovine tuberculosis than in those
with noninfected cattle. Interestingly, this situation was found in regions with a
prevailing agricultural production, as well as in regions with a prevailing industri-
al production (13).

The Most Important Risk Factors

One of the major causes of increased incidence of tuberculosis in humans was per-
manent occurrence of bovine tuberculosis in cattle on farms and the existence of
the so-called “isolation farms.” Cattle from the neighboring farms that were posi-
tive in the skin testing performed twice a year with bovine tuberculin, within san-
itation, were gathered on the “isolation farm.” Cattle on those farms were used
(milked or calved). It was found that as early as 1981, all “isolation farms” were
dissolved in this region, and the number of animals that tested positive to bovine
tuberculosis had decreased during the past 5 years to 46.7%, and the number of
outbreaks of bovine tuberculosis in cattle decreased to 40.0%. In spite of that,
tuberculosis in workers on farms with bovine tuberculosis in cattle was diagnosed
twice as frequently as in workers on noninfected cattle farms, and three times more
frequently than in adults who did not work in agriculture. M. bovis was isolated in
the Novosibirsk region in 7.2% of tuberculous patients, and in 9.5% of patients in
the Omsk region. The frequency of tuberculosis in humans caused by M. bovis was
two times higher in inhabitants of regions with an occurrence of bovine tuberculo-
sis in cattle compared to those from regions free from bovine tuberculosis (13).

While studying the anamnestic data about tuberculous patients on farms with
infective animals, a considerable sanitary–hygienic unawareness in those patients
was found. Therefore, the causes of a higher incidence of tuberculosis in those
farm workers could have been infection with M. bovis as well as the effect of the
stressing environment massively contaminated with the agent of bovine tuberculo-
sis. It was also found that in villages with farms on which bovine tuberculosis had
been controlled, a more frequent x-ray diagnosis helped to control lung tuberculo-
sis in humans. X-ray diagnosis was carried out once every 3 years for all inhabi-
tants and twice a year for farm workers. Extrapulmonary tuberculosis was found
by intradermal skin testing carried out in both children and adults (13).
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18CH_Theon_277085  11/15/05  3:06 PM  Page 179



Therapy of Bovine Tuberculosis in the Human Population

Monitoring of patients with tuberculosis caused by M. bovis shows that a progres-
sive and torpid course of the infection had been observed, and the sensitivity of M.
bovis isolates to antibiotics was monitored. Primary resistance was found in 17%
of isolates, which was 2.2 times more frequent than in M. tuberculosis isolates. M.
bovis isolates were resistant to first-line treatment. Therefore, antituberculosis
drugs of the first line, together with Rifadin and ethambutol, were prescribed to
those patients (12).

It was found that clinical signs in patients infected with M. bovis were more
severe, and efficiency of therapy was lower, compared with the patients infected
with M. tuberculosis, and mortality of patients infected with M. bovis was three
times higher, healing of caverns was less frequent by 22.8%, and shedding of M.
bovis could also be stopped 25.1% less frequently (12).

Bovine Tuberculosis in Other Animal Species than Cattle

Sheep and goats were considered to be greatly resistant to M. bovis or M. tubercu-
losis infections. In different regions of Kazakhstan 1728 sheep were examined by
skin testing with bovine tuberculin, of which 17 (1.0%) animals tested positive, and
of 772 examined goats, eight (1.0%) animals tested positive. In sheep originating
from cattle farms where bovine tuberculosis had been diagnosed, prevalence of
infection was two times higher. After slaughtering of 4960 sheep in different
slaughterhouses of the region, tuberculous lesions were found in 429 (8.7%) ani-
mals. M. bovis was demonstrated in one sample only by cultivation of 440 samples
of pathological material. After infection of guinea pigs with M. bovis, the agent
was demonstrated in all samples. Study of the distribution of pathological lesions
in 40 sheep revealed lung tuberculosis in 35 animals, with a tendency to exudation
and a simultaneous infection of bronchi in 17 animals (epidemiological risk con-
nected with M. bovis shedding). In addition to those findings, in three sheep with
lung tuberculosis, caseous lesions were found in liver, which represents the risk of
shedding the causative agent of bovine tuberculosis through bile into the intestinal
tract. Therefore, sheep and goats had to be taken into consideration in the outbreaks
of bovine tuberculosis in cattle while preparing the control measures (14).

In the tissues of 21 Maral deer with tuberculous lesions in their lungs, pul-
monary lymph nodes, and submandibular, retropharyngeal, and mesenteric lymph
nodes, M. bovis was demonstrated by culture in 17 animals. As different virulence
levels were found in particular isolates that were tested on guinea pigs and rabbits,
subcutaneous, oral, or contact infection with M. tuberculosis and M. bovis strains
was carried out (15,16).

In Leningrad in the 1920s and 1930s, organ tuberculosis was detected by post-
mortem in 5.5% of 1089 dogs and in 3.5% of 1017 cats (17,18). Between 1960 and
1970, postmortems were performed in the same workplace in 1695 dogs, and organ
tuberculosis was detected in one (0.06%) of them. Among 535 of dissected cats,
organ tuberculosis was detected in four (0.74%) of them (18,19).
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Occurrence of M. bovis in Milk and the Environment

The employees from farms of cattle infected with the causative agent of bovine
tuberculosis, and the inhabitants of the regions with infected cattle, were exposed
to various sources of M. bovis. Milk from infected cows was considered as the most
common source. Among 164 pool samples of milk from cows kept in farms with
the occurrence of bovine tuberculosis, M. bovis was isolated from five (3.1%) sam-
ples (12).

Farm workers (particularly milkmaids, cowmen, veterinarians, animal hus-
bandry men, etc.) were exposed to M. bovis that was found in stables and the exter-
nal environment of the infected cattle farms. M. bovis was detected in five (41.7%)
of 12 samples of manure and in one (5.6%) of 18 scrapings of stable walls (12). In
the soil of a pastureland, in the region of the Barabinska lowland, a strain of M. bovis
was detected and was fully virulent for guinea pigs, surviving for 23 months (the
entire period of investigation). Using experiments with guinea pigs, rabbits, and cat-
tle fed with grass from naturally or artificially contaminated pastures, researchers
have demonstrated the possibility of M. bovis transmission through grass. These
conclusions were obtained by means of the following experiments (20).

In the region of the Barabinska lowland, M. bovis survival was investigated in
the external environment of a pastureland in which spontaneously infected cattle
grazed in the previous year. Since spring, the presence of M. bovis in soil (pH 7.5,
containing 2.25% humus) was tested once a month by means of biological experi-
ments in guinea pigs. Fully virulent M. bovis was detected even on the seventh to
eighth months of investigation. Grass from that pastureland was mowed and fed to
two guinea pigs and one rabbit. In one of the guinea pigs, tuberculous lesions
caused by M. bovis were detected. With the aim of confirming this result, each of
three young bulls was orally infected with 50 mg M. bovis culture. Over 3 months,
feces from these animals was spread on a pastureland with an area of 1800 m2. The
following 3 months, fully virulent M. bovis was demonstrated to exist in the soil
from the pastureland by means of the experiments in guinea pigs. Thereafter, one
10-month-old calf, noninfected with M. bovis, grazed on that pastureland for 55
days. Tuberculin test with bovine tuberculin and culture examination of urine and
feces from that calf were positive on days 20, 40, and 52 after the beginning of
grazing; after slaughter on day 55, tuberculous lesions were detected in the mesen-
teric lymph nodes. M. bovis was demonstrated by culture of bronchial, mediasti-
nal, and mesenteric lymph nodes (20).

With the aim of testing these results, experiments investigating survival of M.
bovis from cow organs with tuberculous lesions were conducted in three types of
soil: A soil: deep columnar solonetz (pH 6.8, humus 7.36%); B soil: high colum-
nar solonetz (pH 6.2, humus 16.34%); and C soil: soil crust solonetz (pH 9.5,
humus 3.58%). Experimental areas of 20 � 20 cm were contaminated with 50 mg
mycobacterial suspension in distilled water in the autumn (21 October 1969), and
other areas were contaminated with 200 mg of mycobacterial suspension in dis-
tilled water in the spring (15 May 1970). Fifty grams of soil from the depth of 0–
10 cm (soil contaminated in autumn) and 0–2 and 3–10 cm (soil contaminated in
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spring) from the areas contaminated with M. bovis was collected for laboratory
examination (biological model in guinea pig and culture). In the soil infected in the
autumn, which was monitored for 12 months, fully virulent M. bovis survived in
soils A, B, and C for 9, 10, and 12 months, respectively. In the soil infected in the
spring, monitored for 4 months, fully virulent M. bovis survived in soil A, B, and
C for 2, 2, and 4 months, respectively, at the depth of 0–2 cm, and it survived at the
depth of 3–10 cm during the entire 4 months (20).

In the pursuit to use a fully virulent strain of M. bovis for the contamination of
the soil of type A (pH 6.8, humus 7.36%), blood from artificially infected calf was
used; this was spread on an area of 0.5 m2. It was confirmed by culture and in
experiments with guinea pigs that fully virulent M. bovis survived after 6–12 and
19–23 months in the 0–2-cm layer. When mowed grass was fed to a guinea pig 7
months after contamination, organ tuberculosis caused by M. bovis developed in
that animal (20).

Bovine Tuberculosis in Cattle in the 11 Remaining
Countries of the Former USSR

On the basis of statistical data available among 11 former states of the USSR (Ar-
menia, Azerbaijan, Belarus, Georgia, Kazakhstan, Kyrgyzstan, Moldavia, Tajik-
istan, Turkmenistan, Ukraine, and Uzbekistan), bovine tuberculosis was controlled
in Turkmenistan; the last notification of the epicenter of tuberculosis was recorded
in 1992. However, credibility of these facts is markedly decreased by the fact that
during the monitored period of 1996–2003, it was only in 2000 that notification
was received from that state that no fresh epicenter of bovine tuberculosis in cattle
was detected. The OIE was not provided with any data in the remaining years
(Table 18.1).

Tuberculosis in the Remaining Three European
Countries

The European countries Belarus, Moldavia, and Ukraine lie on an area of 845,143
km2, with 63.112 million inhabitants and 12,215,253 head of cattle (Table 18.1).

Bovine Tuberculosis in Cattle

Byelorussia

At the beginning of the attempts to put bovine tuberculosis in cattle farms under
control, Byelorussia’s economy suffered losses from the establishment of specific
farms for the isolation of infected animals. However, as these farms for the isola-
tion of the animals were not liquidated afterward, they became a source of infec-
tion for the animals from controlled farms, and since 1958, the prevalence of
bovine tuberculosis increased. In 1964, among 599 farms infected with bovine
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tuberculosis, 162 of them had stables for the isolation of infected animals.
Therefore, all these farms were liquidated, and before the end of 1966, all the ani-
mals from the farms for the isolation of infected animals had to be slaughtered in
abattoirs. Sanitation of 769 cattle farms was thus accelerated during 1963–1966;
298 of them were sanitized in 1966. However, sources of M. bovis infection were
still present in the sanitized farms, as 51 of the cattle farms were later that year
diagnosed with M. bovis again (21).

The Ukraine

In 1970s, in the district of Odessa in the Ukraine, the efficiency of implemented
methods of sanitation (two elimination methods and one radical method) was
assessed in 25 herds of cattle infected with bovine tuberculosis. In all of the states,
the infection was controlled for more than 10 years by (22), first, transfer of ani-
mals with a positive reaction to bovine tuberculin to farms for isolation of infect-
ed animals (eight cattle herds); second, culling of animals with a positive reaction
to bovine tuberculin for slaughter (eight cattle herds); and third, replacement of all
animals in the farm for healthy animals (nine cattle herds). Using these three meth-
ods, the following economic indices were detected:

1. Sanitation of infected herd lasted for 10.3 � 1.6, 6.5 � 1.3, and 3.2 � 1.4
years, respectively.

2. Mortality in animals was 14.2 � 8.4, 6.3 � 4.0, and 6.1 � 2.9, respectively.
3. Real economic losses in thousands of rubles were 665.1 � 215.0, 151.6 �

65.0, and 88.7 � 10.0, respectively.
4. Losses per infected animal in rubles were 259.2 � 130.0, and 87.3 � 10.0,

respectively.
5. Previous losses in thousands of Rubles were 74.5 � 11.0, 504.4 � 150.0, and

566.7 � 176.0, respectively.
6. Recoverability per one expended ruble was 0.3, 5.8, and 21.8, respectively.

The limit of ill animals underlying the use of respective methods is 14.3% when
the first method is used and 21.1% when the second method is used. It is suitable
to use the third method, provided more than 21.1% animals in a herd are infected
with bovine tuberculosis (it pays off when morbidity rate is 8.3%).

In 1970s, it was determined that different regions in the Ukraine (in the south-
ern part of the country) had emerging bovine tuberculosis cases 3–4 years after
sanitation in 76.7%–91.0% of farms. These cases were most often caused by incon-
sistent separated rearing of calves from infected animals: those animals were
infected and they were anergents with repeated tuberculin testing with bovine
tuberculin (23).

In the Ukraine, culture examination of organs from 148,973 head of cattle was
performed in veterinary laboratories over 5 years (1984–1988); among these, my-
cobacteria were isolated from 7136 (4.79%) animals: M. bovis from 3606 (2.4%),
M. tuberculosis from 30 (0.02%), M. avium subsp. avium from 125 (0.08%), and
atypical mycobacteria from 3375 (2.27%). Among a total of 7136 isolates, 50.5%
were species M. bovis, 0.4% M. tuberculosis, 1.8% M. avium subsp. avium, and
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47.3% atypical mycobacteria. Those were members of 14 species: Mycobacterium
scrofulaceum, Mycobacterium gordonae, Mycobacterium intracellulare, Mycobac-
terium gastri, Mycobacterium nonchromogenicum, Mycobacterium xenopi, Myco-
bacterium terrae, Mycobacterium triviale, Mycobacterium smegmatis, Mycobac-
terium phlei, Mycobacterium fortuitum, Mycobacterium vaccae, Mycobacterium
flavescens, and Mycobacterium chelonae (24).

Tuberculosis in the Human Population

In addition to economic problems, an important factor in the causes of the increas-
ing trends in incidence and prevalence of tuberculosis in people in Byelorussia is
the increased radioactivity resulting from the nuclear power station breakdown in
Chernobyl. The 137Cs contaminated territory spanned over a 40,000 km2 area, with
radiation of more than 1 Cu/km2. An increased incidence of tuberculosis in people
was detected after the incident. The number of cases of caseous pneumonia of the
tuberculous origin in other regions increased by only 31.8%, whereas in the affect-
ed territory, with higher radioactivity, it increased by 55.5% (25).

After the atomic power plant accident in Chernobyl, the people started to worry
about radiation (radiophobia). Accordingly, the number of people examined by x-
radiation for the presence of a tuberculous process decreased, which contributed to
increased prevalence of tuberculosis in people. A decreasing trend in the incidence
of tuberculosis in people in Byelorussia since 1993 has been recorded. In 1992, the
total number of notified cases of human tuberculosis was 2414/100,000 inhabi-
tants, and in 1997 it was 5832/100,000 inhabitants (26). Identical risks were de-
tected in the Ukraine (27).

The prison houses became another risk factor for the spread of tuberculosis in
people in Byelorussia. The incidence of tuberculosis in prisons in 1997 was 28.3
greater than that in the general population, which negatively affects the whole 
epidemiological situation (28). Tuberculosis of respiratory organs was studied in
chronic alcoholics under the conditions of an industrial city in the Republic of By-
elorussia after the Chernobyl atomic power plant accident. Respiratory tuberculo-
sis was found to occur in chronic alcoholics more frequently than in those without
chronic alcoholism. The disease ran relatively badly and in a destructive form. The
efficiency of bacterial isolation was commonly therapeutically reduced in these
patients, and long-term prognosis was under question. Controlled combined anti-
tuberculous and antialcoholic treatment should be performed in chronic alcoholics
with tuberculosis (29).

Bovine Tuberculosis in the Human Population

A considerable risk factor for increased incidence and prevalence of bovine tuber-
culosis in people in rural regions is demographic development, where the popula-
tion becomes older because the young people move to cities. In Byelorussia in
1984, for example, the proportion of people older than 50 years of age in the vil-
lages was 37.1%, whereas in the cities it was only 18.4% (30). Analysis of 77 cases
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of tuberculosis in villagers gives evidence of the successfulness of the sanitation
program against tuberculosis in cattle and all measures adopted against the spread
of the infection in the Ukraine during 1980–1982. Only M. tuberculosis was de-
tected in the persons; 33% of them did not work in cattle farms and retired on a
pension (31).

Tuberculosis in Five Central Asian Countries

Central Asian countries are represented by five states (Kazakhstan, Kyrgyzstan,
Tajikistan, Turkmenistan, and Uzbekistan) lying on 3,994,400 km2, with 58.230
million inhabitants and 14,239,075 head of cattle. The life in villages is particular-
ly closely connected with cattle and other ruminants; those grazing on vast pas-
turelands are the most important sources of animal protein (Table 18.1).

Kazakhstan

In the 1990s, after the disintegration of the former Soviet Union and during trans-
formation of industry and agriculture, in particular, the states in Central Asia found
themselves in a considerably difficult situation. For example, in Kazakhstan, 4500
patients died of tuberculosis (mortality was increased by 50%), and about 11,000–
12,000 inhabitants became infected with tuberculosis (increased by 11.1%).
Although M. bovis infection in people may play an important role, particularly in
villages with herds infected with bovine tuberculosis, the increasing prevalence
and incidence of tuberculosis in people may be associated with (32) decreased
quality of (lack of) protein, deteriorating economic conditions of the inhabitants,
and decreasing amounts of finances spent for prevention of disease and treatment
of patients.

In some districts the immune system of the inhabitants also decreased because
of radioactivity coming from shooting ranges where experiments with underground
atomic bombs were performed before 1979 (33).

The actual diets of children and adolescents also failed to provide their needs in
nutrients, energy, vitamins, and gross and trace elements. The total calories of a
daily diet failed to meet the energy requirements and were from 26.2% to 31.6%
lower than the recommended doses. The level of total protein, fat, and carbohy-
drates were decreased by 13.7%–29.3%, 36.3%–47.5%, and 16.8%–25.1%, re-
spectively. The diets contained vitamins A, B1, B2, PP, and C in small amounts,
and there is a low intake of iron, phosphorus, magnesium, and occasionally potas-
sium and calcium in all age groups. This all is a result of the inadequate intake of
meat and meat products, milk, fish, eggs, vegetables, and fruits (34).

The incidence of tuberculosis was also markedly influenced by ethnic affilia-
tion, as in Kazakhstan. According to the 1989 census, the basic ethnic groups in
Kazakhstan were Kazakhs and Russians, who account for 40% of the whole pop-
ulation of the republic. A different risk of respiratory tuberculosis was revealed
among them. The risk for tuberculosis in the Kazakh population was almost three
times higher than that in the Russians—the Kazakh population accounted for 64%
of the total tuberculosis morbidity (35).
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Increased incidence of tuberculosis in alcoholics and drug-addicted persons rep-
resents a new problem. A study performed in cooperation with a narcological dis-
pensary in Kazakhstan showed that persons suffering from active tuberculosis and
alcoholism amounted to 11.2% of all the new cases registered in the tuberculosis
dispensary and 5.9% of all the new cases registered in the narcological dispensary.
Respectively, 2.5% of the persons registered in the narcological dispensary and
4.2% of the persons registered in the tuberculosis dispensary were subject to com-
pulsory treatment. Among the new cases of drug addiction, the number of tuber-
culous patients amounted to 17.9%. A total of 1.6% of the patients with active
tuberculosis registered in the tuberculosis dispensary (36).

Tajikistan

During the collapse of the Soviet Union in 1991, Tajikistan, one of the poorest
Soviet Central Asian republics, was embroiled in a bloody civil war. Between 1991
and 1995, the gross domestic product declined 45%, and in 1996 more than 85%
of the population was living below the poverty line. Per capita state expenditure on
health care had dropped from US $300 in 1991 to less than US $1 in 1998, in a
country where 5 kg of beef cost US $10 and a bar of soap US $1. This coincided
with a downturn in vital health statistics (37). The 1992–1997 civil war in Tajik-
istan has taken its toll on the country’s people, its economy, and its hospitals. The
hospitals, which were once the centerpiece of the health care system, have been
neglected for the past 10–15 years. Many were affected, and according to the
World Health Organization, Tajikistan has one of the highest rates of maternal and
infant mortality in the area (38).

Maternal mortality in Tajikistan increased from 41.8 per 100,000 live births in
1990 to 65.5 in 1997. During the Soviet period, patients with TB received paid
leave from work and free TB treatment. In the crisis after 1991, however, the local
40-bed tuberculosis hospital in Badakhshan’s capital, Khorog (population 20,000),
was faced with a shortage of TB medicines. Drugs supplied by international organ-
izations sustained the hospital for a short period, but soon the hospital was no
longer able to provide patients with an effective treatment regimen of first-line anti-
tuberculous drugs such as isoniazid, rifampin, ethambutol, and pyrazinamide. This
is consistent with national trends showing a dramatic increase in reported TB inci-
dence, from 30/100,000 in 1995 to more than 250/100,000 in 1997 (39).

Uzbekistan and Turkmenistan

MDR tuberculosis has emerged as a major threat to tuberculosis control, particular-
ly in the former Soviet Union. A cross-sectional survey of smear-positive tuberculo-
sis patients was conducted in selected districts of Karakalpakstan (Uzbekistan)
and Dashoguz (Turkmenistan). In Karakalpakstan, 14 (13%) of 106 new patients
were infected with MDR-tuberculosis; 43 (40%) of 107 previously treated patients
were similarly infected. The proportions for Dashoguz were 4% (4/105 patients) and
18% (18/98 patients), respectively (39).
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In Turkmenistan, infection of children with M. tuberculosis in large families was
1.4 times higher than in small ones (61.6% and 44.7%, respectively), primary in-
fection was 1.5 times higher (30.2% and 19.8%), and morbidity rate was 2.3 times
higher: 22.7% in large and 9.8% in small families per 1000 people/years of obser-
vation (40).

Bovine Tuberculosis in the Human Population

In northern parts of Kazakhstan, during 1976–1980, expeditions were organized
that diagnosed tuberculosis in the people and animals. Tuberculosis was diagnosed
3.6 times more frequently in the inhabitants of villages who were in contact with
cattle infected with bovine tuberculosis compared to villagers who were not in con-
tact with infected cattle. Examination of clinically healthy employees in farms with
cattle infected with bovine tuberculosis (particularly milkers, milkmaids, feeders,
and veterinarians) showed that their urine or vaginal lavage contained M. bovis
detected by culture. During these expeditions, drawbacks in milk pasteurization
and poor animal hygiene conditions were revealed; those increased the risk of M.
bovis infection for humans (41).

In western parts of Kazakhstan, the relationship between human tuberculosis of
people and tuberculosis in cattle was also investigated in the years 1977–1979. In
families with occurrence of tuberculosis in people, three times higher occurrence
of tuberculosis in cattle was recorded in comparison with cattle kept in families
without tuberculosis (42).

A total of 6786 persons from different parts of Kazakhstan were bacteriologi-
cally tested between 1981 and 1986. Typing of mycobacterial isolates showed that
only patients originating from southern Kazakhstan were infected with M. tuber-
culosis. In contrast, 89.0% of patients infected with M. tuberculosis and 11.0% of
patients infected with M. bovis were detected in the western part of the country.
Analysis of anamnestic data showed that they originated from agricultural farms
situated farther from the cities and that most of them were farmers and machinery
operators (43).

This epidemiological situation was confirmed by the following study conducted
in children in the region of Koktava of Kazakhstan between 1985 and 1987. It was
found that 70% of children suffering from tuberculosis originated from villages
with a high incidence of bovine tuberculosis in cattle. Moreover, complicated forms
of tuberculosis were diagnosed in almost 50% of these cases of children.
Accordingly, between 1988 and 1990, 2150 children from villages with an occur-
rence of bovine tuberculosis in cattle were vaccinated twice a year with human
tuberculin MANTU (2 TU pro dosi). A group of 1457 children without contact
with infected cattle served as a control group. Antituberculosis treatment was start-
ed in 753 of children with the reaction: 366 children were primarily infected, 122
children had hyperreaction, and 265 children were earlier infected. After a 3-year
study, primary infection of children was 2.8 times and local tuberculosis detection
6.4 times reduced because of early antituberculous therapy with isoniazid and
ethambutol (44).
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In the early 1980s, several cattle farms in Uzbekistan had workers suffering
from tuberculosis. Examination with bovine tuberculin was performed, and culture
examination of samples of feces, milk, external environment and tissues from ani-
mals with tuberculous lesions was conducted. By tuberculin testing, a four times
higher positive rate was detected in the above farms, in comparison with farms
with healthy workers. Among a total of 20 identified isolates, 12 isolates were M.
bovis, six isolates were M. tuberculosis, one was a member of scotochromogenous,
and one was nonfotochromogenous mycobacterial species. In the animals infected
with M. tuberculosis, tuberculous lesions were detected in the following organs:
pulmonary tissue and lymph nodes. Therefore, it was necessary to consider poten-
tial spread of M. tuberculosis in the farms with cattle infected with tuberculosis
(45). Sensitization of cattle with M. tuberculosis was confirmed again at the end of
the 1980s, when positive results were detected by tuberculin testing in only 0.1%
of 694 examined animals from tuberculous-free owners of cattle herds and their
families. In contrast, in cattle herds of owners and their families suffering from
tuberculosis, 3.3% of 1216 examined animals were tested positive (46).

An expedition of experts into rural regions in Kazakhstan investigated the inci-
dence of M. bovis isolates in patients from farms with cattle infected with bovine
tuberculosis in the early 1960s. M. bovis was detected in one district in 12 (30.0%)
and in another district in 21 (61.8%) patients suffering from lung tuberculosis (47).
Ten years later, exposure of 52 workers to M. bovis was monitored in one farm with
cattle infected with bovine tuberculosis by testing with human (MANTU) and
bovine tuberculin (5 TU pro dosi). A positive reaction with bovine tuberculin was
detected in all 52 workers, and a concurrent reaction with human tuberculin was
found in seven of them. Reaction with only human tuberculin was not detected in
any of the workers (48).

By the end of 1960s, among 721 isolates from tuberculous patients from vil-
lages, M. bovis was detected in 25.0% of them in northern Kazakhstan, and in only
9.5% patients from southern Kazakhstan, with a lower incidence of tuberculosis.
In a further study (1975), the epidemiological situation improved a little, and from
626 isolates from people suffering from tuberculosis, M. bovis was detected in
23.8% of the patients from the northern part and in 8.9% of patients from the
southern part. The sensitivity to streptomycin, isoniazid, para-amino-salicylic acid,
and ethionamid was assessed by the disk method of 96 isolates of M. bovis from
animals with bovine tuberculosis (48 isolates from cattle, 12 isolates from camels,
13 isolates from sheep, and 23 isolates from minks). Primary resistance was detect-
ed in 29 (30.2%) isolates: 19 (39.6%) from cattle, four (33.3%) from camels, three
(23.1%) from sheep, and three (13.0%) isolates from minks (48). This primary
resistance to antituberculotic agents was twice the level of the primary resistance
of human isolates of M. bovis (49). These authors found primary resistance in 223
(14.6%) isolates of M. tuberculosis among the 1527 tested.

Localization of the process of tuberculosis in Kazakhstan was evaluated in the
years 1967–1968 in the countrymen living near Alma-Ata in the mountain region
and in the lowland. In the mountain region, pulmonary tuberculosis was detected
in 71.9%, tuberculous lymphadenitis in 20.2%, tuberculosis of bones and joints in
5.2%, and eye tuberculosis in 2.7% of patients; in the lowland, pulmonary tuber-

188 Chapter 18

18CH_Theon_277085  11/15/05  3:06 PM  Page 188



culosis was detected in 70.2%, tuberculous lymphadenitis in 18.4%, tuberculosis
of bones and joints in 6.6%, eye tuberculosis in 3.0%, and skin tuberculosis in
1.8% of patients. It follows from anamnestic data that the age of patients with
tuberculous lymphadenitis ranged between 10 and 40 years, and all of them were
in contact with cattle infected with bovine tuberculosis or patients infected with
tuberculosis. Affected submandibular and cervical lymph nodes prevailed in both
the regions. As more than 92% of inhabitants were Kazakhs, who drink only over-
cooked milk, the possibility that they were infected with M. bovis from raw milk
was doubtful. Despite that, M. bovis was isolated from the affected submandibular,
cervical, parotid, and occasionally axillary lymph nodes from the majority of the
patients who were in contact with cattle infected with bovine tuberculosis. It fol-
lows from anamnesis that 45% of patients with lymphadenitis worked in close
proximity to the animals (veterinary technicians, shearers of sheep, milkmaids,
etc.). Therefore, it was assumed that the main method of infection with M. bovis
was percutaneous and small injuries. These assumptions were confirmed by differ-
ent ways of infections performed in 120 guinea pigs and 29 rabbits with the iso-
lates of M. bovis and M. tuberculosis (50).

More than a half of multidrug-resistant isolates originated from cattle and
camels, and half of all the isolates were highly resistant to streptomycin (50 mg/ml)
and isoniazid (25 mg/ml). Experimental infection of cattle with six resistant iso-
lates of M. bovis from animals and six resistant isolates of M. tuberculosis from
patients was induced with the aim of studying the stability of resistance of these
isolates. During the experiment, strains identical with those used for infection were
retrieved from nasal and oral cavities of all the animals (48).

