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Inectious Disease

How Should Humans, Domestic Animals, and Crops Be
Protected?

THE DARK AGE OF INFECTIOUS DISEASES

The title of this introductory chapter would have amazed the
medical student I was in the 1970s. In that pre-AIDS era of
medicine, infectiology was the emblem of triumphant
medicine, with the icon names of Jenner, Pasteur, Koch, and
Flemming, among others. The student who chose to special-
ize in this field appeared to be opting for the easy road to
fame and fortune. This is no longer true and in the past has
been so only for the industrial world. The peril of emerging
and reemerging infectious diseases (ERID) was clearly
identified by the US health and political authorities more
than 10 years ago [1]. This was before the mad cow disease,
foot-and-mouth disease, SARS, and avian flu affairs. At
present, we have entered the dark age of infectious diseases
[9]. Africa is ravaged with what have been called the three
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diseases of poverty—malaria, tuberculosis, and AIDS—as well
as many others. Southeast Asia is threatened by major
pandemics (SARS, avian flu). Latin America continues to be
heavily struck by Chagas disease, a parasitic disease transmit-
ted by true bugs that proliferate in poor habitats. The
industrial world is not spared. In New York City, 25% of the
strains of Mycobacterium tuberculosis, the bacillus responsible for
tuberculosis, are resistant to most antibiotics. In France,
several thousand people die every year from hospital
infections. Finally, the European Union has now been
reached by avian flu.

Many experts agree that the threat of a major pandemic,
comparable to the Spanish flu at the end of the First World
‘War (which killed millions of people) is growing [3,5].

It is therefore clear that the infectious threat today is no
longer under control. The publication of this book is
hence quite timely in exposing the different facets of
modern research in this key domain of infectiology and
the measures that can be envisaged to better fight against
this peril.

XXiX
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NEED FOR A PRAGMATIC, MULTIDISCIPLINARY
APPROACH

My background is hard science, by opposition to human
sciences (anthropology, ethnology, sociology). I am more
precisely a bench scientist (we give ourselves the nickname of
lab rats). However, I do have experience as a clinician, and
long experience as a field researcher in southern countries
(Figure 1).

Fig. 1. Views of fieldwork in Bolivia. Left: The author’s car on a
precarious bridge; middle: the road between La Paz and the tropical
valleys has just collapsed (derrumbe). Truck drivers and the author
have to wait hours for the road services bulldozer to repair the road.
Right: The author in the tropical valleys near La Paz helped in his
field studies on Chagas disease by very helpful and friendly young
Aymara Indians.

My knowledge of the southern parts of the planet
through long stays (nearly 10 years) include Algeria, French
Guiana, Bolivia, and now Thailand. My experience also
includes 4 years in the United States, in the most modern
laboratories of that country, the Universities of California,
and the Centers for Disease Control (CDC) in Atlanta (see
biographical sketch). This contrasted, dual experience has
put me in contact with the reality of infectious diseases and
epidemics and has brought me face to face with the abyss
that stands between basic research and the pressing needs of
populations suffering from high-load infectious problems. I
am not advocating that upstream research should be aban-
doned. On the contrary, I am more than ever convinced
that a major effort in this direction should be made, for it is
often the shortest way toward practical medical applica-
tions. But this confrontation has convinced me that a
pragmatic view to the ERID problem is necessary, which
involves a multidisciplinary and holistic approach. All
disciplines should contribute to this fight, with no ostracism
and no hierarchization. Of course high-tech research is
prestigious and fascinates young scientists, and for good
reason. It is also our best hope for radical solutions to the
infectious peril. However, so-called old-fashioned savoir-
faires, such as traditional medical entomology and
microbiology, remain indispensable and are only too often

IRD, Institut de Rercherche pour le Développement, formerly ORSTOM,
Office de Recherche Scientifique et Technique Outre-Mer, a French
governmental organization for research in developing countries
(http://www.ird.fr) ; the author has been working here since 1977.



POUR LUTTER DANS VOTRE VILLAGE
CONTRE LA

MALADIE DU SOMMEIL

INSTALLEZ DES

PIEGES A MOUGHES
TSE-TSE

SA PIQURE PEUT TRANSMETTRE
LA MALADIE DU SOMMEIL

CETTE MALADIE EST MORTELLE
S| ELLE N'EST PAS SOIGNEE

PLACER LE PIEGE
PARTOUT OU SONT

TOUT LE VILLAGE
DOIT

PARTICIPER
EN NETTOYANT AUTOUR
DU PIEGE ET
EN COMPTANT LES MOUCHES
CAPTUREES CHAQUE MOIS DANS
LE SAC PLASTIQUE

Fig. 2. An informational poster circulated among rural populations in French-speaking African coun-
tries to encourage people to use antitsetse fly traps (credit IRD).
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despised by young talents [11]. Chapter 25 shows that they
can be updated by modern technologies. Moreover, a
thorough knowledge of the field is crucial for under-
standing infectious disease epidemiology and for controlling
these diseases. There is no lack of examples where very
simple measures inspired by this deep knowledge of the
field have been more efficient in controlling diseases than
high-tech tools. Tsetse flies (see Figure 7, Chapter 19) are
the vectors of sleeping sickness (now called human African
trypanosomiasis) in Africa. The very simple Challier-
Laveyssiére tsetse fly trap (Figure 2), invented by two IRD
colleagues of mine, is a typical case of a simple and efficient
technology that has emerged from field work. It relies on a
very simple principle, which was empirically discovered:
tsetse flies are strongly attracted to the color blue, as is the
bull to the color red. The trap is simply composed of a piece
of blue fabric under a cone of gauze. The flies are attracted
by the blue fabric and then climb toward the light, at the
top of the trap, where a small insecticide reservoir is waiting
for them. The trap was first designed to catch the flies for
surveys and studies. But it appeared that the number of flies
caught was so high that only one trap per village was
enough to significantly lower the level of transmission of
HAT, provided that well-adapted information was
circulated among populations (Figure 2).

ENVIRONMENTAL VERSUS BIOLOGICAL
PARAMETERS

The holistic approach exposed above strongly implies that
in-built biological parameters are not the only ones to be

considered.
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Tuberculosis, AIDS, and malaria have been identified as
the three diseases of poverty by international agencies. This
means that environmental factors, especially socioeconomic
ones, have a major impact on the transmission and severity of
these diseases. Now, although they have been given top pri-
ority, these diseases are not the only ones widely affecting
poverty-stricken areas. Human African trypanosomiasis kills
much more today than it did at the end of the colonial era in
the early 1960s.This is directly imputable to the sociopolitical
upheavals that sadden Africa and disorganize the health
systems of many African countries. In Latin America, Chagas
disease 1s caused by a parasitic protozoan, Trypanosoma cruzi,
transmitted by true bugs (triatomine bugs), that proliferate in
poor habitats (Figures 3 and 4). For this reason, Chagas
disease has been called a disease of underdevelopment [4].

These examples illustrate the fact that controlling infec-
tious diseases is not only a matter of advanced biomedical
research. Human sciences (sociology, anthropology,
economic and political studies) are clearly indispensable to
addressing the question and to understanding how local
populations perceive these diseases and their treatments. This
is the reason why several chapters in this book deal with
human sciences.

A utopian vision for controlling emerging and reemerging
infectious diseases: a world chain of large multidisciplinary
research and control centers (the world CDC belt).

Utopia: what has not happened yet (the author).

Infectious diseases are not the only scourge that plunges
mankind into mourning. Malnutrition, cancer, and cardiovas-
cular diseases are also fearsome curses. However, infectious
diseases still are by far the main factor of mortality. Moreover,
they have a very important specificity: by nature they are
transmissible, which is not the case for the other curses
mentioned above. This particularity calls for specific means of

(b)

Fig. 3. (a) Tiypanosoma cruzi, the parasitic protozoan that causes Chagas disease. (b) a family of tri-

atomine bugs, the vectors of Chagas disease. From left to right: male (with its proboscis, the part of the
mouth for sucking blood, unfolded); female; larvae at different development stages. The whole family
is obligatorily blood feeding, from the egg stage to death.



Fig. 4. The author collecting triatomine bugs, the vector of Chagas
disease, in a Bolivian village. The houses are built with adobe (dried
mud) and have no plaster on the walls. The bugs hide in the cracks

and holes of the walls and come out at night to feed on humans and
domestic animals. Improving habitats is an efficient measure toward
controlling Chagas disease transmission.

control. Infectious diseases do not stop at political
borders [6]. This means that their control should be highly
coordinated among all countries of the world. The recent
outbreaks of SARS and even more, bird flu, have illustrated
that an epidemic that was born on the other side of the planet
can reach the Western world in a matter of weeks or even days
if the pathogen was brought by air transportation. However,
politicians are slow in reacting to these threats [2] and the
reality is that there is no world system worthy of the name for
controlling the ERID peril. The efforts of WHO
(http:/ /www.who.int/en/) toward better international coordi-
nation deserve to be emphasized, as well as the welcome ini-
tiative of the European Union to establish a European Centre
for Disease Control (http://wwiw.ecdc.en.int/). However, we are
still a far cry from a truly integrated world system, something
like the US Centers for Disease Control, or more exactly,
its branch specialized in infectious diseases, the National
Center for Infectious Diseases (http://www.cde.gov/
ncidod/), but on the scale of the entire planet. The NCID
is a large federal organization that is staffed with roughly
2,000 people. Its originality is its three-fold mission: research,
specialized training, and surveillance/control. I have long
proposed [6,7] creating a centralized structure in Europe pat-
terned after the US CDC, with a comparable size and a sim-
ilar triple function. Indeed, the ECDC cannot be compared
with the US CDC. It is a small organization with only 60
staff members, devoted to surveillance only. Although a valu-
able first step, it could be dramatically insufficient in the
advent of a major pandemic [10].

It is worth noting that the strongest initiative in this
domain is coming from a region of the world that is far less
wealthy than the great Europe of 25: ASEAN (Association of
Southeast Asian Nations; http://wiww.aseansec.org/), groups
together Brunei, Burma, Cambodia, Indonesia, Laos,
Malaysia, the Philippines, Singapore, Thailand, and Vietnam.
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These ten countries plan to group their resources to set up a
large structure comparable to the US CDC, the ASEAN
CDC [11].

Actually, the world needs a warning belt of comparable
structures throughout the world, structures that are highly
integrated and interconnected, with clearly defined task
distribution and geographical responsibility. This belt should
comprise the existing US CDC, plus the ASEAN CDC that
should include Asian countries outside the ASEAN (China,
India, Korea, Japan, and others), a considerably enlarged
version of the European CDC, extended to Turkey and the
former USSR [6,7,10,11]. A comparable center in South
America as well as one in Africa should complete the
system. An African CDC is even more desirable, given that
this region of the world is suffering more than others from the
curse of epidemics. Large centers of this type, with advanced
research and information systems, especially those that would
be located in southern countries, would create many jobs with
considerable expertise, would highly stimulate local research,
and would fuel local surveillance and control systems. This
would help counter the distressing brain drain of young
talents from the south toward industrial countries.

These centers should not limit themselves to classical
biomedical research, but should rather strongly engage them-
selves in groundbreaking, multidisciplinary research, sorely
needed, as exposed above. A difficult equilibrium between
hard versus human sciences, high-tech versus traditional
know-how, and bench vs field studies should be fostered in
this world CDC belt [12]. At present, this is being done
nowhere in the world.

The Encyclopedia: A First Handbook for
Multidisciplinary, Holistic Research in Infectious
Diseases. Its Authors: An Ideal Pilot Team for
Research Centers of the Future.
When I designed the content of this book, I had in mind
this need for a definite multidisciplinary approach to the
ERID peril. The eminent colleagues I have selected as con-
tributors, many of whom are close friends of mine, could be
considered as a pilot team for a future research and
control center, a kind of “dream CDC” of the sort that
should compose the world CDC belt. The collection of
disciplines and expertise brought together in this book is
impressive. It is not exhaustive, but provides the reader with
many of the aspects of our present efforts toward better
knowledge and control of epidemics. The spectrum of top-
ics includes the more advanced technologies (satellites in
Chapters 23 and 26; advanced molecular biology and
genomics in many chapters. As humorously noted by a col-
league of mine: the encyclopedia goes “from microsatel-
lites to satellites”). The magic power of these new tech-
illustrated by Chapters 4
(characterization of uncultivable pathogens) and 27 (fossil
DNA of mummies).

The three diseases of poverty (malaria, tuberculosis, AIDS)

nologies is especially

are given special, but not exclusive attention.



xxiv € INTRODUCTION

Chapters 2 and 7 illustrate the fact that the problems
raised by epidemics and infectious diseases are comparable
where pathogens of either human or animals or plants
are concerned.

This book is not written only for people involved in med-
ical sciences. It has also been designed to be of interest to
veterinarians and agronomists. Human and animal pathogens
are frequently the same. For example, the agent of Chagas
disease can infect any mammal, not to mention the recent,
dramatic example of bird flu. Studying animal pathogens is
therefore crucial for human health, besides the obvious
economic relevance of it.

Ample space is devoted to evolutionary studies, which
provide us with many keys for understanding infectious dis-
ease transmission and which show the usefulness of basic
research in medical applications, and in turn, the contribution
of the study of infectious diseases to fundamental biological
knowledge.

The need to address a global scale and provide a bird’s eye
view of the problem is emphasized by Chapters 32 and 33.

The heuristic value of integrated studies including
host, pathogen, and vector in the case of vector-borne
diseases [8] is shown by Chapters 6 and 16.

Practical field experience is brilliantly exposed in
Chapter 37. Chapter 24 shows the relevance of its thorough
use in a sophisticated, international network surveillance.

The threat of bioterrorism is exposed by a CDC expert
of the field in Chapter 36.

Chapters dealing with the human science side of the
question (neglected diseases, the points of view of sociology,
anthropology, history, and economics) give us another
perspective, indispensable to evaluate the perception of
these curses and the impact of sociocultural and political
problems on the transmission and severity of these diseases.

Last, the ending chapter shows us how much epidemics in
the past have struck the imagination of mankind and have
inspired (and still do?) fear on a religious scale.

READERS TARGETED BY THE ENCYCLOPEDIA

This book addresses a broad and varied audience.The authors
have been selected among top professionals in their field. The
chapters are therefore a reflection of the most up-to-date
science and can be used as reference for specialized scientists.
However, the contributors have been warmly invited to
make their chapters accessible to a broad audience beyond
the specialists of their field. To help in reaching this goal,
detailed glossaries of specialized terms accompany most
chapters. Of course many terms are defined several times in
different glossaries. I chose not to establish a common
glossary because some terms may have slightly different
definitions according to the background and the vision of the
authors. This is enriching and shows that science is not
written in stone. Simplified classifications of pathogens
(viruses, parasites, and bacteria) are given in Chapters 9, 18,

and 37, respectively. Thanks to this effort toward accessiblity,
many non-research-oriented readers can benefit from this
book, including medical doctors, veterinarians, all health
professionals, agronomical engineers and technicians, profes-
sors, teachers, students, and the educated public.

My dearest wish is that this book will arouse many voca-
tions among its youngest readers, some of whom could some
day staff the world CDC belt.
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1.1 INTRODUCTION

Titherculosis (TB) is a bacterial infection caused mainly by
Mycobacterium tuberculosis (MTB). The development of pale-
opathology and paleoepidemiology in infectious diseases has
proven the wvery ancient origin of this disease. TB may have
plagued humans at least since the Neolithic times
[64,158,186]. This infectious disease was sporadic until the
1700s and became epidemic afterward because of the indus-
trial revolution, the increase in population density, and unfavorable
living conditions. Furthermore, human migrations and colo-
nization of countries and continents helped to spread TB,
which became an endemic disease. In 1882, Robert Koch man-
aged to isolate the tubercle bacillus (called also Koch bacillus),
the bacterium responsible for TB, and he established TB as an
infectious disease. Over the last 100 years, TB has probably
killed 100 million people [66]. In the twentieth century, the
incidence of this disease began to decline rapidly in devel-
oped countries where the sanitation and housing conditions
were improved. This scenario was accelerated by the intro-
duction of BCG vaccine (Bacillus Calmette Guérin, 1921) and
the use of antimicrobials as anti-TB agents, such as strepto-
mycin (1943), isoniazid (1952), and rifampin (1963). However,
despite these efforts to eradicate this disease, the incidence of
TB increased in the 1980s. The emergence of multidrug-resist-
ant strains and the high incidence of human immunodeficiency virus
(HIV) have strongly contributed to this phenomenon.
Nevertheless, the success of propagation of this disease

Encyclopedia of Infectious Diseases: Modern Methodologies, by M. Tibayrenc
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remains directly related to the social and hygiene conditions of

human populations.

