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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.
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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



CHAPTER 1

PULMONARY TUBERCULOSIS AND MYCOBACTERIUM TUBERCULOSIS @ 9

E 156110

DR locus

4 14p2 AP 44APp54AP64dPp
P—dq r—d r—dq p—q r—dq
_‘1 2 3’—4

6
— H37Rv

4r14dP 24P 34dP4ad4dPp
»P—dq p—q p—q r—dq

*s 20000 000000 000000000 20000020008 BCG
0000000000000000000 00000000000 ®eco0000 H37Rv
2890 00 S0 0ecodee X

5 10 15 20 25 30 35 40

Spacer

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
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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
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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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(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



20 © ENCYCLOPEDIA OF INFECTIOUS DISEASES: MODERN METHODOLOGIES

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 a virus of the Poxviridae family, Capripoxvirus genus that
can survive for many years in dried infected material. It is trans-
mitted through direct or indirect contact with contaminated
implements and through insect bites. The characteristic cuta-
neous eruption on the body or in the oral cavity begins with
erythematous areas, followed by papules (Fig. 2.5).

Nodules develop in the lungs, causing bronchopneumonia
with coughing, abundant nasal discharge, depression, anorex-
ia, and emaciation. Animals may recover in 20-30 days.
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Fig. 2.5. Sheep and goat pox: mouth lesions (FAO document).

However, death is frequent when complications occur (e.g.,
abortion or pneumonia). The morbidity rate is 70-90% in
enzootic areas, with a mortality rate of 5-10%. Sanitary pro-
phylaxis is based on isolation of infected and sick animals for
at least 45 days after recovery. Infected animals are sacrificed,
infected cadavers and contaminated products are destroyed.
Disinfection and quarantine as well as animal and vehicle
movement controls are also necessary. There are numerous
attenuated virus vaccines that can protect the animals up to
2 years. There is no treatment for sheep-pox.

Transmissible spongiform encephalopathies (TSEs) represent a
group of neurodegenerative diseases characterized by a very
long incubation period. The lesions are mostly restricted to
the central nervous system. The outcome is always fatal, and,
to date, there is neither cure nor medical prophylaxis for these
diseases. They are recognized in several animal species (e.g.,
transmissible mink encephalopathy and chronic wasting dis-
ease of American deer) as well as in human beings (e.g., Kuru
and CJD; see below). The causative agents of TSEs are usually
called prions, as they are thought to be primarily composed of
a pathological form of a host protein, the prion protein (PrP),
the molecular and biochemical nature of which remain
unclear. The most important animal TSEs from an economic
point of view are scrapie in sheep and BSE in cattle.

Scrapie is a naturally occurring infectious neurodegenera-
tive disease of sheep and goats characterized by vacuolar or
spongy changes in the central nervous system. It has been
recognized for over two and a half centuries and is now
endemic in many parts of the world. The infection in sheep
may be passed from ewe to lamb in the period from parturi-
tion to weaning. The majority of cases occur in sheep
between 2 and 5 years of age. The disease is recognized by the
clinical signs, which start insidiously with behavioral abnor-
malities, pruritus, and incoordination, and it is inevitably fatal.
Prophylaxis is based on partial or complete depopulation of
affected animals or herds and on the use of selective breeding
programs based on PrP genotypes.

BSE, also known as “mad cow disease,” was first recog-
nized as an epizootic in the United Kingdom in 1987. It can
be explained by oral exposure to a scrapie-like agent in the
ruminant-derived protein of meat-and-bone meal included
in proprietary concentrates or feed supplements. BSE has a
peak incidence in cattle aged between 4 and 5 years. The
clinical course is variable, but can extend to several months.
Experimental transmissibility of BSE to cattle has been
demonstrated following parenteral and oral exposure to brain
tissue from affected cattle. Control measures are based on the
partial or total depopulation of affected herds. As a result of
these measures, the epizootics in most of the affected coun-
tries are on a decline, the peak of the epizootic having been
reached in 1992 with more than 30,000 cases in the United
Kingdom. Cases of BSE currently occur throughout most of
Europe and have now also been detected in Asia and North
America. There is evidence of a causal link between the BSE
agent and a new variant form of the human TSE,
Creutzfeldt—Jakob disease (CJD) in human beings.

Vesicular diseases other than FMD are important because of
the similarity of their clinical signs with those of the most
feared FMD.

Vesicular stomatitis is an infectious disease caused by a
Vesiculovirus that can affect herbivores (especially horses),
swine, and humans. The virus is transmitted by the trans-
cutaneous route or by arthropod bites. Mortality due to the
disease is low, but morbidity can reach 90%. It is character-
ized by hyper salivation and eruptions in the mouth, on the
teats and on the claws, leading to possible confusion with
FMD. It chiefly occurs in America. No treatment or vaccine
is currently applied.

Swine vesicular disease is a contagious disease of pigs,
caused by an Entferovirus and characterized by vesicles on
the coronary bands, heels of the feet and occasionally on
the lips, tongue, snout, and teats. Both diseases are extreme-
ly important for international trade in animals, as they are
clinically indistinguishable from FMD and any outbreaks in
pigs must be assumed to be FMD until investigated by lab-
oratory tests.

24 ANIMAL DISEASES THAT MAY THREATEN
HUMAN HEALTH

Humans can be affected by over 1400 different pathogens,
the majority of which are zoonotic [3]. Many causes are
favorable to the multiplication and diffusion of these zoonot-
ic agents, that is, agents transmissible from animals to humans,
and vice versa.

The most frequently reported causes are as follows:

e Animal and human diet changes: The number of human
food-borne infections due to the ingestion of animal
pathogens has considerably increased with the develop-
ment of large-scale industrial food processing and the
development of fast-food restaurants [17].
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* Animal over-population, associated with modern breeding
methods for domestic animals or overprotection of certain
wild species.

e Human or animal population displacement, voluntary or
not, notably following socioeconomic disorder or transloca-
tion. Similarly, increased human and livestock populations in
Africa have led to major health problems. In recent years,
the increase in livestock populations has slowed down due
to a cycle of degradation and diseases, affecting especially
traditional pastoral systems with a close physical association
between people, livestock, and wild animals.

e Increased contact with a wildlife reservoir, associated with
the development of hobbies (hunting, fishing, tourism, and
especially “ecotourism”), which gives humans the occasion
to be in contact with zoonotic agents excreted by healthy
carrier animals [4] or with arthropods vectors of such
agents, such as Coxiella burnetii, the agent of Q fever. This
may also be the case with the bovine tuberculosis bacillus,
which is spreading to new wildlife reservoirs, including wild
carnivores, deer, or wild boars. Expansion of ecotourism-
based industries, changes in land-use practices, and escalat-
ing competition for resources have increased contact
between free-ranging wildlife and humans.

* Accelerated degradation of the natural environment, notably
in developed countries (by deforestation, building of dams,
land consolidation) may cause wildlife species to move to
new areas, favoring their relocation in suburban zones, there-
fore entering into contact with humans [10]. The same type
of risk can exist on farms, where the coexistence of different
animal species can facilitate the development of several dis-
eases. Global warming caused by human activities is also a
cause of concern in the emergence of viral and bacterial vec-
tor-borne diseases, such as Rift Valley fever [13].

e The emergence of bacterial strains resistant to antibiotics
and their widespread distribution, following an excessive
usage or misuse in both human and veterinary medicines.
This is notably one of the explanations for the emergence
or reemergence of bacterial or viral food-borne pathogens.

¢ Finally, zoonotic agents, sought for by “bioterrorists,” as
they can simultaneously adversely affect human and animal
health, could be spread voluntarily.

In some countries, the reemergence of bacterial zoonoses
may be due to a lack of surveillance or a lack of appropriate
control measures associated with the breakdown of public
services [10]. This is caused more often by a lack of financial
and human resources, which may be the consequence of eco-
nomic crisis, social uprising, wars or natural disasters. The
reemergence of some zoonoses, especially water- or food-
borne zoonoses, is very often associated with an influx of
refugees or insalubrities of poor districts in which the sani-
tary services can no longer exercise control.

Another factor in the emergence or reemergence of
bacterial zoonoses is the impoverishment of some human
populations among which all zoonoses can find suitable hosts
due to poor hygiene.

¢ Paradoxically, in other cases, the risks are associated with
the financial ease of upper social classes, which favors easi-
er practice of hobbies: tourism, hunting, fishing, and so on.
By practicing these hobbies, people may be exposed to
potentially infected wild animals.

e For food-borne infections, the most unfavorable factor is
the integration and globalization of food treatment chains,
which multiply the risk of contaminations in an exponen-
tial way [18].

241 Description of the Diseases

Brucellosis is a contagious disease affecting numerous animal
species and humans, caused by bacteria of the genus Brucella.
This genus is divided into seven species that are generally
host specific: B. abortus (bovids), B. melitensis (small rumi-
nants), B. ovis (sheep), B. suis (swine), B. canis (canidae), and so
on. The infection mainly involves the reproductive system
(abortions, metritis, orchitis) and the locomotor system
(arthritis). The disease can be treated by antibiotics (although
treatment is not recommended in animals to avoid interfer-
ence with eradication programs) and prevented by specific
vaccines.

Leptospirosis is caused by infection with various serovar of
the bacteria Leptospira interrogans. The disease affects almost all
species (equids, swine, ruminants, carnivores, rodents, etc.),
including humans. It can be asymptomatic or expressed as
fever, jaundice, hemoglobinuria, and abortions. The pathogens
are localized in the urogenital system and excreted in the
urine. Transmission is usually caused by the skin or mucous
membranes that come into contact with water or other mate-
rial contaminated with urine. Antibiotic treatment can cure or
prevent the disease, and there are specific vaccines.