In the northern part of Kazakhstan, 2562 urine samples from 1067 clinically
healthy cowgirls and milkmaids from cattle farms were examined. The following
mycobacterial isolates were obtained from 42 women: M. bovis from 18 (1.7%),
M. tuberculosis from seven (0.7%), facultative pathogenic mycobacteria from 10
(1.0%), and saprophytic mycobacteria from seven (0.7%) women. In women with
M. tuberculosis in their urine, cavernous tuberculosis of kidneys or infiltrative pul-
pitis of tuberculous etiology were diagnosed by subsequent examinations. Ac-
cordingly, it was recommended that we perform not only radiological examination
of the lungs to diagnose potential pulmonary tuberculosis but also culture exami-
nation of urine for diagnosis of extrapulmonary tuberculosis in the “exposed work-
ers in farms” with herds of cattle infected with bovine tuberculosis (48).

In addition to tuberculosis of the urinary tract, infection of genitals was detect-
ed in women in Kazakhstan, as follows: only 2.3% of all people with tuberculosis
in the year 1973 were so affected; however, the percentage increased to 11.7% in
1980. All diseased women could be divided into three following groups, according
to the clinical course (51): 18% patients had acute beginnings of the disease (high
fever, severe pain in the lower abdomen, tympany (flatulence), discharge from gen-
itals etc.), and among those, excretion of only M. tuberculosis was demonstrated in
16.0% patients; 74.8% patients had chronic torpid course of disease (subfebrility,
less intense but long-lasting pain of the lower abdomen), and among those, excre-
tion of mycobacteria from genitals was detected in 17.5% (36.8% isolates were
identified as M. bovis); and 7.2% patients had other forms of genital diseases
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(fibromyom, ovarian cysts etc.), and tuberculomas in other organs were also detect-
ed in 52% of the women before the closing diagnosis was specified—they excret-
ed mycobacteria in only 1.4% (however, M. bovis represented 25.0% isolates).

Ten years later (1986–1987), analysis of anamnestic data from 114 children suf-
fering from tuberculosis was performed. It was found that the sources of the path-
ogen for 59 children were infected people: the source of infection was an ill parent
(67.8% cases), brother or sister (11.8% cases), grandparent (10.2% cases), uncle or
aunt (6.8%), or neighbors (3.4%). Epizootiological and epidemiological analyses
revealed that 20.5% of children with the skin tuberculin reaction had been in con-
tact with cattle infected with bovine tuberculosis. Identification of 42 isolates of the
causative agent of tuberculosis from the environment gives evidence of the expo-
sure of the children to the infection pressure: various subjects of hygiene 19.1%,
kitchen table 14.3%, pillow 11.9%, blanket 9.5%, floor along the bed 11.9%, wall
along the bed 7.1%, towel 7.1%, and door handle 2.4% (52).

Resistance of children to mycobacterial infection has been increasing since the
Second World War as a result of obligatory vaccination with BCG. Despite that
fact, vaccination was not performed at all in some cases (out of the way rural
regions) or was not performed properly. Analysis of tuberculosis in children from
Kazakhstan between 1978 and 1983 showed that the disease in many cases devel-
oped not only because the immune systems of children were weakened but also
because vaccination with BCG was missing or performed inconsistently or because
the revaccination commonly performed at the age of 11 years in children was miss-
ing (53).

In the early 1980s, analysis of anamnestic data from patients infected with M.
bovis showed that 78.9% and 21.1% originated from villages and cities, respec-
tively. Analysis of the origin of villagers with tuberculosis confirmed that M. bovis
infection in 6.0% of patients in the parts of Uzbekistan where cotton was grown
and in 11.6% of patients in the parts with cattle farms. Pulmonary tuberculosis and
tuberculosis other than pulmonary was clinically diagnosed in patients infected
with M. bovis in 63.0% and 37.0% of patients, respectively (45). The epidemio-
logical situation did not change much at the end of the 1980s. From 2021 isolates
from patients suffering from tuberculosis, M. bovis was diagnosed in 10.6%–
18.3% of the patients from various districts of the country. The majority of the
patients who worked in cattle farms suffered from pulmonary tuberculosis as fol-
lows: 47.3% had the fibrocavernous form, and 20.0% patients had the infiltration
form (46). High contamination of the water and soil with pesticides used in plant
production (particularly connected with cotton and fruit-tree cultivation) is con-
nected with the emergence of the disease, as well as those factors that exert adverse
effects on the immune system of people. The above statement was confirmed by
the experiments conducted in 300 white mice fed with various doses of pesticides;
their organs were more markedly affected after the infection with M. tuberculosis,
and the mice died earlier (54).

Bovine Tuberculosis in Other Animals than Cattle in Kazakhstan

In Kazakhstan, in Alma-Ata, in the winter and spring of 1974, gross and culture
examinations were performed in 105 stray dogs and two stray cats. Gross changes
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in the lungs (caseous necrosis demonstrated by histology) were detected in only
one dog. Pathogenic mycobacteria were isolated by culture from two dogs (one M.
tuberculosis and one M. bovis isolate), scotochromogenous mycobacteria in two
dogs, and saprophytic mycobacteria in one dog. A total of 365 dogs were exam-
ined by testing using bovine (Strain Vinogradov) and human (Strain Akademia)
tuberculins. From 269 dogs from tuberculosis-free families, 13 (4.8%) had a posi-
tive reaction as follows: eight (3.0%) dogs reacted with human tuberculin, two
(0.7%) dogs with bovine tuberculin, and three (1.1%) dogs with both tuberculins
concurrently. From 96 dogs from families with tuberculosis-infected people, 10
(10.4%) had a positive reaction as follows: seven (7.3%) dogs reacted with human
tuberculin, one (1.0%) dog with bovine tuberculin, and two (2.1%) dogs with
both tuberculins concurrently. The likely cause of the more frequent reaction to
human tuberculin was the infection of dogs, particularly with M. tuberculosis, from
infected people in the families. The results in 206 examined cats were similar:
among a total of 115 examined cats in healthy families, six (5.2%) cats reacted, and
among a total of 91 examined cats in families with tuberculosis-infected people,
nine (9.9%) cats reacted (17).

In farms of cattle infected with bovine tuberculosis, M. bovis was likewise iso-
lated from organs of extensively kept poultry; this had to be considered when
measures were adopted with the aim of putting tuberculosis under control (42).
Bovine tuberculosis was also detected in camels in Kazakhstan by allergological
testing (from 285 camels, 15 gave a positive reaction with bovine tuberculin) and
by gross examination. Accordingly, the risk of infection of people with M. bovis
not only is represented by drinking raw cow milk but also is represented by drink-
ing camel milk (47).

Bovine Tuberculosis in Three Caucasian Countries

Although the three Caucasian countries (Armenia, Azerbaijan, and Georgia) are
situated in a geographically strategic position (oil and gas transport across their ter-
ritory), the region was considerably politically and economically unstable after the
collapse of the former USSR. Particularly because of the warfare of the early
1990s, the statistical data of the OIE concerning the incidence of bovine tubercu-
losis in cattle are missing (Table 18.1). Despite this, it is evident from the above
partial data that bovine tuberculosis in cattle herds still occasionally occurs. It is
difficult to obtain more data on the occurrence of bovine tuberculosis in cattle or
other animal species in that region from literature available, particularly from data-
bases such as PubMed (National Library of Medicine, Bethesda, MD) and the Web
of Knowledge (ISI Thomson, Philadelphia, PA).

Bovine Tuberculosis in Cattle in Armenia

It follows from data given by Terovanesova (54) from Armenia that monitoring of
bovine tuberculosis in this country in cattle began in 1948, particularly in dairy cat-
tle herds. In the year 1950, when more than 160,000 head of cattle were examined,
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the positivity detected was 0.1%; because of the outbreak control, it was reduced
to 0.02% of positive animals before 1957. However, because of inconsistent culling
of animals reacting to bovine tuberculin from infected herds, bovine tuberculosis
spread there similarly as in the Russian Federation, and the positivity detected in
1966 was 0.66%. After the analysis of 1.3 million tuberculin tests performed dur-
ing 10 years, a markedly increased incidence of cattle that reacted to bovine tuber-
culin was found in August, in the summer, and minimum numbers were detected
in December, in the winter. The occurrence of positive animals reacting to bovine
tuberculin in the six spring and summer months (from May to October) was dou-
ble that of the six autumn and winter months (November to April). That phenom-
enon was likely caused by the continental climate, which is characterized by hot
summer months that cause heat stress in the animals and supports development of
chronic forms of bovine tuberculosis.

Between 1952 and 1954, among 3489 animals with performed tuberculin tests,
181 (5.2%) reacted; the status of the condition of was assessed and was as follows:
32 animals were emaciated, 57 had an average level of body condition, and 92 ani-
mals were in good body condition. The lowest intensity of reactions was recorded
in the group of emaciated animals in comparison with the group of animals in good
body condition. It was also detected that the percentage of reacting animals was
markedly elevated in the age group of 4–6 years, and it was the highest in the ani-
mals at the age of 8–10 years; that gives evidence about incidence of chronic forms
of diseases in old animals (55).

Bovine Tuberculosis in Sheep in Armenia

Because cattle and sheep are kept together in farms, in 1949, incidence and the pos-
sibilities of diagnosis of bovine tuberculosis in three sheep herds kept together with
cattle that were infected with bovine tuberculosis was investigated in mountain,
submountain, and lowland regions. The most suitable site of tuberculin testing
seemed to be above the knee fold or at the wool-free part of skin behind the an-
coneal joint. When tuberculin tests with bovine tuberculin were performed, the per-
centages of reacting animals from the mountain, submountain, and lowland regions
were 2.05%, 1.57%, and 3.3%, respectively. Gross examination showed tubercu-
lous lesions in the reacting animals in mesenteric lymph nodes (100% animals) and
lungs (46% animals). Direct microscopy according to Ziehl-Neelsen staining
revealed only occasional acid-fast rods in the tissue with tuberculous lesions, and
by culture M. bovis was isolated. From the epizootiological aspect, excretion of M.
bovis through feces on days 25–50 after their artificial infection was viewed as
most important (55).

Tuberculosis in the Human Population in Three
Caucasian Countries

In Caucasian countries, where underreporting and low case finding are recognized,
case rates of tuberculosis in the human population have stabilized in Armenia,
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whereas in Azerbaijan and Georgia, there was a decrease from 1985 to 1990 (56).
In 1994, the epidemiological situation in Armenia was very grave: the tuberculosis
cases registered in this year were 19.6 per 100,000 inhabitants, which is 16.6%
higher than the figure in 1993. Mortality rates in 1994 were 3.1 per 100,000 per-
sons, and morbidity in males was 2.5 times higher than that in females. The great-
est proportion of the first cases detected was in the age group of 25–34 years.
Infiltrative tuberculosis with multiple decays and its acute course is prevalent in the
pattern of tuberculosis morbidity. Activities in prophylactic measures have drasti-
cally declined because of the power crisis and grave socioeconomic conditions of
the republic. Groups of migrants as potential carriers of undiagnosed tuberculosis
forms were gaining a great significance among patients with tuberculosis (57). The
staff of the organization Doctors without Borders also inform us about problems
connected with the spread of the causative agent of tuberculosis with migrating
people from this region (58).

The problem concerning the spread of tuberculosis in humans was not associat-
ed with the incidence of bovine tuberculosis in cattle during the last 10–15 years,
but particularly with social and economic unrest in the society caused by various
factors. In Armenia, an increased incidence of tuberculosis in people who lived in
provisional conditions after the earthquake (and particularly children) was record-
ed in December 1988 (58,59). In Azerbaijan, a critical epidemiological situation
concerning tuberculosis of people exists in the prison houses, with a high incidence
and prevalence not only of tuberculosis but also of MDR strains (60–63). In
Georgia, the epidemiological aspect of tuberculosis in humans is particularly
threatening in its high prevalence in the immigrants who came to Tbilisi (the cap-
ital) from places affected by war (64). Another risk group are prisoners with a
detected prevalence of smear- or culture-positive tuberculosis of 5995 per 100,000
prisoners (n � 448 cases among 7473 inmates). Of all the strains, 215 (77.9%)
were resistant to at least one drug, and 37 (13.0%) were MDR (65).

At present, the only possibility is the establishment of directly-observed treat-
ment, short-course. The effectiveness of that method in this sphere was success-
fully verified in an extensive pilot study performed in all three states (66).

Conclusions

Trends in HIV/AIDS associated with injecting drug use in the newly independent
states in Eastern Europe (Belarus, Moldova, Russia, and Ukraine), and Kazakhstan
in central Asia, were reviewed. Since 1995, there has been evidence of rapid
HIV/AIDS spread in Belarus, Kazakhstan, Moldova, Russia, and Ukraine, with
estimates indicating that between 50% and 90% of new HIV/AIDS infections
occur among injecting drug users. At the same time, there have been rapid increas-
es in the incidence of syphilis and declines in health and welfare status, including
outbreaks of diphtheria, tuberculosis, and cholera. Findings emphasize the poten-
tial influence of the social and economic context in creating the “risk environ-
ments” conducive to HIV/AIDS and the epidemic spread. Key factors include rapid
diffusions in injecting drug use; population migration and mixing; economic tran-
sition and decline; increasing unemployment and impoverishment; the growth of
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informal economies; modes of drug production, distribution, and consumption;
declines in public health revenue and infrastructure; and political, ideological, and
cultural transition (67).

The epidemiological relatedness of drug-resistant M. tuberculosis strains isolat-
ed in Germany in 1995 was evaluated by the standardized IS6110 fingerprinting
method. Altogether, 196 M. tuberculosis isolates from 167 patients were analyzed.
A large degree of IS6110 polymorphism was found, ranging from 1 to 20 copies.
A total of 30 of the 167 isolates (approximately 18%) could be grouped in two fin-
gerprint clusters, with a similarity of at least 78%. Approximately 60% of the
patients of these two clusters were known to be immigrants from the former Soviet
Union, and one patient is still living in Belarus (68).

Tuberculosis morbidity and mortality in the Moldova Republic has deteriorated
since 1991. The percentage of advanced and rapidly progressive forms of the dis-
ease rose two- to threefold. Most of the patients are 21–50-year-old unemployed
men living in poor financial and social conditions. Advanced and rapidly progres-
sive tuberculosis forms are present clinically with multiple symptoms and destruc-
tions, high incidence of generalized dissemination, and involvement of the brain
(69).
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Introduction

After HIV/AIDS, tuberculosis (TB) is responsible for the deaths of more people
each year than any other single infectious disease, with more than 7 million new
cases and 2 million deaths per year. Clinical disease caused by TB remains the
largest attributable cause of death in HIV-infected individuals who are also infect-
ed with TB. TB is responsible for one-third of all deaths of HIV-infected individ-
uals in Africa. In sub-Saharan Africa, where nearly 2 million tuberculosis cases
occur each year, it is unknown what role cattle-derived Mycobacterium bovis plays
in the rising epidemic of tuberculosis in Africa, fostered by HIV/AIDS. Studies in
Malawi have shown that areas of high bovine tuberculosis prevalence are not nec-
essarily matched by a concomitant high prevalence of tuberculosis in man. How-
ever, there is substantive evidence for significant transmission of M. bovis in pas-
toralist communities with close human-to-livestock contact (1).

In view of the considerable and continuing public health significance of M. bovis
infection in humans, the World Health Organization convened a meeting on zoonot-
ic tuberculosis in Geneva in November 1993 and elaborated a project protocol to
investigate the zoonotic aspects of bovine tuberculosis (2). Despite the scarcity of
information on M. bovis infection in Africa, there is sufficient evidence to indicate
that it is widely distributed and is found at high prevalences in some animal popu-
lations. The public health threat of tuberculosis in Africa requires urgent investiga-
tion through collaborative veterinary/medical research programs (3). The available
literature on M. bovis in Africa is focused on Bacille Calmette-Güerin (BCG) vac-
cination, public health, milk, livestock, game, or biological aspects, but very few
reports mention isolation from humans and animals in the same setting. In addition,
very little is known about the antibiotic resistance of M. bovis and mycobacteria in
general in African countries. Ayele et al. (4) provides a comprehensive account of
current knowledge on methods and geographical distribution of M. bovis in Africa.
Among other reasons for the relatively little attention paid to M. bovis in Africa is
the limited diagnostic capacity (3,4). In most countries, the diagnosis of tuberculo-
sis relies on sputum microscopy alone. If strains are isolated, they are grown on
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media that are not suitable for M. bovis, and methods for molecular characterization
are rarely available. Only very few veterinary mycobacteriology laboratories exist
on the continent. Njanpop-Lafourcade et al. (5), for example, reported on molecu-
lar strain characterization by spoligotyping of M. bovis from North Cameroon, and
similar strains were identified recently in Chad (6). In Tanzania, similar spoligotype
patterns of M. bovis could be demonstrated in livestock and humans. At present, the
variable number of tandem repeats method is being examined for its use in Africa
and is further compared to microarray and the analysis of genomic deletions.

Although extensive pastoral systems may be less favorable for M. bovis trans-
mission between animals than are intensive industrial systems, relatively high pre-
valences of tuberculin-positive animals were found in pastoral nomadic settings in
Chad (7). Today, especially in peri-urban areas of larger cities, intensive dairy pro-
duction is a livelihood for thousands of people, often migrating from remote rural
areas. Cross breeding with exotic breeds is more and more widely practiced. Milk
production systems are mostly informal/traditional, with little disease control in
live animals and the milk (8). Milk is usually consumed after spontaneous fermen-
tation, but raw milk consumption occurs frequently too, and isolation of M. bovis
has been reported in raw milk (9). Cattle are the main host for bovine tuberculosis
in Africa, but M. bovis was also isolated from small ruminants, camels, and many
different wildlife species. Countries with endemic bovine tuberculosis implement
various control efforts, but in most cases they are unable to compensate farmers for
culled livestock. Attempts to protect cattle against tuberculosis by BCG vaccina-
tion in the 1970s had no success, but new trials are ongoing in Madagascar and are
planned in Ethiopia.

Specific Country Reports

In this section, the tuberculosis situation in specific countries is reported. Reports
are not available from all African countries, which reflects the need for further
investigation. An overview on the reported occurrence of M. bovis is given in Table
19.1. More detailed information can also be obtained from the authors.

West and Central Africa

In West and Central Africa, bovine tuberculosis in humans seems to be specially
prevalent among the nomadic Fulani tribe, who herd their cattle across the country
borders of nations. They use milk, which they do not usually boil, from their cat-
tle for food. Cross-border migration of livestock is allowed under the treaty of the
Economic Community of West African States.

Nigeria

As in many African countries, not much work has been done on the national epi-
demiological study of TB in Nigeria. Reports on the prevalence of bovine tuber-
culosis in man and animals are few, local, and not often published. Most reports are
from the few research scientists who demonstrated resourcefulness and determina-
tion in working with the pathogen, despite inadequate funding for research by the
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successive military governments of this country. In Nigerian hospitals, as in many
African hospitals, all forms of pulmonary tuberculosis that are acid-fast-bacilli
positive are considered as a single type of TB, even though patients suffering from
M. bovis show no improvement in treatments. The application of direct smear mi-
croscopy as the only method of diagnosis of suspected cases of tuberculosis does
not differentiate between species of the M. tuberculosis complex. The prevalence
of bovine tuberculosis in cattle ranged between 3% and 9.6%, as reported by some
workers through single intradermal tests conducted in some established farms and
from abattoir samples (10). M. bovis has been isolated from test-positive cattle in
nasal secretions and milk, abattoir granulomas, and human sputum and biopsies of
lymph nodes of tuberculosis patients undergoing treatments at several large hospi-
tals, including in Lagos, where over 6 million people live. There has not been any
nationally coordinated study of TB either in cattle or human populations in Nigeria.
Nigeria is the most populous country in Africa, and it has over 120 million people,
with 13 million cattle and an unknown population of wildlife ruminants, which
makes it a perfect opportunity for the easy transmission and spread of bovine type
TB. The situation is further exacerbated by the advent of HIV/AIDS. The country
has a test-and-slaughter policy for the eradication of TB in animals, but there is
only a limited implementation. The increase of HIV/AIDS in Nigeria may have
worsened infections of M. bovis in human patients who have also been infected
with HIV/AIDS. The cumulative incidence of atypical mycobacteriosis isolated in
a study of two Lagos hospitals over the 10-year period was between 21% and 26%.
Analysis of the nature and frequency of the mycobacteria strains isolated over the
period showed that infections with M. tuberculosis accounted for 74.7% of all the
reported positive cases, followed by Mycobacterium kansasii (8.9%), Mycobacter-
ium bovis (7.2%), Mycobacterium fortuitum (4.7%), Mycobacterium avium
(4.0%), and Mycobacterium Xenopi (0.5%).

Cameroon

Between 1984 and 1986, abattoir records from Buyya showed a TB prevalence of
6% in cattle imported from Chad to Cameroon for slaughter. Human cases of bo-
vine TB were estimated to be between 4% and 7%. Though the country imports
local zebu cattle from Niger, Central African Republic, Chad, and Nigeria, France
continues to be a major exporter of cattle to Cameroon. The first documented intro-
duction of cattle to Cameroon was in 1913, when Charolais cattle were imported
from Saone-et-Loire, France. In recent molecular epidemiologic studies of 75 M.
bovis isolates obtained from Adamaoua and Northern Cameroon abattoir samples,
European types of M. bovis were identified by molecular typing profiles (5). Al-
though no definitive prevalence of TB in Cameroon could be estimated as a result
of inadequate data from several other key provinces, the molecular typing studies
show promise in their use for geographical mapping of M. bovis in Africa.

Ghana

Although Ghana continues to make dramatic progress in the reduction of tubercu-
losis in both human and livestock populations, the advent of HIV/AIDS in the
country has led to the country’s disproportionate share of bovine TB in man. In
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1984 and 1985, the prevalence of human cases of tuberculosis was 3%. Between
1983 and 1986, single bovine caudal fold tests were conducted in several ranches
in northern Ghana, using PPD (purified protein derivate) tuberculin imported from
Weybridge, England; the TB prevalence obtained was between 0% and 2%. How-
ever, in a recent study on over 2860 animals, conducted in the major areas of cattle
production, using standard single intradermal comparative cervical tests with PPD,
the prevalence was between 10.8% and 19%. The specific prevalence data obtained
are as follows: the area of Great Accra and Dangme established a 13.8% infection
rate, 14.0% in Dodowa district, and 19.0% in the Ningo subdistrict. Prampram and
Osudoku districts recorded 11.3% and 10.8% prevalence, respectively. Though the
cattle owners and herdsmen in the communities often consume unpasteurized milk,
the prevalence of bovine tuberculosis in human populations is not known.

Chad

Very little information, consisting mostly of unpublished reports, exists on the pre-
valence of M. bovis in Chadian livestock. Schelling et al. (7) found a prevalence of
17% using the M. bovis PPD tuberculin skin test. These M. bovis estimates are dif-
ferentiated against M. avium, but it is not clear to what extent M. farcinogenes cross
reacts. The quantification of M. bovis in livestock is thus even more important. Chad
reported 949 cases of human tuberculosis, for a total population of nearly 7 million
in 1996, and is suspected to have an incidence of tuberculosis ranging from 100 to
250 per 100,000. In this situation, we expect an incidence rate of M. bovis–derived
tuberculosis of 4–25 per 100,000, depending on exposure to livestock and milk. Of
the 1400 registered cases at the General Hospital in N’Djaména, 10% were smear
positive after the Directly Observed Treatment Short Course (the World Health
Organization–recommended control strategy). Bovine tuberculosis was one of the
main causes for carcass condemnation at the largest slaughterhouse (Société Mo-
derne des Abattoirs) in N’Djaména, Chad. During a prospective study from July to
August 2002 at the slaughterhouse, meat inspectors condemned 727 of 10,000 cattle
carcasses because of tuberculosis-like lesions. Microbiological examination of 201
lesions from 75 Mbororo zebu and 124 Arab zebu carcasses confirmed bovine tuber-
culosis by strain isolation. A significantly higher proportion of Mbororo than Arab
carcasses were declared entirely unfit for consumption, in comparison to partial con-
demnation. M. bovis was more often cultured from specimens of Mbororo cattle than
of Arab cattle. Spoligotyping of 56 M. bovis isolates showed a lack of the direct
repeat in 30 of the isolates, as has been described for isolates from Cameroon (6).

Burkina Faso

In 1995, epidemiological studies of M. bovis in abattoir animals at Bobo-Dioulasso
were reported. M. bovis was isolated from 38 of 100 granulomatous samples of
suspicious lesions, and 1% were M. tuberculosis isolates (11).

Senegal and Gambia

In addition to zebus, there are important numbers of trypanotolerant N’Dama cat-
tle in Gambia and Senegal. Although N’Dama cattle are comparatively resistant to
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parasitic diseases, it is not known to what extent they are susceptible to bovine tu-
berculosis infection. In a recent study by the International Trypanotolerance Centre
in Gambia, very low prevalences of bovine tuberculosis were found. No record of
bovine TB in humans is available.

Niger

In 1986 Niger had a population of 3,830,000 cattle. Between 1986 and 1994, over
1 million cattle that originated from Niger were documented as having been moved
to the Shaki cattle market in Nigeria. An abattoir survey of 106 suspected TB
granulomas conducted at Shaki slaughter establishments revealed 13% TB preva-
lence. Cultures where made from a few samples but could not be further character-
ized.

Eastern and Southern Africa

Bovine tuberculosis is known to be endemic in most of Eastern and Southern
Africa (Table 19.1). In most countries, reports are sent to the OIE; however, there
is a general scarcity of scientific publications regarding the occurrence of the dis-
eases in most of the Eastern and Southern African region. The disease is found in
various mammalian species ranging from domesticated animals to wildlife (9,12,
13). The mechanisms of disease transmission from these hosts to the human pop-
ulations have also been subject to a number of studies in this region (14,15).
Although M. bovis is a known pathogen to humans worldwide, little is known in
this region because of the lack of diagnostic facilities to determine species of
mycobacteria involved in human tuberculosis cases. This scenario has led to the
underreporting of cases of M. bovis in humans (16). The lack of disease control
measures allows for unrestricted progression of the disease and potential transmis-
sion to humans through consumption of raw milk, undercooked and sometimes raw
blood and meat (as reported from Tanzania; 17), nonpasteurized milk and products
from uninspected and informally (privately) slaughtered cattle, or directly through
close animal-human contact. This currently unacknowledged risk to human health,
locally, is of great concern to researchers in the Southern and Eastern African coun-
tries. The occurrence of M. bovis in humans, against the background of the soaring
HIV/AIDS incidence in the region, implies that the risk of spillover of zoonotic
tuberculosis to rural communities is rapidly increasing. Various researchers have
reported on scientific evidence for acceleration of pathogen replication during
coinfection of M. tuberculosis and HIV (18) and because of the close relationship
among M. tuberculosis complex mycobacteria, the same can be assumed for M.
bovis. At present, 50% of new TB cases can be attributed to HIV infection. For
example, in the Hlabisa hospital, situated in the district where M. bovis is endem-
ic, Hluhluwe-Umfolozi Park, in Kwazulu/Natal South Africa, is surrounded by
more than 100,000 head of communal cattle, and the number of HIV-positive
patients with tuberculosis increased from six in 1989 to 451 as early as in 1993
(19). Similarly, in Tanzania between 1991 and 1998, up to 44% of tuberculosis
cases were coinfected with HIV (20).
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South Africa

It is a well-established fact that domestic cattle act as a reservoir and maintenance
species for bovine tuberculosis worldwide. Reports from South Africa indicate that
African buffaloes (Syncerus caffer) are capable of maintaining M. bovis infection
in self-sustaining ecosystems such as the Kruger National Park and Hluhluwe-
Umfolozi Park in South Africa (21,22). Over time, this capability has not only led
to uncontrolled spillover of infection to other wildlife species such as chacma ba-
boon (Papio ursinus), lion (Panthera leo), cheetah (Acinonyx jubatus), kudu (Trage-
laphus strepsiceros), and leopard (Panthera pardus) but also to contamination of
the environment with M. bovis and its transmission to small mammals such as
warthog, honey badger, and genet (13). Recently gathered data regarding M. bovis
infection in a smaller game reserve in the Kwazulu/Natal Province of South Africa,
which lacks buffalo, have strongly indicated that greater kudu might also possess
maintenance host potential (21). Because the wildlife–livestock interface has
essentially remained unchanged, it should be assumed that the same circumstances
that originally led to the transmission of M. bovis from domestic cattle to wildlife
would even allow for an easier transmission back to cattle, given the overwhelm-
ing amplification of the infection pressure in the wildlife population.

Surveys have been conducted to determine the bovine tuberculosis status of buf-
falo herds in the Kruger National Park. One study (23) used a new diagnostic ap-
proach, the gamma-interferon assay technique, to diagnose M. bovis in 608 adult
buffaloes out of a total of 29 discreet herds. Postmortem specimens from gamma
interferon assay–positive animals showed excellent correlation with the results of
the antemortem 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 park. Using molecular biology techniques, a total of 12 cases
of M. tuberculosis infection in eight different species were recorded in the National
Zoological Gardens of South Africa in Pretoria (Tshwane). The genetic relatedness
between seven of the M. tuberculosis isolates was determined by IS6110 restric-
tion fragment length polymorphism analysis. For the majority of isolates that were
analyzed, a high degree of polymorphism indicated different sources of infection.

Evidence of M. tuberculosis transmission between animals is reported in two
chimpanzees (Pan troglodytes) housed together from which samples were collect-
ed for analysis 29 months apart. Through its zoonotic character, the effects of an
M. bovis epidemic in wildlife extend far beyond conservation aspects but have the
potential to affect the wildlife–livestock–human interface. Transmission of M.
bovis from cattle to humans is most likely to occur in resource poor rural commu-
nities whose livelihoods depend to a large extent on cattle farming.