TB remains a major public health problem worldwide
and the first cause of mortality attributable to a single
infectious agent, especially in developing countries where
the consequences of this disease remain more serious and
the infection risks are higher [54,148] (see Fig. 1.1).
According to the World Health Organization (WHO,
www.who.int), the estimated number of cases of TB world-
wide in 2003 was 8.8 million, 3.9 million of which were
sputum positive, and deaths from TB (including TB deaths
1,747,000.
Furthermore, it is estimated that there are currently 2.1 bil-

in people infected with HIV) were

lion people worldwide who are latently infected with the
tubercle bacillus and could develop the active form of the

disease in the case of reactivation.

The recrudescence of this disease in several countries, the
emergence of multidrug-resistant strains and the association
of TB with the HIV pandemic show the need to improve
research on this pathogen in applied and basic research in
order to better understand the transmission of TB and to
eradicate this disease. The objective of this chapter is to give
an overview of the biology, genetics, and pathogeny of
M. tuberculosis (MTB), to describe the current molecular
methodologies available for identifying the MTB populations
responsible for the spread of TB and the outbreaks, and to
show the contribution of genetic epidemiology studies in

understanding global and local epidemiology of TB.
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Rates per 100 000,
all forms of TB

Fig. 1.1. Estimated TB incidence rates, 2003 (WHO website: http://www.who.int/tb/publications/

global_report/2005/results/en/index.html)

1.2 GENERAL POINTS ON MYCOBACTERIUM
TUBERCULOSIS (MTB) AND PULMONARY
TUBERCULOSIS (PTB)

1.2.1 Classification and Cellular
Characteristics

MTB is a bacterium belonging to the Mycobacterium genus,
which is the only genus in the Mycobacteriaceae family
(Chester, 1897), Actinomycetales order (Buchanan, 1917),
and Actinomycetes class (Krasil’nikov, 1949).

The Mycobacterium genus, one of the most extensively
studied bacterial taxa, was described by Lehman and Neuman
in 1896. Its identification is based on the following charac-
teristics: shape of the colonies, growth rate, and biochemical
reactivity. To date, 71 species have been described within this
genus, and they are subdivided in two main groups based on
their growth rates (fast vs. slow) [109,154,163]. The rapidly
growing Mycobacterium species (species producing visible
colonies within 7 days under optimal culture conditions) are
mainly common saprotrophs of natural habitats. Only a few
of them can be pathogenic for humans or animals (e.g.,
Mycobacterium abscessus, M. fortuitum, M. porcinum), whereas the
majority are nonpathogenic (e.g., M. smegmatis, M. agri). In
contrast, the majority of the slowly growing Mycobacterium
species are pathogenic for humans and/or animals (e.g., all
the species of the MTB complex [MTBC], M. leprae, M. ulcer-
ans, M. avium), and only a few of them are nonpathogenic
(e.g., M. terrae, M. gordonae). This chapter will focus particu-
larly on the MTB species belonging to the MTBC. This com-
plex is composed of seven different species, MTB (Koch,
1882), M. bovis (Karlsen and Lessel, 1970), M. africanum [25],
M. microti (Reed, 1957),“M. canettii” (still not officially recog-
nized on the list of Bacterial Names with Standing in

Nomenclature, http://www.bacterio. cict.fr), and recently, M.
caprae [5] and M. pinnipedii [34]. Each member of MTBC 1is
associated with a specific primary host, although infection is
known to occur in various alternative hosts. The species
responsible for TB in humans and for which no animal reser-
voirs was found are MTB, M. africanum, and M. canettii. MTB
is the main species of human TB, the other species are less fre-
quent in humans (e.g., M. africanum 1s characterized mainly in
Africa, and M. canettii was isolated in a few cases of human TB
in East Africa). M. bovis is principally the agent of bovine TB,
but this species can also be pathogenic for humans, with the
number of cases related to such infection probably underes-
timated [6]. Furthermore, an attenuated strain of M. bovis, M.
bovis BCG (Calmette and Guérin, 1921) is used as a vaccine
for preventing human TB (see below for more details on
BCG vaccine). The other species are also isolated specifically
in animals, such as M. microti, which is the agent of rodent TB,
M. caprae, which predominantly affects cattle, and M. pinni-
pedii, which has Pinnipeds as natural hosts. These latter species
can affect other animal species and humans to a very limited
extent [5,34]. The members of the MTBC, as well as all
mycobacteria species, are rod-shaped bacteria (0.2—-0.6 pm
wide, 1-10 pm long), nonmotile, nonencapsulated, Gram-
positive, acrobes (growing most successfully in tissues with a
high oxygen content such as lungs), or facultative anaerobes.
They are facultative intracellular pathogens, usually infecting
mononuclear phagocytes (e.g., macrophages). As deduced
from its genome, MTB has the potential to manufacture all
of the machinery necessary to synthesize its essential vita-
mins, amino acids, and enzyme cofactors. M'TB has an unusu-
al cell wall, with an additional layer beyond the peptidogly-
can layer, which i1s rich in unusual lipids, glycolipids, and
polysaccharides. These bacteria can be detected by optical
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Fig. 1.2. Mycobacterium tuberculosis (MTB): Ziehl—Neelsen coloration
(a) from sputum; (b) from MTB culture in liquid medium (photo
taken by S. Godreuil, all rights reserved). See color plates.

microscopy after Ziehl—Neelsen (ZN) acid-fast stain of sputum
from a person with active TB (Fig. 1.2). Bacilli appear as thin
red rods in the microscopic field, whereas all other materials
in the sputum pick up the blue counterstain.

1.2.2 Transmission and Multiplication of MTB
(See Also Chapter 5)
TB is considered a disease with an interhuman transmission.
Tuberculous bacilli are spread out by infected patients cough-
ing, sneezing, or speaking, and they can be inhaled by another
individual in close contact. The inhalation of these sprays, called
Flugge’s droplets—small acrodynamic particles—presents a risk
of tuberculous infection. These particles can also remain in the
air and play the role of reservoir.

The tubercle bacillus enters the human body mainly via
the respiratory tract through the inhalation of the droplets
sprayed in the air (Fig. 1.3). These particles are small enough

M. tuberculosis

e @ =y

to be able to reach the lower respiratory tract. Indeed, among
the infectious particles inhaled, only those with two or three
bacilli can reach the bronchic cells, the largest ones are
stopped upstream and eliminated [44]. The success of such
infection and the development of the pulmonary form of TB
depend on four successive stages: bacilli phagocytosis, intra-
cellular multiplication, the stationary stage, and the pul-
monary form of TB (see also Chapter 5). These different
stages can evolve into different outcomes: spontaneous heal-
ing, acute tuberculosis, latent infection, and reactivation or
reinfection (see Fig. 1.3).

(1) Bacilli phagocytosis: The bacilli that reach the pulmonary
alveolus are phagocyted by the mature macrophages. This
step, which takes place in the first week following particle
inhalation, is the first stage of infection, and it depends on
two main factors: the bacillus virulence and the bactericidic
activity of the macrophage. In general, the bacteria are
destroyed by the alveolar macrophages and the infection is
stopped at this stage, otherwise they begin an intracellular
cycle of multiplication [119,179].

(1) Intracellular multiplication: This second stage occurs
between the 7th and the 21st day. It corresponds to intra-

cellular bacilli multiplication in the macrophage alveoli
and is also called the symbiotic stage. Indeed, the bacte-
ria that are not destroyed by the alveolar macrophages
will multiply. They are released after cellular lysis, and can
thus infect other circulating macrophages and continue
their multiplication. At the end of this stage, due to a
symbiosis event, a huge number of macrophages and
bacilli are concentrated at the level of early pulmonary
lesions [44].

(iii) Stationary stage: Following the induction of the immune
response of the host, particularly cell-mediated immunity

1
Spontaneous healing
z\‘
:

Containment >90%

Fig. 1.3. Inspired by Kaufmann and McMichael [96] with permission: Mycobacterium tuberculosis
(MTB) enters the host within inhaled droplets. Different outcomes are possible. (1) Immediate eradi-
cation of MTB by the pulmonary immune system. (2) Infection transforms into active tuberculosis.
(3) Infection does not transform into disease because MTB is contained inside granulomas. (4) After
a latency phase, MTB can become active after either an endogenous reactivation or an exogenous

reinfection or both. (5) At this stage, there is dissemination and transmission of MTB.
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(see Chapter 5), bacteria growth becomes stationary
[142].This is the third stage of the infection called primary
infection. Because of a delayed-type hypersensitivity, the
macrophages in which bacilli multiply are destroyed.
Bacterial toxins and cellular products are released, and this
leads to the formation of solid caseous necrosis [137],
where a pseudo-equilibrium settles between inactivated
and mature macrophages. At this stage, either the number
of infected cells in the caseous center decreases if the
released bacilli are phagocyted by the mature macrophages
or it increases if the bacilli multiply in the inactivated
macrophages. Thus, the progression of the disease depends
on which macrophage type prevails [43,44]. At this stage,
bacilli may become dormant and never induce TB at all,
which is referred to as a latent infection that is detected only
by a positive tuberculin skin test; or the latent organisms can
eventually begin to grow, with resultant clinical disease,
known as TB reactivation.

(iv) Pulmonary form of TB (PTB): When the equilibrium
between the inactivated and mature macrophages is bro-
ken, the infection reaches the last stage, the disease, PTB
(see also Chapter 5).This step is characterized by the lig-
uefaction of the caseous center, leading to the formation
of a cavity detected by pulmonary radiography. The lig-
uefied material present in this cavity constitutes an
excellent growth media for the bacteria, and
macrophages do not survive in this environment. At this
stage of the disease, the person becomes contagious by releasing
the bacilli into the air. Furthermore, without treatment, this
individual can develop a chronic TB, presumably leading
to death.

123 Clinical and Subclinical TB
The term ““'TB infection” refers to a positive TB skin test (see below
for details) with no evidence of active disease; this state is also
called latent infection (see Fig. 1.3).*“TB disease” refers to cases
that have a positive acid-fast smear or culture for M'TB or radi-
ographic and clinical presentation of TB [117].

The most common clinical manifestation of TB is pul-
monary disease; nevertheless, extrapulmonary TB can also
occur, but is little or not contagious. Without minimizing the
importance of extrapulmonary TB, which currently accounts
for 20% of reported cases of TB, we will focus here only on the
cases of pulmonary infections. Furthermore, as described
above, although some people develop active TB disease after
infection, almost all TB infections are asymptomatic and remain
latent [19].

1.2.3.1 Active disease A patient with PTB presents
with the symptoms of chronic or persistent cough and spu-
tum production. If the disease is at an advanced stage, the
sputum will contain blood, and the patient will be diagnosed
with lack of appetite, weight loss, fever, night sweats, and tho-
racic pains. Patients with PTB are classified in different cate-
gories because a specific treatment is needed for each cate-
gory. The main categories are as follows:

* New case: TB in a patient who either has never received
anti-tuberculous treatment or started a treatment for less
than 1 month.

* Relapse: TB already treated and declared cured after suffi-
cient treatment time, which has become active again.

* Chronic TB: A case of relapse from which the microscopic
exam of expectoration remains positive after a second com-
plete treatment.

e Primary resistance case: This characterizes the bacilli that
are resistant to treatments, although patients have never
been treated by anti-tuberculous drugs (see below).

* Multiresistance case: MTB resistant at least to both major
anti-tuberculous drugs (isoniazid and rifampin) (see
below).

1.2.3.2 Latent infection MTB in a latent state can sub-
sequently reactivate to cause active disease. The latent state of
infection is a major obstacle for eradicating TB. In latent TB,
the host immune response is capable of controlling the infec-
tion but fails to eradicate the pathogen. Latent TB is the
product of a complex set of interactions between MTB and
the host immune response (for more details, see Chapter 5).
Therefore, one-third of the world population is estimated to
be infected with the pathogen in the latent stage. The bacilli
remain dormant until the host defenses are impaired by a dis-
order such as HIV infection.

1.2.3.3 MTB and HIV  For many people, TB is the first
sign of immune dysfunction associated with HIV infection, and
active TB is an AIDS-defining illness. TB is an ever-increasing
concern for people with HIV. In some parts of the world, TB
is the leading cause of death of people infected with HIV.
Indeed, the risk of developing active TB disease after TB
infection, or following an apparent cure of several years,
increases considerably for people with a deficient immune
system. It was calculated that in case of HIV co-infection,
this risk is multiplied 50-300 times [101]. Active TB in HIV-
positive patients can result from both reactivation of latent
infection and primary disease. HIV increases the chance of
reactivating dormant TB infection from 5% to 10% over a
person’s lifetime to 7% to 10% per year. In patients with low
CD#4 cell counts, TB arises with atypical pulmonary mani-
festations and extrapulmonary disease. Indeed, as the level of
immunodeficiency increases with advancing HIV disease,
atypical pulmonary features predominate [31]. One in 10
people living with HIV will get active TB within 1 year of
being diagnosed with HIV. It can occur early in HIV disease
when CD4 cell counts are relatively high, in the 300-400
range. In early HIV infection, TB usually infects and affects
only the lungs. As CD4 cell counts drop, however, TB is
more likely to appear in other organs also. When the
immune system responds to TB, it can cause HIV levels to
increase, and HIV disease may then progress more quickly.
This, in turn, increases the risk of other opportunistic infec-
tions. It is therefore very important for people with HIV to be
screened regularly for TB.
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1.2.4 Diagnosis of MTB Species

1.2.4.1 Tests for active disease Tools for the diagnosis
of active disease include clinical suspicion, response to treat-
ment, chest radiographs, staining for acid fast bacilli, culture
for mycobacteria, and, more recently, nucleic acid amplifica-
tion assays (for more details, see review in [19]). Briefly, as
described above, TB can mimic many forms of disease and
must always be considered if no firm diagnosis has been
made. The chest X-ray examination is traditionally considered
as one of the most important tests, but its low specificity can
lead to overdiagnosis. To confirm the diagnosis of PTB, res-
piratory samples (expectorated sputum) are submitted to the
bacteriological laboratory for microscopic examination and for
mycobacterial culture. The microscopic examination consists of
making a smear of sputum and staining by the Ziehl-Neelsen
(ZN) method (see Fig. 1.4). This technique is used in most
low-income countries because it is inexpensive and easy to
use [144], but its low sensitivity (43—55%) is a major draw-
back [214]. Cultures increase the sensitivity for diagnosing
MTB and allow drug-susceptibility testing and genotyping
for epidemiological purposes (see below). Nevertheless, cul-
turing TB is time consuming and the cost is often too high,
resulting in reliance solely on microscopy of sputum smear in
resource-poor countries [19]. Two types of culture media are
commercialized: solid media, which includes egg-based
media (Lowenstein-Jensen; see Fig. 1.4), and liquid media
(such as BACTEC systems, Becton Dickinson, Sparks, MD,
USA). Several studies showed that liquid media can decrease
recovery time (2 weeks instead 4—12 weeks) of mycobacteria
culture and increases the sensitivity compared to solid media,
which remains the reference media for culturing mycobacte-
ria [124,162]. The traditional methods of drug-susceptibility
testing relied on culture inoculated with antibiotics and thus
can also require several weeks to obtain results.

These methods remain the gold standard for diagnosis, but
the development of DNA probes and the polymerase chain
reaction (PCR) assays now provide more sensitive and rapid
diagnosis for species identification as well as for analyzing drug
susceptibility. Currently, two main methods approved by the
Food and Drug Administration (FDA) are available: a PCR-
based test targeting a specific portion of the 16S ribosomal
RNA gene (Roche) and a transcription-mediated amplifica-
tion of 16S ribosomal gene transcripts with product detection
performed via chemiluminescence (GenProbe). Furthermore,
Kaul [97] as well as Brodie and Schluger [19] detailed in their
reviews all the latest techniques based on nucleic acid amplifi-
cation. These diagnostic tests have considerably decreased the
diagnosis recovery time and increased the sensitivity for smear-
positive and smear-negative specimens. These techniques are
the most promising methodologies for diagnosing the 15-20%
of adults with TB having negative sputum culture and among
children, for whom the proportion of culture-negative cases is
much higher. At present, the greatest problem concerning
these techniques is the cost; consequently, they are not afford-
able for resource-poor countries [97].
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(a)

Fig. 1.4. Colonies of Mycobacterium on Lowenstein—Jensen. (a) M.
tuberculosis colonies are irregular, rough, eugonic, beige in color.
(b) Atypical mycobacteria colonies are small, smooth, and pigmented
(photo taken by S. Godreuil, all rights reserved). See color plates.

During the past few vyears, there has also been great
progress in exploring drug susceptibility in MTB. In their
review, Brodie and Schluger [19] described the latest
methodologies allowing for a rapid detection of the drug-
resistant mutations from smear-positive respiratory specimens
or from culture specimens with their limits and advantages:
line probe assays, molecular beacons, phage amplification, and
luciferase reporter phages.