Q fever (Query fever) is a zoonosis that occurs in most
countries. Q fever is a highly infectious disease, which is
caused by the proliferation of Coxiella burnetii, a small and
pleomorphic bacterium. As an obligate intracellular bacteri-
um, this agent can be grown only in embryonated eggs or cell
cultures. The signs of Q fever in cattle include abortion, dead
or weak offspring, retained placenta, metritis, and infertility.
In small ruminants, Q fever is often associated with sporadic
abortions or outbreaks of abortions followed by recovery
without complications. Coxiella burnetii infection persists for
several years, and is probably life long. Sheep, goats, and cows
are mainly asymptomatic carriers, but can shed massive num-
bers of bacteria at parturition, and intermittently in various
secretions and excreta. Other domestic animals, such as cats,
rabbits, birds, and so on, are also susceptible to infection and
should be considered as possible sources of infection for both
animals and humans. In humans, Q fever occurs in either an
acute form (self-limiting febrile episode, pneumonia, hepati-
tis) or a severe chronic form (endocarditis) following an early
infection that may be passed unnoticed. The acute form
resolves quite quickly after appropriate antibiotic therapy, but
the chronic form requires prolonged antibiotic therapy (for 2
years or more), coupled with serological monitoring. In some
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countries, a vaccine is available for professionally exposed
individuals.

Rabies is the most feared and widespread disease through-
out the world, with the exception of a few countries. It caus-
es relatively few deaths in domestic animals, and direct eco-
nomic losses are therefore slight. However, its transmissibility
to humans imposes costly preventive measures. In wild ani-
mals, mortality is often high. Rabies is caused by a Lyssavirus
of the family Rhabdoviridae, genus subdivided into four
serotypes and seven genotypes. Within a given serotype, there
are variants and biotypes adapted to difterent hosts (dog, fox,
bat, etc.). All warm-blooded animals are susceptible to exper-
imental inoculation. Natural infection does not exist in birds,
however. The susceptibility of mammals to natural infection
depends on the virus strain, and once the disease has started,
it is almost invariably fatal. Rabies is usually transmitted by
intramuscular inoculation of virulent saliva (e.g., through
bites). Saliva may be infectious up to 4 weeks before the onset
of symptoms. The symptoms usually involve a change in
behavior, and then various disorders: motor incoordination,
paralysis, aggressiveness, and so on (Fig. 2.6).

Rabies can sometimes lead to death without any particu-
lar clinical signs, especially in bats. There are no macroscopic
lesions characteristic of rabies, and the laboratory diagnostic
is, therefore, of outmost importance. Isolation and/or slaugh-
ter of sick animals, wearing of a muzzles and quarantine are
the measures usually recommended to protect rabies-free
areas. In infected territories, preventive vaccines are usually
administered to domestic animals at risk, by parenteral route.
The oral route is also possible, especially in the case of wild
animals. Postexposure vaccination is usually reserved for
humans. There is no effective treatment for rabies after the
onset of symptoms.

Fig. 2.6. Dog rabies: furious form (Photograph by Thiaucourt,
Algeria, 1982).

Rift Valley fever is a major zoonosis caused by a
Phlebovirus transmitted by many species of mosquitoes and
characterized by a short incubation period. In young ani-
mals, the disease is usually fatal with fever, diarrhea, purulent
discharge. In adults, especially cattle, sheep, and goats, the
main clinical sign is abortion or a raised stillbirth level. In
most of the cases, human beings present a mild form with
hyperthermia and headaches, but in 5% of the cases, infec-
tion may lead to a very serious and fatal hemorrhagic fever.
There is no treatment, but an effective vaccine exists.

Swine influenza is a highly contagious viral infection of
pigs. Swine influenza virus infections cause respiratory dis-
ease characterized by coughing, sneezing, nasal discharge, ele-
vated rectal temperatures, lethargy, difficulty in breathing, and
depressed appetite. In some instances, infections are associat-
ed with reproductive disorders, such as abortion. Clinical
signs and nasal shedding of virus can occur within 24 h of
infection. Morbidity rates can reach 100%, whereas mortality
rates are generally low. Secondary bacterial infections can
exacerbate the clinical signs following infection. Transmission
is through contact with virus-containing secretions, such as
aerosols created by coughing or sneezing, and nasal dis-
charges, and human beings may occasionally shed the virus.

Titberculosis is an ubiquitous, usually chronic zoonosis, nor-
mally found in the respiratory tract and affecting almost all
vertebrate species. The causal agent is a bacterium in the fam-
ily Mycobacteriacae, genus Mycobacterium, and of various
species: M. tuberculosis mainly found in humans, M. bovis
mainly in cattle, and M. avium mainly in birds. It can survive
in the external environment for several months. The disease
is transmissible by the respiratory route (aerosols) in over 90%
of cases. It can occur by ingestion of bacilli contained in the
milk. The disease chiefly affects the respiratory system
(coughing, dyspnoea, etc.), though it can also affect the diges-
tive system (diarrhea, constipation, etc.) and other organs.
Death is usually due to cachexia. Sanitary prophylaxis is based
on the slaughter of animals reacting to the tuberculin test,
disinfection of contaminated premises and implements, quar-
antine, pasteurization of milk, and so on. BCG vaccination in
cattle was abandoned in the 1950s. It is now being reconsid-
ered for use in extensive rearing systems and in some wildlife
species. Treatment of animals with antibiotics or isoniazid is
possible, but not recommended, to avoid the selection of
resistant strains of Mycobacterium, which could thereafter
infect human beings.

25 SURVEILLANCE AND CONTROL

OF TRANSMISSIBLE ANIMAL DISEASES:
PROGRESS EXPECTED FROM MODERN
TECHNOLOGIES

It is well established that 75% of all emerging diseases, which
have affected people over the last two decades, have occurred
as a result of an animal pathogen moving into the human host
[3]. The surveillance of animal diseases at the regional or
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world level is, therefore, of utmost importance, for safeguard-
ing both animal and human health.

This surveillance is based on the analysis and synthesis of
information collected by official public health or animal
health systems in each country. Data may be provided to health
authorities through partnership and networks organized
with the help of medical practitioners, veterinarians, animal
health and wildlife specialists, or livestock breeders.

In some countries, this traditional surveillance system has
been completed by the development of some more sophisti-
cated systems using the remote sensing satellite warning sys-
tems, which collect the difference in atmosphere pressure, the
sea surface temperature, or the differential vegetation index.
Such techniques may alert authorities to the presence of
virus/emergence well in time to enable them to take appro-
priate control measures, as was the case in Mauritania during
the last outbreak of Rift Valley fever [9].

Furthermore, some other countries have taken advantage
of the progress of computer technologies and have developed
modeling systems, which allow better surveillance and previ-
sion of the evolution of epizootics.

Current methods used to control animal diseases are
mainly aimed at reducing its spread or at eradication through
the two classical methods of sanitary or medical prophylaxis:

¢ Sanitary prophylaxis, which consists in slaughtering and/or
destroying all infected or contaminated animals (stamping-
out method), has largely been proven useful for the control
of glanders, dourine, bovine tuberculosis, FMD, swine
fevers, and so on.
In the specific case of FMD, the European Community car-
ried out a risk assessment at the end of the 1980s to deter-
mine the best option between routine vaccination each year
against the disease and nonvaccination (the stamping-out
policy being applied in case of an outbreak). The outcome of
this risk assessment predicted that a stamping-out policy
would cost less than a vaccination policy, whatever the dif-
ferent scenarios used for the analysis [5]. However, this
method of sanitary prophylaxis reaches its own limits when
wild animal reservoirs are concerned, or when the public
does not accept the destruction of too many animals. The
stamping-out policy is also difficult to apply when a disease
has spread throughout the world: all hope of one day elimi-
nating the animal reservoirs of anthrax, tularemia, leptospiro-
sis, or any other ubiquitous disease seems vain.

* Medical prophylaxis, which is based on either parenteral
vaccination of animals or chemoprophylaxis, is usually
more expensive than sanitary prophylaxis in the long run
and also prevents achieving the eradication of the pathogen
from its animal reservoir, as some vaccinated individuals
can remain healthy carriers. It is thus reduced to a mini-
mum in many industrialized countries (e.g., to control
FMD), although vaccination had the advantage of reducing
the use of antibiotics, and thus the risk of an increasing
antibioresistance.

However, vaccinations are still practiced in some developing
countries, where they effectively reduce the burden of dis-
eases, such as anthrax, contagious bovine pleuropneumonia,
or FMD.

In the past two decades, the surveillance of animal diseases
has been facilitated and boosted by the development of many
biological tests and benefited from the molecular biology
revolution, which has successively made tests, such as ELISA
serology, the use of monoclonal antibodies, and finally, gene
amplification, using the polymerase chain reaction (PCR)
available to health authorities.

Through the introduction of these techniques, diagnostics
have become more rapidly available at a lower cost and with
a higher accuracy and precision. They also allow, in many
cases, to assure the traceability of contamination, thus avoid-
ing new outbreaks. During the last decade, such progress, in
association with standard virus isolation, allowed rapid iden-
tification of very severe viral zoonoses, such as Hendra virus
in horses in Australia, Nipah virus in humans and pigs in
Malaysia, or the severe acute respiratory syndrome (SARS) in
the People’s Republic of China.

Similarly, the control of these diseases has benefited from
very important technological progress that has been made in
recent years. Vaccines with serological markers where a dis-
tinction can be made between infected and vaccinated ani-
mals have been developed, mainly for viral infections, but
they are also starting to emerge for bacterial infections. The
use of such vaccines allows the combination of sanitary and
medical methods of prophylaxis for some diseases, such as
FMD or brucellosis.