Tanzania

Many of the recent studies carried out in Tanzania have centered on determining
the involvement of M. bovis in the incidence of tuberculosis in the human popula-
tion, particularly in communities involved in livestock keeping. Tuberculosis in
man resulting from M. bovis generally occurs in the extrapulmonary form, and in
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particular, as cervical lymphadenitis. In Tanzania, the proportion of extrapulmon-
ary TB among all forms of tuberculosis stands at around 16%. The major part of
these cases has been recorded in the Arusha region in the north of Tanzania, where
regional data indicate that up to 30% of total tuberculosis cases are the extrapul-
monary form. In this region, the main ethnic groups comprise the Maasai Iraqws,
and Barbaigs tribes, who form the majority of patients diagnosed as having extra-
pulmonary forms of tuberculosis. The predisposing factors for this condition in the
aforementioned ethnic groups include the close contact between humans and cat-
tle, as some of the groups keep their animals indoors, and the custom of drinking
raw milk and blood.

In a more recent study, differences in local knowledge and practices that might
influence tuberculosis control were assessed among 27 villages (16). In each vil-
lage, a general and a livestock-keeping group were selected at random. The house-
holds were home visited, and 426 family members were interviewed. The finding
from this study revealed that on average, 40% of respondents practiced habits that
might expose them to both bovine and human tuberculosis. The Barbaig tribe had
a significantly higher number of respondents (P � .024) who did not boil milk.
Eating uncooked meat or meat products was practiced by 17.9% of all respondents.
The habit was practiced more by the Iraqw (P � .008) and Barabaig (P � .016) tribes
than by other tribes. The study also found about 75% of the respondents had a poor
knowledge of tuberculosis.

In Tanzania, the increasing cases of extrapulmonary tuberculosis paralleled the
increasing total cases of tuberculosis reported each year between 1983 and 2001.
A positive correlation (r � 0.67) between the proportion of extrapulmonary tuber-
culosis and the cattle-to-human population ratio was found. In Tanzania, molecu-
lar epidemiology studies were conducted to ascertain the genetically relatedness of
strains of M. bovis recovered from humans and those from cattle. In such work, it
was shown that M. bovis from cattle has infected man or vice versa because the
pTBN12 restriction fragment length polymorphism, IS986 restriction fragment
length polymorphism, and spoligotype patterns of some M. bovis from man were
similar to those produced by M. bovis from cattle when these typing probes/tech-
niques were assessed individually.

The genetic relatedness between these strains and those found in cattle ranged
from as low as 43% to as high as 86% by pTBN12 restriction fragment length poly-
morphism typing, whereas with spoligotyping, these strains were genetically relat-
ed to cattle strains by between 53% and 98%. These figures indicate that a clonal
relationship might have existed in the past. In a mass DNA typing of strains from
various parts of the world, it was found that strains of M. bovis with a higher copy
number of IS986 were those from wild animals, zoo animals, or humans without
contact with cattle (24). In this study, two strains of M. bovis from patients resid-
ing in Usangu had 13 and 15 copies of IS986, respectively. There was no match-
ing number among 18 cattle strains typed by this probe. It is possible that these
strains came from people who might have acquired that infection from wildlife.

The increase in bovine tuberculosis could be associated to a certain extent with
the following factors: declining living standards in villages, increased urban and
peri-urban cattle keeping/raising, increased size and density of the urban population,
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improved detection, and most notably, emergence of the HIV/AIDS virus among
people living in urban and peri-urban areas. Some of these factors have also been
found to be confounding factors for the national effort toward the eradication of
tuberculosis in the human population.

Uganda

In Uganda, bovine tuberculosis has been reported to be common among the long-
horned Ankole cattle of western part of the country. Previous studies revealed a
prevalence of 19.7% in pastoral cattle in that region. Abattoir slaughter reviews by
the Ministry of Agriculture, Animal Industries, and Fisheries of the Government of
Uganda, in 1990, based on gross pathological lesions, found 1.8% slaughter ani-
mals originating from eastern region (including Karamoja) to show generalized tu-
berculosis. Cattle raising/keeping in the Karamoja region is that of transhumance;
this type of management is characterized by well-organized mobile herding groups,
which traditionally move together under the leadership of kraals leaders in search
of grazing and watering areas. The major animal species kept include short-horned
zebu, cattle, sheep, goats, and few donkeys. Animals are not supplementally fed
and receive little veterinary attention (25).

Although M. bovis transmission is reportedly low under such extensively man-
aged systems, compared to intensive ones, documented risky practices that favor
transmission, such as sharing of communal grazing and watering areas by livestock
from different areas or herds, heavy fecal contamination of few stagnant water
sources, and overcrowding in night enclosures, are routine and common in the
transhumance system. In addition, long-distance migrations with large herds of
greater than 35 cattle, and the formation and overcrowding in cattle camps during
dry season, increase herd to herd contacts and create an ideal environment for
transmission in this region.

According to James Oloya (personal communication), Uganda lacks a test-and-
slaughter policy for test-positive animals. That, together with the culture of keep-
ing animals in a pastoral farming system until they die of disease or old age, allows
the infection to progress to advanced stages of clinical disease and long-term
excretion of M. bovis. This ensures that the infection is maintained in herds with-
in extensive grazing conditions.

The effect on human health of even a low prevalence of M. bovis infection may
be severe in a system with intense level of contact between cattle and humans, as
seen in pastoral groups in Karamoja District of Eastern Uganda. Notably, habits
such as drinking raw milk mixed with cows’ urine, consumption of raw meat, and
close contact with cattle may be important risk factors for the spread of M. bovis
from cattle to humans. No active M. bovis surveillance program exists in Uganda,
and little is known about the magnitude of the problem of bovine tuberculosis in
this farming system, despite the existence of risky practices mentioned.

Previous reports have documented the occurrence of bovine tuberculosis in the
wildlife in warthogs and buffalo in the Ruwenzori National Park. As reported in
South Africa, it is very likely that in Uganda cattle, M. bovis infection could spill
over to wildlife, and vice versa (21), and pose a danger to human health.
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Zambia

Many of the reports regarding bovine tuberculosis in Zambia have centered on
infections in the wildlife, particularly in the free-living Kafue lechwe; (Kobus leche
kafuensis). In all those studies, the occurrence of M. bovis was confirmed in
Lechwe found primarily in the Kafue River Valley. M. bovis has also been report-
ed in other wildlife species such as bushbuck (T. scriptus). In 1996, Cook and
coworkers performed a cross-sectional survey on 176 randomly selected rural
households in the Monze District of Zambia; 103 of these presented cattle for tu-
berculin testing. Of the 2226 cattle tested, 165 (7.4%) were positive reactors; 33%
of herds contained positive animals. Risk of a positive reaction varied with an 
animal’s age and body condition. Cattle in larger herds were more likely to give
positive reactions. Ten households reported a human case of TB during the preced-
ing 12 months; the herds or these households were 6 times more likely to have a
tuberculin-positive animal than were herds in households without a reported hu-
man TB case.
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Introduction

On May 1, 2007, the United States National Tuberculosis Eradication Program will
be 90 years old. During this time, the program has made consistent adjustments to
incorporate new scientific knowledge and changes in livestock marketing, man-
agement, and politics. The prevalence of Mycobacterium bovis (tuberculosis, or
TB) infection in cattle has decreased from over 5% to less than 0.0001%. This
declining prevalence has occurred within a dynamic population of cattle that has
ranged from approximately 66 million to 100 million (1). The total cost of this
effort has exceeded $5 billion in 2003 dollars. The international standard—estab-
lished by the OIE (2)—for freedom from bovine tuberculosis is 0.2%. On the basis
of analysis of reported prevalence in the United States, cattle prevalence has been
less than 0.2% since before 1960. Nevertheless, since 1917, the U.S. program’s
goal has been to eradicate the disease from the country.

Current challenges to accomplishing the U.S. goal of eradication include infec-
tion of alternative species that can serve as reservoirs of infection for cattle, and the
performance of routine surveillance activities to ensure adequate detection and
reporting of infection. The existence of wild or captive reservoirs of TB infection
within alternative species requires diversion of resources away from the focus on
cattle. In addition, the declining incidence of TB infection in cattle within most of
the United States, combined with the existing wildlife reservoir of infection in one
state, places more importance on surveillance activities to detect infected cattle.

The challenges and effects of TB infection in alternative species and surveil-
lance will be discussed separately. How the United States is working to overcome
these challenges within its TB eradication program will also be discussed.
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Alternative Species

Before 1994, outbreaks of M. bovis in alternative species within the United States
occurred. These outbreaks were primarily limited to captive cervidae herds and to
a wild, free-roaming population of deer located in northern Michigan. Infection
within this free-roaming population was first reported in 1975. Because TB infec-
tion in alternative species has essentially been limited to cervidae, this discussion
will be limited to this class of animals.

Captive Cervids

Few outbreaks of TB in cervids were reported in the United States before 1991. In
1991, a TB-affected elk herd was detected in the United States, and animal move-
ments from that herd were responsible for an outbreak of TB in Canada. This inci-
dent lead to the incorporation of captive cervids into the U.S. national TB eradica-
tion program (3). Initially, the program’s bovine standards were simply applied to
cervids, but the standards have subsequently evolved in recognition of the differ-
ences between cattle and cervid industry management.

A total of 41 infected cervid herds have been discovered in the United States
since 1991 (Fig. 20.1), but only four affected herds have been found since 2000.
There were no TB-affected captive or farmed cervid herds found in 2000, 2001, or
2003, although three were found in 2002 and one was found in 2004. In contrast, a
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Figure 20.1. Distribution of 41 tuberculosis-affected cervidae herds from 1991 to
2004.
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total of 24 captive cervid herds were detected from January 1991 through December
1993. Therefore, these recent numbers indicate that the incidence of TB has been
substantially reduced since captive cervids were included in the national program.

Of the 41 affected cervid herds, 30 were depopulated, and 11 were tested mul-
tiple times and qualified for release from quarantine. One of these 11 herds, which
was an elk herd detected in 2004, was a recrudescence of a previous infection. This
elk herd was initially found infected in 2001; was quarantined, tested, and released;
and then was again found to be affected in 2004. The only infected animal found
in that herd was an older bull that had repeatedly tested negative on annual single
cervical skin tests. When that bull unexpectedly died, he was found to have exten-
sive thoracic lesions during necropsy. The herd was subsequently depopulated.

There is continuing concern that the level of surveillance for TB in captive
cervids may be inadequate. The passive slaughter surveillance system that consti-
tutes a baseline monitoring tool for cattle is not appropriate for the captive cervid
industry. Marketing of cervids for commercial slaughter is not yet routine in the
United States. Several cervid herds are maintained primarily for recreational pur-
poses or for the harvesting of antler velvet. Some cervid operations are managed
for private hunting so that commercial slaughter is irrelevant. Therefore, develop-
ing a surveillance system based on slaughter is clearly inappropriate.

During 2004, a U.S. working group developed a surveillance plan for captive
cervids that was presented to, and conditionally approved by, cervid industry lead-
ership. This surveillance plan is integral to the TB eradication program’s designa-
tion of individual state’s TB status. It is a two-stage surveillance plan that stipulates
the number of herds within a zone that must be sampled, as well as the number of
animals to sample—within a specified time period—within each surveyed captive
cervid herd. For a zone to move from a lower status (e.g., modified accredited) to
a higher status (e.g., modified accredited advanced), it must statistically sample a
greater share of the herds within the zone. This greater intensity of herd sampling
increases confidence that the prevalence of affected herds within the zone is lower
than a prescribed level. It is expected that this new surveillance system will be
adopted into the national program standards for cervids sometime in 2005 or 2006.

Surveillance of cervids is primarily a result of animal testing in the United
States. To assess the performance of animal testing, the national TB database was
examined for the June 2003–June 2004 period. There were 29,230 single cervical
tuberculin tests reportedly conducted on cervidae during this time period. There
were 501 (1.7%) responders among these single cervical tuberculin tests. Testing
was more common in the region east of the Mississippi River (69%) than west of
that river (31%), but both regions reported similar fractions of responders.
Comparative cervical testing for cervidae totaled 634 tests, with 93 (15%) suspects
or reactors. A dramatic difference in the fraction of suspects or reactors in the east
region (20%)—compared to the west (6%)—was primarily a result of fallow deer
testing in a Michigan zoological park. These results indicate the need to examine
the appropriateness of the comparative cervical scattergram for cervidae when
applied to fallow deer and possibly other cervidae species. Therefore, the United
States continues to strive for species validation of the comparative cervical test and
gamma-interferon blood test in various cervid species (e.g., reindeer).
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Free-Roaming Cervids

When the U.S. TB eradication program began in 1917, Michigan had a high preva-
lence level in its cattle population. Within Michigan, several high-prevalence coun-
ties were located in the northeastern (NE) part of the Lower Peninsula (LP). Nev-
ertheless, whole-herd testing was effective in eliminating TB from the cattle pop-
ulation, and Michigan was granted TB-free status in 1979. This status was granted
despite finding a wild deer in 1975 in the NE part of the LP (Alcona County). At
this time, surveillance testing conducted on deer and cattle herds in close proxim-
ity to where this deer was found was negative. It was believed that TB could not be
maintained in a wildlife reservoir, and therefore this detection was determined to
be an isolated occurrence.

In 1993, a TB-infected cow was identified at slaughter and traced to a dairy
located in central Michigan (Isabella County); subsequent trace testing failed to
identify the source of this infection. In 1994, 19 years after the first infected deer
was disclosed, a second TB-infected deer was found in Alpena County. At that
time, the Michigan Department of Natural Resources began intensive surveillance
of wild deer based on hunter-killed samples. In 1995, several TB-infected deer
were found in this area of the state; subsequently, additional annual surveys of
hunter-killed deer began to discover an increasingly large number of infected wild
deer (Table 20.1). These findings prompted animal health officials to begin testing
cattle during 1995 in the area where these deer were discovered, and in June 1998,
the first TB-positive cattle herd was identified in the NE part of Michigan’s LP. In
addition, a deer killed on a large privately owned (captive) deer facility was found
to be infected with M. bovis in October 1997.

During 1998 and 1999, three more cattle herds were discovered to be infected
in the NE part of the LP. As a result, Michigan’s TB program status was reduced
from Accredited Free to Modified Accredited (MA) in June 2000. In addition,
Michigan established a quarantined area, to restrict cattle movement, that encom-
passed the area known to contain infected deer and cattle. Before June 2000, cat-
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Table 20.1. Tuberculosis testing in Michigan Wild Whitetail deer from 1995 to
2003

Surveillance Number of Total
Year Tuberculosis Positives Number Tested

1975 1 1
1994 1 1
1995 27 814
1996 47 4,471
1997 73 3,705
1998 79 9,067
1999 58 19,501
2000 53 25,859
2001 60 24,278
2002 51 18,100
2003 32 17,257
Total 482 123,054
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tle testing had focused on the NE part of the LP; statewide testing then began with
a goal to test all cattle herds located in the state because of fears that the disease
might spread over a larger area of the state. Ongoing testing in the NE part of the
LP disclosed eight more TB-positive cattle herds during 2000. Also, because of the
reduction in program status, the Pasteurized Milk Ordinance required that all dairy
farms located in Michigan be tested for TB by June 2001.

During 2002, Michigan established three distinct zones (infected, surveillance,
and disease-free). Each of these zones had testing requirements commensurate
with the amount of risk of TB infection thought to exist in each zone and took the
place of the state quarantine order. Concurrently with zoning, an agreement was
signed between the State of Michigan and the U.S. Food and Drug Administration.
This agreement allowed Michigan to implement a random-sampling plan, using
whole-herd testing, as a substitute for the Pasteurized Milk Ordinance requirement
to annually test all dairy herds in Michigan. The plan entails randomly sampling
and testing approximately 1800 farms (proportionately distributed among beef and
dairy herds) in the nonendemic area of Michigan every 2 years. A more targeted
(risk-based) surveillance plan has been developed and is expected to be imple-
mented over the next 3 years; it will replace the random selection of herds.

No infected cattle herds were found outside the TB-endemic area; therefore,
Michigan applied for split-state status in August 2002. This status was subse-
quently granted in April 2004 and ended Michigan’s zoning program while creat-
ing two TB program status zones in Michigan: the TB-endemic area remained at
MA status, and the remainder of the state was upgraded to modified accredited ad-
vanced (MAA) status. The MA zone now includes the 11 counties in the NE por-
tion of Michigan’s LP plus the northern-most portions of two counties (Ogemaw
and Iosco). This zone includes all cattle herds recently affected with TB. It also
includes the locations where positive wildlife have been identified, except for one
wild deer found in each of three contiguous counties to the MA zone.

As of 2004, a total of 33 cattle herds and one captive cervid herd in Michigan
have been determined to be TB infected; this includes three herds that were found
to be reinfected following depopulation and subsequent repopulation (two beef
herds) or completion of a test-and-remove program (one dairy herd). It is believed
that these herds were reinfected via contact with infected wildlife instead of
recrudescence of infection remaining within the affected herd or the premises’
environment. In addition to deer, several other species of wildlife have been found
to be TB infected in Michigan, although the role these animals may play in disease
transmission still remains unclear.

To discourage transmission among wild deer, feeding and baiting of deer is
banned in seven counties of the NE portion of Michigan’s LP. In addition, at the
owners’ request, the U.S. Department of Agriculture has been constructing fences
surrounding feed storage areas on farms in the MA zone. These fences are expect-
ed to reduce contamination of feedstuffs consumed by cattle and thereby prevent
transmission of TB from wildlife to cattle. Furthermore, risk mitigation strategies
are now required for TB-accredited herds located in zones known to be endemic
for TB in wildlife. These strategies focus on reducing contamination of stored
feedstuffs by infected wildlife sources, restricting access of wildlife to areas where
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feed is presented to livestock, and reducing populations of wildlife in areas that are
known to be infected with TB.

Wild deer numbers have been reduced in the MA zone through hunting. Fur-
thermore, prevalence of TB in Michigan’s wild deer has decreased from 5% to
1.4% (4) between 1997 and 2004. Although this trend is encouraging, the trend in
the prevalence of affected cattle herds during this time period has remained rela-
tively constant.

The establishment of different zones within Michigan is intended to prevent the
establishment of new foci of TB in cattle and wildlife outside the MA zone. The
primary function of zoning, however, is to restrict movement of cattle and require
that only TB-negative cattle move from the MA zone to other parts of Michigan.
Although movement of wildlife is less controlled than that of cattle, mitigation
activities, such as the ban on feeding or baiting of deer within the MA zone, should
reduce the likelihood of TB transmission to wildlife beyond the boundaries of the
zone.

There are several factors that should be considered when assessing the impor-
tance of wildlife TB on the eradication of TB from cattle. These include costs to
the farmers via increased testing requirements, movement restrictions, marketing
restrictions, and other TB-preventive activities that reduce producer income. Other
costs may include generally reduced value of livestock in TB-affected zones, re-
duced revenue from hunting in the area because hunters are concerned they might
become infected from eating or touching infected deer, reduced revenue from busi-
nesses that rely on farmer and hunter purchases in the area, reduced tourism, and
government costs for increased surveillance, testing, and continuing maintenance
of quality control standards.

The economic consequences to Michigan cattle producers were briefly exam-
ined by Leefers et al. (4), who concluded that the total costs for Michigan’s three
agricultural industries—dairy, cow–calf operators, and cattle feeders—amounted
to $35 million annually. Costs for wildlife management in Michigan are estimated
by the amount spent on tuberculosis management and wildlife research activities
by the Michigan Department of Natural Resources. These were estimated to be
more than $2.5 million per year. Costs for the Michigan Department of Agriculture
in tuberculosis management, outreach, and educational programs amounts to over
$5 million per year (5). Michigan estimates that the state has spent $47 million in
addressing TB infection in wildlife (6). These costs include maintaining an
enlarged workforce to conduct testing, animal identification, record management,
informing the public, and enforcing new TB movement restrictions.

Increased funding for surveillance and eradication is not the only challenge fac-
ing the national tuberculosis eradication efforts. The difficulties encountered with
the detection of tuberculosis in wild white-tail deer and elk in Michigan has creat-
ed a reservoir of disease in an animal species that is not under the authority of the
state or federal animal health authorities. This had not been an issue in past tuber-
culosis eradication efforts in the United States. This is potentially a major program
impediment because most of the other state and federal agencies do not have man-
dates that include disease control in animals. Therefore, there is sometimes reluc-
tance from those agencies to become involved. In addition, their stakeholders often
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do not understand the importance of animal disease control and insist that those
agencies require/implement wildlife management actions that are in direct conflict
with sound, scientific disease management strategies.

Since 1998, this lack of authority for Animal Health Agencies in Michigan has
been addressed through cooperation between the responsible state and federal
agencies. To address the presence of TB in Michigan, the Michigan Department of
Agriculture and the Michigan Department of Natural Resources formed a committee
with the Department of Community Health, the U.S. Department of Agriculture/
Veterinary Services, and Michigan State University. The committee recommended
that wildlife and livestock management activities, surveillance, public communi-
cation efforts, and additional research be conducted. The governor of Michigan
identified actions that would be included in Michigan’s tuberculosis eradication
strategy, which included development of deer harvest quotas, development of meth-
ods to prevent livestock from being exposed, continued surveillance, and informa-
tion dissemination. Michigan’s wildlife strategy was a combination of wildlife dis-
ease surveys and deer management actions consisting of eliminating the feeding
and baiting of deer and reducing the population in a special deer management area.
After 1 year, there was an increase in the deer harvest of 38%. Michigan expand-
ed its surveillance efforts to provide assurance to stakeholders that the disease was
contained. However, in 2003, because of little improvement in the transmission of
disease from wildlife for several years, Michigan formed an expert panel to rec-
ommend new strategies to address disease management in wildlife.

U.S. Department of Agriculture/Animal and Plant Health Inspection Service/
Veterinary Services has expended more than $12 million for tuberculosis eradica-
tion activities in Michigan since the outbreak of tuberculosis occurred in wild, free-
roaming deer. Since 1997, more than $5 million per year in federal funds have been
directed toward the Michigan eradication effort (5).

In 2000, a TB strategic plan was developed to identify the actions needed to
complete the eradication of tuberculosis. This strategic plan was updated in 2004.
The plan recommends increased eradication efforts and indemnity, increased sur-
veillance, improved wildlife disease management strategies, risk mitigation, and
increased information dissemination and education. The total costs of these meas-
ures are estimated to be over 33 million dollars.

Because the current amount of surveillance in wildlife is limited, the 2004 TB
strategic plan (7) calls for an early, aggressive, and sustained management inter-
vention to eradicate tuberculosis in wildlife. These interventions include expanded
wildlife and livestock surveillance to define the scope of the problem and to mon-
itor progress of eradication efforts, immediate cessation of activities that increase
disease risks including supplemental feeding and baiting, population density re-
duction in specific locations to a level where tuberculosis is no longer maintained,
and dissemination of information to involved stakeholders regarding risk factors
associated with transmission of tuberculosis between wildlife and livestock. The
estimated funding needed for these efforts is over 1 million dollars.

Because limited tools are available for eradicating tuberculosis from free-ranging
wildlife, a better understanding of the epidemiology of tuberculosis in wildlife and
livestock may identify additional or alternative eradication methods. In addition,
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the efficacy of current and future management actions must be continuously eval-
uated to identify the best strategies and methods for tuberculosis eradication.
Therefore, research must be continued to identify key control points at which trans-
mission among wild animals and transmission between wildlife and livestock can
be precluded. It is estimated that another $500,000 is needed to fund these efforts.

The effect of TB in alternative species, and especially wildlife, is highlighted by
the amount of resources already expended and the additional resources needed.
Increased surveillance in both domestic animals and wildlife must be maintained
as long as the disease remains in the domestic livestock or wildlife, which perpet-
uates program costs. The economic effect of these restrictions is difficult to meas-
ure. The discussion above provides an overview of the extent of the effects.
However, successful completion of the TB eradication program relies on adequate
surveillance, and TB in wildlife significantly affects how surveillance for TB will
be conducted in the future.

Surveillance Performance

The surveillance challenges for captive cervids and the TB reservoir in Michigan’s
wild deer highlight the importance of surveillance to the national eradication effort.
In addition to funds expended on eradication activities, the program has also had
to increase surveillance in and around Michigan, which results in increased and
prolonged surveillance costs as well as in maintaining and modifying surveillance
standards to address continued infection in wildlife. For example, since the detec-
tion of TB in wildlife in Michigan, the amount of testing by state, federal, and
accredited veterinarians has increased significantly. The number of cattle tested in
Michigan each year before 1997 averaged 3000. In 1998 and 1999, there were
more than 56,000 cattle, and in 2004 more than 124,000 cattle were tested (over
41,000 in the MA zone and over 86,000 in the MAA zone; 9).

To better understand the economic importance of TB surveillance on the pro-
gram, because of continued potential for exposure to TB infection in livestock and
wildlife, a description of the surveillance components of tuberculosis program is
necessary.

In the early 1960s, TB surveillance in the United States converted from prima-
rily individual animal testing to slaughter inspection. This transition was necessary
because the prevalence of infection had become too low to rely on live animal test-
ing for the purposes of proactively identifying infected cattle. Nevertheless, live
animal testing using the caudal fold skin test remains an important tool for deter-
mining the status of cattle in interstate trade.

The application of the TB test is dependent on careful handling of the test
reagent, accurate intradermal injection, and objective reading. Regulatory person-
nel, including accredited veterinarians, are responsible for ensuring that the testing
is valid. In addition to Michigan, other U.S. states (e.g., Texas and California) are
conducting thousands more tests than were needed before TB was again detected
in their cattle populations. This has created several logistical problems, which in-
clude developing a more effective system to validate the surveillance testing.
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Regardless of the system used, surveillance for TB is potentially biased if the
application of the methods is invalid. For slaughter surveillance, each carcass must
be carefully inspected for evidence of TB lesions. In the United States, the car-
casses of all slaughtered cattle are required to be inspected in this manner. For skin
testing, each injection site must be carefully palpated 72 hours postinjection, and
any reaction—regardless of size—is considered a response. Responses are fol-
lowed up with a more specific test—the comparative cervical test or the gamma
interferon blood test—to classify a responder to the caudal fold test as a suspect or
reactor. If slaughter inspectors are not attentive to evidence of TB, then the validi-
ty of that surveillance system is questionable. Similarly, if veterinarians who con-
duct skin testing do not report all responses, then the validity of that surveillance
system is questionable.

On-Farm Surveillance

The TB eradication program relies on the competency of state, federal, and accred-
ited veterinarians to correctly classify skin-test reactions and the competency of
veterinarians and inspectors to correctly identify and submit lesions from slaugh-
tered animals. Accredited veterinarians commonly conduct the caudal fold test on
cattle for interstate movement. Because there is a wildlife reservoir in northern
Michigan that has spread to cattle herds, there are hundreds of thousands more TB
tests conducted each year for surveillance purposes. Because there is a greater
potential for some animals to be exposed, there is a greater need to evaluate the
performance of these veterinarians in a systematic and consistent manner. There-
fore, one of the program changes needed in the U.S. Tuberculosis Eradication Pro-
gram was to establish a performance standard.

The 2004 revised Tuberculosis Eradication Program’s Uniform Methods and
Rules includes a performance standard for conducting the caudal fold TB test. This
performance standard provides veterinarians with the regulatory expectations and
provides a quantitative tool for assessing compliance or noncompliance with these
expectations. The concern regarding caudal fold TB testing is underreporting of
reactions. If a veterinarian is rarely classifying a test as suspicious for TB, then it
is possible that infected cattle are missed and that the eradication program is defi-
cient.

In a completely noninfected population of cattle, the caudal-fold TB test is ex-
pected to result in a suspicious response in some predictable proportion of tested cat-
tle. Test specificity (SPEC) measures the proportion of noninfected animals in a pop-
ulation that will be correctly classified as negative on a test. The quantity 1 � SPEC
measures the proportion of false-positive results expected. For a low-prevalence
disease like TB, the minimum observed proportion of suspicious responders in a
population must be equal to, or greater than, the quantity 1 � SPEC. If the popu-
lation includes some infected cattle, then the observed proportion of suspicious
responders could be greater than 1 � SPEC, but in no case can it be less.

Assessments of the true specificity for the caudal fold TB test range from 90%
to nearly 100%. For the purposes of this performance standard, it is expected that
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99% of noninfected cattle should be classified as negative, and the remaining 1%
of noninfected cattle should be classified as responders to the caudal fold test.
Given this expectation, there remains the quantitative assessment of performance
by individual veterinarians.

According to the performance standard, each caudal fold test a veterinarian con-
ducts has a 1% probability of being positive. The expected number of positive
results in n tests is predicted by the binomial distribution. This distribution implies
that there should be at least one positive test among, for example, 300 tests. The
purpose of the performance standard is to verify that a veterinarian is classifying
tests at prevalence above or equal to 1%. Nevertheless, the performance standard
must account for the random variability inherent in the binomial distribution.

The caudal fold TB test performance standard should result in consistent appli-
cation of this test. In turn, this performance standard should improve detection of
remaining infected cattle in the United States. Having a performance standard
should also assist the United States in withstanding scrutiny of its national TB sur-
veillance effort. The standard also allows evaluation of other countries’ perform-
ance of this test.

The benefits of this standard—in terms of disease detection and validation of
testing—far outweigh the costs incurred because of an increase in reported false-
positive cattle. False-positive cattle are not a result of the standard, but a biologic
phenomenon inherent in the skin testing. If responses are arbitrarily classified by
the veterinarian conducting the test, then a responder could be a false-positive ani-
mal or a true-positive animal. The cost avoided by not classifying the false-positive
animal as a responder is likely much less than the cost of allowing a true-positive
animal to remain unreported.

Slaughter Surveillance

As long as the potential for TB infection exists in a country, the importance of
maintaining surveillance at slaughter is magnified. The presence of TB in alterna-
tive species, such as wildlife in Michigan, affects the Tuberculosis Eradication
Program by prolonging the time period that each carcass must be examined. In
conducting surveillance at slaughter, every carcass is required to be inspected for
TB. This results in maintaining a significantly increased number of veterinary in-
spectors until after the disease has been eradicated from the country. Therefore, the
expected number of lesions submitted from slaughtered animals for testing also
increases. Because slaughter inspection for TB is so critical to the eradication of
TB from the United States, a system of validating proper numbers of samples to be
collected at slaughter was developed.