1.2.4.2  Tests for latent infection It has been demon-
strated that almost all TB infections are asymptomatic and
remain latent, with a rate of reactivation in active disease in
approximately 5-10% of infected individuals. These people
are a reservoir for the disease and a major barrier to the ulti-
mate control and elimination of TB. Until very recently, a
skin reaction Mantoux test or tuberculin skin test or PPD
(purified protein derivative) skin test was the only available
test to detect latent disease or to confirm the cases of active
disease with negative sputum smear or culture. Nevertheless,
this test presents various problems such as relatively poor sen-
sitivity and specificity. Recently, a new generation of tests has
been developed: QuantiFERON-TB and QuantiFERON-
TB Gold (QFN-Gold) tests (Cellestis Limited, St. Kilda,
Australia) and the T SPOT-TB test (Oxford Immunotec,
Oxford, UK).These tests are based on the detection in serum
of either the release of IFN-y (QuantiFERON) or detection
of the T cells themselves (T SPOT-TB) (for more details see
review of Brodie and Schluger [19]). These tests seem to
improve specificity and sensitivity. At present, in most high-
burden, resource-poor countries, latent infections are neither
diagnosed nor treated. However, for the TB control and for
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stopping the disease progression, it would be imperative to
treat the latent infections.

1.2.4.3 Diagnosis in smear-negative PTB and the
special case of HIV patients Patients with smear-negative
PTB have been found to be less infectious and have a lower
mortality rate, but a significant proportion (50-71%) pro-
gressed to active disease warranting treatment [31].

Furthermore, several studies showed that with the increase
in the HIV/TB coinfection, there has been a disproportion-
ate increase in the reported rate of smear-negative disease (see
review in [31] for details). Indeed, different data reports sug-
gest that smear-negative disease is actually more common
among HIV-infected patients. Colebunders and Bastian [31]
hypothesize that smear examinations have proven less sensi-
tive, as the level of immunodeficiency has been increasing
with advanced HIV disease. This is a crucial problem in
developing countries where microscopic examination
(cheap, simple, and rapid) is the basis of TB diagnosis.
Nevertheless, several studies showed that also in HIV-unin-
fected populations, a non-negligible rate of smear-negative
PTB can be observed (see [31] for details). This is normally
associated with low bacilli burdens and minimal pulmonary
lesions. Furthermore, this is especially more common among
children and elderly patients.

As described above, in HIV patients, atypical pulmonary
features predominate and chest radiography changes may be
atypical or attributable to other infections. Furthermore, the
tuberculin skin testing is confounded, especially in developing
countries presenting a high rate of HIV/MTB co-infection,
with the high coverage of BCG vaccination, with asympto-
matic TB infection, with the presence of nontuberculous
mycobacteria, and with anergy due to HIV or malnutrition.

Culture and PCR remain the most sensitive techniques, as
they can produce a positive result for specimens containing as
few as 10 bacilli. This is of a great interest, as HIV-positive
patients generally produce sputum with low bacilli loads [31].
Nevertheless, these diagnostics are still financially inaccessible
for resource-poor countries.

For these reasons, some authors have proposed various
management algorithms to optimize the number of patients
correctly treated for smear-negative sputum and thus a major
part of HIV-positive patients. In their review, Colebunders
and Bastian [31] detail the different parameters included in
these management algorithms. They are based on the follow-
ing combined features: clinical symptoms, response to antibi-
otic trials, smear investigations, and chest radiography.

1.25 Treatment, Drug Resistance, and Control

1.2.5.1 ‘'Treatment According to the current recom-
mendations, effective TB drug therapy requires at least two effective
drugs [157]. Sahbazian and Weis [157] detail how this axiom
has emerged to limit drug resistance, which is, along with
lack of patient observance, the most important factor of
chemotherapy failure. These authors also review available

drugs and their toxicity [157]. Of the drugs approved by the
Food and Drug Administration (FDA), isoniazid, rifampin,
ethambutol, and pyrazinamide are considered first-line anti-
TB drugs. Rifapentine and rifabutin can also be considered
as first-line drugs under special conditions. The others (see
review of Sahbazian and Weis [157]) are categorized as sec-
ond-line drugs, which are used when the first-line drugs are
unsuitable because of drug intolerance or infection with
drug-resistant TB. The WHO’s Stop TB Department, with
the help of the International Union Against TB and Lung
Disease and experts worldwide, has published guidelines for
a standardized and efficient treatment of TB (http://
www.who.int/tb/en/index.html). They give practical guid-
ance for national TB programs and for the medical profession
in the effective management of TB. Different targets of TB
treatment are reviewed, such as principles of treatment, with
an update of the guidelines, care in the context of HIV/TB
infection, multidrug-resistant TB (MDR-TB), and chronic
diseases. Guidelines for high-income and low-incidence
countries, even though they follow the same principles,
include recommendations that may not be appropriate for
most high-incidence countries where resources for TB con-
trol are often limited. The most cost-effective public health
measure for the control of TB is the identification and cure
of infectious TB cases, that is, patients with smear-positive
PTB. Nevertheless, national TB programs provide guidelines
for identification and cure of all patients with TB. These
guidelines cover the treatment of patients, both adults and
children, with smear-positive PTB, smear-negative PTB, and
extrapulmonary tuberculosis. It is important to note that TB
treatments require long-term drug administration, which is logistical-
ly difficult and generally results in uncontrolled disease burden in
developing countries.

1.2.5.2 Vaccination Vaccines are desperately needed
because of several factors such as duration and cost of exist-
ing treatment, cost of diagnosis, rate of drug resistance, diffi-
cult access to cure for poor-resource populations, and the
high rate of latent infections. At present, the only available
vaccine is the BCG (M. bovis bacillus Calmette—Guérin),
which is a deletional mutant of M. bovis that arose sponta-
neously during subculture on beef-bile-potato medium
[135]. In their review, Rook et al. [155] expose the limits of
BCG and demonstrate that while it helps to protect against
childhood forms of TB, it provides variable protection in
adults and it has a minimal impact on disease control in
developing countries where the vaccine is most needed.
According to Hampton [84] and Ginsberg [73], hundreds of
new TB vaccine candidates are under study, including subunit
vaccines, consisting of immunogenic mycobacterial compo-
nents; DNA vaccines; live, attenuated mycobacteria; and live,
attenuated nonmycobacterial vectors, such as Salmonella or
vaccinia virus [73]. Rook et al. [155] highlight that with the
aim of developing a successful vaccine, it is crucial to refer to
the immunopathogenesis of TB and to consider the immune
response, which can differ depending on target populations
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and the individual immune status (other infections, nutritional
status, etc.).

1.2.5.3 DOTS strategy WHO and the International
Union Against TB and Lung Disease (IUATLD) have adopt-
ed directly observed therapy short course (DOTS) as the main
strategy for TB control. DOTS consists of political and
administrative commitment; case detection by sputum
microscopy; standardized short-course chemotherapy given
under direct observation by a health professional; adequate
supply of good-quality drugs; systematic monitoring; and
accountability for every patient diagnosed. Frieden and
Munsiff [65] review the principle, scientific basis, and expe-
rience with implementation of DOTS. According to a WHO
report [213], the number of countries having adopted and
launched the DOTS strategy has increased considerably since
1995, and in 2003, it had been implemented in 182 of 211
countries, covering 77% of the world’s population. In 132
countries, including most of the industrialized world, DOTS
is available to more than 90% of their populations. DOTS
programs concur to decrease mortality rates, which are often
drastically lower than in non-DOTS programs. This is truly
one of the great public health success stories of the past
decade. According to WHO data and details given by Frieden
and Munsiff [65], DOTS has saved more than 1 million lives
in the last 10 years and could save millions of lives over the
next 10 years. Nevertheless, there are a number of obstacles
to DOTS expansion, four of which were identified to be of
overriding importance by WHO: shortages of trained staff,
lack of political commitment, weak laboratory services, and
inadequate management of MDR-TB and TB in people
infected with HIV.

1.3 GENETICS OF MTB, MOLECULAR TOOLS,
AND POPULATION STRUCTURE

1.3.1 Genome and Genetic Diversity of MTB

The genome of MTB is haploid, as are all bacteria genomes,
and is composed of 4,411,529 base pairs (bp). It contains
approximately 4000 genes and presents a rich composition in
GC content (65%) [30]. This genome is characterized by the
presence of numerous repeated sequences. No plasmid was
detected in this species. In 1997, Sreevatsan et al. [177] stud-
ied 26 structural genes or loci, and they observed very low lev-
els of genetic variation. From these results, they concluded that
the genetic diversity of the species is localized, especially in
transposable elements and in genes involved in host—
pathogen interactions, particularly those related to host
immunological responses. This last point was refuted by
Musser et al. [130] after their study conducted on 24 genes
coding for targets of the host immune systems. Of the 24
genes, 19 were monomorphic and the last five appeared
slightly polymorphic (only six polymorphic nucleotide sites
on all five genes). On the contrary, the transposable elements
show high levels of genetic polymorphism, and they are widely
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used for studying the genetic variability in the MTB species
[17,95,173] (see below for more details). Nevertheless, the
only way to detect the real genetic diversity of an organism
is the whole sequencing of several genomes from different
clinical isolates. For MTB, the complete genome sequences
of three strains, but also of one M. bovis strain, are now avail-
able (www.tigr.org) [63,70]. In addition, a sequencing project
for M. bovis BCG is ongoing (http://www.sanger.ac.uk/
Projects/Microbes). The comparison of the complete
sequences of the two strains (H37Rv, which is the classical
reference strain, and one recent MTB strain CDC1551) con-
firms a much higher degree of polymorphism than previous-
ly thought [63,82]. These latter studies made it possible to
identify large-sequence polymorphisms (LSPs) and single-
nucleotide polymorphisms (SNPs), whereas the molecular
basis of variability in virulence and transmissibility remains
undefined. Tsolaki et al. [199] have developed a complemen-
tary approach to comparative genomics involving the analy-
sis of unsequenced genomes by DNA microarray. Although
this approach is limited in the identification of relatively
LSPs, it allows the comparison of a large number of genomes
and thus provides information on the diversity and frequen-
cy of polymorphisms among different strains from a single
population. These authors postulate that because rates of
SNPs are low in this species, large sequence differences that
are detectable by microarray are likely to be an important
source of genetic variation. They identified 68 different LSPs
(representing 186,137 bp, or 4.2% of the entire genome) that
are present in H37Rv but absent from several clinical isolates.
A total of 224 genes (5.5%), including genes in all major
functional categories, were found to be partially or com-
pletely deleted. Deletions are not distributed randomly
throughout the genome but instead tend to be aggregated.
They observed that the identified deletions were evidently
unessential to the development of the disease, as they were
found in active clinical cases. In contrast, their frequency
spectrum suggested that most polymorphisms are weakly
deleterious to the pathogen. These results raise numerous
opportunities to advance in the study of drug resistance, vir-
ulence, and host—pathogen interactions.

1.3.2 Genetic Tools for Molecular

Epidemiology

Because it is still not possible to sequence the whole genome
of MTB populations to conduct molecular epidemiology
studies, in the last decade, a large number of different molecu-
lar methods based on DNA fingerprints have been developed.
Several molecular techniques are available to explore the
genetic diversity of MTB populations and are useful for epi-
demiological surveillance and understanding of TB transmis-
sion. We will detail here only the three main techniques classi-
cally used in molecular epidemiology studies. All three of these
molecular tools are based on the study of transposable and
repetitive elements of the MTB genome: IS6110 (Insertion
Sequence 6110) based restriction fragment length polymor-
phism (RFLP) genotyping, spoligotyping, and MIRU-VINTR
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Fig. 1.5. Chromosome of Mycobacterium tuberculosis (MTB) hypothetical strain X and genotyping of
M. bovis bacille Calmette—Guérin (BCG), the MTB laboratory strain H37Rv, and strain X on the basis
of IS6110 insertion sequences and mycobacterial interspersed repetitive units (MIRUs). The top left-
hand panel shows the chromosome of hypothetical strain X, as shown by the arrows. The top right-
hand panel shows the results of IS6110-based genotyping. Mycobacterial DNA is digested with the
restriction enzyme Pyull. The IS6110 probe hybridizes to IS6110 DNA to the right of the Pyull site
in IS6110.The size of each hybridizing fragment depends on the distance from this site to the next
Pyull site in adjacent DNA (fragments a through f), as reflected by gel electrophoresis of the DNA
fragments of BCG, H37Rv, and X. The horizontal lines to the right of the electrophoretic strip indi-
cate the extent of the distribution of fragments in the gel, including Pvull fragments that contain no
IS6110.The three bottom panels show the results of MIRU-based genotyping. MIRUs contain repeat
units, and MIRU analysis involves the use of polymerase chain reaction (PCR) amplification and gel
electrophoresis to categorize the number and size of repeats in 12 independent loci, each of which has
a unique repeated sequence. The sizes of molecular-weight markers (M) and PCR products for the
loci A, B, C, and D in BCG, H37Rv, and X are shown. The specific sizes of the various MIRUs in

each strain result in a distinctive fingerprint for the strain (from [10], with permission).

(mycobacterial interspersed repetitive units-variable number
tandem repeats) (see below for details of each technique).
Figures 1.5 and 1.6 illustrate these three techniques and display
the different genetic elements in the MTB genome.

1.3.2.1 1S6110-based RFLP genotyping (See Fig. 1.5)
Until recently, this technique was the gold standard approach for
genotyping MTB isolates. IS6110 is an insertion sequence
that was identified in the MTBC by Thierry et al. [191].
Through a RFLP analysis, these insertion sequences have
been used as epidemiological tools since 1991 [139]. They
vary in copy number and may have different integration sites
in different strains. From a technical point of view, extracted
DNA from a bacterial culture is digested with the restriction

endonuclease Pvu-II. DNA fragments are then separated
according to their molecular weight by gel electrophoresis.
The gel is then transferred and hybridized by a specific probe
of IS6110 elements, resulting in easily readable band patterns.
The three strains presented in Figure 1.5 (BCG, H37Rv, and
X) differ in the number of bands corresponding to the num-
ber of IS6110 copies in the genome and the location of the
bands.The protocol of this technique is well standardized, pro-
viding results that are comparable between laboratories, and
large databases are available (http://www.caontb.rivm.nl/)
[81]. Nevertheless, this technique presents several disadvan-
tages. First, it requires culture of MTB and a large amount of
DNA. Second, this genotyping method is very time-consuming,
labor-intensive, and technically demanding. Third, it has
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Fig. 1.6. Spoligotyping. The direct-repeat (DR) locus is a chromosomal region that contains 10-50
copies of a 36-bp direct repeat, separated by spacer DNA with various sequences, each of which is
37-41 bp. A copy of IS6110 is inserted within a 36-bp direct repeat in the middle of the DR locus
in most strains. Mycobacterium tuberculosis strains have the same overall arrangement of spacers but differ
in terms of the presence or absence of specific spacers. Spacer oligonucleotide typing (spoligotyping)
involves polymerase chain reaction (PCR) amplification of the DR locus, followed by hybridization
of the labeled PCR products to a membrane that contains covalently bound oligonucleotides corre-
sponding to each of 43 spacers. Individual strains have positive or negative signals for each spacer. The
top section shows the 43 direct repeats (rectangles) and spacers (horizontal lines) used in spoligotyp-
ing. The middle section shows the products of PCR amplification of spacers 1 through 6 of M. bovis
bacilli Calmette—Guérin (BCG), M. tuberculosis strain H37Rv, and M. tuberculosis hypothetical strain X,
with the use of primers (white and black arrowheads) at each end of the DR locus. The bottom

section shows the spoligotypes of the three strains (from [10], with permission).

relatively poor discriminatory power for isolates with fewer
than five copies of IS6110.

1.3.2.2  Spoligotyping (spacer oligonucleotide typing)
(See Fig. 1.6) This method is based on polymorphism of
the chromosomal DR (direct repeat) locus. The DR ele-
ments, identified by Hermans et al. [88], contain multiple,
well-conserved 36-bp DRs interspersed with nonrepetitive
spacer sequences (34—41 bp long). Strains vary in the number
of DRs and in the presence or absence of particular spacers.
Indeed, the spacer oligonucleotide typing (spoligotyping)
method described by Kamerbeek et al. [94] detects the pres-
ence or absence of spacers of known sequence in an isolate
in two steps. PCR is used to amplify the spacers between the
DRs. The reverse primer used in the PCR 1is biotin-labeled,

so that all reverse strands synthesized are labeled. Individual
spacers are then detected by hybridization of the biotin-
labeled PCR product to a membrane on which 43 oligonu-
cleotides derived from spacers of M. bovis BCG and MTB
H37Rv have been covalently linked (see example in Fig. 1.6):
29 oligonucleotides are from spacers common for BCG and
H37Ry, six are from spacers specific to M. bovis, and eight are
from spacers specific to H37Rwv.