The control of certain animal diseases is at times difficult
in wildlife populations, as their hosts are inaccessible to
human interventions. The strategies of sanitary prophylaxis,
based on the limitation of these populations, encounter tech-
nical, and, even more so, ethical problems. Oral vaccination
strategies, which were able to eradicate wildlife rabies in
many European countries and in North America, were devel-
oped in the 1980s using both traditional vaccines and genet-
ically modified rabies strains [16]. These techniques are now
in the development stage for two bacterial zoonoses: tuber-
culosis, especially in badgers [7], and brucellosis in bison, elk
or wild boars [6].

In order for the veterinary authorities of its Member
Countries to be informed of the most recent development in
the field of these new technologies, the World Organisation
for Animal Health prints and displays on its Internet web site
(www.oie.int) a Manual for Diagnostic Tests and Vaccines, updat-
ing the diagnostic and vaccination methods recommended
for animal disease control [15].

26 CONCLUSION

As stated in Section 2.1, it is clear that animal diseases do not
present the same danger today as they did a century ago,
despite some recent fears from bioterrorism threats.
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The scientific progress achieved during the last century
was a key factor in the extinction of this danger. The devel-
opment of hygiene and asepsis and then the discovery of vac-
cines, later on followed by the discovery of sulfones and
antibiotics, have ended the ancestral scare of animal killers,
such as the rinderpest virus, or human killers, such as the
glanders, tuberculosis or brucellosis agents.

In the field of food hygiene, a more rigorous control of
production chains or transformation of food has considerably
reduced the risk of food-borne infections. More in-depth
genetic analysis of bacterial isolates also allows tracing back
the origin of these infections, sometimes avoiding their dif-
fusion from a common source.

In the middle of the last century, a strong network of inter-
national organizations dedicated to the surveillance and con-
trol of animal and human infectious diseases was established, at
a regional or a global level. Such concerted actions have better
chances to succeed than when organized solely at the nation-
al level, as they allow a reduction in prophylaxis costs, and
specifically an improvement in the overall results by avoiding
new contamination of a country by another. In addition, inter-
national cooperation programs may more easily receive finan-
cial, material, or technical aid than national programs, and they
can benefit from the advice of the best international experts.

Even though the emergence that is to be most feared today
is that of the resistance of bacteria to antibiotics, medical and vet-
erinary authorities should remain extremely vigilant concerning
emerging animal diseases and zoonoses, particularly in wildlife,
where many pathogens may find a refuge when their domestic
hosts are protected by vaccination or chemoprophylaxis.
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3.1 INTRODUCTION

HIV/AIDS represents the prototype of an emerging disease
with its worldwide dramatic consequences. The Acquired
Immune Deficiency Syndrome (AIDS) is caused by two
lentiviruses: the human immunodeficiency virus types 1 and
2 (HIV-1 and HIV-2) [3,6]. AIDS was first recognized in the
1980s and is presently the leading cause of death in develop-
ing countries. It is believed that 40 million individuals have
been infected with HIV of which about two-third live in
Sub-Saharan Africa [57].

It is increasingly evident however that the virus was pres-
ent in humans many decades previously when the conditions
required for its epidemic dissemination were not present [9].
Recent phylogenetic analysis of different strains of HIV-1
suggests that the pandemic originates from Central Africa,
two different methods pointing to the 1930s [23,48]. The
oldest known HIV-1-antibody positive serum dates from
1959 and comes from the Democratic Republic of Congo
[69]). HIV-2 was initially identified in two patients from West
Africa, and the oldest antibody positive sera also comes from
a survey done in West Africa in 1965-1969 [51].

It 1s likely that the human infection is due to zoonotic
transmission from chimpanzees (Pantroglodytes troglodytes) in
the case of HIV-1 and sooty mangabeys (Cercocebus atys) in
the case of HIV-2 [15]. The passage of these viruses is readi-
ly explained by the close contact between monkeys and
humans in this part of the world, and especially by hunting
and butchering primates for consumption of their meat. It is
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very probable that sporadic isolated cases occurred on sever-
al occasions, over several decades, without provoking an epi-
demic. The epidemic was probably the consequence of pro-
found social upheavals in the 1970s, combining massive
urban migration, poverty, civil wars, and, as a corollary, sexu-
al promiscuity [17,40,50].

The patterns of spread to HIV-1 and HIV-2 are highly
dissimilar. In particular, the HIV-2 epidemic seems to have
stabilized and may even be declining. In addition, the HIV-1
epidemic itself is geographically heterogeneous. Knowledge
of the multiple factors that explain this heterogeneous spread
is important for the prevention of the epidemic.

Another characteristic of HIV is its very high genetic
diversity. In this chapter, we will examine how complex and
evolutive the variability of HIV-1 is and analyze its conse-
quences. Finally, we will make the point on the access of
treatment in the developing world in 2005.

As Africa is the continent far most severely affected by the
HIV pandemic, this chapter will be focused on this continent.

3.2 CURRENT STATE OF THE EPIDEMIC

3.21 Prevalences and Incidences in the World

At the end 2005, it was estimated that 40.3 (36.7—45.3) mil-
lion people are living with HIV, according to the UNAIDS
report [57] (Fig. 3.1). Africa represents 70% of all infections
worldwide. More than 25 million Africans are now living with
HIV, of whom 55% are women. The second area with highest
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Fig. 3.1. Adults and children estimated to be living with HIV in 2005.

prevalences is Southeast Asia with more than 7 million infect-
ed persons.

In Africa, 24 million infected persons are aged between 15
and 49 years, and 1 million are children. The overall preva-
lence among adults in this part of the world is estimated at
8.8%, but regional variations are such that this figure has lit-
tle practical value. In general, it is in southern Africa that the
highest level (=15%) is observed among the general adult
population, especially in Botswana, Lesotho, Malawi,
Namibia, South Africa, Swaziland, Zambia, and Zimbabwe. In
Botswana, the country most directly affected, levels are par-
ticularly alarming: 40% of pregnant women living in the cap-
ital are infected with the virus, and so are 60% of patients
with other sexually transmissible infections.

High prevalence rates (10-15%) have also been reported
in countries such as Cote d’Ivoire, Ethiopia, Djibouti,
Kenya, Central African Republic, Burundi, Rwanda, and
Mozambique.

In countries such as Ethiopia, Ghana, Cote d’Ivoire, Togo,
and Zimbabwe, more than two-thirds of prostitutes living in
large urban centers are seropositive.

It is remarkable that although the first known HIV infec-
tions occurred in Central (HIV-1) and West (HIV-2) Africa,
and in contrast with the dynamic of the epidemic in the Great
Lakes area, the epidemic is recent and explosive in southern
Africa where prevalences, low in 1980s except in Zambia and
Zimbabwe, increased rapidly in the 1990s, making now south-
ern Africa the leading affected part of the world.

In addition to the UNAIDS surveillance system, data
from epidemiological surveys are helping to determine the

epidemiological profile of HIV infection in providing
complementary figures. Thus, these surveys highlight large
differences in prevalences between regions, between rural
and urban areas, and between population subgroups.

Recently demographic surveys using the cluster sampling
method have been proposed. They provided new informa-
tions suggesting that the UNAIDS sentinelle surveillance sys-
tem had overestimated the HIV prevalences.

HIV-2 has a far more restricted geographical distribution.
Its epicenter is in West Africa, but more or less sporadic cases
are also reported in Lusophone countries such as Angola and
Mozambique [51]. The highest levels were found in Guinea
Bissau, with 6.8% in a survey of semiurban areas in 1996 and
4.6% among pregnant women from Bissau, the capital, in
1997 [25]. Levels are far lower in other West African coun-
tries, ranging from 0.5% to 1.6% among pregnant women
[51]. Contrary to HIV-1, the highest HIV-2 prevalence rates
are in elderly people [25,51].

Incidence rates, which are used to study the dynamics of
the HIV epidemic, show general upward trend, with the note-
worthy exception of Uganda, where the incidence fell from
0.8 to 0.5 per 100 person per year in rural areas between 1990
and 1996 [22]. In South Africa, in contrast, the incidence in
pregnant women residing in rural areas rose from 4 to 10 per
100 person per year between 1992 and 1997 [65].

Contrary to HIV-1, the incidence rate of HIV-2 infection
tends to be stable, and is even falling in Guinea Bissau for
example [25,51].

In Southeast Asia, the epidemic is also very heterogeneous
as illustrated in Figure 3.2. The dynamic of the epidemic is
also complex. In Thailand, for instance, the incidence rate is
now declining, whereas in more recent infected countries
such as Myanmar, the incidence rate are increasing.
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Fig. 3.2. HIV-1 prevalence rates among intravenous drug users and
professional sex workers in Asia (1994-2003).
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In China, the epidemic is recent but explosive. It is one of
the countries where the HIV incidence is highest in the
world. For instance, in Guangxi, the HIV prevalence among
intravenous drug users (IVDU) is reaching 65%.

In industrialized countries, the high incidence initially
observed among men having sex with men (MSM) and
IVDU is now globally controlled, but the recent increase of
sexually transmitted infections (ST1’s) among MSM is a con-
cern. In Western Europe, the incidence rate is increasing in
the heterosexual population, which is partly explained by a
high proportion of migrants from Africa.

In Eastern Europe, especially in Russia or Ukraine, the epi-
demic is beginning to explode. For instance, the HIV preva-
lence rate is reaching 100% and 10% among IVDU in St
Petersburg and Moscow, respectively. Predictions vary widely,
but some estimate that by 2020, 14.5 million persons would be
infected if denial remains the only strategy in Russia! [10].

3.22 Mode of Transmission
The HIV virus can be transmitted by sex, blood products, or
from an infected pregnant woman to her infant.

In Sub-Saharan Africa, the predominant mode of trans-
mission is heterosexual intercourse. Despite the same major
mode of transmission, there are extraordinary differences in
the spread of HIV infection among African countries, for rea-
sons that are complex, multiple, and poorly documented.

In general, the risk of transmission depends on the infec-
tivity of the index person, the type of sexual intercourse, and
the susceptibility of the person thus exposed.