If we know the number of cattle slaughtered annually, then the threshold of
infection that we can detect via slaughter surveillance can be determined. Yet, in-
spection must be thorough to detect TB in carcasses. There is much pathology that
grossly resembles TB lesions. If carcass inspection is valid, then granulomas must
occasionally be submitted, even in the absence of infection. If submissions from a
slaughter plant are occurring with sufficient frequency, then it is concluded that
monitoring activities are valid.
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In the past, the frequency of granuloma submissions by slaughter establishments
has been highly variable. From year to year, the frequency of granuloma submis-
sions per plant has ranged from zero per 10,000 carcasses processed to greater than
30 per 10,000 carcasses processed. This variability raises concerns about the valid-
ity of slaughter surveillance in the United States.

Similar to the caudal fold TB test, slaughter inspection for TB should have some
fraction of false-positive carcasses. These are carcasses with lesions that resemble
TB but that are distinguished by histopathology or culture (or polymerase chain
reaction assay) as not being caused by TB. Among the population of cattle car-
casses processed in the United States with any type of gross lesion, there is a sub-
population of carcasses with lesions that are called granulomatous. For example,
there is some percentage of actinomycosis, actinobacillosis, coccidiomycosis, and
malignant lymphoma lesions that grossly resemble TB.

During 2003, there were 5078 submissions from slaughter establishments to the
National Veterinary Service Laboratories and the State of California Veterinary
Diagnostic Laboratories for suspicion of TB (Fig. 20.2). The largest percentage of
these lesions were classified as ACTI—meaning either actinobacillosis or actino-
mycosis. ACTI is a condition that the U.S. Department of Agriculture’s Food
Safety Inspection Service (FSIS) specifically keeps track of in their Animal
Disease Reporting System database. Other histopathology categories, such as pyo-
granuloma, are not specifically identified in this FSIS database. Instead, these other
conditions may fall within other FSIS categories such as pneumonia, abscess
pyemia, or miscellaneous inflammation.

FSIS reports the number of carcasses that are restricted because they have evi-
dence of ACTI. Most of the time, these restrictions simply involve trimming out the
affected part, although a small number of ACTI-affected carcasses are condemned.

However, because ACTI is a common histopathologic diagnosis for TB, and it
can be linked to the FSIS database, this condition is used to establish a minimum
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Figure 20.2. Frequency of various histopathologic classifications of tuberculosis
submissions in 2003.

20CH_Theon_277085  11/15/05  3:07 PM  Page 221



submission frequency standard for suspicious TB lesions by slaughter establish-
ments. The minimum submission frequency standard is defined as S � P � f,
where S is the fraction of carcasses with TB-suspicious lesions slaughtered in an
establishment, P is a prevalence of ACTI-affected carcasses, and f is the fraction of
ACTI-affected carcasses whose lesions resemble TB.

To establish a standard that all slaughter establishments can meet, the lowest
regional prevalence of ACTI-affected carcasses (0.38%) is chosen as the value for
P. The number of ACTI-affected carcasses reported by FSIS in 2003 was evaluat-
ed for the east and west regions of Veterinary Services, as well as for the north and
south regions of the United States. There was little difference in the prevalence of
ACTI-affected carcasses between the north and south regions, but there was a
much lower prevalence in the eastern United States when compared to the west.
Nevertheless, ACTI was reported at perceptible levels regardless of region (Fig.
20.2 and Table 20.2).

To estimate the fraction of ACTI-affected carcasses whose lesions resemble TB,
data from the 40 largest cow–bull slaughter establishments were examined.
Regardless of regional location of the slaughter establishment, there was a con-
centration of slaughter establishments that submitted fewer than 5 TB samples for
every 10,000 carcasses processed (Fig. 20.3). Nevertheless, there were 13 plants
that submitted samples at substantially higher frequencies. Based on experience, it
is recognized that these plants are staffed with veterinarians committed to TB sur-
veillance.

The relationship between the number of TB samples with histopathologic diag-
noses of ACTI and the number of carcasses reported as being ACTI affected indi-
cates that plants committed to TB surveillance are likely submitting lesions from
ACTI-affected carcasses because those lesions look like TB (Fig. 20.4). A propor-
tional trend in this relationship is noted for the top 12 submitting slaughter estab-
lishments, but no such trend is evident among the other 27 slaughter establish-
ments. One establishment among the top submitting plants was considered an out-
lier because personnel changes at the plant—which contributed to an improvement
in TB submission frequency—occurred late in 2003.

Using data from the top 12 submitting slaughter establishments, the fraction of
ACTI-affected carcasses whose lesions resemble TB (f) is estimated as 14%. From
the top 12 submitting slaughter establishments, there were 3213 TB submissions
from more than 2 million adult cattle slaughtered in 2003. Following histopathology,
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Table 20.2. Summary of ACTI-affected carcasses in FSIS-inspected slaughter plants
during 2003

Number Number of Fraction
Region Slaughtered ACTI-Affected Carcasses Affected

United States 6,057,653 57,024 0.94%
Eastern United States 2,969,802 11,137 0.38%
Western United States 3,087,851 45,887 1.49%
Northern United States 4,296,066 36,478 0.85%
Southern United States 1,761,587 20,546 1.17%
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990 (31%) of these 3213 TB submissions were diagnosed as ACTI. According to
FSIS data, there were 5919 carcasses reported as being ACTI affected from these
top 12 slaughter establishments in 2003. Assuming the TB submissions that were
later diagnosed as ACTI contribute to the total number of ACTI-affected carcasses
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Figure 20.3. A comparison of adult cattle tuberculosis submission rates from the 40
largest eastern and western region slaughter facilities for 2003.

Figure 20.4. Relationship between the number of ACTI classifications among all TB
submissions and the number of ACTI-affected carcasses for the 40 largest adult cattle
slaughter plants in financial year 2003. There were 12 slaughter plants identified as
frequent tuberculosis submitters (Top Submitters), 27 slaughter plants identified as
less frequent submitters, and one plant identified as an outlier.
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from these plants, the fraction of ACTI-affected carcasses whose lesions resemble
TB equals

Based on this analysis, it is concluded that slaughter establishments should be
submitting samples suspected of TB at a frequency of 0.05% (� P � f � 0.38%
� 14%). This equates to one submission per 2000 carcasses processed. Failure to
meet this standard indicates that the inspection of carcasses for TB may be inade-
quate. Inadequate inspection of carcasses could delay the successful eradication of
TB in the United States.

The benefits of this slaughter surveillance standard are similar to those men-
tioned for the caudal fold TB testing performance standard. Because slaughter sur-
veillance is a very important element of the U.S. TB program, the benefits are mag-
nified. If TB-infected cattle are routinely missed because slaughter inspection is
inadequate, then the cost to the eradication program is large.

This increase in sampling and testing represents another increased cost to the
program. In addition, laboratories must have increased staffing and resources to
handle the increase in sample submission. In the 2004 TB strategic plan, it is esti-
mated that an additional $5.6 million is needed annually to meet the increased sur-
veillance cost.

Summary

In summary, TB in wildlife costs citizens an estimated $35 million in lost revenue
each year. Wildlife TB has cost the national TB eradication effort at least $30 mil-
lion since 1994 in surveillance, eradication activities, and research efforts alone.
Wildlife TB will continue to require adequate funding to prevent its spread and to
make progress toward its eradication. Significant efforts are needed to prevent the
disease from spreading to other areas through wildlife movement and livestock
movements. The tuberculosis strategic plan has identified more than $10.5 million
in resources to adequately address this situation in wildlife. Research is being con-
ducted to find improved management techniques, effective vaccines, or better tests
to incorporate into the program. More resources are needed in this area. However,
even with adequate resources, disease management authorities must also be in
place through interagency cooperation and collaboration to adequately eliminate
this disease from the country in all species.

The persistence of TB in cattle, as well as captive and wild cervids, highlights
the importance of surveillance to detect TB infection. To ensure that data coming
from the existing surveillance systems is accurate, the performance of testing and
inspection needs standardization. The national TB eradication program’s methods
and rules now incorporate such standards.

The finding of TB infection in wild deer has had a significant effect on the
tuberculosis eradication efforts in livestock in that area and on the entire eradica-
tion program. Until the exposure of domestic livestock to TB-infected wildlife can
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be effectively prevented, the outbreak of TB in the white-tail deer and elk will con-
tinue to have a significant effect on the eradication of bovine tuberculosis in the
United States.
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Chapter 21

Effect of Bovine Tuberculosis in
Wildlife on a National Eradication
Program—Canada
M.A. Koller-Jones, DVM, C. Turcotte, DVM, PhD, 
C. Lutze-Wallace, and O. Surujballi, PhD

Canada’s Bovine Tuberculosis Eradication Program:
Cattle

In 1897, only 5 years after Robert Koch discovered the bacterium responsible for
tuberculosis, Canada was one of the first countries in the world to commence a pro-
gram to deal with the disease by offering testing to livestock owners free of charge.
In 1907, a national meat inspection system was implemented, which provided reli-
able statistics on the incidence of tuberculosis in slaughter animals and permitted
the tracing of diseased livestock to their farm of origin. This, in turn, provided the
impetus for the development of programs aimed first at control and then the com-
plete eradication of the disease in cattle. The initial voluntary program of testing
herds and removing animals with a positive reaction to the tuberculin test was
replaced in 1923 with a mandatory farm-to-farm whole-herd testing program.
During the first nationwide testing campaign, which lasted until 1961, the rate of
test-positive animals was reduced from more than 4% of cattle tested to approxi-
mately 0.1%.

Between 1961 and 1978, the mandatory on-farm testing program continued
through a second, third, and fourth complete test of all cattle herds in Canada, using
an eradication strategy of repeated herd testing and the removal, to slaughter, of
test-positive animals only. However, the rate of skin test–positive animals remained
at approximately 0.1%, and the number of infected herds detected each year stabi-
lized. In 1979, a comprehensive review, including an economic analysis, was con-
ducted to identify the obstacles to successful completion of Canada’s bovine tuber-
culosis eradication program (Management Consulting Services, 1979).

The review resulted in several significant changes to the eradication program
beginning in 1980: first, disease surveillance was shifted from on-farm herd test-
ing to slaughterhouse monitoring through the submission of any granulomatous
lesions found during routine postmortem inspection to the laboratory for micro-
scopic (histopathology) and microbiological (culture) examination; second, de-
tailed epidemiological investigations were instituted to identify all possible sources
of infection whenever M. bovis was confirmed; and third, disease eradication
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required the destruction of all susceptible animals found by the epidemiological
investigation to have been exposed to M. bovis—those present on the infected farm
as well as those previously removed (trace-out animals). Although other eradica-
tion options were considered, the computer simulation model used in the econom-
ic analysis determined that the whole-herd destruction option yielded the best ben-
efit/cost ratio.

The implementation of these program enhancements was followed by a steady
decline in the number of infected cattle herds found in Canada each year. In 2005,
bovine tuberculosis has been eradicated from cattle herds in all regions of the coun-
try, except for a small area around Riding Mountain National Park in the province
of Manitoba. During the preceding 5 years (2000–2004), bovine tuberculosis was
found in six cattle herds in Canada, five of which were located in, or associated
with, the Riding Mountain area. The situation in the Riding Mountain area, the
only region in Canada where bovine tuberculosis continues to be present in live-
stock, is discussed later in this chapter.

Canada’s Bovine Tuberculosis Eradication Program:
Farmed Bison and Cervids

Ventures into the commercial farming of game animals in Canada began in the
early 1980s, expanding from a handful of enterprises to several thousand herds
over the next two decades. The emergence of this farming sector occurred as
Canada was nearing the complete eradication of bovine tuberculosis in traditional
livestock. Game farms, which in Canada raise primarily bison, elk, red deer, white-
tailed deer, mule deer, and fallow deer, were identified as potential reservoirs of M.
bovis that, if left unexamined, could result in the recurrence of bovine tuberculosis
in traditional livestock and humans, as well as serve as an avenue by which the dis-
ease could spread to, and become established in, free-roaming wildlife.

In 1989, Canada’s bovine tuberculosis eradication program was expanded to
include farmed bison, farmed cervids, and other captive ungulate species. The dis-
ease was made notifiable in all species of animals, and disease surveillance was
achieved through on-farm testing of those species considered to be suitable for
tuberculin skin testing: bison and other Bovidae using the caudal fold site and
Cervidae using the midcervical site. Disease eradication methods were identical to
those in place for cattle: a detailed epidemiological investigation to identify all pos-
sible sources of infection and the destruction of all susceptible animals found by
the investigation to have been exposed to M. bovis.

During the first 11 years of the expanded eradication program (1989 through
1999), bovine tuberculosis was found on 40 game farms in five of Canada’s 10 pro-
vinces. Nineteen of these infected herds were associated with the importation of
one or more shipments of infected farmed elk from the United States into Alberta
during the mid- to late 1980s, before the implementation of stricter import controls
(Essey and Koller, 1994). During the next 5 years (2000–2004), bovine tuberculo-
sis was found on a single game farm in Canada—a bison herd in Alberta in 2001.
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In 2005, bovine tuberculosis has been eradicated from farmed bison and farmed
cervids in all regions of the country.

Elements of Canada’s Bovine Tuberculosis Eradication
Program

The Canadian bovine tuberculosis eradication program has three major elements:
disease surveillance, disease eradication, and disease reservoir management. The
collective results of these three elements are reflected in the fourth aspect of the
program—area status classification. The program also includes provisions for the
payment of compensation.

Disease Surveillance

Bovine tuberculosis is a federally notifiable disease in Canada in all species and in
all regions. Active surveillance is directed at three livestock sectors: cattle, farmed
bison, and farmed cervids. It consists of routine slaughterhouse inspections, the
submission of tuberculous-like lesions for laboratory examination, and the tracing
and investigation of the herd of origin of all lesions suspected or confirmed to be
caused by M. bovis infection. This slaughter monitoring program is augmented by
periodic on-farm testing targeted at livestock sectors with insufficient slaughter
volumes to support slaughter monitoring as the sole method of surveillance (farmed
cervids), and regions in Canada where the risk of M. bovis being present in, or in-
troduced into, livestock herds warrants more aggressive surveillance (i.e., the area
around Riding Mountain National Park in Manitoba). Passive surveillance relies on
Canada’s extensive veterinary infrastructure, encompasses all species, and consists
of routine postmortem examination by private veterinary practitioners and diag-
nostic laboratories, as well as tuberculin testing of animals for other reasons, such
as export, entry into an artificial insemination center, or change of ownership. The
tuberculin tests used in on-farm testing include the caudal fold test to screen cattle
and farmed bison, the midcervical test to screen farmed cervids, and the compara-
tive cervical test to evaluate cattle, bison, or farmed cervids that react to the screen-
ing test. An interferon-gamma assay (Bovigam) was added to the program in 2003
for use in cattle and farmed bison that react to the screening test. Animals suspect-
ed of being infected with bovine tuberculosis are destroyed for detailed necropsy
and confirmatory laboratory testing of their tissues. If M. bovis is isolated, disease
eradication activities are initiated.

Disease Eradication

The response to confirmed cases of bovine tuberculosis in farm animals involves
measures to eliminate the infection from the premises (quarantine, destruction of
all susceptible exposed animals, cleaning and disinfection, vacant period, and mon-
itoring of the restocked herd); identify any spread of M. bovis from the infected
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premises, and eliminate it (tracing and destruction of exposed trace-out animals);
and prevent future spread of the infection (trace-back and investigate all possible
sources of the infection).

Disease Reservoir Management

Two reservoirs of bovine tuberculosis, both in free-roaming ruminants, have been
identified in Canada. Their presence has resulted in the development and imple-
mentation of risk-management measures to prevent the spread of the disease from
these reservoirs to Canadian livestock herds. Bovine tuberculosis is endemic in
free-roaming herds of approximately 3000 wood bison in and around Wood Buf-
falo National Park in northwestern Canada. Because of their distance from agri-
cultural enterprises, the diseased bison currently pose a very low risk to livestock
herds. Bovine tuberculosis is also present in wild Cervidae (approximately 2000
elk and white-tailed deer) in and around Riding Mountain National Park in south-
ern Manitoba. Unlike the situation in northern Alberta, this reservoir is believed to
be the source of bovine tuberculosis for five of the six infected cattle herds found
in Canada between 2000 and 2005. The effect of the presence of these wildlife
reservoirs is discussed later in this chapter.

Area Certification and Movement Control

Federal legislation sets out criteria that must be satisfied for a region (area) in
Canada to be classified as officially free from bovine tuberculosis. These criteria
meet or exceed those set out by the World Organization for Animal Health (OIE).
Criteria for two other levels of tuberculosis certification—tuberculosis-accredited-
advanced (very low prevalence) and tuberculosis-accredited (low prevalence)—are
prescribed. The legislation also requires that certain livestock—cattle and farmed
bison moved from a region of lower status to one of higher status, and cervids
moved between any premises—are accompanied by a permit issued by the federal
veterinary authority. In 2005, cattle and farmed bison in all regions of Canada,
except those in the eradication area around Riding Mountain National Park, have
been classified as officially tuberculosis free. The Riding Mountain eradication
area is classified as tuberculosis-accredited-advanced, and a permit is required for
cattle and farmed bison leaving this area. In 2005, farmed cervids in all regions of
Canada were classified as being officially tuberculosis free.

Compensation

Federal legislation provides for the payment of compensation for animals that are
destroyed under eradication programs in the amount of the market value of the ani-
mal up to a prescribed maximum amount, as well as reasonable disposal costs. The
level of compensation endeavors to strike a balance between encouraging the early
reporting of suspected disease by animal owners and veterinarians to facilitate ef-
fective control of outbreaks, providing assistance to owners in replacing their ani-
mals, and ensuring that disease does not become profitable.
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Wood Buffalo National Park

By the 1890s, the once enormous herds of plains bison in North America had been
reduced to a handful of herds held in private ownership. In Canada, a morpholog-
ically distinct subspecies, wood bison, was reduced to a few animals surviving in
a small area of woods and small prairies in northwestern Canada. Early in the last
century, the Canadian government established Buffalo Park in central Alberta and
stocked it with a herd of purchased plains bison. In 1922, Wood Buffalo National
Park was established to protect the surviving wood bison. At 44,800 square kilo-
meters in an area that straddles the boundary between the province of Alberta and
the Northwest Territories, it remains Canada’s largest national park. By 1923, the
plains bison in Buffalo Park had become too numerous for their range to support.
Attempts to cull the herd by slaughtering older animals caused a public outcry (and
revealed the presence of bovine tuberculosis). Faced with the need to reduce the
population, more than 6000 plains bison were transported to Wood Buffalo Na-
tional Park between 1925 and 1928, introducing bovine tuberculosis and resulting
in the interbreeding of the two subspecies (Northern Diseased Bison En-
vironmental Assessment Panel, 1990).

Bovine tuberculosis is endemic (estimated prevalence of 49%) in the free-roam-
ing bison herds in and around Wood Buffalo National Park (Joly and Messier,
2001). A risk assessment conducted in 1998 concluded that these herds pose their
greatest threat to adjacent disease-free wild bison herds (Animal and Plant Health
Risk Assessment Network, 1998). As they remain sufficiently geographically iso-
lated from areas of livestock-rearing operations, the diseased bison represent a very
low risk to bison farming operations located to the south and west of the park, and
to cattle farms, which occur further south. However, as drought conditions in the
south, the growth of economic enterprises such as oil and ecotourism in the north,
and climate change contribute to the northward expansion of human habitation and
agricultural activities, the risk of spread of bovine tuberculosis from the diseased
herds to disease-free populations can be expected to increase.

In response to the findings of the risk assessment, a number of measures were
instituted to minimize the risk of the bovine tuberculosis spreading to healthy free-
roaming bison herds, farmed bison, or cattle. These measures include a bison con-
tainment plan operated by the provincial and territorial governments and designed
to prevent diseased bison from leaving their current range. This is achieved through
the creation of no-bison buffer zones around the herds, the killing of stray bison
that enter these zones, expanded hunting opportunities in areas outside the park,
and restrictions on the grazing of livestock on public lands in northern Alberta.

As a result of the spatial separation that exists between the diseased free-roam-
ing bison herds and livestock herds and the containment measures that have been
instituted, no cases of spread of bovine tuberculosis to farmed animals have been
detected. Despite the disease not having spread to livestock, the presence of this
wildlife reservoir has significant economic implications for Canada. First are the
ongoing costs to governments and livestock operations of maintaining aggressive
active surveillance programs in both the livestock and wildlife populations. The
appropriateness of these surveillance strategies must be constantly reviewed and
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enhanced to ensure they incorporate the best available science and technology.
Efforts are underway to develop a suitable fluorescent polarization assay as a
screening test for bovine tuberculosis that would permit the screening of cattle and
farmed bison at auction markets and other assembly points in Alberta and neigh-
boring provinces—something currently not feasible using the tuberculin screening
test, which requires animals to be held for 72 hours. Governments incur ongoing
costs to operate, monitor, and enhance, as needed, the various containment meas-
ures in place to maintain adequate spatial separation between the diseased free-
roaming bison herds and livestock operations, as well as healthy wildlife.

Also of economic significance are the restrictions that have been placed on the
development and expansion of livestock enterprises in the northern part of Alberta
as a result of the presence of diseased bison in and around the park. As these ongo-
ing costs and lost economic opportunities continue to mount, governments may, at
some time in the future, have the public support and the financial resources to em-
bark on a program to eradicate bovine tuberculosis from wildlife in the Wood Buf-
falo National Park area.

Riding Mountain National Park

Throughout much of the last century, cases of bovine tuberculosis were reported in
free-roaming elk and deer in Canada and the United States: elk in Alberta (1942)
and Manitoba (1992); white-tailed deer in New York (1934 and 1963), Ontario
(1962), and Michigan (1975 and 1997); axis deer in Hawaii (1974); and mule deer
in Alberta (1942) and Montana (1995) (Schmitt et al., 1997). The vast majority of
these findings were geographically associated with infected livestock herds, and
when no further cases were found in wildlife following the eradication of the dis-
ease from livestock, the risk that bovine tuberculosis could establish and maintain
itself in free-ranging Cervidae populations in North America in the absence of dis-
eased livestock appeared to be very small. Protecting the health of free-roaming
wildlife became another motive for eradicating the disease from livestock. Unfor-
tunately, findings in Michigan in the late 1990s and soon thereafter in Manitoba
dispelled this commonly held belief.

Riding Mountain National Park is, by Canadian standards, a very small park,
covering just under 3000 square kilometers and extending only 115 km from east
to west and 60 km from north to south. Established in 1929, it represents a transi-
tion zone between the prairies and the northern Boreal Plains and is dominated by
the Manitoba Escarpment, which rises up to 475 m above the surrounding, largely
flat, landscape. Described as an island of wilderness in a sea of agriculture, the park
is home to approximately 2000 wild elk and a similar number of moose. White-
tailed deer are found near the perimeter of the park and in the surrounding agri-
cultural area, which is predominated by cereal crops, pasture, and hay production
(Brook and McLachlan, 2004). Not permitted inside the park, big-game hunting is
a significant recreational and economic activity in areas immediately outside the
park. Until the late 1960s, when management of the park shifted from resource and
recreational use to protection of the ecology, cattle owners in the area pastured
their livestock in the park during the summer months.
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In contrast to the history of Wood Buffalo National Park, precisely how or when
bovine tuberculosis became established in the wild elk and deer population in and
around Riding Mountain National Park is unknown. The earliest documented find-
ing of M. bovis in wildlife in the park was in 1978, when it was confirmed in two
wolf pups (Carbyn, 1982). It is not known whether this infection originated from
diseased livestock or wildlife carcasses, as bovine tuberculosis was still present in
Manitoba cattle herds. No further wildlife cases were reported until 1992, when M.
bovis was confirmed in a wild elk harvested during a special hunt conducted near
the southwest boundary of the park (Lees et al., 2003). This hunt was prompted by
an outbreak of bovine tuberculosis involving six cattle herds in the area in 1990–
1991. In keeping with the belief at the time, this elk was seen as another case of
self-limiting transmission from livestock to wildlife that would resolve itself once
the disease was eradicated from livestock herds in the area.

Five years later, in 1997, bovine tuberculosis was confirmed in a cattle herd
located in the vicinity of the 1990 outbreak that had been tested several times, with
negative results, following that outbreak. By this time, findings in Michigan were
beginning to indicate that free-roaming Cervidae populations could indeed sustain
bovine tuberculosis and, furthermore, could spread the disease to surrounding live-
stock herds. In late 1997, an ongoing comprehensive wildlife survey was imple-
mented in the Riding Mountain area, resulting in the confirmation of M. bovis
infection in a total of 26 elk and six white-tailed deer from 1998 to 2005. During
the same period, five infected cattle herds (one in 2001, three in 2003, and one in
2004) were found in Manitoba, all located in (four) or originating from (one) the
area immediately around the park. The investigation of these herds indicated that,
in each case, the most likely source of the infection was diseased wild elk or deer,
indicating that free-roaming elk and deer in and around the park were maintaining
bovine tuberculosis and could serve as a source of the disease for surrounding live-
stock herds.

Isolates of M. bovis obtained from 11 infected cattle herds detected in the vicin-
ity of the park, and one infected cattle herd (2004) that originated from the vicinity
of the park and was moved to another part of Manitoba before the implementation
of movement controls in 2003, as well as all wildlife isolates of M. bovis (elk and
deer) obtained during the period 1992–2003, have been characterized by spoligo-
typing. These isolates were found to be predominantly of a single strain type, with
minor deviation only at oligonucleotide 12 in 9% of the isolates examined (Lutze-
Wallace et al., 2005). The uniqueness of the molecular characteristics of this strain
support the epidemiological finding that wild elk and deer are the most likely
source of the outbreaks of bovine tuberculosis found in livestock in the Riding
Mountain area in recent years.

Managing Bovine Tuberculosis in Wildlife in the Riding
Mountain Area

In response to the findings of bovine tuberculosis in livestock and wildlife in the
Riding Mountain area, the federal and provincial veterinary and wildlife authori-
ties established a multiagency working group to develop and implement a man-

232 Chapter 21

21CH_Theon_277085  11/15/05  3:09 PM  Page 232



agement strategy with the objectives of determining the prevalence and distribution
of bovine tuberculosis in wildlife in the Riding Mountain ecosystem, preventing
the spread of the infection to livestock herds, and eliminating the disease from wild
Cervidae populations in the area. This strategy operates alongside the Canadian
bovine tuberculosis eradication program, which is responsible for disease surveil-
lance, eradication, and certification activities in farmed animals.

Prevalence and Distribution

On the basis of the results of hunter–harvest surveys conducted outside the park
from 1997 to 2005 and a capture-test-removal program carried out inside the park
from 2003 to 2005, the prevalence of bovine tuberculosis in the free-roaming elk
population in the Riding Mountain area is estimated to be between 1% and 5%.
Although M. bovis was confirmed in six white-tailed deer between 2001 and 2005,
sampling data has not permitted an estimation of disease prevalence in this species.
To 2005, active sampling of other species of wild Cervidae (moose, mule deer) and
other wild mammals in the Riding Mountain area has failed to detect M. bovis
infection. Bovine tuberculosis in wild elk and deer does not appear to be evenly
distributed in the Riding Mountain ecosystem, with the vast majority of positive
cases occurring in or outside the western third of the park. To 2005, all confirmed
wildlife cases have been found inside the park or within 10 km of the park bound-
ary, with sampling at further distances yielding negative results.

Preventing Spread to Livestock

The investigations of the infected cattle herds found in the vicinity of the park have
concluded that the most likely source of the infection was feed or water contami-
nated by diseased wild elk or deer. During the winter months, wild elk and deer may
be observed gathering at, and feeding on, livestock feedstuffs (primarily hay) that
are stored outdoors or that have been placed out for feeding of livestock. Wild elk or
deer are rarely observed in close proximity to cattle at any time of year, and trans-
mission of the disease under summer pasture conditions is not believed to play a sig-
nificant role in the epidemiology of bovine tuberculosis in the Riding Mountain
ecosystem. Given these considerations, key elements of the wildlife management
strategy are measures implemented to establish spatial or temporal separation
between wild Cervidae and livestock. These include installation of barrier fences
around feed storage areas and cattle feeding yards to prevent elk or deer from access-
ing and possibly contaminating these areas; limitations on crop insurance for hay
left in the field through the winter to encourage its removal to secure storage areas;
improvements to the habitat in the park, such as prescribed burning, to encourage
animals to remain in the park and reduce visits to farms where barrier fencing is not
in place; and management of elk and deer populations through increased hunting
opportunities outside the park to numerically reduce the elk and deer in the area.

Eliminating Disease from Wild Cervidae

The measures described above to prevent the spread of bovine tuberculosis from
wild elk and deer to surrounding livestock herds also contribute to eliminating the
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disease from the wildlife population itself. The fencing of feed storage sites and
cattle yards and the prompt removal of harvested hay from the fields reduce the
incentives and opportunities for elk or deer to gather in groups and come into close
contact with one another, thereby reducing animal-to-animal spread among wild
Cervidae. The habitat improvements that encourage animals to remain in the park
also permit wider dispersal of the animals, contributing to fewer opportunities for
wildlife-to-wildlife spread in the park. The reductions in population size achieved
by increased hunting opportunities for wild elk and deer and an additional meas-
ure that prohibits the feeding or baiting wild elk or deer for hunting or other rea-
sons also reduce contacts between wildlife that could spread disease. From 2002 to
2005, approximately 500 elk were captured in the park, identified with a radio col-
lar for recapture if needed, and tested for bovine tuberculosis, using blood tests
(lymphocyte stimulation test and fluorescent polarization assay). Elk found to have
a positive or suspicious test result were recaptured (132), humanely killed, and sub-
jected to a detailed necropsy and tissue collection for confirmatory laboratory test-
ing. M. bovis infection was confirmed in 15 of these elk. Although its primary
objective has been to determine the prevalence and distribution of bovine tubercu-
losis in the park, this capture-test-removal program also contributes to the elimi-
nation of infected animals from the free-roaming population.