Contrary to the IS6110 genotyping method, spoligotyping
is a technique based on polymerase chain reaction (PCR).The
method is simple, rapid, and robust, and only small amounts of
DNA are needed. It can be done on clinical samples or on
strains shortly after inoculation into liquid culture [94]. The
results can be represented as a binary code (0 corresponding
to absence, 1 to presence) and can be expressed in a digital



10 © ENCYCLOPEDIA OF INFECTIOUS DISEASES: MODERN METHODOLOGIES

format [39], which makes it easy to compare the data between
laboratories and with data deposited in the international
spoligotyping database SpolDB3 housed at the Pasteur
Institute in Guadeloupe [60]. This database is available online
at http://www.pasteur-guadeloupe.fr/tb/spoldb3/, although
its recent version, SpolDB4, is not yet available. This technique
is useful not only to identify the species of the MTBC respon-
sible for the infection, but also to characterize the MTB fam-
ily at an intraspecific level [205]. The disadvantage of this
method is its paucity of discrimination, resulting in the need
for another method for resolvent genotyping [169,215].
Second-generation spoligotyping that is more resolvent was
recently developed and can detect the presence of the 43
traditional spacers, as well as 51 novel spacers [202].

1.3.2.3 MIRU-VNTR (Mpycobacterial interspersed
repetitive units—variable number tandem repeat) (See
Fig. 1.5) Recently, a new technique was elaborated based
on specific repetitive elements of Mycobacterium tuberculosis
(see Fig. 1.5). Indeed, in 1997 and 1998, novel intergenic
repetitive units dispersed throughout the mycobacterial chro-
mosome have been identified and called mycobacterial inter-
spersed repetitive units (MIRUs) by Supply et al. and variable
number of tandem repeats (VNTRs) by Frothingham et al.
[68,182].These structures are composed of 40—100-bp repet-
itive sequences organized in direct tandem repeats that are
scattered in several locations throughout the chromosome of
MTB H37Rv [183].The total number of MIRUs or VNTRs
is estimated to be about 40-50 per genome (41 loci are pres-
ent in MTB H37Rwv [183]). These structures are comparable
to minisatellites observed in higher eukaryotes [118]. Some
of these MIRU-VNTR loci have been tested and have
shown their usefulness for molecular epidemiology studies
[68,118]. The sequencing of MIRUs loci identified 12 of
them, displaying variations in tandem repeat copy numbers as
well as sequence variations between repeats [183]. Mazars
et al. [118] published a PCR-based typing method by using
these 12 loci for molecular epidemiology studies, and this
technique has already shown its potential to discriminate
between MTB strains in different studies (see Fig. 1.7).

1.3.3 How Should the Most Appropriate
Molecular Marker be Chosen?

Genetic typing is the means by which the microbiologist is
able to discriminate and catalogue microbial nucleic acid
molecules. As said above, the diversity among nucleic acid
molecules provides the basic information for all fields.
Nevertheless, currently, full-genome sequences for multiple
isolates are rare, implying that genetic typing is still done by
methods that are inherently suboptimal [201]. The first fun-
damental characteristic to define a genetic marker as a good
molecular tool is the portability of methodology between
laboratories.Van Belkum et al. [201] noted that communica-
tion of data can be obstructed because of a general lack of
standardized genetic typing procedures and thus, except for
primary DNA sequences, typing data frequently suffer from

Fig. 1.7. Patterns of MIRU-VNTR of Mycobacterium tuberculosis.
Lanes 1-5,7-11, 13-17,and 19-23: Patient’s pulmonary isolates from
Montpellier Hospital, France. Lanes 6, 12, 18, and 24: Molecular size
markers (Fraisse, unpublished data, all rights reserved).

limited interlaboratory reproducibility. Molecular marker
standardization is undoubtedly essential for all research fields,
whether medical, epidemiological, or genetics. Optimal typa-
bility, a high degree of reproducibility, adequate stability, and
unprecedented resolving power must characterize the gold
standard typing technique. In addition, the procedures should
not be too expansive or complex and should be easily acces-
sible. Furthermore, setting up large databases is undoubtedly
an advantage for international epidemiological surveillance
and for free and easy exchanges between laboratories.
Another important point raised by Van Belkum et al. [201]
is that the technique should be chosen with care to provide
answers to a specific question. For example, currently, tech-
niques based on nucleic acid polymorphism are more fre-
quently applied and better appreciated than the phenotypic
methods in taxonomy, epidemiology, and evolutionary studies.
Furthermore, the choice of the optimal molecular markers in
accordance with the scope of the study also depends on the
space and time scales in which the data were collected or
explored. Tibayrenc [192] defined three different time and
space scales: (i) days to months, the hospital or village, referred
to as short-term epidemiology; (i) months to years, country-
or continent-wide, up to the entire geographical range of the
species, referred to as long-term epidemiology; and (ii1) mil-
lions of years, country- or continent-wide, up to the entire
geographical range of the species, such as in phylogenetic
studies. Here, Tibayrenc [192] pointed out a central notion,
the speed of evolution (molecular clock) of a given marker, which
conditions its power of resolution. Fast markers allow con-
ducting short-term epidemiology studies, while slower mark-
ers are more appropriate for long-term epidemiology, and
slow markers such as ribosomal RNA genes are more appro-
priate for phylogenetic studies. Nevertheless, the resolution
power of each marker is a function of the organism and the
species under study. For MTB, it appears that the gene typing
as used by Sreevatsan et al. [177] and Musser et al. [130] could
be useful for phylogenetic studies, considering of course poly-
morphic genes. While the three techniques are based on
repetitive chromosomal elements, IS6110, spoligotyping, and
MIRU-VNTR are better adapted for molecular epidemiolo-
gy, there is not a single best marker. From the various com-
parisons of these three markers [86,98,99,115,118], from a
resolution power point of view, IS6110-based RFLP typing
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and MIRU-VNTR appeared very appropriate for short-term
epidemiology studies, whereas spoligotyping is more suitable
for long-term epidemiology studies. Nevertheless, several
studies showed clearly that using multiple methods for molec-
ular epidemiology is necessary [37,132,150,181]. Several
authors recommend spoligotyping associated with MIRU-
VNTR for molecular epidemiology studies [9,36,40]. This is
also developed within the framework of the US national
genotyping program to characterize all initial isolates of MTB
[40]. One of the limitations is the cost of these techniques,
which prevents their routine use in low-income countries.

1.3.4 Population Structure of MTB
and Epidemiological Consequences

1.3.4.1 Theoretical and technical assessment
Reproduction is the process by which living creatures trans-
mit their genes to produce another generation of living crea-
tures. This is a common phenomenon to all living organisms
but it has a great impact in particular for the population
structure of microorganisms, as reproduction strategies are
diverse, with a variety of sexual and asexual processes
expressed. In bacteria, on a theoretical basis, four different
types of population structures have been proposed by Smith
et al. [167]; the two extremes being the clonal model on one
hand and the sexual model on the other hand. Clonal or asex-
ual propagation refers to populations in which the offspring are
genetically identical to their parent [195] and thus genetic
exchanges are rare or absent (e.g., Salmonella [167]). In bacte-
ria, the sexual model refers to organisms in which genetic
exchanges are very frequent (e.g., Neisseria gonorrhoeae; [138]).
It is worth noting that in bacteria, the sexual model does not
correspond to true sexual reproduction but to frequent
exchanges of genetic information (genetic recombination)
occurring by the classical bacterial processes such as transfor-
mation, conjugation, and transduction. Nevertheless, between
these two extremes, Smith et al. [167] described two other
intermediate models: cryptic speciation and epidemic clonal-
ity. In the case of cryptic speciation, the species under study
is subdivided into two or more biological species, each being
sexual (e.g., Rhizobium meliloti; [167]), but no genetic
exchanges occur between the different species. Epidemic
clonality is characterized by sudden clonal expansion of a rel-
atively short-lived type occasionally observed for a species
that otherwise replicates in a sexual model (e.g., Neisseria
meningitidis; [167]). Other evolutionary mechanisms, such as
migration, selection, and genetic drift, also play a role in the
genetic structure of populations, but reproduction is the basic
biological process influencing the population structure.
Identifying the reproduction system is all the more essential,
as it governs the allelic and genetic distribution in natural
populations and conditions the stability of genotypes in space
and time [193]. Therefore, this has important consequences
from an epidemiological and medical point of view (strain
typing, pathogenicity, vector specificity, and susceptibility to
drugs and vaccines), and hence on the epidemiological and

medical relevance of microorganism genotypes. For patho-
genic microorganisms, the clarification of population struc-
ture provides unique insights into crucial public health issues,
such as the appearance and persistence of variants escaping
immunity or the emergence of resistance to antibiotics
[129,168,176]. Consequently, it appears incontestable that
knowledge of the reproductive system is essential to exploit-
ing molecular epidemiological data fully and correctly.

Population genetics is the scientific discipline that studies
genetic diversity and its distribution in natural populations
and all the biological events influencing the population struc-
ture such as the reproduction system. Two kinds of tests are
used in order to infer the population structure in samples
being investigated. Tibayrenc [193] detailed the theoretical
basis of these studies for microorganisms. Briefly, these tests
were based on the two main consequences of sexual repro-
duction: segregation of alleles at given loci (reassortment of dif-
ferent alleles at a given locus) and recombination of genotypes
(reassortment of genotypes at different loci). Segregation tests
are related to Hardy—Weinberg equilibrium and imperatively
require a diploid level of the organism and an identification of
alleles. Therefore, these tests are not applicable to bacteria nor
to MTB, which has a haploid genome. Recombination tests
are related to linkage disequilibrium (nonrandom association of
genotypes occurring at different independent loci) and con-
trary to segregation tests, they can be used irrespective of the
ploidy level of the organism under study and even without
identifying individual alleles and loci [194]. The only require-
ment for these tests is to use molecular markers that show a
sufficient level of polymorphism and make it possible to per-
form a multilocus analysis (because loci must be independent)
(see [193] for details). The MIRU-VNTR technique com-
pared to IS6110 and spoligotyping techniques shows the nec-
essary properties to be used for population genetics studies: it
is a multilocus marker and the loci are distributed independ-
ently along the bacterial genome. In contrast, IS6110-based
RFLP cannot be used to analyze linkage disequilibrium, as
they do not reveal the variability of independent genetic loci.
Furthermore, spoligotyping cannot be assumed to be inde-
pendent from IS6110-based RFLP, as this locus is a hot spot
for IS6110 insertions, and changes within this region are often
caused by IS6110-associated events [57,62,81,88,106].
Furthermore, the DNA sequences of multiple housekeeping
genes can also be used to infer the population structure and the
phylogenetic history of bacterial species. Nevertheless, as
polymorphic genes should be selected to conduct these stud-
ies, it is worth noting that the choice is limited in MTB
because there is an extremely limited amount of unselected
nucleotide sequence variation in structural genes and house-
keeping genes in this bacteria [63,130,177].

Another discipline, molecular phylogenetics, also appears
vital for understanding evolutionary molecular biology and
molecular epidemiology. This discipline is devoted to under-
standing the hierarchical structure of biological diversity
through genetic data. One important outgrowth of the phylo-
genetic revolution is the recognition that phylogenetic trees



12 © ENCYCLOPEDIA OF INFECTIOUS DISEASES: MODERN METHODOLOGIES

provide an important and appropriate context to address ques-
tions in a variety of disciplines such as molecular epidemiology
and evolutionary biology. More and more, the phylogenetic
approach is used to explore the population structure and to infer
the system of reproduction of various organisms [58,83]. These
analyses contribute complementary information beyond popu-
lation genetics studies, such as genetic structuring in a popula-
tion, identification of a genetically individualized entity, for
example, cryptic species and epidemics. Furthermore, the con-
gruence or incongruence of different gene phylogenies also
provides substantial insight into the population structure.
Indeed, congruence of several independent genes is evidence of
a lack of genetic exchange, whereas phylogeny incongruence
reflects frequent genetic exchange.

1.3.4.2 Population structure of MTB Mycobacteria,
like other bacteria, may have the potential to exchange DNA.
Indeed, experimental transduction has been performed in
MTB [85], and natural conjugation has been demonstrated for
M. smegmatis [143]. Nontuberculous mycobacteria can acquire
antibiotic resistance genes from other species [80,140].
Furthermore, simultaneous infection of patients by two differ-
ent strains was evidenced in high-incidence areas [16,27,218].
All these data suggest that MTB could be able to exchange
DNA in natural populations. Nevertheless, authors have
hypothesized for several years that this species has a clonal pop-
ulation structure. This statement was based on the preponder-
ance of certain genotypes and on the low level of genetic poly-
morphism and not on a rigorous population genetics analysis.
Contrary to a widespread idea, the restricted gene sequence
diversity and empirical observation of some predominant geno-
types in various epidemiological studies provide no indication
of its population structure, as they are compatible with distinct
population structures with variable levels of recombination
[58,59,167,176]. Furthermore, until the year 2000, no marker
presented the necessary properties (i.e., a polymorphic marker
based on several independent loci) to conduct population
genetic studies (see above). The development of the MIRU-
VNTR technique and the sequencing of several MTB strains
finally provided appropriate methodologies for studying popu-
lation structure and thus MTB’s mode of reproduction.
Consequently, few studies based on these markers supported the
conclusion that MTB is a clonal organism, with no evidence of lateral
gene transfer [7,184,187]. Two studies conducted in South
African and Moroccan populations tested linkage disequilibri-
um by means of MIRU-VNTR techniques [6,175]. A third
study was mainly based on a phylogenetic analysis of polymor-
phic gene sequences of a sample of 316 UK clinical isolates
[178]. Despite the strong linkage disequilibrium observed in
these populations and consequently the relevant identification
of the typically clonal evolutionary model, the occurrence and sig-
nificance of genetic exchanges within natural populations of this species
remain to be demonstrated.

Recently, a study based on phylogenetic and sequence
analysis was published by Gutierrez et al. [83] in order to
unravel the evolutionary success of MTB. Members of the

MTBC suggested representing the clonal progeny of a single
successful ancestor, resulting from a recent evolutionary bot-
tleneck that occurred 20,000-35,000 years ago [177].
Gutierrez et al. [83] identified the progenitor of MTBC,
which includes M. canettii (already suggested by Brosch et al.
[20]), a rare tubercle bacillus with an unusual smooth colony
phenotype [199], and other smooth tubercle bacilli from
Djibouti. These authors proposed to call this group of strains
M. prototuberculosis species. From a population structure point
of view, the interesting element in this paper is the observa-
tion of a mosaic structure of some genes and an incongruence
of gene phylogenies. Both results suggested that DNA recom-
bination is frequent in this population [83]. In contrast, using
the same analysis, they detected no evidence of recombination
among the MTBC strains, consistent with the previously
reported clonal population structure. Furthermore, results
supported that despite its present clonal and highly conserved
structure, MTBC is actually a composite assembly of genetic
sequences resulting from multiple remote horizontal gene
transfer events. Therefore, the authors proposed several poten-
tial explanations for the apparent absence of recombination
among the MTBC strains after the bottleneck [83]: (i) the
MTBC strains could have lost the capacity of horizontal gene
transfer, (ii) horizontal gene transfer events are too rare among
tubercle bacilli to have occurred since the MTBC bottleneck,
and (i) the MTBC ecological niche differs from that of
M. prototuberculosis and offers no opportunity for recombina-
tion events. Thus, further progress in the understanding of
evolutionary biology of MTBC and MTB still requires deci-
phering why MTB is no longer able to exchange genetic
information in natural populations and whether the different
species, families, and populations belonging to MTBC present
all the same population structure.

In summary, because of the strong linkage disequilibrium
and the phylogenetic studies developed in several populations,
it appears that MTB follows a typical clonal model. This
implies that MTB genotypes can be considered as epidemio-
logically discrete units of research, which Tibayrenc [192] calls
discrete typing units (DTUs), and thus can be used as markers
for applied studies (epidemiological tracking, vaccine and
drug design, clinical studies). From these clonal characteristics,
these DTUs or MTB clones can be specifically identified by
appropriate genetic markers or “tags” [192]. Nevertheless, the
description of a MTB progenitor and of the high frequency
of genetic exchanges in this ancestral lineage does not allow
excluding the possibility of genetic exchanges in MTB.