Many longitudinal epidemiological studies and direct
studies of factors favoring genital HIV carriage have identi-
fied parameters influencing infectivity. One major factor is
viral load in peripheral blood, as recently demonstrated in
Uganda [41].

Factors leading to genital inflammation and/or infection
are also important. STIs, whether or not they cause ulcera-
tion, clearly favor HIV transmission [11]. In particular, the role
of herpesvirus type 2 has clearly been shown [7]. Imbalances
in the vaginal flora also influence the risk of transmission [54].
A wide variety of intravaginal practices such as “dry sex”
which are likely to cause irritation and disruptions of the gen-
ital mucosal epithelium have been described in Sub-Saharan
Africa, but there is conflicting evidence for an association
between these practices and HIV infection [49]. Concerning
sexual practices, multiple partnership is clearly a risk factor,
but a study comparing populations living in areas with low
and high incidence rates showed no significant behavioral dif-
ferences [5]. In contrast, this study, and a meta-analysis, showed
that male circumcision was clearly a protective factor [63], and
this was recently confirmed through a prospective interven-
tional study comparing the incidence rate between circum-
cised and uncircumcised men [2]. No genetic factor specific
to African populations has yet been demonstrated, either in
co-receptors or the HLA system.

Among the other factors involved in the risk of transmis-
sion, the role of viral factors has been suggested [7]. Indeed,

subtype C (see paragraph on HIV diversity) is associated with
an explosive epidemic in eastern and southern Africa. This
subtype appears to have biological particularities that could
favor transmission. Several studies have shown that the phe-
notype of this subtype is preferentially non- syncytium induc-
ing (NSI), implying that the asymptomatic phase, and thus the
contagious period, could be longer. In addition, NSI strains
use the CCR5 co-receptor present on macrophages in the
genital mucosae (contrary to lymphotropic SI strains), and this
could potentially favor sexual transmission of the former.

The control of mother-to-child transmission is a major
challenge in Africa as in the rest of the developing world [31].
Indeed, without preventive measures, the HIV-1 transmission
rate is 25—40% according to various studies versus less than 2%
with adequate prophylactic measures [67]. By comparison, the
mother-to-child transmission rate of HIV-2 is below 5% [51].

Two-thirds of these transmissions take place at the end of
pregnancy, during delivery or very early after birth, and the
viral load in the mother’s peripheral blood is the main risk
factor. Hence, the importance of prevention with antiretrovi-
ral drugs. Various trials have assessed the most feasible and
cost-effective strategies based on the use of ZDV alone, ZDV
combined with 3TC, or nevirapine monotherapy [ 8, 14, 29,
46, 64]. Some of these studies were based on antiretroviral
treatment of the mother only, but some also included treat-
ment of the child for a few days or weeks. Preventive effica-
cy is 30-50%, compared with 68% using the lengthy, com-
plex, and costly regimens prescribed in industrialized
countries. A single oral dose of nevirapine for mother and
child was the strategy with the best cost-eftectiveness, but the
emergence of resistance is a real problem [20] and so this reg-
imen alone is not still recommended. Recent studies in
Thailand have shown the benefit of combined ARV drugs for
the PMTC infection [24]. Maternal breast-feeding is a sup-
plementary factor, doubling the risk of transmission. Nearly
75% of cases of postnatal transmission occur within 6 months
after birth, as demonstrated by a clinical study in Kenya [34].
Importantly, the promotion of formula feeding in Africa must
take into account the nutritional and infectious context, the
poor hygiene, and the risk of stigmatization.

The importance of parenteral transmission is difficult to
evaluate in developing countries. According to WHO estimates,
it accounts for approximately 5% of all new cases. The main
causes are blood transfusion, as transfusion safety leaves much to
be desired, especially in rural areas. This mode of transmission
also involves inadequate (or absent) sterilization of reusable
injection materials. Some specialists consider that this has played
a major role in the initial spread of the virus in Africa.

3.2.3 Impact of HIV Infection on Other
Endemic Diseases
The spectrum of endemic diseases in developing countries is
extensive, so we will focus on the other two main diseases,
tuberculosis and malaria.

Tuberculosis is the leading cause of morbidity and mortal-
ity of HIV-infected people in both urban and rural areas.
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HIV-infected patients with tuberculosis have a shorter survival
and a higher tendency to acquire new opportunistic infection.
For instance, active tuberculosis was present at autopsy in half
HIV-1-positive cadavers in Nairobi and Kenya [42]. The risk
of developing active tuberculosis among persons co-infected
with HIV-1 is 5%—15% per year [43]. Thus, the AIDS epi-
demic is also a powerful factor facilitating the spread of tuber-
culosis. Several randomized controlled trials have now
demonstrated that preventive therapy against tuberculosis is
effective in preventing tuberculosis in HIV-infected individu-
als. However, feasibility studies have showed that this inter-
vention is complex and rather inefficient [68]. Malaria is also
one of the most common infections in Sub-Saharan Africa. In
most ancient studies, no interaction between these two infec-
tions has been documented. However, in Malawi, it has been
reported that postnatal mortality in HIV-infected infants was
greatly increased in case of placental malaria infection [4].
Furthermore, in a recent cohort study performed in rural
Uganda, it has been demonstrated that HIV-1 infection is
associated with an increased frequency of clinical malaria and
parasitaemia [66]. Taking into consideration the frequency of
HIV and malaria, theses interactions could have important
public health implications.

3.24 Demographic, Social, and Economic
Consequences

AIDS is now the leading cause of death in Africa, with 3.1
million deaths in 2004 (twice the number of deaths due to
malarial) and a total of more than 17 million since the begin-
ning of the epidemic [57].

Thus, in eastern and southern Africa, mortality rates,
which had been declining in the last decades, have doubled
or tripled in the last 15 years [56]. It is estimated that in 2025,
the population in the 20 hardest hit African countries will be
30-120 million lower than it would have been in the absence
of the AIDS epidemic [53].

Contrasting with the higher HIV prevalence rate in
women, AIDS-related mortality rate is higher in men.

Infantile mortality is also affected in highly endemic
countries, where all the gains made before the 1980s have
been lost [53]. In southeast African countries, AIDS is respon-
sible for up to 74% increase in deaths among children under
5 years of age, with a mortality rate of up to 30 per 1000. In
a study in Uganda, the median survival time of an infected
child was 21 months. As a result of the epidemic, the popu-
lation of several African countries (Botswana, South Africa,
and Zimbabwe) has started to decline [45]. The impact on life
expectancy has also been assessed. It is estimated that each 1%
rise in the prevalence rate in the general population cuts the
overall life expectancy by a year.

In the next two decades, the standard age pyramid will be
deeply modified by the AIDS epidemic in the countries most
severely affected, with an abrupt broadening at around 20
years and a rapid decrease in the 20—40 category.

The social consequences of the epidemic are evident. In
particular, the cumulative number of orphans due to AIDS in

Sub-Saharan Africa increased to 12.1 million, representing
90% of all orphans in this part of the world. In Zimbabwe,
7% of all children are orphans because of AIDS.

The epidemic also has major consequences for education
and general development. In Zambia, for example, more than
1300 teachers died in 1998, representing two-thirds of all
teachers trained annually. The epidemic affects every socio-
professional strata. As most adults fall ill during their most
productive years, the economic consequences for households,
enterprises, and states are considerable. Excess health expen-
ditures are also a major burden in these countries: 40% of
beds at Kenyatta hospital in Nairobi are occupied by people
with AIDS, and this figure reaches 70% at Prince Regent
hospital in Bujumbura [1].

3.3. MOLECULAR EPIDEMIOLOGY
3.3.1 Classification of HIV

3.3.1.1 HIV-1 One of the major characteristics of HIV
is its extremely high genetic variability, which is the result of
the high error rate, the recombinogenic properties of the
reverse transcriptase enzyme [19], and the fast turnover of
virions in HIV-infected individuals [8].

The greatest genetic diversity of HIV-1 has been found in
Africa. Phylogenetic analysis of numerous strains of HIV-1,
isolated from diverse geographic origins, has revealed the dis-
tinct clades of viruses, which have been named groups M
(Main), N (New or non-M, non-0O), and O (Outlier). Each
of the three HIV-1 groups is thought to represent independ-
ent cross-species transmissions with a closely related virus.
Thus, based on inferences from phylogenetic tree topologies,
HIV-1 originated from simian immunodeficiency virus
(SIVepz) from Pan troglodytes troglodytes chimpanzees in West-
Central Africa [15,47].

The vast majority of strains found worldwide belong to
the group M. Within group M, there is further phylogenetic
structure, which has allowed the classification of strains into
subtypes.

The subtypes are approximately equidistantly related with
difference of 25-35% amino acid sequence in their ENV
proteins. To be considered as a subtype, isolates should resem-
ble each other across the entire genome. In this light, there
are only nine subtypes of HIV-1 group M (A, B, C, D, E G,
H, J, K) because the viruses of subtypes E and I have been
found to be recombinants. Within some subtypes, further dis-
tinct sequence clusters exist, leading to the classification into
sub-subtypes. For instance, subtypes A and F are subdivided
into two, Al and A2, and F1 and F2. It is clear that subtypes
B and D would be better considered as sub-subtypes of a sin-
gle subtype, but for historical reasons, it is difficult to change
these designations (Fig. 3.3).

As our knowledge of HIV sequences improved over time,
it became clear that some isolates clustered with difterent
subtypes in different regions of their genome in phylogenetic
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Fig. 3.3. Neighbor-joining phylogenetic tree of near full-length
genome sequences of representative HIV-1 isolates from group M
subtypes and sub-subtypes, group O and group N. Branch lengths
are drawn to scale (the bar indicates 10% divergence). The numbers
at the nodes indicate the percent bootstrap values supporting the
cluster to the right (only values >80% are shown).

tree analyses [44]. Presently, some of these mosaic HIV-1
genomes play a major role in the global AIDS epidemic and
are now designated as “Circulating Recombinant Forms,” or
CRFs. By definition, CRFs should resemble each other over
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the entire genome, with similar breakpoints reflecting com-
mon ancestry from the same recombination event(s): 16
CRFs of HIV-1 exits, each is designated by an identifying
number, with letters indicating the subtypes involved, the let-
ters are replaced by “cpx,” denoting “complex” if more than
two subtypes are involved (Fig. 3.4).