The costs of carrying out the bovine tuberculosis management strategy in
wildlife in the Riding Mountain area are largely borne by the federal and provin-
cial public treasuries at an estimated cost of $1,500,000 (Canadian funds) annual-
ly. Although hunting and tourism contribute to the local economy in the Riding
Mountain area, albeit not to the same extent as in the Upper Peninsula in Michigan,
the presence of bovine tuberculosis in wild Cervidae, and the measures imple-
mented in response to it, have had a negligible economic effect on nonagricultural
enterprises. The program is widely supported by residents, landowners, and busi-
nesses in the area.

Eradicating Bovine Tuberculosis from Livestock in the
Riding Mountain Area

In the mid-1990s, Canada was nearing the complete eradication of bovine tuber-
culosis from livestock, including game-farmed species, and looking forward to
maintaining this enviable status through ongoing slaughter inspection monitoring,
appropriate import controls, and maintenance of the spatial separation between
livestock and diseased bison in the Wood Buffalo National Park area. Instead, as
the new century dawned, the findings in the Riding Mountain area required that the
bovine tuberculosis eradication program be ramped up instead of wound down.

Using provisions contained in federal legislation, a special eradication area was
established around the park. The eradication area encompasses approximately
50,000 breeding cattle on 650 farms, representing approximately 10% of the cattle
herds in the province of Manitoba and 1% of cattle herds in Canada. For ease of
administration and because the hunting zones reflect the range of wild elk in the
area, the boundaries of the eradication area mirror those of the two provincial hunt-
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ing zones surrounding the park. To 2005, all findings of bovine tuberculosis in cat-
tle and wildlife in the Riding Mountain area have occurred within the eradication
area boundaries. Following an initial test of all livestock herds in the eradication
area during the period from 2000 to 2003, these herds have continued to undergo
periodic retesting at intervals of 12–36 months, with the appropriate interval for
any given herd determined by the previous year’s findings (in wildlife and live-
stock) in the area where the farm is located. To confirm that cattle herds in the
regions outside but adjacent to the eradication area continue to be free from bovine
tuberculosis, these herds are also tested from time to time. Periodic on-farm test-
ing of livestock herds in the Riding Mountain area is expected to continue for as
long as the threat of spread of infection from wild elk and deer is believed to be
present.

Under the surveillance program, 20,000–40,000 head of livestock are tested
each year, 450– 900 of which undergo ancillary testing by interferon-gamma assay
or comparative cervical test, and 20–40 of these are slaughtered for confirmatory
tissue testing. Any herd in which M. bovis is confirmed is subjected to the disease
eradication measures previously described in this chapter.

The findings of bovine tuberculosis in cattle herds in the Riding Mountain area
have resulted in the downgrading of the area’s tuberculosis status. Although the rest
of the Manitoba and other Canadian provinces are certified as officially free from
bovine tuberculosis, the eradication area around the park is classified as tuberculo-
sis-accredited-advanced. As a consequence, the owners of cattle, farmed bison, and
farmed cervids located in the eradication area require a permit from the federal vet-
erinary authority before removing animals from the area. In addition to these
restrictions on domestic movements, cattle going to the United States from any-
where in Manitoba require a negative tuberculin test before export, unlike cattle
from the rest of Canada.

The costs of carrying out disease surveillance and eradication activities for
bovine tuberculosis in livestock and administering and monitoring livestock move-
ment controls in the Riding Mountain area are largely borne by the federal public
treasury, at an estimated annual cost of $1,000,000 (Canadian funds), with an addi-
tional estimated cost of $300,000 for every infected cattle herd found. These costs
include on-farm testing of livestock herds and compensation for any animals
slaughtered for confirmatory tissue testing, issuing movement permits to owners
and conducting herd inventory audits, and the investigation of infected premises,
including the payment of compensation for animals slaughtered to eradicate the
infection.

Although livestock owners support the disease surveillance, control, and eradi-
cation measures implemented in response to the presence of bovine tuberculosis in
wild elk and deer in the Riding Mountain area and its apparent spread to surround-
ing livestock herds, these measures have significant economic implications for live-
stock owners and related industries. Owners are responsible for providing suitable
animal handling facilities and the labor to gather their animals for testing, as well
as any costs related to injuries their animals sustain during testing, including abor-
tions, and any damage to their property, and for the costs associated with obtain-
ing movement permits and keeping the required records. Owners of herds under
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precautionary quarantine while suspicious findings are investigated incur
costs/losses resulting from restricted marketing opportunities for their cattle. If M.
bovis is confirmed, the herd owner faces uncompensated costs/losses associated
with lost production, a longer quarantine period, cleaning and disinfection, and
restocking. When animals of superior genetic value are required to be slaughtered,
in addition to lost genetics, the compensation payable is often significantly less
than the animals’ market value. Owners also face the possibility that their animals
will be discounted or rejected by the marketplace because they originate from the
Riding Mountain area. The cost of tuberculin testing cattle being exported to the
United States from Manitoba is another cost borne by the owners.

Conclusion

After almost 100 years of effort and financial investment by Canadian taxpayers
and livestock owners, all livestock herds in Canada, except those in a small area of
Manitoba surrounding Riding Mountain National Park, are now officially free from
bovine tuberculosis. This hard-won status has many positive effects. It provides
public health benefits, improves the productivity of livestock operations, con-
tributes to the international marketing of Canadian animals and animal products,
and protects free-roaming wildlife. Having reached this point, Canada has been
faced with two wildlife reservoirs that threaten to reintroduce the disease into live-
stock herds. This has required the federal and provincial veterinary and wildlife
authorities to implement aggressive and sustained measures to protect what has
been achieved and complete the eradication campaign. The costs incurred by the
public treasury to carry out these disease surveillance, containment, and eradica-
tion activities in livestock and wildlife, and the costs and losses incurred by live-
stock owners as a result of these measures, represent the most visible economic
effect of the presence of bovine tuberculosis in the free-roaming bison of Wood
Buffalo National Park and the free-roaming elk and deer of Riding Mountain
National Park. Less visible, but perhaps even more significant, are the lost oppor-
tunities for economic growth and prosperity in the livestock sector and other enter-
prises when this serious zoonotic disease is present in a wildlife reservoir. In
Canada, the cost of doing nothing is greater than the cost of acting.
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Chapter 22

Bovine Tuberculosis Program in
South Africa: The Impact of 
M. bovis-infected Wild Species
N. Kriek, DVM, PhD

Introduction

There is little doubt that in recorded history, tuberculosis is one of the oldest known
diseases of humans and animals. For many years before the introduction of pas-
teurization of milk, and the active control of the disease in livestock on an interna-
tional basis, infection with Mycobacterium bovis, the cause of the disease in cattle
and other animals, was a significant zoonotic disease, particularly at times of war
and in communities of the lower socioeconomic strata. Thus, in the United
Kingdom during the 1930s, 50,000 people (of which 2500 died) contracted bovine
tuberculosis; at present, because of control measures, it is estimated that only 1%
of cases (about 40 a year) are caused by bovine tuberculosis (Anonymous, 2000).
Similar data are available for other European countries (Pavlik et al., 2003)

Internationally, bovine tuberculosis is a controlled disease of animals primarily
because of its zoonotic potential. However, the importance of zoonotic bovine
tuberculosis because of the control of the disease in developed countries paled into
what certain (many) authorities consider to be insignificant. It is at present often
implied that M. bovis is of no importance from the point of view of human infec-
tion and disease, even when considered against the risk posed by the rampant
spread of HIV/AIDS and other debilitating diseases in humans on the African con-
tinent (particularly in South Africa) and elsewhere in the world.

Current Shifts in Paradigm

However, there is increasing evidence that zoonotic M. bovis infections may be
much more important than generally considered. A survey along the United States–
Mexico border revealed that 10.8% of all cases of tuberculosis in children there
were caused by M. bovis infection, and that 33.9% of 180 positive cultures from
individual patients proved to be M. bovis (Danker and Davis, 2000). Similarly, in

238

22CH_Theon_277085  11/15/05  3:22 PM  Page 238



Ethiopia, of 29 cases of tuberculosis, 17.1% were caused by M. bovis infection
(Dawit Kidane et al., 2004).

The importance of zoonoses because of HIV infections worldwide is increas-
ingly stressed. Articles outlining the risks have appeared regularly in publications
of the World Health Organization (Anonymous, 1994; Cosivi, et al, 1994), FAO
(Pasquali, 2004) and in other scientific publications (Wedlock, 2002). Confirmation
of the occurrence of such infections and the predisposing role played by HIV-1
infection has been published detailing a series of such cases in Arusha, Tanzania
(Mfinanga, et al, 2004). Furthermore, transmission of M. bovis from patient to
patient with advanced HIV-1 infection (Guerrero, 1997; Samper et al, 1997) and
from patients to HIV-negative hospital staff (Bernad, et al, 2003) has been docu-
mented.

Increasingly, opinions are expressed that emphasize the growing concern about
the role of zoonotic M. bovis infections in the developed and developing world
(Ayele et al., 2004). In many instances, few such infections have been recorded
over the last number of decades, but in others, there is increasing evidence that the
infection may be of greater significance than assumed (Ayele et al., 2004). Data
pertaining to these issues are particularly inferior in poorer countries, where re-
sources to diagnose the cause of tuberculous infections accurately even in humans
are inadequate and the cause of infection is merely recorded as “mycobacterial
infection.” The knowledge about the role of M. bovis in many of these countries,
and even in the developed world, remains unclear and speculative.

In terms of newly emerging diseases, a number of contributing factors play a
significant role in their future development: a rapid increase in the movement of
people, environmental change, expansion of the human population, destruction of
animal habitats, and changes in animal husbandry and production technologies
(Thiermann, 2004). The ability to recognize and rapidly deal with new or newly
emerging diseases is important when seen against the role that these diseases play
in the current process of globalization and protection of markets. The appearance
of a new disease, or even a new epidemiological event of a known pathogen, is
likely to result in a much more severe effect on international trade (Thiermann,
2004).

Current Realities in South Africa

In South Africa, there are also differences of opinion about the significance of the
infection dependent on whether the proponents’ biases are toward conservation,
control, or eradication of the disease in domestic stock, or the relevance of the
infection as a zoonosis, as expressed currently by members of the medical profes-
sion in South Africa and in the developed world.

The general opinion in medical circles in SouthAfrica is that M. bovis infection as
a cause of tuberculosis is of negligible significance as a zoonotic disease. Further-
more, in terms of conservation, in the agenda of a recent scientific meeting in the
Kruger National Park, one of the senior conservationists in the Park expressed the
following opinion in a paper (Mills, 2005): The essence of the argument revolves
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around hypothetical effects of the infection on wildlife without considering the
likely risks posed by sustained high levels of the infection in increasing number of
animals of different species in the Kruger National Park to the surrounding com-
mercial and communal cattle and subsistence farmers living in those areas. This
attitude also does not consider the wider implications of the effect of sustained foci
of the infection in wildlife maintenance hosts within the park and elsewhere on the
future control of the disease in South Africa and its neighbors.

The changes that have taken place about the perceived status of M. bovis infec-
tion in South Africa over 10–20 years are interesting, if not alarming. At the begin-
ning of the 1990s the prevalence of bovine tuberculosis in commercial cattle was
assessed to be less than 0.01% (Anonymous, 1990–2003). At that time too, the
infection in wildlife was considered to be an oddity and of historical importance.
The disease in greater kudu (Tragelaphus strepsiceros) that was prevalent in the
Eastern Province of South Africa during the course of the 1930s was deemed to
have largely disappeared because of the decline in prevalence of domestic stock
resulting from eradication programs instituted by the South African government.
The current trends reveal a very different perspective: the number of outbreaks of
tuberculosis in commercial and communal stock has increased (Table 22.1), and
the extent of the disease in wildlife is increasing exponentially. Increasing numbers
of wildlife species are becoming infected, and there are strong indications that
greater kudu also act as maintenance hosts (Bengis, Cooper, unpublished data,
2004). Kudu appear to have been the source of an M. bovis infection in the
Spioenkop reserve in KwaZulu-Natal in a group of tuberculosis-free African buf-
faloes. The control of tuberculosis is less than adequate because of limitations in
human and financial resources. Recent outbreaks in livestock and wildlife will have
to prompt a rethink of policies and execution of control and eradication programs.

The increasing levels of infection in an increasing number of species (currently
12) in the park and surrounding areas should also be seen against the current devel-
opment of transfrontier conservation areas in the Southern African Development
Community. These so-called Peace Parks have as their main objective reducing
poverty by promoting sustainable biodiversity, increased ecotourism, job creation,
wealth creation and the improvement of the economy of the countries involved in
the development of these parks. The fact of the matter is that tuberculosis of do-
mestic and wild animals, because of its potential as a zoonosis, is one of the major
impediments to progress with the establishment of the transfrontier parks, particu-
larly in southern Africa.

The eventual consequence for South Africa of the unbridled increase of tuber-
culosis in wildlife, and the current increase in reinfection of herds that have been
clean for extended periods, may have severe adverse effects. Future eradication
strategies will have to contend with sustained foci of infection—many perhaps
unknown—in wildlife, and with the cost of increased numbers of outbreaks of the
disease in previously TB-free herds and the increasing importance of the disease
becoming visible as a zoonosis, particularly in the poor rural areas of the country,
where subsistence farming is practiced.

Further increases in outbreaks of the disease in domestic stock will most likely
have serious negative effects on future trade in livestock and their products nation-
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ally, regionally, and internationally. In addition, the cost of managing the infections
in an increasing number of wildlife species in the various national and provincial
parks, game ranches, and breeding establishments should be taken into account.
The effect on value of scarce species; the likelihood of illegal trade in rare, disease-
free wildlife species; the inability to diagnose the infection in various species (also
endangered species), and the levels of risk taken in trading in these species have
not been assessed and factored into the future cost of the presence of the disease to
the country.

The real threat of M. bovis infection in SouthAfrica is unknown in many respects,
and although it is clear that it will have some negative effect on the economy of the
country, its extent has not been contemplated. Given the current international trade
agreements and the international control of animal diseases, the zoonotic potential
of the infection, its expected effect on the sustainability of biodiversity, the sus-
tainability of the ecotourism trade, and the cooperation between countries in the
region, there should be some concern. All these factors should be considered when
assessing the future effect of the infection in livestock, and particularly in wildlife
in which there are now established host species that will sustain the infection in the
country long beyond its likely eradication, should it not have been present in those
species (Michel, 2002).
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Table 22.1. Multiannual disease status (South Africa): tuberculosis

Year and
Number

Species Outbreaks Cases Deaths

2003
Cattle 17 394 1
Buffaloes 2 103 1
2002
Cattle 4 123 0
Buffaloes 2 2 1
2001
Cattle 1 33 0
Buffaloes 0 0 0
2000
Cattle 10 174 0
Buffaloes 0 0 0
1999
Cattle 6 80 0
Buffaloes 0 0 0
1998
Cattle 11 162 1
Buffaloes 1 ? ?
1997
Cattle 8 20 0
Buffaloes 4 18 13
1996
Cattle 5 8 2
Buffaloes 0 0 0
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In a country with many problems, the one caused by M. bovis cannot be mini-
mized or ignored for the sake of convenience or because of a lack of appreciating
its likely role in negatively affecting the economy of the country. The country’s
future ability to trade regionally and internationally, and maintain the health of its
citizens, is dependent on addressing these problems as a matter of urgency.
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Chapter 23

Bovine Tuberculosis in China
D. Zhao, PhD, C.D. Wu, PhD, and Z. Ning, MS

Bovine tuberculosis continues to be a threat to cattle industry and human health in
China even after many years of prevention and a treatment campaign. This disease
occurs sporadically among cattle populations, especially in rural areas, and thus
represents a serious problem to human health.

A number of investigations on the prevalence of bovine tuberculosis were car-
ried out during 1997–2003 in some regions of China. Results of these investiga-
tions are presented in Table 23.1.

Bovine tuberculosis is also a source of human infection. An investigation con-
ducted in 1979 involving 1,338,080 people from 888 sites of 29 provinces showed
that 13.0% of people were positive to the purified protein derivative (PPD) test.
Another investigation carried out in 1984–1985 demonstrated that 4.2% of human
tuberculosis cases were caused by Mycobacterium bovis.

Prevention of tuberculosis has been made a priority to improve human health. A
series of regulations and laws has been issued by the Chinese government and leg-
islature to control animal infectious diseases, including bovine tuberculosis, such as
Regulations of Animal Quarantine (1981), Guidelines of PPD Operation (1988),
Regulations of Veterinary Surveillance (1990), Prevention and Control of Infectious
Diseases in Domestic Animals (1997), and so on. These legislative documents pro-
vide guidelines for diagnosis, quarantine, isolation, treatment, and slaughter of bo-
vine tuberculosis cases, disinfection of animal facilities, depopulation and repopu-

Table 23.1. Prevalence of bovine tuberculosis in some regions of China

Region Year No. Cattle No. Cattle Positive (%)

Anhui 2000 238 39 (16.38)
Fujian 1997 230 16 (6.96)
Gansu 2001 123 9 (7.32)
Guangdong 1997 58733 41 (0.07)
Guangxi 1998 1531 192 (12.54)
Jilin 1997 17479 228 (1.30)
Shanghai 2001 8979 221 (2.46)
Xinjiang 1997–2000 45606 199 (0.44)
Zhejiang 2001 6841 6 (0.09)
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lation of cattle herds, coordination for prevention campaign, and disbursement for
economic loss.

Diagnosis of bovine tuberculosis relies on three methods, including the bacteri-
ological method—Mycobacterium bovis cultivation and coloration check-up,
immunological method—PPD and ELISA, and molecular biological method—
polymerase chain reaction, probe of nucleic acid, and atlas of DNA. These meth-
ods have been developed and applied by following international standards. The
PPD test that is recommended by OIE is used in case investigation, and bacterio-
logical and molecular biological techniques are used as complementary tools for
accurate diagnosis.

Regular examination of cattle herds by the PPD test has been adopted to moni-
tor the status of bovine tuberculosis. The number of animals subject to examina-
tion varies depending on the usage of herds. The percentage subject to examination
is 100% for dairy and breeding herds, 10% for feedlot herds, and 5% for other
herds. All animals from a herd in which suspicious cases are identified should be
examined individually, and results should be confirmed by bacteriological and
molecular biological methods. If any animals are suspected to have bovine tuber-
culosis, local veterinarians must report the cases to higher authorities for further
examination and confirmation.
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Chapter 24

Mycobacterium bovis Infections in
Cattle in Germany
R. Weiss, DVM, PhD

Tuberculosis caused by Mycobacterium bovis was widespread in the German cat-
tle population during the first half of the 20th century. Between 1920 and 1950,
infection rates can be estimated at about 60% of the cattle herds and at 30% of all
bovines. A sanitation scheme according to Ostertag, initiated at the beginning of
the 20th century and based on the registration and eradication of cattle with open
tuberculosis of the lungs, udder, uterus, or intestines, did not lead to a decline of
the infection rates. Instead, an increase of cows with tuberculosis at slaughter from
20.1% in 1908 to 37.0% in 1935, and a major field trial in 1939, yielding preva-
lence rates of 31% and 63% of infected animals and herds, respectively, demon-
strated the insufficiency of the program and resulted in its stop.

After World War II, the incidence of bovine tuberculosis was extremely high—
over 60% of the cattle were infected—and a new, at first voluntary, bovine tuber-
culosis control program, supported governmentally, started in 1952. It was based
on the eradication system developed by Bang that had been applied in Denmark
successfully. In particular, it comprised the use of the tuberculin test as the most
relevant method for identifying M. bovis–infected cattle, as well as the experience
that all cattle reacting tuberculin positive sooner or later would start to shed the
agent and, thus, were expected to become a possible source of infection. The most
important measures consisted of periodical tuberculinization of all cattle above 6
weeks of age, separation and in-time slaughtering of animals reacting positive,
removal of calves from reacting mothers immediately after birth, certification of
herds as “admittedly tuberculosis-free herd” after a twofold tuberculin test control
of all cattle of a farm with negative results, and so on. Farmers were supported by
governmental subsidies like tuberculinization at reduced or no charge, and by eco-
nomic stimuli (i.e., higher prices for milk and meat from animals of tuberculosis-
free herds, as well as trading facilities).

This kind of sanitation resulted in a strong decline of tuberculosis in German cat-
tle between 1952 and 1961 and, vice versa, in an enormous increase to 99.7% of
herds registered to be tuberculosis free. After 1970, the number of infected farms
continued to decrease to �0.01% in 1982, and since 1997, Germany has had a
tuberculosis-free status, with fewer than 10 outbreaks per year (Fig. 24.1).
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Periodical use of tuberculin tests, meat inspection at the abattoir, and identifica-
tion of diseased animals, as well as of suspected cases, were the main methods for
controlling the tuberculosis situation in German cattle. However, the frequency of
tuberculinization was adjusted to the decrease of positive rates. Until 1963, peri-
odical herd tests were performed once per year; until 1972, they were performed
once every 2 years; and until 1997, they were performed once every 3 years. Now,
Germany is controlling for tuberculous cattle routinely by meat inspection only.
Cattle suspected for or showing tuberculous lesions are traced back to their origi-
nal herd, and tuberculin testing of the herd usually follows.
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Figure 24.1. Bovine tuberculosis outbreaks per year in Germany between 1970 and
2002.
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Chapter 25

Tuberculosis in Captive Exotic
Animals
G. West, DVM

Mycobacterial diseases have historically been a significant cause of morbidity and
mortality in zoo collections (1–12). The zoonotic implications of captive wild ani-
mals with tuberculosis are an important concern (2–4). Organisms in the Myco-
bacterium tuberculosis complex, specifically Mycobacterium bovis and M. tuber-
culosis, have continued to pose problems for human and animal health in zoological
institutions (1–9). These two organisms are closely related and infect a broad host
range (5). M. bovis has been identified as a pathogen in a wide variety of zoo
species, including clinically diseased carnivores, ungulates, nonhuman primates,
and recently an African elephant (1,3,6,7,8,10–13). M. tuberculosis has emerged as
a significant threat to captive Asian elephants and continues to be a considerable
threat to nonhuman primate colonies (2,4,6–9).

Diagnostic testing and obtaining a clinical diagnosis in captive wild animals
continue to challenge zoo veterinarians (14–29). Traditionally, the diagnosis of M.
bovis and M. tuberculosis has been based on results of delayed-type hypersensitiv-
ity tests to tuberculins injected intradermally. This test has been challenging to
interpret in many zoo species, and culture of the organism remains the only defin-
itive diagnostic test.

This chapter discusses clinical and pathological findings in zoo animals with
tuberculosis, as well as diagnostic testing and control strategies. The focus will be
on M. tuberculosis complex, specifically M. bovis and M. tuberculosis, including
ungulates, elephants, and nonhuman primates.

Clinical Findings

Clinical signs of tuberculosis in zoo animals are often minimal until the disease is
in the advanced stages (1,3,9,10,12,14). Zoo animals may show progressive lethar-
gy, weight loss, and respiratory disease. Clinically affected animals may die sud-
denly or die during diagnostic evaluations requiring anesthesia (3). Zoo species
may not show clinical signs and may just be found dead with disseminated disease
(14). Complete physical examination is essential, and advanced disease may be
detected with radiography, the finding of lymphadenopathy, or detection of pul-
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monary lesions. However, in one report macaques evaluated with radiography, gas-
tric and tracheal washes, and skin testing found that the skin test was the most sen-
sitive diagnostic test (6).

Ungulates, which include exotic ruminants, rhinoceros, elephant, hippopota-
mus, camelids, and tapir, have various clinical signs. These signs may range from
chronic respiratory disease with weight loss to sudden death. A white rhinoceros
infected with M. bovis showed a productive cough and purulent nasal discharge
and progressive deterioration (3). Camels may only exhibit chronic weight loss as
a primary clinical sign (17).

Large ungulates often do not show clinical signs, and tuberculosis is diagnosed
at necropsy (3,12,18). Elephants may show chronic weight loss and intermittent
ventral edema, but this species often has extensive pulmonary disease without clin-
ical signs of respiratory disease. A black rhinoceros was culture positive for M.
tuberculosis after multiple gastric washes and was found dead during treatment; M.
tuberculosis was also isolated from pulmonary lesions at necropsy (19).

Nonhuman primates may have minimal clinical signs until the disease is ad-
vanced. Occasionally, clinical signs of respiratory disease or debilitation may be ob-
served, but often a definitive antemortem diagnosis is elusive. Intradermal skin test-
ing is the most commonly used diagnostic test and has been a relatively sensitive test
(6–8). One species that is an exception to this is the orangutan. Orangutans have a
greater sensitivity to tuberculin than other primate species. Exposure to nonpatho-
genic mycobacteria has resulted in false-positive or nonspecific responses in orang-
utans (15,16).

Pathology

Gross lesions can be very extensive in captive exotic animals with chronic disease.
Many organ systems can be involved in the disease process. An oryx in a U.S. zoo
had granulomas in the lungs, liver, uterus, and lymph nodes (20,21). Mycobacterium
sp. was also isolated from this animal’s mammary gland fluid (20,21). Unfortu-
nately, progressive disease in zoo animals may only be apparent when extensive
tuberculous lesions are seen at necropsy.

These lesions typically have yellowish, caseous necrotic areas in nodules of firm,
white, fibrous tissue. Tubercles may not be grossly discrete lesions and can become
diffuse in tissues. Miliary patterns may be seen in disseminated disease in species
such as nonhuman primates (6,8,16,22). Cavitation and calcification or caseo-
calcification may occur in lesions. This has been seen in advanced pulmonary dis-
ease in many species.

Tubercles are granulomatous lesions with a caseous, necrotic center bordered by
epithelioid cells, some of which may form multinucleated giant cells (Fig. 25.1).
In addition, there is an accumulation of lymphocytes, granulocytes, and encapsu-
lation of fibrous connective tissue. There may also be considerable variation of the
formation of lesions in nondomestic species. Tubercles may not always be consis-
tently formed, and multinucleated giant cells may not always be present. In camels,
gross sarcomatoid lesions are seen, and solid pyogranulomas with few giant cells
are often observed in histologic sections (17).
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Nonhuman primates may have extensive pulmonary tubercles with caseous cav-
itation and lymphadenopathy of bronchial lymph nodes. Fulminate tuberculosis
may also be exhibited as miliary lesions in primates. Tubercle lesions in primates
have been described as having few Langhan’s cells or multinucleated cells. Also,
classic tuberculosis in primates has traditionally not had extensive calcification and
fibrosis. In addition, nonhuman primate colonies may be infected with both M.
bovis or with M. tuberculosis with similar lesions (6,7).

Nondomestic ruminants will typically have lesions similar to those of domestic
bovidae (Fig. 25.2). Granulomatous lesions of the lung, pleura, thoracic cavity, and
lymph nodes of the head, neck, and pleural cavity are often seen in bovids. Kudu
are a species of bovid that develop severe, progressive disease and potentially shed
large numbers of organisms (10,24,25). Wild kudu often have abscessed and drain-
ing parotid, mandibular, and cervical lymph nodes that may be easily visible from
a distance (23). In addition, kudu may have severe disseminated disease that
involves several organ systems (10). Cervids often have retropharyngeal lymph
node involvement, as well as involvement of the pulmonary tissue and pleural cav-
ity (22–25). Microscopically, there are large amounts of central necrosis and liq-
uefaction of granulomas (Fig. 25.3).
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Figure 25.1. Granulomatous lesion with necrosis in a monkey tissue; multinucleated
giant cells, epithelioid cells, and other inflammatory cells are present. Mycobacterium
bovis was isolated.
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Elephants with M. tuberculosis primarily have lesions in the lung and thoracic
lymph nodes. Granulomatous lesions of the trachea have also been observed. Ele-
phants with chronic disease may die with few premonitory signs and have severe
caseocalcareous lesions with cavitation. In elephants, large coalescing pulmonary
abscesses form, and other thoracic sites may have firm granulomatous nodules
(12,16).

Diagnosis and Control

The diagnosis of tuberculosis in ungulates and other captive wild animals has been
based on the intradermal skin test. In ungulates other than elephants, the intrader-
mal skin test is the preferred method of testing. However, in large ungulates such
as hippopotamus, rhinoceros, and tapir, interpretation of skin-test responses can be
a challenge (18). Factors such as dose, location of testing, and nonspecific responses
can complicate the skin test. Evaluation of biopsy of skin-test sites may help dis-
tinguish positive from negative reactions. Biopsy to evaluate the delayed hyper-
sensitivity site can be used in conjunction with ELISA. Biopsies of comparative
antigen testing sites can also be very helpful in distinguishing nonspecific responses
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Figure 25.2. Section of lung of a bison granuloma with caseous necrosis and miner-
alization. Mycobacterium bovis was isolated.
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(18). Nonspecific reactions are often observed in camelids, and skin test results can
be variable. The axillary site is currently the preferred site of skin testing in
camelids. However, one study emphasized the need to further evaluate the skin test
in llamas and its effect on serodiagnosis (30).

Domestic cattle are typically skin tested with 0.1 mL or 5000 TU intradermally
in the caudal tail fold (34). Cervids are typically tested with a single cervical test
of 5000 TU intradermally in the cervical region. This test is interpreted at 72 hours
postinjection. An ancillary test used to help diagnose infected animals and possi-
bly decrease handling in difficult species is the gamma-interferon test. Presumably,
gamma-interferon will be increased with the cell-mediated response to infection
with mycobacterial organisms. Results of the gamma-interferon are comparable to
those obtained with intradermal tests in some domestic cattle (31,32). However,
additional investigations are needed to validate the test in cervids and other captive
wild animals (31,32).