1.4 USE OF MOLECULAR EPIDEMIOLOGY
FOR UNDERSTANDING TUBERCULOSIS
TRANSMISSION AND PATHOGENESIS

The primary goals of TB control at the community and indi-
vidual levels are to identify the bacteria responsible for infec-
tion and to treat infected people. Nevertheless, it is essential to
control and fight the disease by tracking the strains identified
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as the source of infection and thus discriminating strains. From
this crucial need molecular epidemiology was born, which has
become a major field of research in MTB in the last 20 years.
This scientific domain corresponds to the interpretation of
molecular data through the conventional epidemiologic stud-
ies. Thus, this domain involves several disciplines, encompass-
ing medicine, molecular biology, epidemiology, and biostatis-
tics. Molecular epidemiology is now largely recognized as a
science that makes it possible to understand the transmission,
pathogenesis, and etiology of human disease [40,188]. This
discipline provides tools for clinicians, microbiologists, and
epidemiologists for investigating infections. Indeed, molecular
epidemiology is essential to studying the spread of MTB in
epidemics and outbreaks, to analyzing the transmission dynam-
ics, and to determining the risk factors for TB transmission in
a community. It plays a great role in distinguishing between
exogenous infection or reinfection and endogenous reactivation. In
the laboratory, it can also be used to identify cross-contami-
nation. In addition, molecular tools have provided markers
able to identify specific gene mutations corresponding to var-
ious drug resistances [121,147,189]. Genotyping determines
whether the development of drug resistance in a TB patient
during treatment is caused by the same strain or another strain
by exogenous reinfection. In regard to virulence and patho-
genesis studies, molecular epidemiology has already proven to
be relevant to attaining insight into the strain’s capacity to be
pathogenic or drug resistant. Finally, this discipline becomes
fundamental to developing strategies for treatment and pre-
vention of diseases. Therefore, it is worth noting that for inter-
pretation of molecular epidemiology results, it is important to
consider not only all the clinical, biological, and epidemiolog-
ical data recorded from tuberculous patients (requiring inter-
view and biological analysis) but also phenotypical, biological,
and epidemiological data concerning MTB isolates (requiring
an antibiogram, genotyping, and culture).

Within this framework, this section is a review of various
epidemiological issues for which molecular epidemiology
can improve the understanding of MTB transmission and
pathogenesis.

141 MTB Families and Worldwide
Distribution
The world has entered an era of “diseases without borders,” with
1 million people crossing borders daily, too often carrying
with them diseases that were once geographically isolated. By
virtue of its worldwide distribution, TB, like HIV, is classified
in this category. Lazcano-Ponce et al. [104], assert that the
Sframework is essential for collaboration on alerting the world to epi-
demics and responding to public health emergencies. This is neces-
sary to guarantee a high level of security against the dissem-
ination of communicable diseases in an ever more globalized
world. Thus, global molecular epidemiology studies of MTB
appear as fundamental as local ones in order to develop strat-
egy to control and fight TB.

As described in the previous section of this chapter, geno-
typing allows tracking of MTB strains at local as well as global

levels. Genetic data allow identifying and following the spread
of a particular genotype worldwide. For greater convenience,
MTB species have been subdivided into families, also called
clades in the literature, corresponding to specific genotypes or
clusters (a cluster corresponds to a particular genotype shared
by two or more MTB isolates) or groups of genotypes (cor-
responding to the DTUs described by Tibayrenc [192]; see
above). These families or clades appeared from the mid-1990s
with the worldwide development and technological progress-
es of molecular epidemiology studies. The major families, or
those that have been studied more thoroughly, bear a specific
name. As an example, we can describe in detail the case of the
best-known family, the Beijing family, which was first described
by Van Soolingen et al.in 1993 [208].These researchers iden-
tified this family by analyzing the population structure of
MTB strains from the Republic of China. The vast majority
of strains under study belonged to a genetically closely relat-
ed group that originated from the province of Beijing; there-
fore, they designated this group the Beijing family. They
observed that strains of this family were also found to domi-
nate in neighboring countries such as Mongolia, South Korea,
and Thailand, whereas a low prevalence of such strains was
observed in countries on other continents. From these data,
they suggested that strains of the Beijing family recently
expanded from a single ancestor that had a selective advantage.

To date, the most recent global study has been conduct-
ed by Filliol et al. [61] on a data set of 13,008 isolates from
more than 90 countries. This study, based on the spoligo-
typing technique, updated the data published by Soini et al.
and Sola et al. [170-172]. All the results were integrated
into the SpolDB3.0 database. They identified 813 different
spoligotypes shared by 2 or more isolates, which contained
11,708 isolates, whereas 1300 spoligotypes were orphans.
They evidenced seven major MTB families, the Beijing
family, the EAI family (East African-Indian), the CAS fam-
ily (Central Asian), the T group of families, the Haarlem
family, the X family, and the LAM family (Latin American
and Mediterranean). The Beijing type was predominant
(see Fig. 1.8), followed by the Haarlem type, then by the X
types, which are highly prevalent in the United Kingdom
and the United States. Nevertheless, Filliol et al. [61]
underlined major differences in MTB populations between
the subcontinents under study. The global observation was
able to define that most MTBs are confined to specific
geographic locations [40,56,61]. Nevertheless, these world-
wide studies and the numerous molecular studies already
published showed that some families are widely dispersed
both geographically and temporally, suggesting that they
are more transmissible, or more pathogenic than other
strains [40,61]. Daley [40] described the Beijing family as
detected in high proportions among the strains in several
countries (Fig. 1.8) and as associated with large outbreaks,
febrile response, treatment failure, relapse, and drug resist-
ance. But to date, it is not clear why the Beijing family
strains are so widely disseminated [12]. Daley [40] suggest-
ed different hypotheses such as a selective advantage of
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Fig. 1.8. Percentage of tuberculosis due to Beijing strains. Data from studies based on spoligotyping

(from Glynn et al. [77]).

these ubiquitous families, a better ability to establish infec-
tion, a more rapid progression from infection to disease
[10,112], and a longer time to spread. Further research is
needed in order to determine why some families are more
widespread than others.

1.42 MTB in Developing Versus Developed
Countries

As we have seen above, tuberculosis has disseminated globally, but
it is not distributed equally throughout the world, with developing
countries having by far the highest burden. Indeed, more than 90%
of TB cases occur in developing countries (see Fig. 1.1). The
areas most hard hit by this disease are Africa, Southeast Asia,
and Eastern Europe. Sub-Saharan Africa has the highest inci-
dence (290 per 100,000 population) with more than 1.5 mil-
lion cases of TB. The most populous countries of Asia have
the highest numbers of TB cases: India, China, Bangladesh,
and Pakistan together account for more than half of the glob-
al burden. Case numbers have declined more or less steadily
in Western and Central Europe, in North and South America,
and in the Middle East. These data evidence once again the
inequality between developing and industrialized countries
in our modern society. As Lazcano-Ponce et al. [104]
explained in their paper, investment and investigation in
health also involve inequalities at the global level, and this
includes insufficient north—south transfer of funds, technolo-
gy, and expertise in the health field, including the specific
area of communicable diseases. Furthermore, although lower-
resource countries have by far the highest burden of TB, we
can regret that molecular epidemiology studies have not yet
been conducted in many of these countries.

Nevertheless, global studies showed that TB transmission
varies greatly depending not only on the country but also on
the country’s development level. The distribution of each
MTB family and the number of orphans change geographi-
cally (see Filliol et al. [61] for details), for example, the num-
ber of orphan types (or singletons) ranged from a low of 8%
(North America) to a high of 21% (Middle East and Central
Asia); the Betjing family ranged from 2% in South America
to 3—5% in Central America, Europe, Africa, and the Middle
East and Central Asia, 13% in Oceania, 16% in North
America, and as high as 45% in East Asia. Daley [40] noted
that considering the ability of the Beijing family to become
multidrug resistant, its high prevalence in certain regions of
the world is an important issue for eftective TB control.

Besides the MTB family distribution, genetic diversity is
also an important indicator of TB endemicity and transmis-
sion, as well as the efficiency of TB control [10]. MTB’
genetic diversity differed greatly in developing versus devel-
oped countries [87]. Indeed, low genetic diversity within
MTB populations is typical of a high TB incidence or of an
epidemic pattern and suggests inadequate TB control. This
situation is encountered more particularly in developing
countries with a high TB incidence. Some studies evidenced
the slight genetic polymorphism in different regions such as
Honduras, Ethiopia, Tunisia, different countries of West Asia,
and the Southern Africa region [87,145,184,209]. A low
genetic polymorphism was also observed in the case of local-
ized epidemics characterized by a rapid spread of particular
strains in specific areas (called hotspots). These phenomena
can be observed in developing countries as well as in devel-
oped countries. A number of examples can be cited: the
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particular case of the spread of multidrug-resistant isolates
belonging to the W-Beijing family in a Russian prison [197]
and the multiple occurrence of MTB epidemics in New York
City (see review by Paolo and Nosanchuk [141]).

In contrast, in regions with low TB incidence, mostly in
developed countries, genetic diversity is higher, as in Denmark
and the Netherlands where most isolates show unique DNA
fingerprint patterns [87,216].This is also true when consider-
ing a more restricted geographic area such as cities. Indeed, a
retrospective study (2002, 2003) concerning isolates from
Montpellier, France, showed, by means of MIRU-VNTR and
spoligotype techniques, a high level of genetic polymorphism
and weak clustering (Fraisse et al. unpublished data). These
results suggest efficient control of TB, which prevents the
spread of MTB strains in populations and a higher rate of
reactivation compared to recent transmission.

However, unexpected results were obtained for several
countries with high TB incidence. For example, studies con-
ducted on samples isolated in Morocco and Burkina Faso
showed higher values of genetic diversity (Tazi et al. [187];
Godreuil et al., unpublished data). Further studies are neces-
sary in order to understand the epidemiological significance
of these data.

1.43 Clinical and Epidemiological Relevance
of Molecular Epidemiology at the Local Level
Routine public health investigations do not allow decipher-
ing the chain of transmission, and the source of infection and
the characteristics of strains responsible for infection are
unknown. Molecular epidemiology by genotyping with resolvent
markers can fill this gap concerning the chain of TB transmission.
Indeed, isolates from patients who were infected by a com-
mon source or belonged to the same chain of transmission
have identical or closely related genotypes (considering
genotyping with the most resolvent markers); in other words,
clustering is assumed to reflect recent transmission within a
population [150,164]. In contrast, MTB isolates from patients
with epidemiologically unrelated TB present a broad vari-
ability of genotypes. For example, it has been estimated on
the basis of clustering of DNA fingerprint patterns, that half
of TB cases in a South African mine hospital were caused by
ongoing transmission [78].

At the local level, it is therefore important to link molecu-
lar epidemiology and classical epidemiological tools in order
to identify contacts of patients outside the home and work-
place and in the locations where they spend time.The patient’s
environment could thus be screened for TB infection and dis-
ease and contacts treated if necessary. For example, Torrea
et al. [196] identified several chains of transmission (familial
or geographical cases) in French Polynesia using a detailed
molecular study. Nevertheless, Daley [40] explained on the
basis of several studies [164,203] that a relatively small pro-
portion of TB cases presenting identical genotypes were
named as a contact by the source case [41].This may be attrib-
utable to unsuspected transmission not easily detected by con-
ventional contact tracing investigations. Indeed, transmission

can occur through only short and casual contact, difficult to
pinpoint [207].

Furthermore, molecular fingerprinting can be used at a local
level to establish or rule out the existence of an emerging outbreak.
The investigation of outbreaks remains central to the control
of TB. For example, Diel et al. [48] described an ongoing out-
break in the Federal State of Hamburg, Germany, by a molec-
ular epidemiology study. They identified various infectious
chains of contact that, starting in a bar that played the role of
a turntable, moved out rapidly into several areas such as hous-
ing for homeless men and alcoholics and a tank-cleaning
firm.This study can be considered as a model because it com-
bines detailed clinical and epidemiological data and pheno-
typical and molecular studies. Nowadays, numerous outbreaks
continue to be identified in various public areas such as hos-
pitals, schools, bars, prisons, nursing homes, and homeless
shelters in  developed and developing countries
[38,52,90,92,105,116,120,153,159,178]. These studies were
also able to identify risk factors for TB transmission. It is
worth noting that MDR and HIV are often incriminated in the
emergence of outbreaks [67,100]. It has been observed that
MDR strains are less responsive to standard therapy, and
patients remain infectious for longer periods of time.
Breathnach et al. [18] noted that the outbreaks linked to HIV
are globally described in hospitals where AIDS patients are
cared for together, and increasingly involve MDR strains (see
below for more details on HIV and MDR linked to TB).

At a nosocomial level, in addition to detection of outbreaks, geno-
typing of isolates from patients is also useful for identifying cross-
contamination and mixed infection, as well as for differentiating
reactivation from reinfection. Barnes et al. [10] evaluated that 3% of
patients whose cultures are positive for MTB in clinical labora-
tories do not have TB. Cross-contamination is suspected
because these patients present with negative acid-fast smears
and clinical findings. Comparing the isolate genotype with
those circulating in the laboratory makes it possible to identify
cross-contamination and thus stop unnecessary anti-tuberculous
medication. Genotyping can also evidence cases of multiple
infections. The occurrence of mixed infection is now widely
accepted, whereas until recently it has been assumed that
patients could be infected only with a single MTB strain, and
infection with one strain is thought to confer immunity to
MTB superinfections [161]. Several molecular investigations
showed either simultaneous infection with multiple MTB
strains [16,161] or multiple infections caused by an exogenous
reinfection [27,161]. Furthermore, these mixed-strain infections
can involve drug-sensitive and MDR strains [8,190].

Molecular fingerprinting appears to be useful for differentiating
(i) a reactivation of latent infection from a recent infection and (ii) a
relapse with the previous M'TB strain _from an exogenous reinfection
by a new strain. As described in Section 1.2 of this chapter, the
first episode of an active case of TB can be caused by either a
recent transmission of MTB strains or a reactivation of latent
infection. Isolates that have the same molecular fingerprint are
presumed to be part of a cluster of recent transmission, with
one or more people in the cluster having transmitted infection
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to the others [75,212]. For example, a recent report described
a recent infection of MTB in northern Malawi, in which 72%
of the strains were clustered [76]. Reactivation of latent infec-
tion occurs in about 10% of infected individuals, leading to
active and contagious tuberculosis [89,113,114]. It has been
demonstrated that reactivation of latent infection contributes
substantially to the incidence of adult TB, especially in more
developed countries where disease prevalence is fairly low. As
examples, (i) Geng et al. [71] obtained data that suggested that
in the United States among foreign-born people, TB is largely
caused by reactivation of latent infection, whereas among US-
born individuals, many cases result from recent transmission
and (ii) Lillebaeck et al. [110] presented molecular evidence of
reactivation of MTB 33 years after primary infection.

Concerning the cases of a second TB episode, in their
review Chiang and Riley [28] detailed the debate that has
existed for decades concerning reactivation and reinfection
because reinfection was considered to be an uncommon
cause of TB. Classically, before genotyping development,
relapses were associated with reactivation of MTB infection.
Several molecular studies showed clearly that reinfection causes a sig-
nificant proportion of recurrent TB episodes [24,45,206]. This pro-
portion seems to vary as a function of the area, the endemic-
ity, and the biological status of patients [45]. Nevertheless,
Lambert et al. [102] reported that the importance of reinfec-
tion remains unclear because only very few studies are ade-
quately designed for that particular research objective and/or
report a sufficient number of observations. They consider that
only the study published by Sonnenberg et al. [174] provides
an exact estimate of the incidence of recurrence due to rein-
fection, indicating its importance in HIV-infected patients in
an environment with an unusually high TB incidence.

1.44 Use of Genotyping to Study the Impact

of HIV/AIDS and Drug Resistance on
Pathogenesis and Transmission

As described above, TB incidence is linked to poverty and
poor living conditions, in some cases to civil conflicts and
wars, to deteriorating health services, and to lack of drug
availability. Besides these social factors, two major problems
regarding the control of TB are emerging: coinfection with
HIV and resistance of MTB to the currently used regimen of
tuberculostatics. We can approach the problem of HIV and
drug resistance together, as it has been demonstrated that they
are strongly associated [11,51,55,125,127,165]. Agerton et al.
[1] also described outbreaks of MDR-TB involving hundreds
of cases, many of whom were infected with HIV, with high
mortality rates [13,33,67,93,200].

DNA fingerprinting can determine that in many of these
outbreaks, the susceptibility of HIV-positive patients to tuber-
culosis infections and the accelerated breakdown to disease
often result in more rapid transmission of the infection
[42,50,55,149,153,165]. Furthermore, the study of MTB iso-
lates obtained from AIDS patients by fingerprinting showed
that reinfection and relapse both occur in HIV-infected
patients, as the susceptibility to superinfections will most likely

be related to the immune status of the patient. By combining
classic and molecular epidemiology, Sonnenberg et al. [174]
showed that HIV-1 infection is a risk factor for recurrence, as
HIV-1 is strongly associated with disease caused by reinfection
but not with relapse.

From an evolutionary point of view, since the develop-
ment of detailed fingerprinting of MTB strains, the genetic
divergence of strains circulating in HIV-positive and HIV-
negative patients has been debated. As stated by Ahmed and
Hasnain [3], it has been speculated that HIV/AIDS patients
constitute an ecological niche for MTB, where less virulent
strains multiply freely without the selection pressure provid-
ed by an optimal immune response. One study has been con-
ducted where significantly different genotypes were observed
for HIV-associated tubercle bacilli as compared to bacilli
recovered from HIV-uninfected patients [2]. In contrast,Yang
et al. [217] obtained results that suggested an equal risk of
infection with a defined MTB clone for HIV-seropositive
and HIV-seronegative individuals. These latter results were
also confirmed by a recent study on a MTB population from
Burkina-Faso (Godreuil et al., unpublished data).