3.3.1.2 HIV-2 strains Compared to HIV-1, only a lim-
ited number of HIV-2 strains have been genetically charac-
terized. Close phylogenetic relationship and similarities in the
organization of the viral genome indicate that HIV-2 is also
a result of a zoonotic transmission from SIVsm from sooty
mangabeys to humans in West Africa [15]. The natural habi-
tat of sooty mangabeys coincides with the geographical
region where HIV-2 is prevalent in West Africa, and sooty
mangabeys are regularly hunted for food or kept as pets, thus
allowing direct contact between mangabeys and humans.
More detailed phylogenetic analysis showed even that cross-
species transmissions from SIVsm to humans occurred on
several occasions [15]. Several of the HIV-2 subtypes have
only been found in countries where sooty mangabeys are
present in large numbers. Seven subtypes (A—G) of HIV-2
have been described so far. Only subtypes A and B are large-
ly represented in the HIV-2 epidemic, with subtype A in the
western part of West Africa (Senegal, Guinea-Bissau) and sub-
type B being predominant in Ivory Coast [22, 25, 30, 65]. The
other subtypes have been documented in one or few indi-
viduals only. The different clades of HIV-2 must be the result
of multiple independent cross-species transmissions of SIVsm
into the human population [17]. Based on genetic distances,
HIV-2 subtypes correspond to what is considered as groups
for HIV-1.
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Fig. 3.4. Mosaic genome of different Circulating Recombinant Forms (CRFs). See color plates.
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3.3.2 Distribution of HIV-1 in Africa

The classification of HIV strains has helped in tracking the
course of the HIV pandemic [52]. Extensive efforts have been
made to collect and characterize HIV isolates from around
the world and Africa, and a broad picture of the distribution
of HIV strains has emerged. As mentioned above, HIV-2 is
restricted to West Africa, and the prevalences remain low and
are even decreasing in some areas [51]. HIV-1 group O seems
to be endemic in Cameroon and neighboring countries in
West-Central Africa, and represents only about 1%— 5% of
HIV-1 -positive samples in this region [37]. Elsewhere in the
world, group O viruses have been identified mainly from
persons with epidemiological links to Central Africa, mainly
Cameroon and some neighboring countries. Interestingly,
group N viruses have only been identified in a limited num-
ber of persons from Cameroon only [52].

The global pandemic is due to HIV1 strains belonging to
group M. The distribution of the different HIV-1 group M
variants in the world is summarized in Figure 3.5.

In Africa, subtypes A, C, and CRF02-AG are most fre-
quent, but the distribution of the different HIV strains is very
heterogeneous [38,39].

All groups and subtypes are found consistent with this
continent being the source of the epidemic. As expected,
given the presence of numerous co-circulating subtypes, a
high frequency and a wide variety of recombinants have also
been reported in Africa. In South and East Africa, subtype C
predominates. In West and Central Africa, as judged by env
sequences, subtype A-like viruses are most common. Full-
length genome sequences of env subtype A viruses from West
Africa, Senegal, Cote d’Ivoire, and Cameroon, showed that
these viruses have the same recombinant structure involving
subtype A and G as CRF02-AG viruses, and it seems likely

that the majority of viruses with subtype A gag and/or env
sequences in West Africa and West Central Africa belong to
this CRF [55]. In contrast, in East Africa, the subtype A virus-
es are predominantly nonrecombinant. Subtype D is present
at frequencies of 5-40% in Central and East Africa, whereas
subtype G has been documented in many West and Central
African countries. Subtypes E H, J, and K as well as CRF01-
AE, are mainly seen in Central Africa.

In occidental countries, the epidemic is mainly due to the
subtype B, but there is an increasing number of non-B-subtypes
in Western Europe; for instance, in France, it is estimated that
about 25 % of the new infections are due to non-B-strains. In
Eastern Europe, the initial infections were due to subtype B
(among intravenous drug users) and subtype A (heterosexual
contamination), and it is now a CRF A/B which is predomi-
nant. In South east Asia, the CRFO1-AE is predominant,
whereas in China, subtypes B and C and now a CRF0- BC are
circulating.

In addition to CRFs, which play a major role in the glob-
al epidemic, many unique recombinant viruses have also been
documented. Because only few systematic studies have been
conducted, the exact prevalence of recombinant strains is
unknown. Based on preliminary data, the proportion of dis-
cordant subtypes between gag and env vary from <10%
to>40% according to the countries or regions studied.
Peeters et al. [39] illustrate the estimated prevalences of
unique recombinant HIV-1 viruses based on discordant sub-
type/CREF designations in different regions of the genome.
The subtypes involved in these discordant samples depend on
the subtypes that co-circulate in the region. For instance, in
Nigeria, only subtypes A and G co-circulate, and these are the
only subtypes involved in the 37% discordant samples. As
expected, because subtypes circulate concurrently, a wide

CRF03-AB

4

CRF04-cpx
CRF08-BC
B CRF14-BG |
B, C
CRF07-BC
SREpCp A,C  CRFO1.-AE,
CRF02-AG B
o, NCRFll-cpxC
A,C,D/F,
B,F1 G,H,J,K
CRF10-CD
CRF05-DF
CRF13-BF B
C

Fig. 3.5. Geographical distribution of HIV-1 subtypes and CRFs.
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variety of recombinants have been reported in the
Democratic Republic of Congo with all subtypes involved in
the recombination events [61].

3.3.3 Implications of Recombination
As more HIV-1 variants inevitably intermix in different parts
of the world, the likelihood of generating new recombinant
viruses will increase. Therefore, the global distribution of dif-
ferent forms of HIV-1 will continue to be a dynamic process.
Mosaic genomes will become even more complex, as recom-
bination involving viruses that are already recombinant will
occur. Mosaics involving CFRO02-AG have already been
observed in various African countries. Recombination
between two CRFs (CRF02/06) has also been described in a
study in Niger [28]. Even distantly related viruses have been
shown to recombine. For instance, intergroup recombinants
between group O and M HIV-1 strains have been document-
ed in Cameroon ( Fig. 3.6) [36]. Recombination between
strains from distant lineages may contribute substantially to
new HIV-1 strains and could have important consequences.
Presently, group O viruses represent a minority of the strains
responsible for the HIV-1 pandemic. However, if these recom-
binant intergroup viruses have a better fitness than the
parental group O viruses, their prevalence may increase rapid-
ly with consequences on their serological and molecular diag-
nosis and treatment because differences among susceptibilities
to certain antiretroviral drugs have been observed in vitro.
Both HIV-1 and HIV-2 are of zoonotic origin, and the
current HIV-1 group M pandemic provides compelling evi-
dence for the rapidity and the extraordinary impact that can

result from even a single primate lentiviral zoonotic transmis-
sion event. We recently showed that humans come in frequent
contact with primates in many parts of Sub-Saharan Africa
[35]; thus, raising the possibility of additional zoonotic trans-
mission. Figure 3.6 illustrates the diversity of the primate
lentiviruses actually described and to which humans are
exposed through hunting and handling of bushmeat in Africa.
The fact that distant HIVs can recombine begs the question
whether distantly related SIVs and HIV can potentially
recombine, particularly in individuals who are HIV positive
and exposed to SIV by cross-species transmission. Distantly
related SIVs can so spread more efficiently into the human
population.

Finally, recombination also has important implications for
vaccine strategies based on live-attenuated viruses, because
these could recombine with infecting strains, even though
the two may be quite divergent.

3.4 IMPLICATION OF HIV VARIABILITY ON
PATHOGENESIS, TREATMENT, DIAGNOSIS,
AND VACCINE DEVELOPMENT IN AFRICA

The majority of our knowledge on HIV is based on the
specific HIV-1 subtype B predominant in industrialized
countries, whereas the worldwide epidemic is due to non-B-
subtype. Importantly, diagnostic tests, antiretroviral drugs, and
HIV-1 vaccines have so far mainly been developed for subtype
B viruses. Thus, the biological implications of HIV variability
are numerous, and some of them are not fully understood.
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3.41 Impact of HIV Variability on Diagnosis
Previous studies have shown that some persons infected with
certain highly diverse strains of HIV, such as group O, fail to
be diagnosed accurately by some serologic tests with for con-
sequence tha adition of HIV-1 group O antigen in anew
generation oof tests. Although enzyme linked immunosor-
bent assays (ELISAs) and rapid tests are sensitive and specific
for diagnosing persons with chronically established infections
with HIV-1 group M-non-B subtypes, the challenge still
remains in diagnosing persons with recent infections prima-
rily because antigens used for the assays were based on HIV-1
subtype B strains. Presently, in developing countries, much
emphasis is being placed on implementing intervention pro-
grams resulting from new research findings such as the use of
ARV drugs to reduce mother—child transmission of HIV,
access to ARV in general, therapy in HIV-infected tuberculosis
patients, and voluntary testing and counseling. These pro-
grams require that patients be diagnosed accurately and
results delivered in a timely fashion; thus, there is considerable
use of serologic assays in different countries. HIV diversity
being a dynamic process, there is a need to pursue the devel-
opment and evaluation of HIV diagnostics tests.

Plasma viral load measurement has increased considerably
in clinical settings for monitoring patients on ARV therapy.
Although, much progress has been made to improve the sen-
sitivity of nucleic-acid-based assays to quantify viral load,
some RINA viral load assays still produce erroneous results
with highly divergent strains. No commercial available assays
exist for HIV-2 quantification.