Elephants, however, have frequent false-positive and false-negative skin tests
when correlated with culture results. At present, the most reliable testing method
for elephants is a trunk wash. Sterile saline is instilled into the nostrils and trunk of
an elephant, and respiratory secretions are lavaged or washed out. This material is
then submitted for mycobacterial culture. Three samples on different days are col-
lected. Food and water should be withheld for 2 hours beforehand, to alleviate dilu-
tion or contamination that may occur. Also, if elephants can be trained to have a
forced exhalation during a wash, this would yield a better laboratory sample.
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Figure 25.3. Photomicrograph of lung of an elk from which Mycobacterium bovis
was isolated. Note multiple granulomas, some caseation necrosis and mineralization.
One granuloma is adjacent to a bronchiole.
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In addition, elephants have been diagnosed with tuberculosis after sneezing out
purulent exudate from their trunks. Exudate sampled off an enclosure floor had
large numbers of acid-fast organisms present, and M. tuberculosis was cultured.
Ancillary testing to help characterize clinical disease in elephants includes a nucle-
ic acid amplification test and a serum ELISA test (9,26,27,33). The amplification
test uses transcription-mediated amplification to replicate RNA from M. tubercu-
losis. This test has very good sensitivity for detecting M. tuberculosis in elephant
trunk wash samples. The serum ELISA uses multiple antigens to screen elephants
for tuberculosis (26). This test shows promise for detecting clinically affected ani-
mals. However, there is still concern about sensitivity. Cross-reactions may also be
a problem, as many nonpathogenic mycobacteria have been cultured from elephant
trunk washes. However, certain antigens used in the ELISA have shown good
specificity when tested in culture-positive animals (26,27).

Intradermal skin testing is the screening test of choice in nonhuman primates
and may be more sensitive than other diagnostic tests (4). Nonhuman primates
show an attenuated response to tuberculin and require up to 10,000 times as many
antigen units as humans. Thus, human tuberculin is not appropriate for testing non-
human primates.

Orangutans are an exception to reliable skin testing results in nonhuman pri-
mates (15). Orangutans have increased sensitivity to tuberculins compared to other
nonhuman primates. A comprehensive study of orangutans was conducted compar-
ing gastric lavage, serum enzyme-linked immunosorbent assays, skin testing, tho-
racic radiographs, and physical examinations (15). Orangutans appeared to be sen-
sitized to nonpathogenic mycobacteria and have false-positive skin-test responses.
Standard tuberculin testing in primates uses the eyelid and abdomen for intrader-
mal skin testing. Quarantine and multiple skin testing should be conducted in non-
human primate additions to any collection. An anergic response or false negative
may occur in primates with advanced tuberculosis, animals exposed to immuno-
suppressive viruses, or those receiving antituberculosis drug therapy (7,28).

Additional testing in nonhuman primates has included ELISA testing, gamma-
interferon testing for antigen 85 protein, chest radiographs, and tracheal or gastric
washes (29). Some of these tests may be useful as adjuncts to the skin test to help
obtain a clinical diagnosis. Cross-reactions with nonpathogenic mycobacteria may
give erroneous results on some tests. In a colony of macaques, the most accurate
diagnostic test was the tuberculin skin test (6).

Culture remains the gold standard for diagnosis, and postmortem samples are
often confirmatory of a diagnosis of tuberculosis. Polymerase chain reaction detec-
tion of mycobacterial organisms in formalin-fixed tissues may also be used to help
establish a diagnosis in culture-negative animals (33). Restriction fragment length
polymorphism is also useful in detecting the relatedness of organisms that may be
infecting multiple species in a zoo (34). This will help determine whether one
strain has infected multiple animals and may be very useful in epidemiological
investigations when involving humans (2–4,9).

Treatment for tuberculosis in animals is controversial and of unknown effec-
tiveness. Bongos were administered antituberculosis drugs in food and water, and
acceptable serum levels of the drug were achieved (13). Similar treatment has been
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used in Arabian oryx to attempt to release disease-free animals. Although treatment
greatly reduced tuberculous lesions in oryx, the organism was still recovered at
necropsy (20).

Elephants with tuberculosis were initially treated with isoniazid (INH) alone. M.
tuberculosis in certain individual elephants was resistant to INH; therefore, multi-
ple-drug treatment with pyrazinamide rifampin (RIF) was administered. Elephants
had poor oral acceptance of INH, so the drug was then administered transrectally
as a liquid suppository (Fig. 25.4). INH is water soluble and well absorbed when
administered in the rectum of infected animals. Pyrazinamide was also absorbed
transrectally, and good serum levels were obtained. Adequate serum RIF levels
were not achieved with transrectal administration. Oral administration of RIF was
used to get acceptable serum levels of the drug. RIF was more palatable, and ele-
phants accepted it in food or were trained for oral administration. Doses of antitu-
berculosis therapy had to be intermittently titrated on the basis of serum drug lev-
els and side effects seen in treated elephants. In general, initial doses were based
on human studies. Serum drug levels were monitored to be sure that adequate lev-
els were maintained. INH doses often had to be decreased because of toxic side
effects such as anorexia, lethargy, leukopenia, and increased liver enzymes.

Camels treated with INH showed severe bone marrow suppression, leukopenia,
and death resulting from the toxicity of this drug (17). Nonhuman primates in
infected colonies have been prophylactically treated with INH, but treatment is not
always effective in preventing disease, and multiple drug regimen may be needed
(7,8). In addition, prophylactic treatment may complicate diagnostic testing.
Animals on prophylactic treatment with INH may revert to a negative skin test and
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Figure 25.4. Transrectal administration of isonicotinic acid hydrazid in an elephant.
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still have disseminated tuberculosis at necropsy (6–8). Therefore, INH prophylax-
is of an animal in a colony in which tuberculosis has been diagnosed cannot be rec-
ommended. Multiple drug therapy has been more effective in treating infected ani-
mals. If this is undertaken for valuable animals, they should be isolated and treat-
ed for prolonged periods of up to a year or more. Poor acceptance of drugs is
another factor that can affect the success of treatment.

Mycobacterium bovis Bacille Calmette-Güerin (BCG) vaccine has been evalu-
ated in nonhuman primates (35). This vaccine would likely be of limited value in
a colony, where massive numbers of bacilli would likely overwhelm an immune
response. The effects of stress on animals in these colonies are also a complicating
factor to diagnostic testing, and stress may influence immune responses. Moreover,
BCG vaccination could complicate interpretation of the intradermal skin test.
Animals vaccinated with BCG may always respond to a skin test. Also, animals
that have been vaccinated but become infected may not respond to the skin test
because of immunosuppression (35).

It is important to emphasize that animal additions to a collection should be made
only from tuberculosis-free populations. Animals of unknown status should be held
under quarantine for 90–120 days, and appropriate retests should be conducted
before animals are added to a collection. Only caretakers who are negative on the
tuberculous skin tests conducted annually should be in contact with the animals.
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Chapter 26

Tuberculosis in Fur Seals and Sea
Lions Caused by Myocbacterium
pinnipedii
D. Cousins, PhD

Tuberculosis in pinnipeds was first diagnosed after causing significant disease in a
captive colony of seals in a marine park Western Australia in 1986 (1). The disease
affected both the New Zealand fur seal (Arctocephalus forsteri) and the Australian
sea lion (Neophoca cinerea). The zoonotic risk of tuberculosis in seals was demon-
strated when a seal trainer who had worked with the affected seals in the zoologi-
cal park was diagnosed with tuberculosis caused by the same strain in 1988 (2). In
subsequent years, tuberculosis was diagnosed in an Australian fur seal (Arcto-
cephalus pusillus doriferus) in Tasmania (3); in captive Southern sea lions (Otaria
flavescens) in Uruguay (4); and in the South American fur seal (Arctocephalus aus-
tralis), Southern sea lion, and Sub Antarctic fur seal (Arctocephalus tropicalis) in
Argentina (5,6); in captive South American fur seals in the United Kingdom (7);
and in New Zealand fur seal and New Zealand sea lion (Phocarctos hookeri) in
New Zealand (8; Duignan, personal communication, 1998). Although M. bovis was
originally implicated as the cause of the tuberculosis in pinnipeds (1,4,8), slight
differences noted in pathogenicity and phenotypic characteristics and basic molec-
ular typing indicated divergence from the classic M. bovis, and the organism was
labeled the “seal bacillus” (9,10). Genomic deletion studies indicate that these
organisms evolved from the classic human pathogen M. tuberculosis and diverged
to form a separate evolutionary branch, along with M. microti and M. africaunum
(11,12). These findings, along with comprehensive molecular characterization of a
collection of 37 seal-related isolates originating from six species of pinniped,
human, and other animal species from five countries, has resulted in the organism
causing tuberculosis in seals being accepted as a new species within the M. tuber-
culosis complex; namely, M. pinnipedii sp. nov. (7). So far, tuberculosis has been
only reported in pinniped species that originate from the southern hemisphere. To
the author’s knowledge, there has been only one anecdotal report of tuberculosis
caused by M. bovis in a seal originating from the northern hemisphere (Thoen, per-
sonal communication, 1996), and it is unknown whether the disease is a serious
risk to seal species that populate the oceans north of the equator. M. pinnipedii is
known to be pathogenic in guinea pigs and rabbits, and the apparent incidental
infection of a human, bovine, Brazilian tapir, llama, Chilean pudu, and Western
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lowland gorilla indicates the species may have a wide host range. The remainder of
this chapter describes in detail the disease aspects and taxonomic characteristics of
M. pinnipedii and discusses the potential origin of the species and its implications.

Disease in Pinnipeds

M. pinnipedii is capable of causing serious disease in several species of seal and
fur seals that inhabit the southern hemisphere. So far, M. pinnipedii has been iso-
lated from four species of fur seal and two species of sea lion. In addition, tuber-
culosis has been diagnosed in a New Zealand sea lion histologically (Table 26.1).

M. pinnipedii is also known to be pathogenic in other species, as well as capa-
ble of infecting humans, cattle, laboratory guinea pigs and rabbits, Brazilian tapir
(Tapirus terrestris), llama (Lama glama), Chilean pudu (Pudu pudu), and Western
Lowland gorilla (Gorilla gorilla gorilla; Table 26.2.). Apart from the laboratory
animals that were infected for pathogenicity studies, the other cases have all
evolved as a result of transmission from infected seals.

Clearly M. pinnipedii has the potential to have a wide host range similar to that
of M. bovis (7). In seals, the strain predominantly causes granulomatous lesions in
the peripheral lymph nodes, lungs, pleura, spleen, and peritoneum (Fig. 26.1).

Cases with pulmonary, liver, and mesenteric node involvement, a case with pul-
monary lesions and meningitis, and a case with lesions confined to the liver have

Tuberculosis in Fur Seals and Sea Lions 259

Table 26.1. Species and origin of pinnipeds recorded with tuberculosis from various
countries from 1985 to 2004

Common Country Year
Species Name of Origin Wild Captive Recorded

Arctocephalus South Argentina 14 0 1989–2000
australis American

fur seal
United 0 6 1996–1998

Kingdom
Uruguay 5 0 1997–2004

Arctocephalus New Zealand Australia 1 2 1986–1995
forsteri fur seal

New Zealand 3 0 1997–1998
Arctocephalus Australian Australia 1 0 1992

pusillus fur seal
doriferus

Arctocephalus Sub antarctic Argentina 1 0 1996
tropicalis fur seal

Neophoca Australian Australia 2 4 1985–1992
cinerea sea lion

Otaria  Southern Argentina 2 6 1987–2003
flavescens sea lion
(byronia)

Uruguay 2 5 1987–2004
Phocarctos New Zealand New Zealand 3 0 2001–2004

hookeri sea lion
Total 34 23 1985–2004
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been described, as well as cases of disseminated disease with lesions in mesenteric
nodes, kidney, spleen, and liver. Mycobacteria have been recovered from the lung
and associated lymph nodes and from mesenteric lymph nodes and liver.
Histologically, the reaction is often characterized by proliferation of spindle cells,
sometimes resulting in a sarcomatous appearance, particularly in serosa and lymph

260 Chapter 26

Table 26.2. Other species naturally infected with M. pinnipedii or known to be sus-
ceptible to infection from artificial infection or pathogenicity studies

Common
Species name Origin Situation Number Year

Homo sapiens Human Australia Seal trainer 1 1988
Bos taurus Bovine New Farmed near 1 1991

Zealand coast
Tapirus Brazilian United Zoo enclosure 1 1996

terrestris tapir Kingdom adjacent to
infected seals

— Laboratory Australia Pathogenicity 2 1986
guinea pig testing

— Laboratory Australia Pathogenicity 2 1986
rabbit testing

Lama Llama United Zoo enclosure 1 —
glama Kingdom adjacent to

infected seals
Gorilla Western United Zoo enclosure 2 —

gorilla Lowland Kingdom adjacent to
gorilla gorilla infected seals

Figure 26.1. Adult female New Zealand sea lion with diffuse miliary granulomas
throughout the right lung.
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nodes. Typical necrogranulomas and pyogranulomas are common in the lungs, but
the presence of mineralization and multinucleate giant cells is variable (Figs. 26.2
and 26.3). The presence of acid-fast bacilli in lesions also varies from large numbers
of organisms to none detectable (Fig. 26.4). As with other members of the M. tuber-
culosis complex, aerosols are considered to be the primary route of transmission,

Tuberculosis in Fur Seals and Sea Lions 261

Figure 26.2. New Zealand sea lion lung (�10, hematoxylin and eosin).

Figure 26.3. New Zealand sea lion, bronchial lymph node (�40, H&E stain).
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although mesenteric lymph node and hepatic infection in some animals also indi-
cates that an alimentary route is possible.

Phenotypic Characterization of M. pinnipedii

The phenotypic characteristics of this species are generally consistent with M.
bovis, with the exception that they fail to produce detectable amounts of MPB70
antigen. The organisms are acid-alcohol-fast, non–spore forming, and nonmotile
bacilli with loose cord formation. Growth is generally enhanced by sodium pyru-
vate and usually occurs within 3–6 weeks of incubation on egg-based media at
36°–37°C. Colonies are dysgonic, rough, flat, and nonphotochromogenic. Isolates
are negative for nitrate reduction and are generally negative for niacin accumula-
tion, with some isolates demonstrating low to medium reactions for niacin. In addi-
tion, they are susceptible to PZA (50 �g/mL) and to TCH (1 �g/mL) (occasionally
isolates have demonstrated resistance to 1 �g TCH/mL but are susceptible to 10
�g/mL).

Molecular Characterization of M. pinnipedii

Genetic properties indicate that the strains fall somewhat between M. tuberculosis
and M. bovis genetically and are even more similar to M. africanum and M. microti.
All isolates contain the sequences IS6110, IS1081, MPB70, and mtp40, yet fail to
produce detectable MPB70 antigen. The pncA gene contains CAC (His) at codon

262 Chapter 26

Figure 26.4. New Zealand sea lion bronchiole (�40, Ziehl Neelsen stain).
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57, and a G at nt 285 in the oxyR gene similar to M. tuberculosis, M. microti, and
M. africanum. The isolates are susceptible to isoniazid, rifampicin, streptomycin,
ethambutol, and paraminosalysilic acid. The type strain 6482T has been lodged in
the ATCC (BAA-688T) and NCTC (13288T) collections.

The seal spoligotypes form a unique cluster that is clearly different from all
other members of the M. tuberculosis complex (Table 26.5) and that can be used
as a method of identification, along with the genetic tests outlined in Table 26.4.

Pathogenicity and Zoonotic Risk

With the recent diagnosis of tuberculosis by histopathology in a New Zealand sea
lion, disease has now been recorded in seven different species of pinniped global-
ly, including three species of sea lion and four species of fur seal. Although pin-
nipeds are clearly the natural host for M. pinnipedii, infection has spread from
affected seals to a seal trainer working with them in a zoological park in Australia,
from infected fur seals to Brazilian tapir, Chilean pudu and llama, and Western
Lowland gorilla in a zoological park in the United Kingdom, and in a separate inci-
dent, apparently from seals to cattle in New Zealand. The virulence of the organ-
ism has been confirmed by experimental infection of guinea pigs and rabbits, and
these findings indicate a potentially wide host range for the organism, similar to that
of M. bovis (13). The range of hosts susceptible to M. pinnipedii has not been fully
tested experimentally, but if the number of incidental infections to other species is
any guide, it is likely to be more far ranging than M. tuberculosis, M. africanum,
and M. microti. The finding of a bovine isolate in New Zealand with identical char-
acteristics to those in New Zealand fur seals from this country confirms that this
strain is capable of infecting cattle. However, tuberculosis in seals is considered to
be of limited risk to cattle tuberculosis control programs, as there is generally lim-
ited contact between these two species. At present, it is unknown whether M. pin-
nipedii infection can be maintained in other hosts or whether they are merely
spillover hosts. The organism is known to cause serious disease in these species,
and in humans. The consulting physician of the human case was quoted as saying,
“the organism seemed to be more pathogenic than M. bovis” (2). Because pinnipeds
naturally inhabit a mostly a marine and coastal environment, there is more limited
opportunity for infection of other animal species. It is not yet known whether this
organism infects other marine mammals. Because of the proven zoonotic risk, and
the fact that marine park workers, conservation or fisheries officers, and veterinar-
ians may be required to handle potentially infected seals, it is important that they
are aware of the risks of infection and take appropriate precautions when moving
or handling such animals, or when collecting specimens from them (2,14)

Distribution of Pinniped Species Affected by M. 
pinnipedii

It is now well known that tuberculosis is endemic in sea lion and fur seal pop-
ulations in the southern hemisphere. The population distributions of the different
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pinniped species known to be infected with M. pinnipedii are shown in Figure 26.5.
There is some crossover between some of the populations (e.g., New Zealand fur
seals and New Zealand sea lion and Australian sea lions), indicating that there is
potential for spread between the various species. In fact, it is known that in some
cases, different species of seals inhabit the same islands in Australia. The preva-
lence and incidence of disease in these populations remains unknown and extreme-
ly difficult to ascertain because of the difficulty of undertaking any form of survey
using skin test or other methods such as gamma interferon. Opportunistic screen-
ing of seals using an ELISA developed for seal tuberculosis (15) has been of lim-
ited use in assessing the health status of wild-caught seals in Australia (Cousins,
unpublished data).

Evolutionary Aspects

The finding of tuberculosis in these seven species of pinniped indicates that infec-
tion has been endemic in these animals for many thousands of years, if not hun-
dreds of thousands. The population dynamics of the various species of pinniped
affected by tuberculosis indicate possible routes of transmission for some of the
seal populations; however, some of the affected species do not overlap and are like-
ly to have been separated for centuries, if not thousands of years. Interestingly, the
spoligotype patterns of the M. pinnipedii isolates from six different seal species
isolated from five different countries (and four continents) over the 15-year period
appear closely related, indicating either a very stable genotype or a relatively recent
spread. Unless infection is found in another species known to have a wider migra-
tion route, it is unlikely that transmission has occurred in relatively recent times.

New DNA technologies that can detect large sequence polymorphisms or dele-
tions (16,17) have been used to study the evolution of M. tuberculosis complex
organisms. It has been shown that an increasing number of large sequence dele-
tions in M. bovis Bacille Calmette-Güerin have occurred with its subculture and
subsequent loss of virulence (16). It is now widely accepted that these large se-
quence deletions occur in a single direction and that such results can be used to
define the taxonomic evolution of strains. Although M. bovis was once considered
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Figure 26.5. Geographical distribution of pinniped populations bacteriologically con-
firmed as Mycobacterium pinnipedii causing tuberculosis.
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to be the precursor to human tuberculosis (18) (with the human pathogen evolving
from M. bovis around the times when humans domesticated animals), this theory
has now been discounted, and it has been shown that a rarely isolated member of
the M. tuberculosis complex first isolated from a patient in Somalia and called M.
canettii (11) is a precursor to M. tuberculosis and that M. bovis (and M. bovis
Bacille Calmette-Güerin) is the youngest member of the complex (evolutionarily
speaking). It has also been demonstrated that M. bovis–like organisms isolated
from goats (19,20) and seals, which have been accepted as new members within
the M. tuberculosis complex (M. caprae and M. pinnipedii), have evolved from M.
tuberculosis, with M. pinnipedii and M. africanum evolving along a common side
branch (Fig. 26.6).

Conclusion

Tuberculosis in pinnipeds is an endemic disease that affects at least seven species
of seal in the southern hemisphere. Further studies may clarify whether this disease
is confined to species in the southern hemisphere or whether it is a more global
occurrence. Researchers, marine scientists, and conservationists are encouraged to
examine sick or dying seals in coastal areas for evidence of tuberculosis to expand
the host range and geographic spread of M. pinnipedii. Because of the known path-
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Figure 26.6. Evolutionary line of descent for M. tuberculosis organisms derived from
large sequence polymorphisms and deletions (from Mostowy et al. 2004 [12]).
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ogenicity of M. pinnipedii for humans, appropriate precautions should be taken by
handlers of potentially affected seals.
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Early Investigation and Natural History

Tuberculosis had been recognized clinically in animals, particularly in nonhuman
primates (NHPs), before the identification of the bacillus. Initially, when Robert
Koch discovered the tubercle bacillus, he believed that the same organism caused
the disease in bovine and humans. This was to soon change when he noted small
but consistent differences between the bacilli (1). Much of what is known about
tuberculosis and its transmission, the route of infection, diagnosis, clinical course,
progression of disease, and pathology, were discovered through evaluation of nat-
urally occurring infection.

In 1884, Koch was the first to describe the course of tuberculosis in monkeys,
stating that it was more rapid in these animals than in humans, and that lesions
develop more widely throughout the organs of the body. In the beginning, there
was tremendous discussion among the researchers as to the predominant route of
infection. The two main schools of thought seemed to be divided as to whether the
organisms enter through the lungs or the gastrointestinal tract. This yielded a flur-
ry of experiments in NHPs as well as publications during this period. Early exper-
iments reported feeding tubercle bacilli of both origins to delineate the clinical
course, resulting in a primary focus of human strains resulting in pulmonary le-
sions and the bovine strain resulting in intestinal lesions. Meanwhile, alternate
routes were noted when the animals were fed the organism that could pass without
local lesions and spread systemically through the blood and lymph systems. Still
other investigators would inoculate subcutaneously to see whether the organism
could be spread through the blood and lymph system (2). As further experimenta-
tion proceeded, it quickly became apparent that both M. bovis and M. tuberculosis
would have similar presentation, dependent on the route of exposure.

Acknowledging the incidence in captive animals was high, others sought to
determine the source of the infection. Carpenter had suggested that the source of
these infections in captive animals was most likely human contact because the
numbers of wild primates under their study maintained their numbers, and early
researchers could not find evidence of tuberculosis in that population. In newly cap-
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tive Macaca mulatta held for export in India, few animals were noted as positive,
whereas the incidence of the disease in this species held in captivity in the United
States was found to be greater. The earliest means of transportation of these ani-
mals was by ship, and the animals were housed for variable periods of time with
the animal dealer, providing an opportunity for transmission before their arrival in
the United States. The prevalence of tuberculosis in captive colonies was wide-
spread, with high morbidity and mortality (3).

In the natural course of disease investigation, after the etiologic agent is discov-
ered, its routes of transmission and the recognition of high morbidity and mortality
are identified. The next logical step is to develop diagnostic testing.

Early investigators showed that monkeys with tuberculosis would react similar-
ly to man on the intradermal injection of a small amount of tuberculin. The method
of injecting into the eyelid as a diagnostic method is historically credited to
Schroeder (4). The reasoning behind the choice of the eyelid was the absence of
hair and the looseness of the skin, which would allow for the greatest reaction.

The detection and elimination of positive animals was only part of the entire
program of prevention and control. The recognition of the need for standards on
husbandry and routine care to include improved shipping conditions, nutrition, and
sanitation; better holding facilities; quarantine; and implementation of surveillance
testing drastically decreased the incidence from a common occurrence to a spo-
radic event in captive NHPs.

Tuberculosis has occurred in prosimians, New World monkeys, Old World mon-
keys, and apes. There may be differences in susceptibility between the species, but
all NHPs are susceptible to tubercle bacilli. Tuberculosis has been recognized most
often in laboratory and zoological collections of Asian monkeys, particularly those
of the genus Macaca (i.e., M. mulatta, M. arctoides, M. nemestrina, and M. fasic-
ularis), and to a lesser extent in African cercopithecoids (i.e., Papio, Cercopithecus,
erythrocebus), Cercocebus and pongids, (i.e., Pongo), Gorilla, and Pan. There are
few reports of tuberculosis among New World monkeys, and these have been main-
ly in Saimiri, Aotus, and Ateles (5). Not all reports of tuberculosis have been dili-
gent in reporting the exact mycobacteria involved. Estimates indicate that 10% of
the tuberculosis outbreaks were caused by M. bovis (6).

Tuberculosis: Clinical Signs

Through the application of all that has been learned over the years regarding this
disease came the development of industry standards that guide importation, hus-
bandry, and medical management in association with regulatory oversight. As a
result, the incidence of tuberculosis has been reduced precipitously, and many cur-
rent, practicing veterinarians have never experienced an epizootic. For them, the
introduction to tuberculosis in NHPs occurs through current literature, books, and
review of recent epizootics in other facilities. Veterinary practice is based on a
foundation of knowledge about disease and the probability of its occurrence. The
fact that the incidence of tuberculosis is currently low, combined with a high mor-
bidity and mortality, along with a significant zoonotic potential, make it a major
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threat to all colonies. For the clinician, there are no pathopneumonic signs, no clear
hematologic presentation, nor a definitive diagnostic test. Although a diagnosis may
be elusive even to the most skilled, one must keep this disease on one’s list of dif-
ferential diagnoses to exclude while determining a definitive diagnosis of a condi-
tion, to avoid overlooking it.

The clinical signs in NHPs are often nondescript and ill-defined. Tuberculosis
can imitate a multitude of diseases such as pneumonia, neoplasm, and fungal infec-
tions. The clinical spectrum of symptoms can range from asymptomatic to multi-
symptomatic, being highly dependent on the route of exposure. Signs and symp-
toms can be related to generalized physiological systems and specific organ
involvement, as well as pulmonary and neurological manifestations.

General clinical signs can include rough hair coat, anorexia, depression, lethargy,
fever (low grade to intermittently persistent), weight loss, hepatomegaly, spleno-
megaly, and local or general lymphadenopathy (with or without draining tracts). A
chronic or paroxysmal cough and dyspnea indicate pulmonary involvement, which
mirrors influenza, acute bronchitis, or pneumonia. Neurological presentation with
signs including anisocoria or ataxia may implicate meningitis (central nervous sys-
tem involvement), and paresis to paralysis can indicate a peripheral neurological
component that may be a result of spondylitis.

Species susceptibility and disease progression has long been suspected among
NHPs. On the basis of disease progression, experimental studies have shown that
M. fasicularis can be classified into three categories: rapidly progressive, acute/
chronic infection, and latent (subclinical). This mirrors what is found in the human
population. The mean survival time was dose dependent, and weight loss was
observed in all groups; the weight loss was particularly remarkable, along with
persistent temperature elevations in the high-dose group. (7)

Pathogenesis

The pathogenesis of tuberculosis in NHPs along with captive animals is well
described in the literature (5,8–10). The site of introduction of the bacillus will
depend on the route of exposure, with ingestion and inhalation being the most pre-
dominant methods. Transmission, however, has been documented through direct
contact, and through contact with fomites such as a thermometer and a tattoo nee-
dle. Through sound medical practices such as the use of sterile disposables and
effective sterilization procedures, one can minimize transmission.

At the site of entry, bacilli are processed by the regional macrophages by means
of phagocytosis. The effectiveness of this process is macrophage dependent and is
variable. Those organisms that survive the lysosomal enzymes and oxidative pro-
cess within the cell continue to multiply and inevitably cause cell death, subse-
quently releasing their contents. The release of the cellular precuts and the secre-
tion of cytokines stimulates recruitment of both T-lymphocytes and circulating
monocytes to further phagocytize the bacilli. Macrophages transform into epi-
theloid cells that eventually become the center of the granuloma. Once the delayed
hypersensitivity is activated, cytotoxic T-lymphocytes enhance the recruitment acti-
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vation and destruction of these cells that form the central area of necrosis. Fusion
of activated macrophages forms the multinucleated giant cell of Langhan’s type.
The proliferation of fibroblasts forms the encapsulation that surrounds the tubercle.

Calcification is rare in NHPs compared to what is observed in man. There is
variation among the species of NHPs as to the degree of susceptibility. In M. mulat-
ta the disease is progressive early in its course, followed by rapid dissemination
and formation of caseous nodules.

Pathology

Gross and microscopic lesions in NHPs with tuberculosis can vary in duration and
degree of the disease. Organs of predilection are the lung and adjacent hilar lymph
nodes. Secondary dissemination occurs to the spleen, kidney, liver, and associated
lymph nodes (Fig. 27.1). Additional sites reported but seen with decreased fre-
quency include the omentum, ovary, cerebrum, spinal column, peripheral lymph
nodes, skin, and mammary gland.

The extent of the lesions can range from no detectable lesions to wide dissemi-
nation of yellow-white-to-gray caseous granulomas, ranging from pinpoint to large
coalescing lesions (Fig. 27.1). Distribution and appearance of the nodules in the
lung can be focal, coalescing, and cavitary. The hilar lymph nodes that drain this
region also are found to contain caseous nodules. The process of cavitation occurs
when large granulomas in the lung expel their contents into adjacent airways. In
areas where the affected lung is in association with the parietal pleura, adhesions
can occur.

Tuberculous spondylitis and Pott’s disease has been reported in the rhesus mon-
key (7,11). Early investigators suggested that it was attributable to the rupture of
the pleural lesions and establishment of the local foci in the thoracic wall and along
the vertebrae. Experimental findings indicate vertebral involvement from hematog-
enous seeding, as there was no evidence of rupture of the pleural lesions. Miliary
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Figure 27.1. Tuberculous lesion in liver of a rhesus monkey from which
Mycobacterium bovis was isolated
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spread to the eye has also been reported, with one of the animals having panoph-
thalmitis as a result of a large granuloma that destroyed the eye. (7).