With drug-resistant strains, genotyping determines
whether the treatment failure and the development of drug
resistance are caused by the same strain (inadequate treat-
ment) or a new strain (reinfection during treatment). Several
studies have reported that the development of drug resistance
may be associated with either the same or different strains
[78,79,165,206,211]. The relative contribution of these dif-
ferent mechanisms to treatment failure and/or the develop-
ment of drug resistance seems to vary according to the pop-
ulations studied. Nevertheless, Sonnenberg et al. [174]
demonstrated that even in a setting with high rates of TB
transmission and HIV-1 infection, the dominant mechanism
of drug resistance while on treatment was acquisition rather
than transmission. Thus, despite reinfection being a possible
mechanism of treatment failure and the development of drug
resistance, it appears uncommon in comparison with the
number of patients who had acquired drug resistance with
the same strain.

Furthermore, molecular studies identify whether drug-
resistant strains are significant risk factors for secondary cases
and thus for outbreaks. Daley [40] found that several molec-
ular epidemiological studies have reported that patients who
have drug-resistant strains were less likely to cluster, suggest-
ing that drug-resistant strains might be less prone to being
transmitted or to causing active disease [69,78,210]. Burgos
and Pym [21] have also recently reported that isoniazid-
resistant strains confer a significantly lower number of sec-
ondary cases than drug-susceptible strains. Daley [40]
concluded that these findings support the hypothesis that
drug-resistant strains are less likely to cause disease than drug-
susceptible strains. Nevertheless, different environmental or
biological conditions counterbalance this weak potential for
being transmitted and to causing active disease. First, Post et
al. [146] estimated that 8-35% of patients with MDR-TB
have persistently active disease that is refractory to a multidrug
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regimen [156,160,180,185] and thus are a constant source of
transmission of MDR-TB [67,151,160,206]. Second, Daley
[40] reported that there are some populations in which drug
resistance is neither detected nor treated effectively and
where the longer-duration regimens might offset the bac-
terium’s diminished capacity to cause secondary cases [21].
Third, Daley [40] explained that in areas that have high
prevalence rates of HIV, the increased host susceptibility, even
to strains that have diminished virulence, may also offset bac-
terial difference [128]. Fourth, a review of the literature con-
cerning drug-resistant TB and especially MDR-TB showed
that only a few clones are mainly responsible of MDR-TB
outbreaks and thus would have a higher virulence and a
higher capacity to be transmitted and to cause disease. The
most frequently cited example is the Beijing/W type, which
is described worldwide and is involved in numerous MDR -
TB outbreaks [74,103,126,128,206].

From an experimental point of view, it has also been
demonstrated by several authors that drug-resistant strains are
less virulent and present a decrease in pathogenicity in com-
parison to drug-sensitive strains [29,122,152]. Indeed, Meacci
et al. [121] exposed that drug-resistant bacteria are believed
to grow more slowly than susceptible bacteria, as mutations
conferring resistance reduce their overall fitness, a phenome-
non known as cost of resistance [107]. Nevertheless, as
described above, the emergence of MDR MTB strains is
alarming and is a worldwide health care problem, thus con-
tradicting most experimental data. Several authors, however,
have demonstrated in other bacteria that fit variants are
quickly selected in a drug-resistant bacterial population, in
which compensatory mutations eliminate the biological cost
of resistance [4,15,108,175]. Meacci et al. [121] demonstrat-
ed by following up a tuberculous patient with active disease
for more than 12 years that phenotypic and genotypic
changes occurred in the drug resistance of MTB isolates.
First, molecular typing showed a single parental strain that
infected the patient and persisted throughout the disease.
Second, molecular analysis of the drug-resistance-related
genes revealed that discrete subpopulations evolved over time
from the parental strain by acquiring and accumulating
resistance-conferring mutations to isoniazid, rifampin, and
streptomycin. Overall, authors noted that during a chronic
infection, several subpopulations may coexist in the same
patient with different drug susceptibility profiles [121]. This
was also observed by Post et al. [146] in a population of 13
HIV-negative patients with MDR-TB that was refractory to
chemotherapy given for 12 months. Meacci et al. [121]
described the emergence of a successtul MDR-TB strain
during the genetic and phenotypic changes, resulting from
progressive accumulation of genetic alterations, possibly
conferring a selective advantage for bacterial survival. Low
compliance with therapy may have elicited the selection of
resistant strains, which also persisted after stopping treatment.
These evolutionary changes could partly explain the numer-
ous outbreaks of peculiar drug-resistant strains recovering an
increased potential for being transmitted and causing disease.

1.5 URGENT NEEDS FOR TB CONTROL,
LIMITATIONS, AND NEW ISSUES
FOR MOLECULAR EPIDEMIOLOGY

This section aims to define the urgent needs for improving
TB control and to detail the limitations of modern molecu-
lar epidemiology studies. Indeed, molecular epidemiology
approaches still present drawbacks that need to be resolved in
order to advance the knowledge on TB transmission and
enable better public health control strategies. This section will
also include the description of molecular technologies that
promise to improve molecular epidemiology studies. All the
molecular methods described here are not particularly recent,
but they are not used routinely for MTB and seem promis-
ing for MTB molecular epidemiology.

1.5.1 Urgent Needs for TB Control

and Molecular Epidemiology

The development of DNA fingerprinting and molecular epi-
demiology has pushed forward our understanding of MTB
transmission dynamics. Nevertheless, the TB problem is far from
being solved, especially in developing countries. There are urgent
needs for control of the disease and thus it is essential to
progress in applied research. Indeed, new vaccines [49,131],
new drugs [23,134], and new diagnostics and advances in TB
management [19,136] are urgently needed. Furthermore, we
believe that it is no longer necessary to justify that basic
research, including evolutionary and population genetics,
experimental evolution, immunology, and cellular biology, is
indispensable in order to progress in applied research. As we
described above, molecular epidemiology is a scientific
domain that can make the connection between applied and
basic research. As demonstrated in this chapter, molecular epi-
demiology studies may be useful in public health control and in man-
agement of clinical situations. Nevertheless, today genotyping is
exploited only in a few TB control programs and is usually
done within the framework of retrospective studies. Very few
studies have been conducted prospectively, and these
mainly in developed countries [14,26,46,47,78,111,204].
Furthermore, it is essential first to extend these studies world-
wide, particularly in developing countries. This requires, of
course, financial and governmental support, an efticient and
disinterested worldwide commitment, and technological
improvement to develop molecular tools that are usable in
developed as well as in developing countries. Second, the
rapid exploitation of molecular data, in real time, is essential in
order to control TB at global and local levels.

At the local level, it is crucial to rapidly and efficiently
identify the source of contamination, the cases of cross-
contamination, and the drug sensitivity of strains in order to
select the best-adapted treatment and to rapidly propose pre-
vention and treatment to patients’ relatives when needed.

At a global level, the rapid international communication
and global infectious disease surveillance and management are
fundamental in order to identify an international outbreak
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and prevent pandemia. This is relevant today not only for TB
control but also for all the emerging infectious diseases such
as avian flu in 2005, or Asian severe acute respiratory syn-
drome (SARS) in 2003, or mad cow disease in the 1990s.
Constant concerted efforts at an international level spanning
several decades can help solve the global TB problem,
HIV/MTB co-infection, and drug resistance in both devel-
oped and developing countries. Global commitment and
engagement of all interest groups will also be necessary to
achieve this goal. To develop an efficient program of TB sur-
veillance, interactive national and international databases are
also required recovering all the epidemiological, molecular,
and biological data of each isolate. As described in Section 1.3
of this chapter, a few databases already exist, but they require
greater development (either they are not interactive or they
are not updated regularly or they are too restricted). These
databases should be accessible online and interactive in order
to provide access to all clinicians and researchers so they can
compare their data. They could be constructed on the model
of nucleic acid or protein databases such as GenBank
(http://www.ncbi.nlm.nih.gov/Genbank/index.html) or EBI
(http://www.ebi.ac.uk/), which allow researchers to submit,
consult, and analyze sequence data. To succeed, several condi-
tions are needed: (i) the definition of standardized method-
ologies for data exploitation, (ii) the development of a com-
pletely disinterested structure that is updated frequently and
that will avoid publication pressure and scientific competition,
and (iii) the validation of data in order to prevent errors. This
type of database may be a powerful public health tool to fol-
low the evolution of TB from a drug resistance or epidemio-
logical point of view at an international level. Several publica-
tions have shown the usefulness of databases: Drobniewski
et al. [52], Filliol et al. [60], Zozio et al. [219], and Niobe-
Eyangoh et al. [133].

15.2 Limitations of Modern Molecular Tools

Even today, three main caveats restrict the routine use of
DNA fingerprinting: the cost, the complexity of the tech-
niques, and the length of time needed to obtain results.
Indeed, the high cost of most of these molecular techniques
and the sophisticated equipment and skilled personnel
required have precluded their implementation on a routine
basis, especially in low-income countries. 1S6110-based
RFLP, spoligotyping, and automated MIRU-VNTR require
sophisticated material and specifically trained personnel.
Furthermore, globally the time between sputum collection
and data interpretation is too long: (i) IS6110, spoligotyping,
and classical drug resistance identification require mycobac-
teria culture lasting several weeks (see Section 1.2). In addi-
tion, only a limited number of strains can be rapidly identi-
fied at the same time for IS6110-based RFLP, spoligotyping,
and MIRU-VNTR on agarose gel. However, MIRU-VNTR
appears as the most appropriate technique to develop stan-
dardized data in a short time period with a larger number of
samples. Indeed, automated MIRU-VNTR can analyze a
high number of samples a day, which makes this technique

promising in molecular epidemiology studies in real time, as
it does not require cell culture (Supply, personal communica-
tion). Nevertheless, as described in Section 1.3 of this
chapter, automated MIRU-VNTR requires sophisticated
equipment and skilled personnel, and the cost is still high for
low-resource countries. On the contrary, MIRU-VNTR on
agarose gel is an easy technique with a lower cost, but only a
few samples per day can be studied. Thus, at present, there are
still no perfect molecular tools. In Chapter 41, Kathleen
Victoir emphasizes that “the creative scientific challenge at present
is to develop the best possible tools adapted to resource-poor settings.”
The perfect markers should be cheap, rapid, easy to use, and
exportable between laboratories.

1.5.3 Promising New Technologies
The availability of whole genome sequences has aided the
development of new genomic technologies such as microar-
rays or genechips (Fig 1.9).Today, this advanced technology is
reserved for researchers in leading laboratories, but these
DNA chips may soon invade hospitals and hopefully medical
dispensaries. DNA microarrays are small, solid supports, typ-
ically glass, filter, or silicon wafer, upon which DNA mole-
cules of known sequences are deposited or synthesized in a
predetermined spatial order so that they can be made avail-
able as probes in a high-throughput, parallel manner. They
can consist of a few hundred to hundreds of thousands of sets.
There are three major applications for the DNA microarray
technology: identifying the sequence (gene/gene mutation),
determining the expression level (abundance) of the genes of
one sample, or comparing gene transcription in two or more
different cell types. Butcher [22] described the usefulness of
microarrays for MTB research and their contribution for
enhancing a TB control program. This review showed the
broad application of microarrays in understanding MTB
physiology, host—pathogen interactions, mechanisms of drug
action, in vitro and in vivo gene expression, host responses,
comparative genomics, and functional genomics of particular
genes. As they can also help identify individuals with similar
biological patterns, microarray analysis can assist drug com-
panies in choosing the most appropriate candidates for clini-
cal trials of new drugs. In the future, this emerging technol-
ogy has the potential to help health care professionals select
the most effective drugs, or those with the fewest side effects,
for each patient. Butcher [22] stated that microarrays are one
of the new functional genomics technologies exploiting
genome sequence information that will bring us closer to
reaching the scientific and moral imperatives of better vac-
cines, diagnostics, and new drugs for the control of TB
throughout the world. They could help at all steps of the
patient’s follow-up: disease and strain identification, treatment
selection, and observation of therapy efficacy. For the
moment, cost is a limiting factor, but the objective of the spe-
cialists in biotechnology is to reduce the production cost in
order to make this advanced technology routinely accessible.
Another method based on spoligotyping was recently
developed by Cowan et al. [35]. The authors transferred
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Fig. 1.9. ¢cDNA microarray schema. Templates for genes of interest are obtained and amplified by
PCR. Following purification and quality control, aliquots (~5 nl) are printed on coated glass micro-
scope slides using a computer-controlled, high-speed robot. Total RNA from both the test and refer-
ence sample is fluorescently labeled using a single round of reverse transcription. The fluorescent
targets are pooled and allowed to hybridize under stringent conditions to the clones on the array. Laser
excitation of the incorporated targets yields an emission with a characteristic spectra, which is meas-
ured using a scanning confocal laser microscope. Monochrome images from the scanner are import-
ed into software in which the images are pseudo-colored and merged. Information on the clones,
including gene name, clone identifier, intensity values, intensity ratios, normalization constant, and

confidence intervals is attached to each target (from [53], with permission).

spoligotyping from a reverse line-blot hybridization,
membrane-based assay to a luminex multianalyte profiling
system. This technique may offer many benefits such as a
decrease in the turnaround time and the labor involved, a
decrease in technical complexity, and greater flexibility (1-96
isolates can be used without increasing the labor time or cost
per isolate, and reproducibility is increased) [35]. The authors
demonstrate that the luminex system is an attractive alterna-
tive for laboratories that perform spoligotyping on a high-
throughput scale or for those that frequently require a rapid
turnaround time for only a few isolates per run [35].
Nevertheless, as a classical spoligotyping method, another
technique with a greater discriminatory power would have to
be used for obtaining a maximum of resolution.
Concerning genotypic susceptibility testing, the elucida-
tion of the molecular mechanisms responsible for the action
of various anti-tuberculous drugs facilitated the development
of rapid methods for susceptibility testing. Jalava and Marttila
[91] introduced genetic methods and new techniques useful
for both resistance genetic studies and rapid molecular diag-
nostics of resistance for several bacteria including MTB. They
described six different molecular techniques, from which two
techniques held their attention: PCR single-strand conforma-
tion polymorphism (SSCP) and high-density oligonucleotide
arrays. SSCP is a rapid screening method for base-pair

alterations in PCR-amplified DNA. This method appears
cost-effective and presents a short turnaround time, which
makes it suitable for use in clinical laboratories. Jalava and
Marttila [91] described that high-density oligonucleotide
arrays may also offer a powerful solution to genotypic detec-
tion of drug-resistant MTB isolates. So far, these microarrays
have mainly been used for the detection of rifampin resistance
[72,123,198] with promising results. Consequently, Jalava and
Marttila [91] argue that the DNA microarray strategy could
be expanded to include parallel testing of various genes medi-
ating drug resistance in MTB. Furthermore, an array for the
simultaneous testing of isoniazid, rifampin, streptomycin, and
fluoroquinolone susceptibilities has already been designed by
Gingeras et al. [72] and could be integrated into a TB control
program for the rapid diagnosis of drug-resistant TB. Jalava
and Marttila [91] also defined the necessary requirements for
assessing the suitability of molecular methods for anti-tuber-
culous susceptibility testing. First, the technique should have a
high sensitivity because the amount of MTB cells in sputum
varies and can be very low. Secondly, it should be able to
detect minor drug-resistant subpopulations in a sample when
the majority of the bacilli are susceptible. Two methods could
help in this challenge: the invader assay [32] and on-chip lig-
ase detection reaction [123]. The invader assay uses the ther-
mostable flap endonuclease Cleavase VIII, derived from
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Archaeoglobus fulgidus, which cleaves a structure formed by the
hybridization of two overlapping oligonucleotide probes to a
target nucleic acid strand [32]. This method can discriminate
single-base differences. On-chip ligase detection reaction is
applied to identify approximately 1% of mutant sequences in
model samples consisting of mixtures of DNA from wild-type
and resistant strains (see [123] for details). These technologies
may be useful for clinical research in developed countries, but
remain inaccessible for a TB control program on a large scale
including low-resource countries.

1.6 CONCLUSION AND PERSPECTIVES

Despite the multitude of investigations launched in various
scientific, clinical, and pharmaceutical domains on TB, this
disease remains, along with AIDS and malaria, one of the
three major killers among infectious diseases. In this chapter,
we attempted to demonstrate (i) the contribution of molec-
ular epidemiology in the understanding of transmission and
pathogenesis of TB and (ii) the need for routine molecular
epidemiology to improve TB surveillance and control pro-
grams at global and local levels.