3.42 Impact of HIV Variability

and Antiretroviral Therapy

The HIV diversity raises two questions. First, is there a nat-
ural resistance to some ARV drugs developed for the subtype
B; and secondly, the acquired resistance under drug pressure
is the same as for subtypes B and non-B. Concerning the
first question, HIV-1 group O and HIV-2 strains are natu-
rally resistant to non-nucleoside reverse transcriptase
inhibitors. Limited in vitro studies have suggested that some
non-B-subtypes may be less susceptible to certain classes of
ARV drugs. For instance, subtype G strains are less suscepti-
ble in vitro to protease inhibitors. Genetic characterization of
the protease gene from non-B-strains revealed a high genet-
ic polymorphism with minor mutations [58]. Accessory (or
minor) mutations may not result in a significant decrease in
susceptibility, but may be associated with an increase in viral
fitness (replication capacity) and/or increase in resistance
level associated with major mutations, and thus, long-term
failure of therapy. However, the implication of the presence
of only accessory mutations to susceptibility of ARV drugs
still has to be investigated in vivo. Results of ARV drug ini-
tiatives in Africa (Senegal, Cote d’Ivoire, and Uganda) and
studies on African patients in Europe have showed that the
presence of accessory mutations in the protease gene at base-
line do not influence the clinical outcome of HAART [12].
Indeed, virologic responses (decrease in plasma viral loads

and increase in CD4 count) comparable to responses report-
ed among patients infected with subtype B in Western coun-
tries have been observed in Senegal and Uganda [26,62].
Other studies have also not found subtype-dependent
responses to ARV therapy for subtypes A, C, and D.
However, more data and a longer follow-up are needed to
identify whether pre-existing accessory mutations could
influence the rate of occurrence of resistant viruses during
treatment and to what extent they could compensate for the
reduced fitness of resistant mutants.

As ARV drugs are beginning to be widely used in Africa,
studies are needed to understand the development of ARV
drug resistance in patients infected with difterent subtypes.
Development of drug resistance may be influenced by levels
of viral loads among the patients, greater quasi-species dis-
tribution, and genetic diversity. Subtype G viruses have the
V82I naturally occurring polymorphism at a position where
major drug-resistant mutations occur. But primary or major
mutations related to ART resistance have not yet been doc-
umented as natural variants in non-B-group M stains. It is
also not known whether primary mutations that confer
resistance in subtype B viruses also play a role for non-B-
subtypes. However, of the few published studies on ART
drug resistance in Africa, a strong correlation has been doc-
umented between genotypic and phenotypic resistances, and
mutations observed so far correspond to similar mutations
seen in subtype B infections under similar treatment regi-
mens, but other studies suggest that mutations associated
with drug resistance might differ. An important point is that
the algorithm used to interpret the observed mutations is
based on B subtypes and that this algorithm is sometimes not
relevant for non-B subtypes [62]. Moreover, the few studies
reported in Africa have shown that the rate of occurrence of
drug resistance depends largely on the appropriate use of the
drugs than on the HIV-1 subtypes. For instance, more than
50% resistance has been reported in Cote d’Ivoire and
Gabon among patients receiving ARV drug therapy without
appropriate clinical and laboratory follow-up. In contrast, in
Senegal, after a 24 months follow-up period, drug resistance
mutations were seen in only 16% of the patients receiving
ART with careful clinical and biological monitoring [60],
which is comparable to what has been described for patients
infected with subtype B viruses in Western countries.
However, one study has shown in vivo differences related to
subtypes. The study from the HIV Network for Prevention
Trials (HIVNET 012 study) in Uganda showed that resist-
ance to nevirapine occurred more frequently in women
infected with subtype D than in women infected with sub-
types A and C [16]. Overall, in order to avoid the rapid
emergence of resistant viruses on a large scale in developing
countries, it is important that infrastructure necessary to
monitor responses to ART be put in place in these countries
and that clinicians are trained in the appropriate use of ART
drugs and continuous surveillance of ART drug-resistant
viruses has to be organized to guide ARV treatment strate-
gies and policies.
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3.43 Impact of HIV Variability

on Transmissibility and Pathogenesis

Compared with HIV-1, HIV-2 infection is characterized by
a much longer asymptomatic stage, lower plasma viral loads,
slower decline in CD4+ T cell count, and a lower mortality
rate. The existence of many other factors that influence trans-
missibility and pathogenicity makes it difficult to establish the
impact of HIV-1 viral subtypes. Limited studies on subtypes
and transmissibility have yielded discordant conclusions. A
recent study in Tanzania suggested that subtypes A and C, and
recombinants are more likely to be perinatally transmitted
than subtype D. On the contrary, a study in Uganda suggests
similar rates of perinatal transmission for subtypes A and D,
but a study in Kenya has shown that women infected with
subtype D were more likely to transmit virus to their infants
than those infected with subtype A.

HIV-1 subtype-specific difference in disease progression
appear conflicting. For instance, no difference in disease pro-
gression was found between patients infected with subtypes
B and C in Israel, or among patients infected with subtypes
A, B, C,and D in Sweden. In a 4-year prospective multicen-
ter study of 335 patients from Senegal and Cameroon with
unknown dates of seroconversion, multivariate analyses
showed no difference in survival, clinical disease progression,
or CD4 cell decline between patients infected by CRF02-
AG strains and those infected with other strains. However,
two studies based on incident cases have found HIV-1 sub-
type-specific disease progression patterns. In a study in
Uganda of more than 1000 patients, subtype D was associat-
ed with faster progression to death and with a lower CD4 cell
count during follow-up, compared with subtype A, after
adjusting for CD4 cell counts at enrollment.

3.44 Impact of HIV Variability on Vaccine
Development

An eftective HIV vaccine is the long-term solution to con-
trol the HIV/AIDS epidemic in Africa and should protect
against infection to all genetically diverse strains of HIV-1.
From a vaccine standpoint, the implication of the multitude
of HIV-1 subtypes circulating in Africa is unknown, as corre-
lates of protective immunity against HIV-1 are poorly under-
stood. Few and contradictory data exist on the link between
genetic subtypes and HIV-specific immune responses [33].
Several studies have not shown a correlation between HIV-1
subtypes and neutralizing serotypes. However, one study has
reported subtype-specific neutralization for subtype B and
CRFO1-AE in Thailand, and one study also suggested geo-
graphically clustered neutralization sensitivities within sub-
type C. Because CTL are important components of the
antiviral responses in HIV-infected people, current efforts on
HIV vaccines are targeting induction of T-cell responses, par-
ticularly against gag and pol proteins, which appear to be
more conserved in HIV. Studies have demonstrated CTL
cross-reactivity between different HIV-1 subtypes to varying
degrees of conservation in the genes. This may suggest that
matching HIV vaccine candidates to the prevalent HIV-1

strains might be less important for vaccines targeted at induc-
tion of T-cell responses to conserved proteins (for instance,
gag and pol). However, intra-subtype CTL responses are usu-
ally stronger and more frequently detected than inter-subtype
reactivities, and subtype-specific CTL epitopes have also
been identified [13, 20,55].

Because of the distribution pattern of HIV-1 subtypes in
the world, current vaccine development efforts have been
subtype specific.

3.5 ACCESS TO TREATMENT

HAART has dramatically reduced HIV/AIDS-related mor-
tality, morbidity, and hospitalization in industrialized coun-
tries, and thus HIV/AIDS can be considered much more a
chronic disease rather than a lethal disease, as we can control
the replication of the virus, but its eradication in humans is
not yet possible. The major public health problem is now to
make effective such care for people living in developing coun-
tries, that is, for the majority of the persons who need treat-
ment! WHO estimated that in 2005 only 8% of persons living
in Africa and who need ARV have access to such treatment.
At the end of 1998, the necessary and legitimate access to
antiretroviral drugs was not considered as an evidence. At that
time, the cost of drugs and reagents, the need for relatively
sophisticated laboratory facilities for treatment monitoring,
and the infrastructure required to provide an uninterrupted
supply of drugs were considered as important limitations on
wide spread use of HAART in poor countries. Other hin-
drances include the supposed complexity of antiretroviral
drug administration, drug interactions, rapid emergence of
viral resistance, the frequency of adverse eftects, poor adher-
ence, and inadequate knowledge of biological and clinical
responses in patient infected by non-subtype-B HIV-1
strains. Furthermore, most patients have advanced HIV dis-
ease by the time treatment is initiated, and this could lead to
higher toxicity, lower efficacy, and severe immune restoration
syndromes. These factors were sometimes used as a pretext
for focusing public health intervention exclusively on pre-
vention rather than prevention and treatment. The first gov-
ernmental African national initiative was set up in Senegal by
Dr Ibrahima Ndoye who can be considered as a visionnaire.
The result of this program, followed now by numerous oth-
ers, has demonstrated that the efficiency of such treatment is
the same as in occidental cohort. At the same time, the dras-
tic price reduction (90%) of brand-name drugs, the availabil-
ity of generic drugs and their proven efficacy [69], and the
simplification of treatment (a once a day treatment is possi-
ble) have changed the landscape for ARV in resource-poor
settings. Furthermore, the United Nations global fund
the World Bank and numerous other governmental initiatives
have generated funds for ARV treatment as never. Despite
this, the treatment remains beyond the reach of all. The
reasons are multiple. It is clear that the international agen-
cies have generated an extraordinary “bureaucracy” with
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nonoperational procedure for the management of such pro-
gram. In some countries, different international supports are
not under the responsibility of the different structures gener-
ating conflicts. Furthermore, at the request of WHO and
UNAIDS, multisectorial program including different min-
istries have been created. The result is that in some countries
there is competition between AIDS program from the min-
istry of Health and the multisectorial program. This reform
has generated still more “bureaucracy.”” Beyond these struc-
tural problems, factors implementing ARV programs are dif-
ficult not only because it is a life-long treatment that requires
a good follow-up in order to avoid virological failure and
acquired drugs resistance but also because it is a global health
program with, for instance, the need to promote voluntary
testing and counseling. In order to reach the objective of
treating 3 million persons in 2005, WHO has promoted a
simplified approach using mainly clinical criteria for the fol-
low-up of the patients. Clearly, this strategy needs to be eval-
uated through operational research, as we have to be sure that
this strategy is not dangerous for the patients in the short
time (tolerance, virological failure) and for the community in
the mid-term (emergence of resistance).