Histological Narrative

Histopathologic appearance is dependent on a multitude of factors, but most
important, it is based on the duration and extent of the disease. The classic lesion
is characterized by a central core of acellular necrotic debris surrounded by epi-
theloid macrophages with multinucleated Langhan’s giant cells at the periphery
(Fig. 27.2). The lung and intestines, being the site of early infections, may present
with microscopic granulomas surrounded by a collection of epitheloid cells, with
an occasional giant cell. These early lesions may have a collection of neutrophils
in their center, making this a diagnostic challenge in distinguishing it from other
granulomatous diseases. Use of acid-fast stains can help in the demonstration of
acid-fast bacilli. In particular, Nocardia spp. represents the greatest test to the diag-
nostician, as clinically and diagnostically, the lesion distribution and dissemination
are similar. Although this organism is partially acid-fast, most lesions have a pre-
dominant neutrophilic component and present as a pyogranuloma rather than what
is seen in typical tubercles. M. fasicularis challenged with 104 and 105 colony-
forming units presented with necrotic caseation with moderate numbers of epi-
theloid cells, few lymphocytes, and Langhan’s giant cells. Lower dose (�103) ani-
mals had a greater amount of infiltrates as a result of an enhanced immune
response with a slower disease progression. The lesions seen in the lowest dose
(101) are contained of dense cellular infiltrates (7).

Diagnostic Testing and Considerations

One of the major limitations for disease control appears to be detection of infected
animals. The tuberculin skin test (TST) in primates has been the gold standard for
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Figure 27.2. Section of lung from a baboon from which Mycobacterium bovis was
isolated. Granuloma of lymphocytes, epitheloid cells, and multinucleated giant cells
with area of necrosis.
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years for use in initial (quarantine) screening and surveillance for tuberculosis. In
the development of TST, the concentration of antigen, site of administration, and
product performance in the detection of disease were examined. In early studies
comparing the M. bovis versus mammalian tuberculin, researchers (12) found that
the latter was superior in the diagnosis of tuberculosis. The TST involves the intra-
dermal administration of 0.1 mL Tuberculin Mammailian (M. tuberculosis), strains
C, Dt, and Pn, into the eyelid (9). Alternate lids are recommended in sequential test-
ing. The cell-mediated immunity measured by the TST is dependent on the pro-
duction of cytokines by sensitized lymphocytes at the injection site in recognition
of mycobacterial protein. The placement should be low enough on the lid so that
swelling is easily visualized. Injection sites are observed at 24, 48, and 72 hours
postadministration. The injection site is evaluated for edema and induration. The
test is interpreted as positive when there is a swelling in conjunction with lid droop.
The same trained individual or veterinarian should interpret these tests at each time
point. Standard facility programs will dictate the length of time between tests and
the number of tests applicable for quarantine and routine surveillance of the col-
ony. This test is dependent on the animals’ ability to elicit a cell-mediated response.
Detection of positive animals is difficult early on and in advanced stages of the dis-
ease. A cell-mediated response in competent animals occurs approximately 4 weeks
after exposure. This challenges the surveillance in possibly compromised individ-
uals who are unable to mount a cell-mediated immunity such as postvaccination
(measles), geriatrics, immunosuppressed (natural or experimental), and drug inter-
ference.

False-positive reactions have been seen in animals that have trauma as a result
of administration, as a nonspecific reaction to the vehicle, and those that have been
inoculated with complete Freund’s adjuvant. Limitations in the past have revolved
around availability of Tuberculin, limited shelf life, quality and purity of the prod-
uct used, adequate volume used, skill in administration, thoroughness in recording
bruise or lid trauma, visual access (group housed), accurate interpretation at all
time periods, inadequate time interval between tests, or lack of documentation. All
of these elements can jeopardize a surveillance program

Early and advanced stages of the disease frequently remain undetected using
TST, mandating that clinicians seek supplemental testing to enhance their pro-
grams. Lymphoproliferative Assay (LPA) in comparison to the skin test appears to
be a more sensitive indicator for the detection of disease. Under experimental con-
ditions in M. fasciularis, Walsh (7) reported that all dose groups challenged dis-
played a positive response, including the high-dose animals (105). In the groups
challenged with less than 104 coloney-forming units, LPA responses were strong-
ly positive. Peak responses tended to occur later and to be higher in those animals
challenged with lower doses. LPA responses were highly dependent on the con-
centration of PPD, with responses to 10 and 1 ug/mL consistently greater than
responses to 0.1 or 0.01 ug/mL (7). LPA assays have been also used in the M.
mulatta to distinguish noninfected from infected animals.

In response to the bacilli, lymphocytes secrete cytokines including IFN-� in an
effort to stimulate macrophages. Through refinement of the LPA came the com-
mercially available Primagam test that measures IFN-� response to purified protein
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derivatives (PPDs) of M. bovis and M. avium (14). This test has been used to ana-
lyze the T-cell response to the antigens as a diagnostic aid in the detection of tuber-
culosis. Many species of NHPs have been tested using this system, including mar-
mosets, squirrel monkeys, vervets, langurs, guenons, mandrills, gibbons, chim-
panzees, orangutans, and gorillas. It has most recently been used in rhesus and
cynomologus monkeys. During an outbreak of M. bovis in macaques (M. mulatta
and M. fasciularis), it was shown that this test had good sensitivity (68%) and
excellent specificity (97%) as compared to the animals’ disease status based on
pathologic findings. Comparative results for the TST were, respectively, 84% and
87%. Though both tests indicated intermittent positive and negative reactions on
repeated testing, failure of determination of tuberculous animals by either test was
not reported. The IFN-� response to M. bovis PPD was low in M. fasciularis. In
this species, parallel use of the TST and the Primagram test for maximal overall
sensitivity in a tuberculosis screening program is recommended (15).

Other tests developed to survey for tuberculosis-infected animals involve detect-
ing specific circulating antibodies (16). The problem with this type of test is in
choosing a universal antigen as the test reagent. The difference in titers does not
allow for a separation between infected and noninfected, but through repeated
ELISA testing, it can categorize animals into negative, suspect, and positive ani-
mals when the TST is unsuccessful (17).

The culture and speciation of mycobacteria is difficult and time consuming. It
can require valuable time to limit an outbreak, spending up to 6–8 weeks to grow,
and speciation of the Mycobacterium may take up to 10–12 weeks following ini-
tial collection of the sample (18). Polymerase chain reaction for mycobacterial
DNA may provide a more rapid alternative to other tests, but this test requires
mycobacterial DNA.

There have been great inroads made in the understanding of this disease in
NHPs and in the development of testing to augment the tuberculin skin test.
Because each test has its inherent limitation to application, obtaining an accurate
diagnosis of tuberculosis may require a battery of the tests available. In an effort to
further our understanding, particularly of the early disease, effective detection will
rely on the knowledge gained from further basic research to develop and refine
additional diagnostics in cooperation, while applying these principles and tests to
epizootic occurrences.

Radiographic

Clinical review of radiographs of the thorax may provide the clinician with an
advantage in the diagnosis of tuberculosis (Fig. 27.3). Radiographically, Nocardia
spp. cannot be distinguished from tuberculosis, offering a diagnostic challenge.
However, radiograph examination of the chest in conjunction with additional diag-
nostic tests may facilitate detection. Walsh (7) suggests that examining radiographs
of the chest is a highly sensitive tool for early detection of disease. In his investi-
gation of M. fasicularis, he discovered had pulmonary infiltrates as early as two
weeks after challenge. Radiographs were used to help monitor the progression, sta-
bilization, and regression of disease.
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Culture

Successful isolation of the organism depends on the quality of the specimen, the
appropriate processing, and the culture techniques employed by the laboratory.
Although M. bovis and M. tuberculosis are similar in clinical presentation, their
culture requirements differ. In contrast to M. tuberculosis, poor or no growth in
medium containing more than 1% glycerol is one of the distinguishing properties
of M. bovis. Other distinguishing characteristics of M. bovis are that it does not
reduce nitrate, and the niacin test is negative (1).

Samples should be carefully collected and handled by all involved, bearing in
mind the potential of transmission. Cultures from animals early in the disease pro-
gression often show no growth. Every effort should be made to minimize contam-
ination. Sputum (mucus or mucopurulent matter expectorated from the air pas-
sages), gastric lavage, bronchial lavages, and brushings are the most frequent sub-
missions.

Staining

The cell wall contains mycolic acid, allowing this organism to stain with basic
dyes, which contributes to the characteristic of acid-fast property that distinguish-
es mycobacteria from other bacteria. There are three types of staining procedures
for rapid detection and confirmation of acid fast bacilli: fluorochrome, Ziel-
Neelsen, and Kinyoun stain.
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Figure 27.3. Lateral chest roentgenogram of a baboon with Mycobacterium bovis
infection. Micronodular lesions up to 6 �m in diameter are observed.
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Hematologic

Chronic infectious inflammatory processes can decrease the red cell life and
depress the bone marrow. In M. mulatta, a normocytic, normochromic anemia with
an accompanying leukocytosis and a lymphopenia is found. Elevations in mono-
cytes accompany bacterial and protozoal infections, chronic inflammatory condi-
tions, and neoplasms. A recent outbreak of M. bovis in M. mulatta reported a hema-
tologic picture presenting with a leukocytosis characterized by mature neutrophilia
and a monocytosis; however, another presented only with a mild monocytosis (19).

Eryrthrocyte Sedimentation Rate (ESR)

A rise in ESR accompanies most inflammatory diseases and occurs when chronic
inflammatory diseases exacerbate. Although considered a nonspecific test, ESR has
three main functions: first as an aid in detection of the inflammatory process, sec-
ond to monitor a disease course or activity, and finally as a screen for an inflam-
matory or neoplastic condition. ESR proved to be a useful parameter for monitor-
ing the development of disease in the cynomologus monkey experimentally infect-
ed with M. tuberculosis (7). The ESR rose rapidly after infection, and the rapidity
as well as the magnitude of the rise were highly dependent on the challenge dose.

The Great Apes: Special Diagnostic Challenge

The Great Apes, chimps (Pan troglodytes), orangutans (Pongo pygaemus), and
gorillas (Gorilla gorilla), are all susceptible to infection by pathogenic mycobac-
teria (M. tuberculosis, M. bovis, and M. avium). As with all other primates, there is
a concern for false negatives caused by immunocompetency, although a strong
mitogen response will support immunocompetency. Separating the “false posi-
tives” and nonspecific responders from the true positives has always been a frus-
trating diagnostic challenge. Responders to the TST have been reported in chimps,
gorillas, and the orangutan. There are no widely accepted universal standard pro-
tocols for the evaluation of NHPs that respond to tuberculin. One must consider a
thorough understanding of an animal’s clinical history to include all vaccines, par-
ticularly Bacille Calmette-Güerin immunizations. All animals should receive a
complete physical examination, and although the signs, as in other primates, may
appear as weight loss, lymphadenopathy, splenomegaly, hepatomegaly, ascites,
pleural fluid, respiratory disease, and chronic draining wounds, tuberculosis should
be in the differential. Diagnostically, orangutans appear to have a greater sensitiv-
ity to tuberculin than do gorillas or the chimpanzee (Fig. 27.4). It is thought that
orangutans have a greater sensitivity than the other great apes to tuberculin, and
they may be sensitized to mycobacterial antigens by exposure to nontuberculous
mycobacteria (13). The palpebral TST is the most common primary site other than
the arm, chest, or abdomen. Comparative testing involves the simultaneous admin-
istration of biologically balanced M. bovis PPD and M. avium PPD at separate sites
on the abdomen to differentiate between M. bovis and infection and sensitization
resulting from environmental mycobacteria. Nontuberculous mycobacteria have
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been cultured from healthy orangutans and their environments (13). The challenges
to this test are the interpretation and its reliability.

Repeated physical restraint of these animals to examine the site is often difficult
because of its frequency. A complete diagnostic approach applies all other testing
commonly applied to the other NHPs. A recent report of M. bovis was reported in a
gorilla using the Primagam system. The combination of a positive TST and a strong
Primagam result ruled out the possibility of a false positive or nonspecific responder.
The response to bovine PPD was significantly greater than avian PPD, indicating
infection with M. bovis or M. tuberculosis. The test incorporated two experimental
antigens, ESAT-6 and CFP-10, to help eliminate a BCG reaction. Neither antigen is
present in the BCG genome, so the strong response to these antigens strongly indi-
cated that the animal was infected with M. bovis or M. tuberculosis (14).

Prevention and Control

The insidious nature of the disease and limits of current testing procedures contin-
ue to provide challenges for those who maintain NHPs. Prevention and control of
the disease will always rely on a multipronged approach. Understanding all poten-
tial sources of infection will minimize the probability for exposure and transmis-
sion. Self-sustaining populations should limit the acquisitions of new additions
whenever possible. Often, however, it is necessary to obtain animals with specific
disease-free status, defined genetics, or protocol-required characteristics, or for
adding to a zoological collection. Even among facilities fortunate to maintain a
“closed colony,” the risk of transmission through human contact will always exist.
It is imperative to always know the source colony from which one is obtaining the
animal, as well as that source’s practices.

The choice of a shipping and transport company is most critical. This decision
must be an informed one. It is necessary to apply the same level of scrutiny to a
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prospective transporter that is maintained at one’s own facility. Several fundamen-
tal questions should be asked:

Do they have experience shipping NHPs?
For the species they are shipping, do they have knowledge of transmissible dis-

eases, particularly tuberculosis?
Are their employees temporary hires, and do they have a surveillance program for

tuberculosis? Are their employees trained in the use of personal protective
equipment and clothing?

If they use metal crates, how are they disinfected (wooden crates must not be
reused on the shipment)?

If animals from different sources are being shipped, are they physically separated,
and do they have different air supplies?

Will the animals be held in a holding facility before they are transported to the des-
tination?

Depending on the species and the time at which the exposure occurs, disease
status may or may not be detected within the confines of the quarantine period.
When new additions are acquired, a complete history should be transferred to the
receiving institution before, or at the time of, shipment. The history should include
pertinent health information and key information such as the original source of the
animal, any holding facilities between the shipper and the recipient, and the name
of the transporting organization. The stronghold of any institution is its animal data
program. It is important to consider how one might obtain and track this data while
still in the design phase. The historical information should be put in record for each
animal for easy access, and the data system can then be searched by animal num-
ber (or its alias), location, and date, which will expedite the time it will take to
build the epidemiologic pathway in the event of an outbreak. This will minimize
the loss of valuable time identifying a potential source, contacts, number of per-
sonnel exposed, and the possibility that other institutions might be involved.

Quarantine is not just a facility or a repetitive exercise guided by a written pro-
gram—it is a state of mind. It is the last barrier preventing introduction of disease
into the colony and the first potential of exposure for personnel. Preparation for its
operation begins before its occupation. Thoughtful planning as to the environmen-
tal support to the unit such as HVAC systems, electrical services such as lights/
timers that include back-up generators, drainage maintenance, pest control, and
cage operation will minimize the number of ancillary individuals involved in the
quarantine process. It is important to confine the number of individuals involved in
the process to a small number of highly qualified, trained individuals capable of
identifying the subtle subjective and objective clinical and behavioral changes in
primates that precede overt onset of disease. Quite often these individuals have been
through the process innumerable times. However, it remains vital to ensure that
these personnel have reviewed and maintain a clear understanding of the report
structure, sampling handling, waste removal, potential diseases, clinical signs, and
transmission and surveillance testing that includes tuberculin administration and,
more important, its interpretation.
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Space is a limiting factor for most institutions when it comes to management
decisions. Every effort should be made to maintain the fundamental recommenda-
tion not to comingle animals of different species. In addition, when it is possible to
keep new arrivals collectively isolated, particularly if the objective is for short-term
holding, this will prevent contact with the stock colony. Movements between hold-
ing areas should be kept to a minimum and documented conscientiously even if it
is only on a temporary basis for facility maintenance. Animals that are maintained
for public display should be held behind a solid barrier because of the number and
frequency of contacts with humans. All facilities should have areas for general
housing, swing space for maintenance, clinical support space, and quarantine and
isolation. Space should be available to allow for separation for further testing and
surveillance.

To meet the challenge of primate social requirements, more facilities are choos-
ing to house them in large groups. Because social contact is not only frequent in
such an environment but also inherently extremely proximate, with transmission
probable, some managers have chosen to incorporate a disinfectant that has tuber-
culocidal properties in their wash-down routines in an effort to drop the environ-
mental load and to minimize aerosolization of tubercle bacilli.

The potential for transmission of multiple diseases, including tuberculosis, be-
tween humans and NHPs exists; therefore, all facilities should develop, implement,
and maintain a comprehensive personnel health program with continuous review
of its effectiveness. A formal program should include standard operating proce-
dures, a clear understanding of the disease and its transmission, and the importance
of the personnel protection equipment. An excellent resource pertaining to NHPs
is the 2003 NRC publication “Occupational Health and Safety in the Care and Use
of Nonhuman Primates.” The oversight of such a program should include an occu-
pational health professional. Depending on the background of this individual, addi-
tional information from consulting physicians and veterinarians knowledgeable in
nonhuman primates may be warranted. The majority of institutions’ programs are
comprehensive and delineates those who are employees, investigators, postdoctor-
al fellows, and maintenance workers, however, short-term students, volunteers, and
those employees who “moonlight” supporting other primate-holding facilities may
not be given the attention that they should. Requiring the same education and train-
ing that the entire staff receives can reduce concern for the latter. Lapses or exemp-
tions in the enforcement of such a program may create an opportunity for the
source of a future outbreak of tuberculosis. Sanctuaries—free-ranging colonies
that allow direct contact with humans without personal protective equipment—are
of greatest risk of introducing sources into their colonies.

Institutions frequently face the request to assume responsibility for accepting
NHPs as pets. Often they have lived a number of years in direct contact with hu-
mans and innumerable visitors. The institution must consider the financial, space,
and behavioral effects when making a decision but must also determine the risk to,
liability for, and effect on the existing population. There must be adequate isola-
tion space to test, separate, and monitor any positives that are identified. This is
particularly important among group-housed animals.
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Consideration of treatment of tuberculosis in NHPs should be a well-thought-
out process (20,21). Current treatment modalities should be sought to maximize
efficacy, particularly as there is a rise in drug-resistant strains of the disease in the
human population. Application of fundamental principles and standards are the key
to maintaining a healthy colony. There must be diligent surveillance of the two pri-
mary sources of the disease: man and animal. The cost of surveillance is minimal
when one considers the effect on primate holdings, breeding colonies, and
research, or the potential devastation of an endangered species. Tuberculosis still
remains a major diagnostic challenge, and the threat to primate colonies should not
be underestimated.
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Introduction

Since its early development more than 200 years ago, vaccination has become one
of the most effective measures to prevent infectious diseases. The use of vaccines
is responsible for global eradication of smallpox and also for saving millions of
human lives that otherwise would have been lost or severely impaired because of
diseases such as polio, tetanus, and measles, among others (54,58).

An ideal vaccine should elicit long-lasting protective immunity, preferably soon
after its administration, without causing disease in the recipient or subsequent con-
tacts; allow detection of infected versus immunized individuals without interfering
with available diagnostic tests; be cost effective and easy to produce in large quan-
tities; be easy to store and transport, preserving its immunobiological properties
under different environmental conditions; be easy to administer to large popula-
tions, ideally in a single dose, without causing side effects; be safe enough to be
used in immunocompromised hosts; have therapeutic potential; and be compatible
with other vaccines so that they can be administered simultaneously without inter-
fering with each other’s effectiveness and safety. In addition, consideration should
be given to the different environments and societies in which the vaccine must be
administered, as those factors will directly affect individual’s compliance with any
proposed immunization regimen (4,13).

Vaccine Implementation against Tuberculosis

Vaccine implementation is particularly useful in preventing diseases caused by in-
tracellular pathogens such as viruses, certain bacteria, and parasitic protozoa. These
microorganisms are etiologic agents of endemic, epidemic, or emerging infectious
diseases worldwide. For example, mycobacteria cause a number of diseases, in-
cluding tuberculosis (TB), in humans and animals. This disease is the leading cause
of human death in the world caused by a single infectious agent (7). Mycobac-
terium tuberculosis is the principal cause of TB in humans and other primates—it
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is estimated that it infects one-third of the world human population (57). This
mycobacterial species is also occasionally seen in dogs, pigs, and cattle (53). In
contrast, Mycobacterium bovis, the etiologic agent of bovine TB, has a wide host
range and infects ruminants, carnivores, and primates, including humans. It has
been calculated that M. bovis infects more than 50 million cattle worldwide, result-
ing in an economic loss of about $3 billion annually (63). Although M. tuberculo-
sis is responsible for 80%–90% of all TB cases in humans, the number of cases
attributed to M. bovis is increasing (56) (http://www.who.int/vaccines-documents/
PP-WER/wer7904.pdf). For M. bovis and M. tuberculosis in both humans and ani-
mals, contaminated aerosols are the most common routes of transmission (12). M.
tuberculosis and M. bovis are members of the M. tuberculosis complex. This com-
plex also includes the human pathogens Mycobacterium africanum and
Mycobacterium canettii. Another member of the complex is Mycobacterium
microti, the etiologic agent of TB in wild voles (27,74,77).

TB is a chronic, granulomatous, devastating disease. The only licensed vaccine
for TB is the attenuated strain Bacillus Calmette-Güerin (BCG). This vaccine has
been rated as one of the safest vaccines ever developed. BCG is inexpensive to pro-
duce and can be safely administered to young children (3). Regarding its effec-
tiveness, BCG is considered to have moderate efficacy in humans (62). This situa-
tion is paralleled in cattle, in that BCG confers only partial protection against M.
bovis (10). Although BCG has been able to reduce the risk of infection by 50% and
deaths by 70% (14), there are variations among the repertoire of BCG substrains
used for vaccination that may affect vaccination efficiency (39). Furthermore, BCG
does interfere with TB diagnosis, as it converts vaccines to a positive skin test. For
this reason, routine use of this vaccine has been deterred in the United States. It is
evident that, although BCG is still widely administered in several countries around
the world, it is not an ideal vaccine against TB. This highlights the need to devel-
op more effective vaccines that might prove compatible with diagnostic tests. New
vaccines to prevent TB in humans and animals would be very useful in improving
their health. Potential applications of animal vaccination against tuberculosis,
including prevention of disease transmission to humans and other animals, have
been reviewed (60). Excellent reviews on new approaches to TB vaccinations are
also available (9,37,47).

DNA Vaccines Encoding Protective Antigens

In addition, new live attenuated vaccines based on genetically modified mycobac-
teria and alternate approaches to generate novel antimycobacterial vaccines include
subunit vaccines based on mycobacterial proteins or DNA sequences. DNA vacci-
nation is based on observations that administration of recombinant plasmid DNA
resulted in expression of the exogenous protein encoded by the plasmid (24,79,80).
RNA-based subunit vaccines might become a new alternative for antimycobacter-
ial vaccination. In this context, recent studies in mice indicate that RNA vaccina-
tion has the potential to provide effective short-term protection against TB without
the potential side effects of DNA vaccines (81). At present, ample use of DNA vac-
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cination is very appealing, as production of pure DNA is less expensive and de-
manding than isolation and manipulation of pure proteins or RNA. However, in
addition to the immunological aspects of protection, there are many other factors
that should be considered before attempting production of a DNA vaccine practi-
cal for general use. For example, the DNA vaccine vehicle must be amenable to
transfer and maintain stable recombinant DNA. Expression of antigens encoded by
the vaccine should be in the proper conformation and in the proper location to
allow induction of the preferred immune response. It is also necessary that the final
vaccine does not carry antibiotic resistance markers to prevent the possibility of
transfer of these resistance markers to other pathogenic organisms in the environ-
ment. Finally, to prevent secondary effects such as tumor formation resulting from
inactivation of tumor repressor genes, any possibility of foreign DNA insertion in
the host chromosome must be ruled out before any candidate DNA vaccine may be
considered for practical use in humans or animals.

DNA vaccination against TB has been attempted using naked DNA or various
vectors encoding a broad selection of mycobacterial antigens. Several proteins and
lipoproteins secreted by mycobacteria may be recognized by the immune system
early during infection. Thus, they may be used to modulate the initial immune re-
sponse, and their genes become candidates for DNA vaccines (1). Several of these
antigens, including secreted M. bovis (MPB) and M. tuberculosis (MPT) proteins,
antigen Ag85, ESAT-6, Apa, and PstS-3, as well as several nonsecreted mycobac-
terial heat shock proteins have been used, among others, as candidates for DNA
vaccination against tuberculosis (3,17,38,48,59,67,69,75,76,78). Recently, the two
sequences, Ag85A and PstS-3, were combined in a double-gene DNA vaccine that
appears capable of protecting against reactivation of TB as well as reinfection (29).
Somatic mycobacterial antigens are also processed in macrophages and elicit a
cell-mediated immune response. Nevertheless, the issue of whether somatic anti-
gens could be protective against TB is controversial, although substantial evidence
exists in favor of a protective role for secreted antigens (3,4,31). Because cell-
mediated immunity, including interferon-gamma (IFN�)–secreting T-lymphocytes,
plays a key role in protection against TB, it is important to select as vaccine sources
mycobacterial antigens that preferentially induce that type of immune response. In
antimycobacterial vaccines, DNA has been administered alone or in the presence
of a variety of adjuvants and carriers. Routes of administration include classical
intramuscular injection, electroporation, aerosol application, and gene gun bom-
bardment (64,73). Furthermore, the immune response generated by DNA vaccina-
tion against TB has been boosted by the subsequent administration of mycobacte-
rial proteins or attenuated strains, including BCG (60,61,66,75,76).

Selection of Suitable DNA Vaccines

When selecting new candidates for antimycobacterial DNA vaccines, considera-
tion must be given to possible variations in the immune response and in the pro-
tection conferred by different antigens. Even closely related sequences exhibiting
high DNA homology may confer different protection levels. For example, intra-
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muscular immunization of mice with PstS-1, PstS-2, and PstS-3 DNA, encoding
M. tuberculosis highly homologous putative phosphate binding proteins, indicated
that only PstS-3 DNA conferred significant protection against parenteral challenge
with virulent M. tuberculosis (67). In the same context, a mouse model used to
compare immunogenicity of injected Hsp65 and Hsp70 DNA vaccines showed that
the intensity of immune response generated, measured among others by serum
IFN� levels and nitric oxide in intraperitoneal macrophages, was higher after
Hsp65 DNA vaccination immunization (18). Vaccination of mice with injected
plasmid DNA encoding Hsp65 conferred a level of protection to M. tuberculosis
challenge similar to the one conferred by BCG (69). Vaccines based on Hsp65
DNA may also have a potential therapeutic effect, as evidenced in M. tuberculo-
sis–infected mice treated with Mycobacterium leprae Hsp65 DNA. This effect is
probably a result of CD8� lung cell activation, with recovery of IFN� levels and
resulting reduction in lung injury (8).

Using similar cattle vaccination protocols for the inoculation of DNA vaccines
encoding M. leprae Hsp65 or the serodominant antigens MPB70 or MPB83 indi-
cated that the former DNA vaccine appears to be more effective than the latter in
inducing protective immune responses. In both cases (vaccination with Hsp65 and
vaccination with MPB70 or MPB83), immunization with DNA did not cause a
delayed-type hypersensitivity response, indicating a potential advantage of DNA
vaccines regarding their lack of interference with diagnostic tests (75,78). These
studies highlight the importance of selecting adequate antigens for vaccination, as
lung lesions were larger in animals vaccinated with MPB70 or MPB83 compared
to in the BCG-vaccinated group. Moreover, boosting MPB70 DNA-primed ani-
mals with MPB70 protein was accompanied by increased production of specific
IgG. This increase might even have contributed to an increase in lung pathology of
M. bovis–challenged animals (78). In the same context, recent studies indicate that
humoral responses characterized by an increase in MPB83-specific IgG1 correlate
with an increased severity of lesions and bacterial loads (46).

In some cases, it might be useful to consider more than one antigen or epitope
to be present in the same DNA formulation (52). For example, mice and guinea
pigs vaccinated by inoculation with MTB72F DNA (a tandem sequence of
immunogenic MTB32 and MTB39 DNA) were protected from an aerosol chal-
lenge with virulent M. tuberculosis. This vaccine is currently in a phase I clinical
trial (59). Other divalent vaccines, including both the Ag85B gene and either
MTB64 or Hsp60, confer better protection than BCG in M. tuberculosis murine
models of infection (45,71). However, caution must be taken with the use of this
and other DNA vaccine formulations, including those with the gene encoding for
the M. leprae Hsp60 protein, as they may actually induce severe necrosis in ani-
mals previously exposed to M. tuberculosis (70). Noteworthy, vaccination of mice
with a DNA divalent vaccine encoding Ag85A and ESAT-6, followed by priming
with live attenuated M. bovis strains, did not increase the protective efficacy of the
monovalent vaccines, although there was a significant increase in the number of
IFN�-secreting cells (61). Hence, combining antigens does not necessarily result
in DNA vaccine improvement, even when there are indicators of an adequate
immune response. Nevertheless, this strategy has the potential to be used in
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immunocompromised individuals, as suggested by the protection of CD4�/�
mice against aerogenic infection with M. tuberculosis after inoculation with a DNA
vaccine cocktail containing antigens Ag85B, ESAT-6, KatG, MPT84, MPT12,
MPT63, MPT64, and MPT83 DNA. Activation of antigen-presenting cells in these
CD4�/� mice might be related to Toll-like receptors capable of binding to all or
some of the cocktail antigens. Furthermore, recognition of DNA CpG motifs by
Toll-like receptor 9 might act as an adjuvant in these and other DNA vaccines
(22,30). A cocktail vaccine including 10 different DNA antigens was either fused
to a Tissue Plasminogen Activator signal sequence to increase the expression level
of secreted proteins, to significantly induce humoral and cell mediated immunity,
or conjugated to ubiquitin to increase intracellular protein degradation and elicit
cytokine responses in the absence of specific antibody production. Intramuscular
injection of mice with these two vaccines conferred protection to aerogenic infec-
tion with virulent M. tuberculosis similar to that conferred by BCG (21). Ubiquitin
as well as spacer sequences have been used to modulate murine cellular immune
responses to DNA vaccines on the basis of MPT64 and 38KDa protein epitopes
(76).