As described by Smith et al. [166], it is clear that new
approaches to preventing, diagnosing, and curing tuberculo-
sis are needed, which depend on a better understanding of
MTB and the host. They detailed that the National Heart,
Lung, and Blood Institute developed recommendations for
future TB research [166]. Among these different recommen-
dations, all fundamental for fighting infectious diseases, five
directly concern the domain of molecular epidemiology:
(1) new resources for characterizing the MTB genome, pro-
teome chips for more specific diagnoses; (i) prospective stud-
ies associated with clinical trials in populations with TB or
that are at risk for TB, to advance development of diagnostics
and prognosis; (iii) genetic epidemiology studies; (iv) new
quantitative and bioinformatics approaches to study the
interaction between MTB and the infected host and how this
influences the infection process; and (v) coordination
between international organizations. This chapter provides
evidence that all these points are of public health interest in
the fight against TB. We believe that the fourth point is of
particular importance, as it is now fully accepted in the sci-
entific area of infectious diseases that the outcome of trans-
mission, infection, and disease are dependent on both the
intrinsic characteristics of the microbes and the host. Indeed,
as developed by Hide et al. in Chapter 6 on leishmaniasis,
integrated analysis of MTB genetics, MTB virulence factors,
host immune responses, host genetics, as well as socioeco-
nomic and environmental risk factors are all necessary for a
better understanding of the interplay between these different
factors and the risk of developing TB. This approach could
also provide information on the critical biological pathways
involved in the host resistance (latent infection) or suscepti-
bility to TB and therefore help in orienting new therapeutic

or vaccine strategies. Indeed, factors determining host resist-
ant/susceptible status are complex and largely not clarified.
Moreover, as demonstrated in this chapter, it has been sug-
gested that the outcome of transmission and disease may be
MTB strain dependent. This emphasizes the necessity of inte-
grating different approaches to better understand the epi-
demiological situation’s complexity.
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ABBREVIATIONS

AIDS: Acquired immune deficiency syndrome
ATP: Adenosine triphosphate

CAS: Central Asian

cDNA: Complementary deoxyribonucleic acid
DNA: Deoxyribonucleic acid

DOTS: Directly observed therapy short course
DR: Direct repeat

DTU: Discrete typing unit

EAL East African-Indian

FDA: Food and Drug Administration

HIV: Human immunodeficiency virus
IUATLD: International Union Against Tuberculosis

and Lung Disease

LAM: Latin American and Mediterranean
LSP: Large-sequence polymorphism
MDR-TB: Multidrug-resistant tuberculosis

MIRU: Mycobacterial interspersed repetitive units

MTB: Mycobacterium tuberculosis

PCR: Polymerase chain reaction

PPD: Purified protein derivative

PTB: Pulmonary tuberculosis

RLFP: Restriction fragment length polymorphism
SNP: Single nucleotide polymorphism

SSCP: Single-strand conformation polymorphism
TB: Tuberculosis

VNTR: Variable number tandem repeat

WHO: World Health Organization

ZN: Ziehl-Neelsen

GLOSSARY

Allele: A variant of a single gene, inherited at a particular
genetic locus; it is a particular sequence of nucleotides.
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Allelic frequency: This index is the ratio of the number of a
given allele to the total number of alleles in the population
under survey.

Bacillus  Calmette—Guérin (BCG) wvaccine: A vaccine against
tuberculosis that is prepared from a strain of the attenuated
(weakened) live bovine tuberculosis bacillus, Mycobacterium
bovis, that has lost its virulence by special culturing in artifi-
cial medium for years. The bacilli have retained sufficient
antigenicity to become an effective vaccine for the preven-
tion of human tuberculosis.

Bacteriophage: A virus that infects only bacteria.

Cell-mediated immunity: An immune response that does not
involve antibodies but instead involves the activation of
macrophages and natural killer cells, the production of anti-
gen-specific cytotoxic T lymphocytes, and the release of var-
ious cytokines in response to an antigen.

Clone, clonal, clonality: From a genetic point of view, this term
refers to all cases in which the daughter cells are genetically
identical to the parental cell, whatever the actual mating system.

Cluster: Refers to a particular genotype shared by two or
several MTB isolates.

Conjugation: Bacterial conjugation is the transfer of genetic
material between bacteria through cell-to-cell contact.

Cost of resistance: Although mutations that provide resistance
to an antibiotic can be considered beneficial, they often come
with a physiological cost.

Endemic disease: Disease present or usually prevalent in a pop-
ulation or geographical area at all times.

Epidemiology: This scientific domain corresponds to the
study of the distribution and determinants of health-related
states and events in populations and the control of health
problems.

Etiology: In medicine, the causes of diseases or pathologies.

Fitness: In biology, an individual’s ability to propagate its
genes.

Genetic drift: This phenomenon is a contributing factor in
biological evolution in which traits that do not affect repro-
ductive fitness change in a population over time. Although
natural selection causes traits to become more prevalent
when they contribute to fitness or eliminates those that harm
it, genetic drift is a random process that affects traits that are
more neutral.

Haploid: Refers to the ploidy level, that is, the number of
copies of the basic number of chromosomes. Haploid cells
bear one copy of each chromosome.

Hardy—Weinberg equilibrium: States that under certain condi-
tions after one generation of random mating, the genotype
frequencies at a single gene locus will become fixed at a

particular equilibrium value. It also specifies that those equi-
librium frequencies can be represented as a simple function
of the allele frequencies. “Allele frequency” is a term from
population genetics that is used in characterizing the genetic
diversity of a species population, or equivalently the richness
of its gene pool.

Housekeeping gene: A gene that codes for proteins needed all
the time for agent survival and multiplication.

Immunosuppression: This immunological status occurs when
T and/or B clones of lymphocytes are depleted in size or
suppressed in their reactivity, expansion, or differentiation.

Linkage disequilibrium: The nonrandom association of alleles
at two or more loci.

Locus: The position of a gene (or other significant sequence)
on a chromosome. A locus can be occupied by any of the
alleles.

Molecular clock: Refers here to the speed of evolution of a
given molecular marker.

Natural selection: A process by which biological populations
are altered over time, as a result of the propagation of herita-
ble traits that affect the capacity of individual organisms to
survive and reproduce. It is one of several mechanisms that
give rise to the evolution of biological species (other mech-
anisms include genetic drift and gene flow).

Pandemic: Corresponds to a global epidemic and refers to an
outbreak of an infectious disease that affects people or ani-
mals over an extensive geographical area.

Phagocytosis: This process involves the ingestion and diges-
tion by phagocyte cells of microorganisms, insoluble parti-
cles, damaged or dead host cells, cell debris, or activated clot-
ting factors. The principal phagocytes include the neutrophils
and monocytes (types of white blood cells).

Phenotype: The observable characteristics of an organism, the
expression of gene alleles (genotype) as an observable physi-
cal or biochemical trait. It is the result of interaction between
the genotype and the environment.

Phylogeny: This scientific domain studies the evolutionary
history of a species or group of related species.

Polymerase chain reaction (PCR): A technique used to amplify a
specific region of DNA. An excess of two amplimers, oligonu-
cleotide primers complementary to two sequences that flank
the region to be amplified, are annealed to denatured DNA
and subsequently elongated, usually by a heat-stable DNA
polymerase from Thermus aquaticus (Taq polymerase).

Population genetics: This scientific domain studies the distri-
bution of and change in allele frequencies.

Prevalence: The prevalence of a disease is defined as the ratio
of the number of cases of a disease present in a population at
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a given time and the number of individuals in the population
at that time.

Random mating: This process involves the mating of individu-
als regardless of any physical, genetic, or social preference. In
other words, the mating between two organisms is not influ-
enced by any environmental, hereditary, or social interaction.
Hence, potential mates have an equal chance of being selected.

Recombination: In molecular biology, “recombination” gener-
ally refers to the molecular process by which alleles at two
genes in a linkage group can become separated. In this
process, alleles are replaced by different alleles from the same
genes, thereby preserving the structure of genes. One mech-
anism leading to recombination is chromosomal crossover.

Saprotroph: An organism that obtains its nutrients from non-
living organic matter, usually dead and decaying plant or ani-
mal matter, by absorbing soluble organic compounds.
Because saprotrophs cannot make food for themselves, they
are considered as a type of heterotroph (an organism that
requires organic substrates to obtain its carbon for growth
and development).

Segregation: In biology, this process refers to the separation of
homologous chromosomes during mitosis and meiosis.

Symbiosis: An interaction between two organisms living
together in more or less intimate association or even the
merging of two dissimilar organisms.

Taxonomy: This science refers to the theory and practice of
biological classification. This regroups the theories and tech-
niques of naming, describing, and classifying organisms, the
study of the relationships of taxa, including positional
changes that do not involve changes in the names of taxa.

Transduction: The process in which bacterial DNA is moved
from one bacterium to another by a bacterial virus (a bacte-
riophage, commonly called a phage).

Transformation: In bacteria, “transformation” refers to a
genetic change brought about by taking up and recombining
DNA, and “competence” refers to the state of being able to
take up DNA.

Titberculin skin test: Tuberculin (also called Mantoux test, cur-
rently named Purified Protein Derivative PPD) is an antigen
used to aid in the diagnosis of tuberculosis infection. A stan-
dard dose of Tuberculin is injected intradermally (into the
skin) and read 48—72 h later. A person who has been exposed
to the bacteria is expected to mount an immune response in
the skin containing the bacterial proteins.
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21 INTRODUCTION

At the end of fourth century, after the sanguinary eruption of
the Huns under Attila and the expulsion of the Goths from
Hungary, there was an exceptional famine and a deadly epi-
demic. A most severe and memorable epizootic began in the
eastern part of Europe and spread westward. Curative meas-
ures proved useless, and “no healthy animal was safe unless it
was branded on the forehead with a red-hot iron in the form
of a cross,” said Cardinal Baronius in Annales Ecclesiasticae,
Vol. IV [8]. Severus Sanctus Endelechius, the Roman orator
and poet, complained “And all that the work has produced,
through all the period of life, was lost in two days, so rapid
was the course of the misfortunes” [1].

At that time, epidemics of various kinds reigned through-
out the world and caused incalculable mortality in human
beings. George Fleming strongly suspects that, as in the
fourth century, these epidemics were often accompanied by,
if they did not precede and perhaps cause, directly or indi-
rectly, those widespread diseases in mankind [8].

Throughout history, there are numerous records empha-
sizing the links established between human and animal
mortality. Even today, deaths of humans and animals may be
caused by the same agent or not, but are closely dependent
on each other.

This chapter will thus aim at demonstrating the impor-
tance, for human health or wealth, of some selected animal
diseases, listed in Table 2.1.

As there are so many of these diseases, this chapter will
deal only with

¢ those that were very important in the past, but are now
under control;

Encyclopedia of Infectious Diseases: Modern Methodologies, by M. Tibayrenc
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¢ those that are an economic burden and a serious obstacle
to international trade; and
* finally, those that are transmissible to humans.

An explanation will then be given on how animal diseases
can be controlled, or hopefully eradicated, thanks to modern
technologies that are now available to veterinarians.

2.2 ANIMAL DISEASES UNDER CONTROL

221 General Considerations

Contrary to common opinion, the threat of animal diseases
has been considerably reduced since the beginning of the
twentieth century. Most of the plagues that were feared by
the farmers or the veterinarians during the past centuries
have been progressively brought under control.

For instance, when the World Organisation for Animal
Health (OIE) was created in 1924, only nine diseases of livestock
were listed that were considered as able to spread rapidly from
one Member Country to another and thus put trade in animals
and animal products at risk. These diseases were anthrax in all
species, classical swine fever, dourine in horses, foot and mouth
disease (FMD) in ruminants and pigs, glanders in equidae,
contagious bovine pleuropneumonia, rabies in all species, and
rinderpest in cattle and sheep/goat-pox. At a later stage, eight
livestock diseases were added: African horse sickness, African
swine fever, bluetongue in ruminants, lumpy skin disease in
cattle, Rift Valley fever in ruminants, Teschen disease in swine,
vesicular stomatitis in herbivores, and swine vesicular disease.

Since then, three of these diseases (dourine, glanders, and
Teschen disease) have been considered as eradicated or
restricted to such small areas that they can no longer threaten
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international trade. In the meantime, four other diseases were
reported in such a limited number of developing countries
that there is hope for achieving their eradication or control-
ling efficiently their extension: African horse sickness, African
swine fever and rinderpest [11,13] and, partly, contagious
bovine pleuropneumonia.

The eradication or control of these serious diseases is due
to the combined actions of farmers and veterinarians.
Improving the general hygiene of animal husbandry played a
key role in some cases (e.g., to control brucellosis and tuber-
culosis or to eradicate dourine and Teschen disease); however,
it was the discovery of efficient veterinary vaccines that really
paved the way for progressive control of the most contagious
diseases (African horse sickness, contagious bovine pleurop-
neumonia, and rinderpest). At the same time, the progress
achieved in diagnostic techniques and the application of these
methods by the national veterinary services allowed them to
recognize and destroy the animals infected or exposed to con-
tagious diseases (e.g., glanders, almost eradicated using the
mallein test). The same techniques are still used on a large scale
to combat tuberculosis (using the tuberculin test) or other dis-
eases that cannot be controlled by vaccination (using modern
diagnostic techniques, see below). Should it be feared that
some of these diseases could spread again in the future? The
risk seems extremely low for two reasons:

¢ Firstly, an international concerted control is now in force at
the world level through the World Organisation for Animal
Health, and it has better chances of succeeding than when
organized at the national level only, as it allows the reduc-
tion of prophylaxis costs, and specifically the improvement
of the overall results, by avoiding the new contamination of
one country by another.

* Secondly, it is clear that animal diseases do not present the
same danger today as they did a century ago. The develop-
ment of hygiene and asepsis followed by the discovery of
vaccines, and later of sulfones and antibiotics, ended the
ancestral scare of glanders, tuberculosis, or brucellosis,
despite some recent fears from bioterrorism threats.

¢ For the same reasons as above, it is very likely that any new
contagious disease of livestock that could emerge any-
where in the world would be immediately reported and
contained with the help of national or international organ-
izations. The emergence that is to be most feared today is
the development of resistance to antibiotics by bacteria,
which could become a serious obstacle to the control of
some animal diseases and zoonoses.

2.2.2 Description of the Diseases

African horse sickness is an insect-transmitted disease caused by an
Orbivirus of the family Reoviridae. It mainly affects equidae
(horses, donkeys, zebras, etc.) and occasionally other species
(such as dogs), but not humans (with the exception of a report
of contamination in laboratory workers). It is transmitted by a
biological vector, generally an insect of the genus Culicoides. The
main signs are listlessness, hyperthermia, facial and thoracic

oedema, and a frothy discharge. There are various clinical forms:
subacute (cardiac) and acute (pulmonary), leading to death
within several days, the mortality rate ranging from 10% in
donkeys to over 90% in horses. The disease is enzootic in the
central tropical regions of Africa, but has been known to make
incursions into southern Europe and the Middle East. There is
a specific preventive vaccination, but no known treatment.

Anthrax has an almost worldwide distribution due to the
ease with which the spores of the causal agent can be dis-
seminated in infected products, especially skins and bone
meal. Anthrax is still a formidable zoonosis, which kills thou-
sands of animals and many human beings every year. The
causal agent, Bacillus anthracis, is a bacterium of the family
Bacillacae, which forms spores that can survive in the soil for
over 100 years. All mammals, including humans, are suscepti-
ble to the disease. Anthrax is most frequently transmitted by
ingestion of spores. Infection, particularly in humans, can also
occur by contact (through skin abrasions), insect bites, or
inhalation of spores leading to a very dangerous form for
humans. In ruminants, the most common forms are acute or
peracute and death may occur in less than 24 h. In equids,
digestive signs are more marked, and in swine, there is fre-
quently inflammation and oedema of the pharyngeal lymph
nodes. In carnivores, the pharyngeal or intestinal forms are
the most common, with fulminant hemorrhagic septicemia.
In humans, spontaneous recovery usually occurs in the cuta-
neous form (“malignant pustule”), whereas the intestinal and
pulmonary forms are invariably fatal unless treatment is
given. In the United States, from October 4 to November 2,
2001, 10 cases of bioterrorism-related inhalatory anthrax
were registered in human beings, with 5 deaths.

To protect the animals from the disease, several measures
can be recommended, such as avoiding contaminated land and
food, burning or burying under quicklime-contaminated car-
casses or material “litter,” imposing quarantine. Vaccination of
animals is possible and vaccines for humans are also available;
however, not being very satisfactory, they are recommended
only for those who are at risk due to their professional occu-
pation. Penicillin is effective if administered early.