36 CONCLUSION

In the developing world, especially in Sub-Saharan Africa, the
HIV epidemic is no longer only a public health problem, it is
also affecting the development. A vaccine is eagerly awaited.
Several candidate vaccines are now being studied, but it will
take several years to develop a safe and routinely effective
vaccine covering all the circulating strains. The good news is
that we have an effective treatment, but in the meantime,
access to antiretroviral regimens is a major concern.
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41 INTRODUCTION

During the late nineteenth century, theories of disease trans-
mission were revolutionized by the development of methods
for isolating microorganisms in pure culture. As the etiologi-
cal agents of such noteworthy diseases as anthrax, tuberculo-
sis, and cholera were demonstrated to be microbial, the
miasmatic theory of disease gradually was supplanted by the
theory that disease could be caused by infectious microor-
ganisms [5]. In 1882, Robert Koch set forth guidelines, pop-
ularly known as “Koch’s Postulates,” for proving that a
microorganism causes a particular disease. The cornerstone of
demonstrating causation in Koch’s schema is the isolation and
propagation of an infectious agent in pure culture. The puta-
tive pathogen must then be demonstrated to cause disease in
an animal model and subsequently be re-isolated in pure
culture.

Applications of Koch’s postulates have succeeded spectac-
ularly in proving the infectious etiologies of a wide variety of
acute, monomicrobial diseases. But, what of diseases in which
an etiological agent cannot be cultured? Notable examples
include Tieponema pallidum and Mycobacterium leprae, known
to cause syphilis and leprosy, respectively, but which are recal-
citrant to ex vivo cultivation. Pure-culture isolation of a
potential pathogen can be a challenging proposition if it is
fastidious and/or strictly anaerobic. Such microbes may be
substantially underreported, or overlooked altogether, by cul-
tivation and plate counts relative to more easily grown
species. In many natural environments of complex microbial
communities, less than 0.1% of viable cells can be cultivated
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by conventional techniques [124]. Although, in general, the
success rate of cultivating human-associated microbes 1is
substantially better than for other environments, these tech-
niques still fail to identify the majority of microbes in any
sample, even for the well-studied gastrointestinal microbiota
[61,171,175].

In addition to culturability, Koch’s postulates presuppose
a one-to-one relationship between pathogenic species and
disease. For polymicrobial diseases (e.g., gingivitis), which
may involve complex consortia of microbes, it is unlikely
that Koch’s postulates can be strictly fulfilled. Moreover, as
infectious diseases have been brought under, at least tem-
porary, control in developed countries, chronic diseases
have surpassed acute infectious diseases in importance, as
measured by morbidity and mortality.

Epidemiologists now recognize that chronic diseases
most often arise from a complex interplay of genetic and
environmental factors, including exposure to infectious
agents. Exposure to a pathogenic microbe therefore may
not be sufficient by itself to cause a particular disease, but
instead may represent a risk factor of some magnitude for
disease progression [5]. Depending on the degree of suspi-
cion that an infectious agent is involved in a chronic dis-
ease, appropriate microbiological tests may or may not be
conducted in determining the etiology of the disease. Part
of the problem is that microbes involved in chronic diseases,
in contrast to acute, fulminant diseases, likely are not par-
ticularly amenable to isolation in culture, due perhaps to
their paucibacillary nature, fastidiousness, or novelty.
Therefore, the onus is placed on the ingenuity of clinicians
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and scientists to determine whether and to what extent
infectious agents (e.g., Helicobacter pylori [105]) are associat-
ed with a particular chronic disease.

Finally, any search for a putative pathogen must take place
within the background of a highly complex human—microbial
ecosystem. In a sense, our bodies are not predominantly
eukaryotic, being colonized by an extraordinary number of
microbial cells estimated to outnumber human cells by 10:1
[151]. Most of these microbes are commensal (i.e., benign) or
symbiotic (i.e., beneficial) organisms, which contribute to the
maintenance of the health of the human host. Because of the
many benefits provided to the host by the normal, healthy
microbiota, any disruption of this community, by pathogenic
organisms or other means, would be expected to negatively
impact the health of the host. Conversely, as the normal
human microbiota is better understood, in terms of compo-
sition and ecological relationship, it may be possible to
rationally manage or restore this microbiota, to bioremediate
the human host in the terms of Salyers and Shipman [150],
in order to prevent or treat disease. Thus, a full characteriza-
tion of the “normal” microbial ecology of the human host
(i.e., the microbial constituents and their interactions with
each other and the host) is an important prerequisite for
understanding the context in which disease arises.

Nearly a century after the groundbreaking work of
Koch and Pasteur, the advances of molecular biology pro-
duced a set of tools and an evolutionary framework that
permit the identification and characterization of microbes
in complex communities, without the requirement of prior
cultivation. In this chapter, we present an overview of
culture-independent microbiological techniques and their
application to the problem of pathogen identification.
The methods discussed below are not likely to replace tra-
ditional clinical microbiological culture; rather, they are
best viewed as a complementary approach that can bet-
ter inform and direct cultivation of “unculturable”
microorganismes.

42 APHYLOGENETIC FRAMEWORK
FOR CULTURE-INDEPENDENT PATHOGEN
DETECTION

421 Molecular-Phylogenetic Analysis

of Ribosomal RNA Genes

Culture-independent techniques for analysis of microbial
communities most often employ nucleic-acids-based
assays for detecting and characterizing the genetic compo-
sitions of microbes. Perhaps the most widely studied genes
in this respect are those encoding the small and large sub-
unit ribosomal RNA (SSU and LSU rRINA genes, respec-
tively). Because they are present in all cellular forms of life,
rRINA gene sequences can be used to map the evolution-
ary, or phylogenetic, relationships of all organisms.
Pioneered by Carl Woese in the late 1970s, analyses
of rRNA sequences produced the first truly objective
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Fig. 4.1. Small-subunit RNA-based phylogenetic tree. R epresentatives of
the three primary lines of cellular life, the Archaea, Bacteria, and Eucarya
are shown. Lineages colored red represent groups harboring pathogens.
Adapted from [124].

inferences of the large-scale phylogenetic organization of
biological diversity [193]. Figure 4.1 (adapted from [124]),
for example, shows a universal SSU rRNA-based phyloge-
netic tree, depicting the evolutionary interrelationships
between organisms representative of the three primary
lines of descent: the Bacteria, the Archaea, and the
Eucaryotes. More precisely, this tree depicts the evolution
of a particular gene, in this case the SSU rRNA gene.
However, the extrapolation from gene-based tree to organ-
ism-based tree can be inferred with reasonable confidence
because phylogenetic analyses of many information-
processing genes produce congruent trees [62].

Early phylogenetic analyses utilized rRINA gene sequences
that were isolated from axenically cultured organisms.
However, Pace and co-workers [33,90,91,165] demonstrated
that IRINA sequences could be determined from RNAs or
DNAs obtained directly from the environment. Phylogenetic
analyses of these environmental IRINA sequences allowed for
the identification of the resident organisms, thereby bypassing
the need to culture. In this manner, microbes present in
complex samples (e.g., a colonized human tissue) can be
incisively identified independent of culture. At first, IRINA
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gene sequences were obtained by directly sequencing rRNAs
extracted from samples  [91,122,165].
Subsequent development of the polymerase chain reaction
(PCR), coupled with the identification of highly conserved
regions of primary sequence within the small-subunit (SSU)
rRNA, allowed for more sensitive and facile broad-range
amplification of rRINA genes from complex samples
[20,91,186,191]. Such culture-independent molecular meth-
ods have revolutionized microbial ecology by radically
expanding our knowledge of the breadth and depth of micro-
biological diversity [124]. Indeed, recent surveys of a number
of natural environments have revealed the existence of many
previously undescribed, novel groups of Bacteria, Archaea, and
Eucaryotes [4,30,34,71]. Moreover, application of these
molecular techniques to clinically relevant environments have
greatly extended our understanding of medical microbiology
and provided several success stories of the characterization of
“unculturable” pathogens (detailed below).

A general scheme for culture-independent phylogenetic
analysis of mixed microbial communities is shown in Figure 4.2.

environmental

In brief, mixed-community genomic DNA (i.e., DNA of
both the host and any resident microbes) is extracted from
a tissue sample and rDNA genes are amplified by PCR with
oligonucleotide primers that recognize a broad spectrum of
organisms. Libraries of rDNA genes are sorted by cloning
and representatives sequenced. Comparison of the resulting
sequences to rDNA gene databases and inference of phylo-
genetic trees indicate the identities of microbial species in
the sample. A variety of oligonucleotide primers have been
designed for PCR amplification of rRNA genes from spe-
cific groups of organisms [20,91,186,191]. So-called “uni-
versal” primers are predicted to hybridize to the rRINA
genes of all species, thus allowing the survey of all cellular
organisms in a particular sample. Alternatively, more restric-
tive primer sets can be used to amplify the rRINA genes of
particular groups of organisms, such as genera or species.
The use of rRNA sequences presents several advantages
for phylogenetic analyses of uncultured microbes. First, ribo-
somes are ubiquitous to cellular organisms, and so all organ-
isms potentially are targets for molecular analysis. The use of
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bacterial or universal rRNA gene primers produces libraries of individual rRNA gene clones, the

sequences of which identify resident microorganisms. Isolation of bacterial genomic DNA from spec-

imens and shotgun cloning produces metagenomic libraries, from which whole genome sequences
can be assembled. The collection of sequences can be used to design nucleic-acid-based tools for
microbe identification, and ultimately, more incisive treatment of the patient.