Boosting DNA Vaccines

The efficacy of DNA vaccines has been improved by boosting with microorgan-
isms or proteins. In this context, subcutaneous BCG boosting in cattle after vacci-
nation with Hsp65, Hsp70, and Apa DNA resulted in enhanced protection against
intratracheal challenge with virulent M. bovis (60). Similarly, levels of antigen-spe-
cific T-cells were increased in cattle vaccinated with Ag85A DNA and boosted
with intradermal inoculation of a modified vaccinia virus Ankara expressing the
same antigen. The increase in antigen-specific T-cells was more evident when the
animals were primed intradermally with Ag85A DNA, probably because of a high-
er number of antigen-presenting cells in skin than in muscle (68). The improved
protective efficacy of an Ag85A DNA vaccine was also observed in guinea pigs
after two doses of the monovalent Ag85A DNA vaccine were administered by gene
gun bombardment before subcutaneous boosting with an Ag85A synthetic peptide
(64). Subcutaneous protein boosting with ESAT-6 also resulted in improved
immunogenicity of an injected ESAT-6 DNA vaccine in mice (76). Protection con-
ferred by some antigens may only be evident when a protein boost accompanies
the corresponding DNA vaccination protocol. This effect may be evident regard-
less of the antigen’s immunogenicity. For example, although intradermal immu-
nization with Apa (a rare glycosylated mycobacterial protein with potential T-cell
epitopes) is able to stimulate IFN�-secreting T-cells, guinea pigs immunized intra-
dermally with M. tuberculosis Apa DNA vaccine were not protected against par-
enteral challenge with virulent M. tuberculosis. However, protection was achieved
by boosting with a recombinant poxvirus expressing the same Apa antigen. Pro-
tection levels were similar to those conferred by BCG vaccination. It is not clear
whether the degree of protection could be different after challenge by aerosoliza-
tion (38).
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DNA Vaccine Enhancement

Particulate and nonparticulate adjuvants play an important role in DNA vaccina-
tion (16,42). These molecules may be selected because of their immunogenic prop-
erties. Trehalose dimicolate, for example, is a glycolipid of the mycobacterial cell
wall characterized by its ability to elicit secretion of Th1-type cytokines. This type
of immune response is usually, although not always, protective against TB (32,43).
In this context, a single administration of coencapsulated Hsp65 DNA and tre-
halose dimicolate into biodegradable poly-glycolide-co-dl-lactide microspheres re-
sulted in an immune response and protection levels similar to those achieved with
three doses of naked DNA administration. In this case, it is possible that the results
were caused by a combination of the adjuvant trehalose dimicolate’s immunogenic
capacity and the sustained presentation of the antigen by the poly-glycolide-co-dl-
lactide microspheres (42,44). Adjuvant properties have been attributed to DNA
sequences, such as bacterial CpG motifs (36). Experiments in other microbial sys-
tems such as Mycoplasma hyopneumoniae and human papillomavirus E7 indicate
that mycobacterial sequences similar to those encoding ESAT-6 and Hsp70 may
have the potential to increase protective immunity and act as adjuvants in DNA
vaccination (35,50,73). Thus, it might be worthy to explore whether the same effect
is to be observed when those sequences are added to antimycobacterial DNA vac-
cines.

Coinjection of immunomodulator genes may also be used to manipulate the
qualitative and quantitative characteristics of the immune response generated by
DNA vaccines. For example, a potent increase in IFN� levels has been observed in
mice spleens after coinjection of M. tuberculosis Hsp65 DNA and murine IL-12 or
GM-CSF DNA (2). DNA vaccines may also be improved by the correct selection
of carriers. In this context, promising results have been reported using cationic sub-
micron emulsions to deliver DNA vaccines to the pulmonary tissue. Those emul-
sions are able to transfect epithelial cells in the lung, probably inducing cross prim-
ing of antigen-presenting cells and stimulation of antigen-specific T-cells (6).
Cationic poly-DL-lactide-co-glycolide particles were used as carrier in a DNA vac-
cine encoding Ag85A. The amount of DNA required to confer protection in mice
challenged by aerosolization was significantly lower in the presence of poly-DL-
lactide-co-glycolide, compared to the corresponding naked DNA vaccine (51).
Cationic and neutral colipid formulations have been also used to improve the im-
munogenicity and protection levels conferred by intramuscularly or intranasally
administered Ag85A, Ag85B, and PstS-3 DNA (23). Similar results have been
observed when dimethyl dioctyldecyl ammonium bromide was added to Ag85B,
MPT83, and ESAT-6 DNA vaccines (11).

Recombinant intracellular microorganisms have the potential to act as biologi-
cal carriers in intracellular targeting strategies for DNA vaccines. For example, a
self-destructing attenuated strain of Lysteria monocytogenes carrying expression
vectors for M. bovis Ag85 or MPB/MPT51 was successfully used to induce pro-
tective immunity against M. tuberculosis in mice (48). Routes of vaccination may
also have a potential effect on protection levels conferred by DNA vaccination. In
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this context, as shown in small-animal models, improved T-cell responses were ob-
served in cattle when intramuscular injection of plasmid DNA encoding M. leprae
Hsp65 was followed by electroporation (72). Interestingly, although immunization
of mice with Hsp65 DNA by gene gun bombardment requires a smaller amount of
DNA to be immunogenic, the immune response generated by a gene gun was less
protective than the one obtained by intramuscular injection (41). Similarly, gene
gun immunization of mice with Ag85A DNA vaccine did not protect them against
M. tuberculosis challenge (65).

Genomic Approaches to Obtain Ideal DNA Vaccine
Candidates

With the availability of the complete genome sequences of M. bovis (28) and two
strains of M. tuberculosis (15,26), there is the opportunity to take a step back and
reevaluate protective DNA sequences in an unbiased manner. This can be accom-
plished through the expression library immunization method described by
Johnston and Barry (34). Furthermore, instead of a random expression library, the
genome sequence allows investigators to generate a directed expression library,
which limits the number of clones necessary to be screened for protective effects.
There are currently 3951 open reading frames defined for the M. bovis genome
(28), and each one of those genes must be cloned into a DNA vaccine vector in the
directed expression library approach. These 3951 genes are arrayed and used to
immunize mice, with each group of mice receiving a subset of the cloned genes
(clone pools). Protective pools identified in the initial round are further subdivided
and moved forward for a second round of screening in mice, and this process con-
tinues until a very limited number of solidly protective clones remains. This
method has recently been proven successful in identifying a protective sequence
against Coccidioides spp. infections in mice (33).

It may be possible to trim down the list of clones even before screening begins,
but this approach may exclude genes contributing to protection. Another caveat to
this approach is that by selectively excluding genes to screen or test, human bias is
introduced. Nonetheless, there are many genes that should theoretically have a lim-
ited effect on protective responses. Housekeeping genes that perform routine func-
tions including DNA metabolism and amino acid biosynthesis are often conserved
across many microbial species and are examples of sequences that can be “safely”
excluded. In contrast, proteins that are pathogen-specific are more relevant for vac-
cine development, as they are potentially involved in colonizing or damaging the
host. The genomic differences in the form of single nucleotide polymorphisms and
insertions or deletions have been well characterized between pathogenic M. tuber-
culosis H37Rv and the M. bovis vaccine strain BCG (5,55). A thorough compari-
son of the genomes of M. tuberculosis and BCG, followed by selection of TB-spe-
cific sequences/epitopes, is another logical approach to TB vaccine development
(20).
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Conclusions

In summary, although lack of a consensus in immunization and challenge protocols
makes it difficult to compare the results obtained with DNA vaccination against
TB, the following common themes can be recognized. First, several conserved anti-
gens, such as Hsp65 DNA, have been identified as potential candidates for effec-
tive vaccines. Second, there has been improved protection conferred by DNA vac-
cines after boosting with proteins or live attenuated vectors, where in some cases
the same antigen was expressed. Third, there has also been better protection after
intramuscular immunization, despite a need for larger amounts of DNA to be inoc-
ulated. Fourth, there is a potential use of a variety of adjuvants to improve immuno-
genicity and protection, and possibly to reduce the amount of vaccine DNA
required for protection. Finally, regarding other subunit vaccines, there is a possi-
bility of eliminating the delayed-type hypersensitivity response by selecting appro-
priate antigens, and hence eliminating interference with current diagnostic tests. A
comprehensive summary of DNA vaccines against tuberculosis is provided (Table
28.1).

It is noteworthy that the ability of an antigen to trigger potentially protective
immune responses in vitro does not necessarily correlate with its effectiveness in
vivo, making it necessary to test the corresponding DNA vaccine under different
protocols and conditions. Care should be taken to follow immunization protocols
that are the least invasive as possible. Furthermore, it would be advisable to follow
bona fide challenge protocols resembling natural routes of infection, such as aero-
solization. Aspects for future research on DNA vaccination against TB include the
selection of the best antigens or combination of antigens, adjuvants, and adminis-
tration routes. Because peptide epitope recognition by T-cells is MHC restricted
(19,40), it is likely that more than a single gene will be necessary for protection to
be achieved using a DNA subunit vaccine in a population. Emphasis should be
given to the evaluation of the potential side effects of long-term persistence of DNA
in the host. Problems common to DNA vaccination approaches include chromoso-
mal integration that leads to mutagenesis or an autoimmune response (25). Ethical
aspects to be considered are the introduction of foreign genetic material and its
potential effect on the host’s genome and transcription machinery. However, this
could be overcome by the use of appropriate vectors, including the pVAX plasmids,
designed not to include the mammalian DNA sequences that could be responsible
for homologous recombination between the DNA vaccine vector and the host’s
chromosome (49). In conclusion, by selecting the correct antigens that are able to
induce adequate and lasting CMI, and possibly humoral, response, plus the appro-
priate combination of vectors, adjuvants, and route of administration, a protective
DNA vaccine against tuberculosis in humans and animals is presently feasible.
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In the United Kingdom, the incidence of bovine tuberculosis increased 10-fold
between 1979 and 2000, and because “scientific analysis [had] recently identified
significant TB threats that could lead to the spread of the disease in the United
States and compromise international and domestic trade in U.S. animals and ani-
mal product,” the Secretary of the U.S. Department of Agriculture declared an
emergency funding allocation for Mycobacterium bovis surveillance and control
programs in October 2000. Increases in autogenous incidence, decreases in pre-
mortem testing of cattle, increased importation to the United States of human cases
with increased travel, and globalization in general present public health with new
preparedness challenges. We review the science surrounding transmission of this
organism and general concerns for public health preparedness.

Bovine tuberculosis is primarily caused by Mycobacterium bovis. M. bovis is a
member of the Mycobacterium tuberculosis complex of mycobacteria. The com-
plex includes M. tuberculosis, M. bovis, Mycobacterium africanum, Mycobacterium
microti, and Mycobacterium canetti. These are slowly growing, nonphotochro-
mogenic, acid-fast bacilli. Infection of humans with any one these five mycobacte-
ria can result in the disease termed tuberculosis. Regardless of which species in this
complex is the cause of disease in humans, the resulting disease is indistinguish-
able clinically, radiologically, and pathologically. However, before bovine tubercu-
losis control programs, and in areas of the world where milk is still the primary
vector for this Mycobacterium, M. bovis was and is more commonly associated
with primary tuberculosis outside of the lung (extrapulmonary disease) (1,2).
Before the control of bovine tuberculosis and pasteurization programs in Northern
Europe, the majority of cases of M. bovis infection among humans were extrapul-
monary, with the following organ systems being affected in decreasing order of fre-
quency: lymph nodes, skin, skeletal, genitourinary, and central nervous (meningitis)
(3–5).

Following exposure, development of disease in humans depends on the ability
of the Mycobacterium to establish infection and grow within host cells, and there
is some evidence that M. bovis does not establish itself in human beings as readily
as M. tuberculosis (6). Following infection, M. bovis is phagocytized by macro-
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phages and is carried to lymph nodes, parenchyma of the lung, and other sites. In
the macrophage, the bacilli resist being killed through escaping the phagolyso-
some, blocking maturation and fusion of phagosomal compartments, limiting their
differentiation into active vacuoles, and natural resistance to the oxidative burst (5).
Thus, the bacilli are able to multiply, destroy phagocytes, and escape into intracel-
lular spaces. This, in turn, stimulates the accumulation of other phagocytes creating
the typical histopathological lesion of tuberculosis—the granuloma. These granu-
lomas can continue to expand with new phagocytic cell infiltration, giant cell for-
mation, and fibrosis, and eventually macroscopic lesions, known as tubercles, are
formed. The resulting disease is known as tuberculosis. The incubation period can
be weeks to decades.

Although the diagnosis of tuberculosis in humans is usually suspected on the
basis of radiographic findings and microscopic examination of smears of sputum
(or other secretions or tissues), using acid-fast or other stains, the identification of
the specific etiological agent (as M. bovis or another mycobacteria) depends on the
ability to culture the organism and identify any Mycobacteria that are isolated (7).
Both culture and identification of these mycobacterial species are complicated,
potentially dangerous, and require expertise that is uncommon in the developed
world and is extremely rare in the developing world. Because identification of the
infecting species has a minimal effect on management of the tuberculosis patient,
there is little incentive from health care providers to identify the mycobacterial
species associated with tuberculosis. In the United States, the current molecular
probe diagnostic assay, which is routinely used for confirmation of suspected
tuberculosis cases, does not distinguish among the species in the M. tuberculosis
complex.

Because identification of the species of infecting mycobacteria among tubercu-
losis cases is difficult and not routine in most of the world, and because no specif-
ic serological or skin test exists, the precise incidence and prevalence of human dis-
ease caused by M. bovis is unknown. However, it is possible to estimate the burden
of M. bovis infections among humans from existing data for tuberculosis incidence
and some data regarding the proportion of tuberculosis caused by M. bovis in var-
ious parts of the world (8). In Europe and North America, it is estimated that M.
bovis now makes up about 0.5%–1.0% of human tuberculosis cases (9–12). This is
a reduction from before the 1960s, when M. bovis caused 5%–20% of tuberculosis
cases (before intensification of bovine tuberculosis control programs; 6). In coun-
tries where bovine tuberculosis is still common and pasteurization of milk rare, it
is estimated that 10%–15% of human cases of tuberculosis are caused by M. bovis
infection. In South American countries such as Argentina, where the prevalence of
infection in cattle may be higher than in North America or Northern Europe, but
where milk is routinely pasteurized or boiled before consumption, M. bovis infec-
tion makes up 1%–6% of human tuberculosis cases (13,14).

In the last decade, worldwide, an estimated 9 million cases of tuberculosis
occurred each year (approximately 10% among human immunodeficiency virus
[HIV]–infected individuals), and an estimated 1.9 million people die each year of
tuberculosis (15,16). From worldwide country and regional data indicating that
1%–15% of those cases may be caused by M. bovis, we can estimate an annual
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world incidence of between 90,000 and 1,350,000 cases of M. bovis–associated
tuberculosis. The prevalence of bovine tuberculosis in the world has been recently
reviewed (17).

Subpopulations at risk for M. bovis infection include any population consuming
unpasteurized contaminated milk, abattoir workers, veterinarians, hunters, and HIV-
infected or other immunologically compromised populations (6,18–22). Given that
both HIV and M. bovis transmission are high in Africa, with 90% of the African
population living in areas where neither pasteurization nor bovine tuberculosis pro-
grams occur and up to 1 in 10 adults are infected with HIV, the association between
these two diseases is of particular concern for much of the African continent (20).

M. bovis is the cause of tuberculosis in a broad range of mammalian hosts
including cattle and other ruminants, felids, canids, lagomorphs, porcids, camilids,
cervids, and primates including humans (23–31). Maintenance of M. bovis is
believed to be primarily related to ruminants; however, other species of animals
have been shown to maintain infection from generation to generation (24–30).
Unpasteurized contaminated milk (32) and other secretions or tissues from any of
these species (but primarily from cattle) can serve as the source of infection for
humans (6). Although M. bovis may survive in soil, on fomites, and in feces for days
to months, depending on local environmental conditions and sunlight, soil is not
considered an important source of infection for humans (but may be for cattle; 33).

M. bovis can enter human hosts through ingestion, inhalation, or direct contact
with mucous membranes or broken skin. Milk is still regarded as the principal
vehicle for transmission to humans in countries in which bovine tuberculosis is not
controlled, and ingestion of contaminated milk or other dairy products is more
often associated with scrofula, abdominal tuberculosis, and other extrapulmonary
forms of the disease (34,35). Among cattle, M. bovis is spread primarily by the res-
piratory route, and humans can also be infected by this route (21,22,35,36).
Though considered uncommon, contact of broken skin with contaminated animal
products can lead to cutaneous tuberculosis, also known as Butcher’s or Prosector’s
wart (37). By any route, the infectious dose for humans is unknown but is estimat-
ed to be in the tens to hundreds of bacilli by the respiratory route, and in the mil-
lions by gastrointestinal route (2). On the basis of animal models and outbreak
investigations, it is known that the infectious dose is influenced by the species of
host (potentially higher for humans than cattle), other host factors (immune status,
etc.), route of infection (higher for ingestion), and strain of bacteria (38).

Human-to-human transmission of M. bovis infection has been reported, but it is
considered unlikely (3). One report of human-to-human transmission occurred
among HIV-infected individuals in a hospital setting (39), and the HIV epidemic
might increase the potential for human-to-human spread of M. bovis.

Changing Epidemiology

In the late 20th and early 21st centuries, in developed countries, bovine tuberculo-
sis has reemerged among humans as an urban disease associated with immigration,
as well as among relaxed cattle of bovine tuberculosis control programs (40). As
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trends in globalization continue, the importation of human cases of bovine tuber-
culosis from areas where the disease remains endemic in livestock and where milk
pasteurization or heating may not be universally implemented may become an ex-
panding risk. A similar reemergence of bovine-related tuberculosis has been
observed for the southwestern United States (41,42). The incidence and prevalence
of M. bovis infection in developing countries has been recently reviewed, and the
infection remains common throughout the developing world (43). Surveillance
information from developing countries is complicated by a lack of veterinary pub-
lic health infrastructure, inability to distinguish M. bovis from other species using
microscopy, limited availability of diagnostic reference laboratories for culture,
and incomplete surveillance systems in general. Nonetheless, according to Cosivi
et al., “Approximately 85% of cattle and 82% of the human population are in areas
where bovine TB is either partly controlled or not controlled at all” (43). In Asia,
94% of the human population lives in countries where livestock tuberculosis is
under no control or under limited control programs. In Latin America, country
prevalence estimates range from 0.1% to 67% of total cattle populations, and 60%
of the human population is estimated to live in areas in which cattle undergo no or
limited control of bovine TB. High potential rates of contaminated animal products
do not translate into a high risk alone if pasteurization, sanitation, and proper han-
dling and cooking of meat are followed. Many developed countries still allow sales
of unpasteurized milk. In most developing countries, consumption of raw milk
remains common. In one study in Ethiopia, only 3% of the heads of households
responded that they did not consume raw milk and milk products, and consump-
tion of raw milk was associated with lower education (44). However, consumption
of raw meat was found to be present among 9% of the respondents and did not dif-
fer significantly with education level. Forty-three percent of cattle in the same area
were found to react to skin testing, and 25% of households reported having had
tuberculosis among the family members. This is an example of a situation where
closer study revealed a critical combination for the potential for high transmission
of M. bovis to humans, but the degree to which M. bovis was contributing to the
local human disease remained unknown.

In addition to this potential emerging threat of importation of human cases with
increased global migration into areas of more intensive control of the bovine TB
problem, such as North America and Europe, autogenous transmission continues
on those continents as well. The increases in incidence among cattle in some of
those countries may represent an increased risk in autogenous cases as well. In
1995, France estimated its incidence of M. bovis infection as 0.07/100,000, consti-
tuting about 0.5% of tuberculosis cases (45). In 1994, estimates for Australia were
that M. bovis constituted 1.5% of annual TB cases (46). In some developed coun-
tries, there has been a resurgence of the disease in cattle. In the United Kingdom,
for example, there were 1031 herds and 9000 livestock cases in 2000, compared
with 89 herds and 600 cases in 1979. In the United Kingdom, this resurgence has
resulted in locally acquired human infection from cattle as late as 2004, when a
family was infected with M. bovis, and infected cattle were known to have been
present on the farm tended by the family. Similar to underdeveloped parts of the
world, developed countries also suffer from a lack of centralized capacity to dis-
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tinguish the infecting mycobacterial species of human cases, and therefore, the true
burden of M. bovis in the developed world also remains unclear. In 2004, almost
15,000 cases of human TB were reported to the Centers for Disease Control and
Prevention. The number of those cases that were caused by M. bovis is unknown.
Among cattle, the TB eradication program of the U.S. Department of Agriculture
has nearly eliminated bovine TB from the United States; however, a few infected
herds of cattle are reported each year in the United States, most often in the Texas,
New Mexico, and Michigan milksheds, but in 2002 an infected herd was reported
in California. The role of wildlife is incompletely studied and was accelerated in
1984 with the discovery of infected bison in 10 states, and one study of prevalence
(by Lasher) indicates that the prevalence of TB among wild cervidae in the United
States is much greater than expected (47). In 2004, there were 12 outbreaks of
bovine TB among livestock, 52 cases reported to the OIE from the United States,
compared to nine outbreaks and 26 cases in 1996. The numbers of outbreaks and
cases among cattle vary from year to year in the United States for that period, with
a high of 13 outbreaks in 2001 and 500 cases in 1998 (http://www.oie.int).

Is Meat a Threat?

With the resurgence in interest in bovine tuberculosis that has coincided with in-
creasing incidence among livestock in the United Kingdom, the issue of transmis-
sion in meat has resurfaced. Tuberculosis lesions in bovine skeletal muscle of
infected animals are rare. The lymph node, liver, spleen, and kidney may be pos-
itive on culture without lesions present. As an intracellular pathogen associated
with the reticuloendothelial systems, it is possible for the organism to be present
throughout the host at different times in acute and chronic infection. In general,
the literature indicates that skeletal muscle is an infrequent source of M. bovis,
when infected animals are examined postmortem by gross pathology and culture
(48).

Environmental Considerations

M. bovis can survive for months in the open environment, particularly in cold,
moist environments out of direct sunlight. M. bovis has been isolated for up to 8
weeks from various feeds kept at 75°F and 14 weeks from feeds kept at 32°F. One
study in Australia for soil survival showed that survival in artificial environments
mimicking the natural environment for Queensland was 4–8 weeks. M. bovis was
not reisolated from any substrates held in sunlight or from fecal material at 4 weeks
(the first sampling time after inoculation) (49).

In the infected carcasses of various mammalian species, M. bovis can survive for
many weeks. Little et al. showed that M. bovis could survive for 2 weeks in the car-
cass of a tuberculous badger lying in a pasture in ambient conditions in the United
Kingdom, and the organism survived for 6 weeks in an infected buffalo carcass in
South African ambient conditions. (50,51)
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Terrorism Planning

M. bovis could be considered a potential terrorist agent because of its potential for
aerosol transmission and stability in the environment. Such a use could result in
prejudicing livestock products of the affected country. Although it is unclear what
the actual morbidity or mortality of such an attack on animals or human might be,
it is critical to keep in mind that the anthrax attacks of 2001 demonstrated that the
effect on society and government are to a large part independent of actual morbid-
ity and mortality. In that case, 22 people were affected by the organism, among at
least 10,000 exposed, and four people died. No animal cases of anthrax were dis-
covered. All levels of government were involved in a multimillion dollar—if not
billion dollar—response as a result. Scientists and public health practitioners
should, at least in part, separate themselves from arguments of the effectiveness of
an agent in causing morbidity and mortality if used in an attack and should con-
sider the many other potential effects of the use of any particular agent. Outcomes
such as the loss of trust and the disruption of local or national economies are not
solely based on the “efficacy” of a pathogen chosen by the terrorist to cause harm.
Those outcomes are equally rooted in the public’s perceptions of the act itself as a
terrorist act and in perceptions of risk following such an attack.

The effect of the disposal of carcasses on environmental contamination and as
risks for human health should be considered in planning against the potential use
of M. bovis by terrorists. According to the Pan American Health Organization,
most zoonotic diseases do not survive in dead animals (52). Most carcass disposal
methods will attenuate or eliminate the infectivity of most pathogens. However,
because a terrorist pathogen may not behave in expected ways, the ecology of the
specific organism of concern in relation to the conditions created by body decom-
position and carcass disposal should be considered in each situation. The environ-
mental health risk assessment is complicated by the fact that some pathogens can
survive on body surfaces, in feces, and in the environment surrounding a dead car-
cass. In the case of agroterrorism, the resulting dead animals may represent a risk
to human health. As such, public health practitioners should be familiar with zoo-
notic diseases present in their area. The terrorist agent that caused the death of the
animals may not be the primary zoonosis of concern. Foot and mouth disease, for
example, has limited transmission to and pathogenicity for humans but caused the
culling of millions of animals in the United Kingdom.

During the 2001 Foot and Mouth Disease outbreak in the United Kingdom, no
human cases of Foot and Mouth Disease were reported, but four animal workers
contracted Coxiella burnetti infection (Q fever) from infected sheep (53). Zoonotic
tuberculosis could be a concern for those handling animal carcasses, and it is very
resistant to adverse environmental conditions, desiccation, and many disinfectants.
Funeral directors, who are exposed to bodies but are not involved in opening cav-
ities, have an increased risk of human tuberculosis (54). This indicates that tuber-
culosis transmission from intact bodies occurs, and the knowledge of the existing
prevalence of M. bovis in potentially affected domestic and wild animal species
would be of use in estimating the risk to first responders managing the carcasses
following a terrorism attack.
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In 2000, the Centers for Disease Control and Prevention categorized possible
bioterrorist agents/biological toxins into categories A, B, and C on the basis of their
threat to public health and national security. Category A agents were considered the
highest risk. Though most category A, B, and C pathogens are zoonotic or cause
disease in both man and animals, tuberculosis is not listed among them (http://
www.cdc.gov/mmrr/preview/mmwrhtml/rr4904a1.html). The U.S. Department of
Agriculture list, “High Consequence Livestock and Plant Pathogens and Toxins,” can
be found at http://www.aphis.usda.gov/programs/ag_selectagent/ag_bioterr_
toxinslist.html.

The length of time of survival and infectiousness of M. bovis in animal tissue is
not precisely known, but it is at least up to several weeks, and scavengers are sus-
ceptible to infection from infected carcasses (51,52,53). Infected carcasses should
be considered potentially infectious if left on the surface or buried in landfills.
Incineration and alkaline hydrolysis, an alternative method for treatment and dis-
posal of infectious animal waste, have been shown to effectively eliminate M. bovis
from contaminated carcasses (55,56).

It is of interest that approximately 2% of the U.S. feedlots produce 75% of the
beef consumed in the United States (57). Although M. bovis is not seen as a high
threat, its purposeful introduction into the livestock population in areas relatively
free of the pathogen could cause a loss of confidence in animal products. Following
such an attack, the risk analysis for livestock and humans would be complicated by
several variables including a long incubation period, the difficulty of diagnosis, the
gaps in data on consumption of unpasteurized milk products in the United States,
the gaps in data on the risk from meat contaminated with the organism, and the
potential roles of wildlife in spread or maintenance of new foci.

Effect on Control

Because the organism can infect nearly all warm-blooded animals, control strate-
gies are complicated, as they must be for any such multihost zoonotic disease. Wild
animals in nearly all affected nations may be infected and play another critical role
in the local ecologies of disease. However, the role of wild animals is not clearly
understood in most situations, and where the issue of the influence of one host on
another is investigated, they are often found to be victims of cattle infection. In
some countries, such as New Zealand, the host range may be limited enough (in
that case, ferrets and brush tailed possums) for successful containment and control.
However, empirical estimates of the individual contributions of these species to
livestock infection are needed before any such control strategies could even be sug-
gested.

In general, diseases such as bovine tuberculosis know no borders, and the prob-
lems of one country can quickly become the problems of the world. Improvement
in international surveillance activities will depend on adequate international invest-
ment in improved testing and veterinary services for cattle in all countries. As this
disease is primarily transmitted from cattle to humans in milk, human infection can
be reduced with control of bovine tuberculosis and pasteurization. Testing of cattle
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with an intradermal tuberculosis test (or by inspection at slaughter), combined with
removal or quarantine of infected herds and pasteurization of milk, has proven very
effective in reducing the incidence of M. bovis infection in humans (23,24). It is
important to keep in mind that humans have served as sources of infection for cat-
tle on more than one occasion, and special consideration should be given to the
potential role of human cases introducing new strains to nonendemic or controlled
areas in which animals may be particularly susceptible, genetically, to them.
Elimination is complicated by the several wild animal reservoirs of M. bovis pres-
ent in most of the world, but practical elimination of human infection can be
achieved with control programs targeting only domestic animals. Such control pro-
grams may seem simple, but they require political commitment, public agreement
regarding the benefit, adequate public funding for what can be a very expensive
disease control program, an extensive public or private veterinary infrastructure,
organized meat inspection for identification and tracing of infected herds, avail-
ability and maintenance of skin-test antigen for identification of infected animals,
and a centralized dairy industry that employs pasteurization or public education
regarding the risks of unpasteurized dairy products. Without these requirements, as
seen in much of the developing world, M. bovis will continue to be a common pub-
lic health problem. Further study is needed regarding the role of meat and offal in
local transmission in countries where raw or inadequately cooked meat and offal
from infected herds are consumed.
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