Glanders is a severe contagious equine disease, transmissi-
ble to humans. Due to the disappearance of large concentra-
tions of horses, improvements in the conditions under which
horses are kept and the discovery of “mallein,” there are now
only a few sporadic cases of glanders occurring in Africa and
Asia. Nevertheless, due to the seriousness of the disease and
the risk of transmission to humans, veterinarians and physi-
cians continue to be extremely vigilant. The causal agent,
Burkholderia mallei, can survive in the external environment
for up to 6 weeks. Equids (donkeys in particular), more rarely
goats and camels, and occasionally domestic or wild carni-
vores and humans (Fig. 2.1a) are susceptible. Transmission of
glanders is indirect, by digestive or tegumentary route in
equids. Humans become infected by handling contaminated
objects and virulent material or during postmortem exami-
nations of glanderous animals. The pathogen can be found in
all tissues and excretions of animals. In the acute form, which
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Fig. 2.1. (a) Glanderous horse (photo T.Morton / U.Wernery, 2004). See color plates. (b) Glanders in a veterinary student 1844, Musée

Fragonard Alfort.

mainly occurs in donkeys, the disease is fatal within 1-4
weeks. It is characterized by high fever, followed by ulcers of
the skin (Fig. 2.1b) and the nasal mucosae.

The cutaneous ulcers discharge an oily pus and lead to local-
ized adenitis (“farcy buds”). The lymph vessels connecting the
lesions (farcy cords) also become ulcerated. In chronic glanders,
temperature fluctuates and death occurs only after several
months. There may also be articular or genital complications.
Sanitary prophylaxis is based on the testing of sick and contam-
inated animals by injection of “mallein” (equivalent to the
tuberculin test for tuberculosis testing), with systematic elimi-
nation of positive reactors. Treatment by antibiotics is effective.

Rinderpest is a highly fatal contagious disease of cattle. The
most spectacular livestock losses in the past were those caused
by this disease: most authors estimate that 200 million cattle
died from it in Western Europe during the eighteenth centu-
ry, with 10,000 deaths per day between 1711 and 1769! [1].
From antiquity, this disease has been one of the most feared
diseases of cattle in Africa, Asia, and Europe. It causes spec-
tacularly high mortality and has extremely severe socioeco-
nomic consequences. In the recent past, the disease has been
gradually controlled through sanitary prophylaxis or vaccina-
tion, and it only persists in remote areas of Somalia. If the
Global Eradication Programme is still carried out, rinderpest
may become the first animal disease to be eradicated at the
world level. The causal agent is a virus of the family
Paramyxoviridae, genus Morbillivirus, which can remain viable
for long periods in chilled or frozen tissues [11]. The disease
can be transmitted by direct or close indirect contact.
Ruminants and swine, domestic or wild, are susceptible to
the disease, which is not transmissible to humans. Blood and
all tissues are infectious before the onset of the clinical signs,

and infection is via the epithelium of the respiratory tract. In
the classic form observed in cattle, the disease begins with a
febrile period, with anorexia and dyspnoea. This is followed
by mucous membrane congestion, with erosion of the oral
mucosae (Fig. 2.2).

Gastro-intestinal signs appear several days later, when the
fever subsides: profuse hemorrhagic diarrhea, decumbency,
and death. In sheep, goats, and pigs, pyrexia, anorexia, and
diarrhea may also be observed. Sanitary prophylaxis is based
on the isolation or slaughtering of sick and in-contact ani-
mals, destruction of cadavers, disinfection and protection of
free zones. The commonly used vaccine is an attenuated
strain of rinderpest virus. Immunity lasts at least 5 years and
is probably life long. There is no treatment for rinderpest.

Fig. 2.2. Rinderpest in an African calt (FAO/OIE document). See
color plates.
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Teschen disease is a particularly virulent, highly fatal disease
of pigs. It is caused by strains of porcine enterovirus serotype
1 (PEV-1) of the genus Teschovirus. The disease was first
described in Czechoslovakia in 1929. During the 1940s and
1950s, it caused serious losses in European countries and
spread to Madagascar in 1950, where 200,000 pigs died in less
than 5 years. The clinical disease is now rare, although sero-
logical evidence indicates that virus variants, which are not
pathogenic, still circulate in pig populations.

2.3 DISEASES THAT ARE AN ECONOMIC
BURDEN AND HAMPER INTERNATIONAL TRADE
IN ANIMALS AND ANIMAL PRODUCTS

23.1 General Considerations

Several transmissible animal diseases are still prevalent in some
regions of the world where they represent an important eco-
nomic burden for the countries affected. All these diseases
also represent a permanent threat for other countries, which
are free from the disease and wish to import animals or ani-
mal products from the infected regions. The World
Organisation for Animal Health thus updates, on a yearly
basis, the Terrestrial Animal Health Code, which recommends
the measures necessary to avoid such incidents [14]. The
assessment of the actual economic impact of a disease never-
theless remains difficult, for certain components are imprecise

or even subjective, in particular when statistics from one
country or epoch are compared with those from another
country or epoch. There was a time when an epidemic of
African horse sickness would be much more serious for the
national economy and even for the security of a country than
an epidemic of FMD. In addition, there are countries where
nowadays any disease of any domestic species means poverty,
famine, and, at times, human deaths. To attempt an econom-
ic evaluation of incidents related directly to the importation
of a disease, the authors have used the livestock unit (cattle,
pigs, equines, etc.) or, in the case of recent epidemics, esti-
mated losses are converted to US$. The available data are
shown in Table 2.2.

Below are some examples of the history of the extension of
these diseases and of their cost for those countries where they
were introduced. The best documented examples of the spread
of some so-called “transboundary diseases” are the following:

o African swine fever is enzootic in a large part of tropical
Africa. From this region, it was exported to Algeria in 1939
(purchase of live pigs) and to Senegal in 1959 (purchase of
pig meat). It was no doubt pig meat, infected with African
swine fever virus and present in kitchen waste unloaded
from ships or aircraft, that infected parts of Europe in 1957
(Portugal, followed by Spain and France), and from there to
Cuba in 1971-1980, then Haiti, the Dominican Republic,
Malta and Brazil in 1978/1979 [2].

TABLE 2.2 Examples of Economic Losses Following the Introduction of Diseases of Animals into Countries or Regions*

Imported animals or Disease introduced

animal products

Losses** following introduction
Country of origin/country affected (dates)

Rinderpest

Cattle or products
of bovine origin

Foot and mouth disease

Contagious bovine pleuropneumonia

Theileriosis

Bovine spongiform encephalopathy

Europe: 200 million (18th century)

Central Europe/Netherlands: 875,000 cattle (1766)
Estonia/UK: 500,000 cattle (1865)
Somalia/Southern Africa: 5.3 million cattle (1898)
East Africa/West Africa: 500,000 cattle (1914)

UK/Ireland: US$ 1.3 million (1990/94)
Argentina/UK: 430,000 susceptible animals (1967/68)

Brazil/Mexico: US$ 150 million (1946)
Europe/Denmark: US$ 1.6 million (1982)
Middle East/Itlay: 11,897 susceptible animals (1993)

Netherlands/UK: 200,000 cattle (1869)
Mozambique/South Africa: 900,000 cattle (1904)
Bosnia and Serbia/Hungary: 640,000 pigs (1896)

Pigs or pig products Classical swine fever

African swine fever

Europe/belgium: 1 million pigs (1990/91)

Europe/Germany: 1.5 million pigs, US$ 1 billion
(1993/1994)

Africa/Cuba: 536,000 pigs (1971)

East Africa/South Africa: 70,000 horses (1854)

Middle East/Asia: 170,m000 horses (1959)

Equines African horse sickness

Africa/Middle East: 300,000 horses (1969)
Spain: 2,000 horses (1989)

*Adapted and updated from J. Blancou and F. Meslin [2].

**Losses may arise from the direct effects of the disease, or from the control measures adopted to control it (mostly through a slaughter policy).
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o Classical swine fever was first identified with certainty in
Ohio in 1830, and its rapid spread was responsible for losses
amounting to $100 million in the United States. From this
country, it spread widely throughout the world, only a few
regions escaping. Great Britain became infected in 1860, fol-
lowed by Sweden and Denmark (through breeding stock). In
Hungary, in 1896, 860,000 pigs developed the disease and
640,000 died [2].

o Foot and mouth disease (FMD) began its extension across
Europe as early as 1546. At the beginning of the twentieth
century, it was exported with European cattle to South
America, from whence it returned much later (1967) to
England with meat products. The disease also reached
Mexico with Brazilian cattle, causing a very severe epi-
zootic between 1946 and 1954 [2]. Between 1977 and
1987, a total of 1923 outbreaks of FMD occurred in 12
European Community Member States, with an average
cost of US$ 160,000 per outbreak [5]. Nevertheless, this
cost was estimated to be lower than the cost of annual vac-
cination against the disease;in 1991, vaccination was, there-
fore, prohibited in the European Community. However, in
2001, a very severe epizootic struck the United Kingdom:
nearly 6 million heads (essentially sheep and cattle) had to
be sacrificed to get rid of the disease. Total economic losses
amounted to 2700 million Euros, and it is now debated in
the European Union whether vaccines should be used on
a local basis in case of new outbreaks.

o Sheep-pox is generally confined to the arid zones of Africa
and Asia. Nevertheless, France became infected by sheep
purchased from North Africa; Great Britain by Merinos
purchased from Spain (1846) and later by Dutch sheep
(1947); Annam by a ewe purchased in Hong Kong, and so
on. Total losses have been heavy: in France, sheep-pox was
responsible for the death of over a million sheep in the
eighteenth century. These losses have been considerably
reduced after the discovery of safe and efficient vaccine.

* Bovine spongiform encephalopathy (BSE) is the best example
of a recent episode of a trade-related disease. On several
occasions, the United Kingdom exported cattle affected by
BSE and contaminated meat meal to numerous countries.
Many cattle died from the disease, or were sacrificed to
protect public health, in Canada, France, Germany, Ireland,
Portugal, Switzerland, and so on. In less than a year, the
cattle producers in Canada lost more than US$ 5 billion,
after the notification of a single case of BSE in this country
in May 2003.

2.3.2 Description of the Diseases

African swine fever is a contagious disease of domestic and
wild swine caused by a virus of the family Asfarviridae (but
was formerly classified in the family Iridoviridae). It is trans-
mitted by direct or indirect contact (contaminated feed) or by
ticks of the genus Ornithodoros (“soft ticks”). It causes high
fever, diarrhea, ataxia, and a congestion of the skin. There are
acute, subacute, and chronic forms. Mortality is very high in

domestic pigs, whereas the disease often remains unapparent
in wild African swine, which may act as a reservoir for the
virus. The disease is enzootic in Africa, but in the past, there
have been incursions into other regions (Latin America,
Europe). There is no treatment or vaccine.

Aujeszky’s disease is a contagious disease principally affect-
ing swine, which constitute the principal host and reservoir of
the causal agent, a herpesvirus. The main clinical signs of the
disease in pigs are fever, anorexia, respiratory, intestinal and
neurological signs and abortion. Sporadic cases also occur in
other species (ruminants, carnivores). In such cases, the disease
progresses rapidly toward death, the animal presenting neuro-
logical signs and often very violent pruritis (Aujeszky’s disease
is also called “mad itch”). Aujeszky’s disease occurs in most
countries. There is no treatment, but vaccination is possible.

Bluetongue is a noncontagious disease of ruminants caused
by an Orbivirus (24 serotypes are known) generally transmit-
ted by insects of the genus Culicoides. Only sheep express
clinical signs of the disease: fever, erosions of the oral
mucosae, cyanosis of the tongue, lameness, abortion, pneu-
mopathy. Stillbirth is high. Other species present only a sero-
logical reaction to infection, especially cattle that act as a
reservoir of the virus. The disease is widespread in hot coun-
tries, but is rarely clinically expressed. In the last 10 years, the
geographic distribution of the vector Culicoides imicola and of
the disease has extended to Mediterranean countries (Italy,
Spain, and France), probably due to “global warming” then to
northern Europe in 2006 with Culicoides dewulfi as a new
vector. There is no treatment, but specific vaccines exist.

Classical swine fever is a contagious disease of domestic and
wild swine, caused by a Pestivirus, and transmitted by direct or
indirect contact (notably through contaminated feed). The
acute form includes pyrexia, gastrointestinal problems (vomit-
ing, diarrhea), respiratory (nasal discharge), or neurological
(motor incoordination) signs and cutaneous lesions (erythema,
cyanosis). Death occurs in about 12 days, though sometimes
much later in subacute or chronic forms of the disease. There
are also congenital forms of the disease. Classical swine fever is
widespread in Asia, Africa, and parts of Latin America and
Europe. There is no treatment, but there are effective vaccines.

Contagious bovine pleuropneumonia (CBPP) is widespread in
Africa. It is also present in other regions of the world, including
Southern Europe, the Middle East, and parts of Asia. The causal
agent, Mycoplasma mycoides subspecies mycoides SC (bovine bio-
type) is deprived of cell walls and is therefore pleomorphic and
resistant to antibiotics of the B-lactamine group, such as peni-
cillin. The germ is not very resistant in the environment.
Bovines are the main victims of the disease. Transmission occurs
mostly by direct contact (coughing, saliva, urine). Unapparent
carriers are a major source of infection. In adult animals, the
main symptoms are moderate pyrexia with respiratory, pul-
monary, and pleuretic symptoms. The disease can be peracute
(very rapid death), subacute, or chronic (Fig. 2.3).

In young animals, pulmonary tropism is not the general rule
and infected calves may present arthritis. Postmortem examina-
tion reveals a large amount of yellow or turbid exudate in the
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Fig. 2.3. Contagious bovine pleuropneumonia in an African cow
(FAO document).

pleural cavity (up to 30 L) that coagulates to form large
fibrinous clots. Sanitary prophylaxis in disease-free areas is based
on quarantine, serological tests and slaughtering of all animals
with specific antibodies. Control of cattle movements is the
most effective way of limiting the spread of CBPP in infected
countries, where a CBPP vaccine can also be used if allowed by
national or regional regulations. There is no really effective
treatment, and antibiotic treatment is not recommended, to
avoid any antibioresistance and the persistence of the disease.

Equine influenza is an acute, contagious respiratory disease
caused by two distinct subtypes (H7N7, formerly equi-1, and
H3NS8, formerly equi-2) of influenza A viruses within the
genus Influenzavirus A of the family Orthomyxoviridae. In
fully susceptible animals, clinical signs include pyrexia and a
harsh dry cough followed by a mucopurulent nasal discharge.
Characteristically, influenza spreads rapidly in a susceptible
population. There is no treatment for the disease, but spread
of infection and severity of disease may be reduced by the use
of potent inactivated equine influenza vaccines containing
epidemiologically relevant virus strains.

FMD is one of the most highly contagious animal diseases,
capable of causing serious direct or indirect losses. Mortality is
low in adults, but often high in young animals, with deaths
occurring due to myocarditis. FMD is enzootic in certain parts
of Asia, Africa, the Middle East and the north of South
America. The causal agent is a virus of the Picornaviridae fam-
ily, genus Aphtovirus, which can remain virulent up to 1 month
in meat or in the environment. Seven serotypes are known that
can cause different epizootics, as there is no complete cross
protection between these serotypes. Cattle, sheep, goats, pigs,
domestic or wild, are the most susceptible species; human
beings are not receptive. The virus can be transmitted by direct
or indirect contact. The main sources of the pathogen are sick
animals during the incubation period. The main symptoms are
pyrexia, anorexia, shivering, reduction in milk production,
drooling, lameness caused by the vesicles (aphtae), which
develop on buccal (lingual) and nasal mucous membranes
(Fig. 2.4) and/or on the udder or between the claws.

Fig. 2.4. Foot and mouth disease: lesions on the tongue (photo
J.E Valarcher, 2006). See color plates.

Complications may occur, including abortion, or death of
young animals. In pigs, severe podal lesions may occur, but in
sheep and goats, foot lesions may go unrecognized. Protection
of FMD-free zones is achieved by control of animal move-
ments, slaughter and destruction of exposed animals, destruc-
tion of virulent matters, and quarantine measures. When the
above measures are not acceptable by the officials, the farmers
or the public, some or all herds may be vaccinated. There is no
treatment for FMD.

Lumpy skin disease 1s a contagious disease of bovines caused
by a Capripoxvirus transmitted solely by mosquitoes or biting
flies. The disease is not always clinically expressed: it is char-
acterized by fever, oculonasal discharge, lameness, and nod-
ules at the level of the mucous membranes or skin on all parts
of the body, with a lymph node reaction. There is no treat-
ment, but effective vaccines exist.

Peste des petits ruminants is a contagious disease of sheep,
and especially goats, caused by a Morbillivirus antigenically
similar to the rinderpest virus [12]. The disease is transmissi-
ble by direct contact. It is characterized by severe pyrexia,
diarrhea, nasal discharge, bronchial pneumonia, and abor-
tions. Cattle and pigs develop unapparent forms. Peste des
petits ruminants occurs in Africa, Asia, and the Middle East.
There is no known treatment, but it can be prevented using
a homologous or heterogonous vaccine (rinderpest vaccine).

Sheep-pox and goat-pox are serious viral diseases currently cir-
culating enzootically in most of Africa, the Middle East, and
Asia, with occasional incursions into Eastern Europe. The causal
agent is