60 © ENCYCLOPEDIA OF INFECTIOUS DISEASES: MODERN METHODOLOGIES

broad-range PCR primers to isolate rIRINA genes from com-
plex communities requires no a priori assumptions about the
kinds of microbes present in a sample. Second, rRINA
sequences are not prone to lateral gene transfer, which can
obscure the true phylogeny, and hence accurate identifica-
tion, of organisms. Third, regions of IRINA sequences evolve
at different rates, making them appropriate for the resolution
of taxonomic lineages ranging from species to kingdoms.
Last, due to the aforementioned reasons, a database in excess
of 400,000 SSU and LSU rRNA sequences has accrued over
the years. Any newly acquired rRINA sequence is likely to be
reasonably closely related to a databased sequence. Hence,
phylogenetic analysis of a new sequence can provide incisive
information about the identity of the microorganism from
which the rRINA gene was isolated; in contrast to the ambi-
guities inherent in phenotypic or biochemical assays, the
analysis of DNA sequence data provides an objective, natural
system for classifying microbes.

4.2.2 Application to Monomicrobial Infections
Initial successes in applying rRINA phylogenetics to uncul-
tured pathogens came in the study of diseases caused by
single microbial species. We report a selection of these
studies.

4.2.2.1 Bacillary angiomatosis In 1990, Relman et al.
[137] reported the results of a broad-range 16S rRNA survey
of patients with bacillary angiomatosis (BA), a potentially
life-threatening systemic vasculoproliferative disease that
most often affects immunocompromised individuals [77].
Despite the clear appearance of bacilli in diseased tissues (e.g.,
skin nodules and regional lymph nodes) and positive response
of BA to antibiotic treatment, no organism could be cultured
from BA lesions. However, using PCR primers conserved
in all bacteria, Relman et al. [137] succeeded in amplifying
232- and 480-basepair PCR fragments from samples of
spleen and splenic hilar lymph nodes obtained from a patient.
Significantly, more specific primers designed on the basis of
the 480-basepair sequence also produced PCR products of
nearly identical sequence in samples obtained from three
additional BA patients. Initial phylogenetic analysis of the
cloned rRINA gene sequences indicated a close relationship
of the putative BA agent with Bartonella quintana (formerly
Rochalimaea quintana, the cause of trench fever), a member of
the a-Proteobacteria, as well as a more distant relationship
with the a-Proteobacterial genus Rickettsia. More detailed
analysis of a nearly full-length rRNA amplicon from BA tis-
sues confirmed this phylogenetic assessment [136]. The
causative agent of BA has now been isolated and named
Bartonella henselae [135].

4.2.2.2 Whipple’s disease First described in 1907
[188], Whipple’s disease is an extremely rare disorder (~12
new cases/year worldwide) characterized by diarrhea, weight
loss, malabsorption, and arthropathy [37]. Historically,
Whipple’s disease has been confirmed by detection of non-acid

fast, periodic acid-Schiff (PAS) staining inclusions in
macrophages found within affected tissues [138]. Whipple
reported the presence of silver-staining, rod-shaped organ-
isms in the vacuoles of PAS-positive macrophages, a finding
that has been confirmed by conventional and electron
microscopy [37,188]. Successful treatment of the disease with
antibiotics also lent support to the idea that Whipple’s disease
was caused by an infectious bacterium, despite repeated fail-
ures to isolate such an agent in pure culture.

The first clues to the identity of the organism detected by
Whipple were reported by Wilson et al. [190] and Relman
et al. [138], both of whom used broad-range PCR to ampli-
fy rRINA genes directly from diseased specimens, including
those from the small bowel and a variety of lymph nodes.
Surprisingly, given the presence of commensal microbiota in
the small intestine, broad-range PCR identified only a few
highly similar sequence types in the Whipple’s samples, sug-
gesting the detection of a single microbial species.
Phylogenetic analysis of these sequences placed the putative
Whipple’s disease bacillus within the bacterial division
Actinobacteria (i.e., the high G+C Gram-positive clade), but
indicated that the sequences were only ~92% identical to
those of known organisms. Now named Tropheryma whippleii,
the Whipple’s bacillus represents a new genus and species.
Recently, T whippleii has been grown from specimens of
mitral valve endocarditis [132] and cerebrospinal fluid (CSF)
[101] by stable co-culture with human fibroblasts.
Significantly, PCR and fluorescence in situ hybridization
(FISH) of culture samples with species-specific rRNA
oligonucleotides proved crucial in tracking the propagation
of the bacterium in culture. As detailed below, genomic
analysis has provided several important insights into the phys-
iology of I' whippleii that resulted in the recovery of this
pathogen in pure culture.

4.2.2.3 Human ehrlichiosis Members of the genus
Ehtlichia are emerging as a source of tick-borne zoonotic
infections in humans. Ehtlichia species infect the phagocytic
cells of mammals, including humans, and cause undifterenti-
ated fever, headache, and myalgia several weeks following
transmission by tick bite [36,125]. Prior to 1987, only one
Ehtlichia species, Ehtlichia sennetsu, was recognized to cause
human ehrlichiosis. Two studies published in 1987 reported
cases similar to Rocky Mountain spotted fever, but with sero-
logical and morphological (i.e., detection of a morula, a vac-
uolar cluster of coccobacilli) findings suggestive of Ehrlichial
infections [45,100].

Because Ehrlichia are difficult to culture and phenotypi-
cally characterize in vitro, Anderson et al. [1] employed
broad-range PCR to identify the microbes associated with
the newly recognized human echrlichiosis. Bacterial rRINA
genes were amplified from the blood specimens of two
patients diagnosed with ehrlichiosis, along with a patient
isolate [29] grown in co-culture with canine macrophages.
Bacterial rRNA genes cloned and sequenced from each of
the three specimens were reported to be identical [1].
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Phylogenetic analysis demonstrated that the putative
causative agent was a member of the genus Ehrlichia, most
closely related (~98% rRINA sequence identity) to Ehrlichia
canis. Although there is no formal rule for differentiating
species based on rRNA sequence comparison, the ~2%
sequence divergence between E. canis and the presumptive
etiologic agent was greater than intraspecies rRNA
sequence distances measured for other Ehrlichia species.
Lack of serological cross-reactivity between E. canis and the
newly identified microbe, coupled with the phylogenetic
analysis, suggested that the agent of human ehrlichiosis was
a novel species, named Ehrlichia chaffeensis [1]. Although
Koch’s postulates have not been fulfilled for this organism,
E. chaffeensis is generally acknowledged to be one cause of
human monocytic ehrlichiosis [36,125].

Sequences obtained in broad-range rRNA phylogenetic
studies, of mixed communities or axenic isolates, constitute a
valuable resource for subsequent work. Once a sufficiently
broad set of sequences are determined for a particular group
of organisms, group- or species-specific PCR primers can be
designed and used to analyze the microbial group in greater
detail. Buller et al. [18] used this approach in a clinical setting
to establish the prevalence of Ehrlichia species in 413 patients
presenting with possible echrlichiosis. Broad-range rRINA
primers with specificity for all known Ehrlichia species pro-
duced positive PCR results in 60 (~15%) of the samples.
The rRINA sequences of 56 of the PCR positive specimens
were indicative of infection with E. chaffeensis. However, the
sequences of the other four PCR-positive specimens were
identical to the rRNA sequence of Ehrlichia ewingii a close rel-
ative of E. chaffeensis previously identified only in cases of
canine granulocytic ehrlichiosis. Specific PCR  assays for
E. ewingii (positive results) and E. chaffeensis (negative results),
along with serological and morphological (i.e., detection of
morulae in granulocytes, rather than monocytes) evidence,
clearly indicated that E. ewingii was the causative agent of
granulocytic ehrlichiosis in all four cases [18].

4.2.2.4 Non-Helicobacter pylori infections Spiral- or
curve-shaped bacteria have long been observed in the gastric
mucosa of humans and other animals [164]. However, the
first isolated example of these organisms, H. pylori, was not
reported until 1984 [106]. H. pylori is now recognized as the
primary culprit in gastritis and peptic ulcer disease and is
implicated in gastric adenocarcinoma. To date, several dozen
members of the genus Helicobacter are provisionally identified
in a number of hosts and disease states [48]. Although many
of these bacteria are isolated in culture, the helicobacters are
fastidious, microaerophilic organisms, and may be overlooked
in the course of routine clinical microbiological workups. As
such, molecular-phylogenetic analysis has proven to be indis-
pensable in the detection, identification, and characterization
of members of the genus Helicobacter [48,162,164].

In a systematic screening for H. pylori infection in
patients undergoing endoscopy for upper-gastrointestinal
disorders, Dent et al. [31] identified large, spiral organisms

morphologically and phenotypically distinct from H. pylori
in biopsies of the gastric antrum in three individuals with
chronic gastritis. Follow-up studies revealed the presence
of these spiral microbes in the gastric mucosa of addition-
al patients with chronic gastritis [110], thus supporting the
hypothesis that these organisms are a cause of a mild form
of chronic gastritis. Because the observed organisms were
recalcitrant to cultivation, Solnick et al. [163] used broad-
range PCR to amplify bacterial 16S rRINA genes from
mouse gastric samples, following inoculation with two
infected human gastric samples. Two distinct 16S rRINA
sequences were identified in this study, each most similar to
the rRNA sequence of Helicobacter felis. The two rRINA
sequences were only 96.6% identical, suggesting the pres-
ence of multiple helicobacter species in non-H. pylori
gastritis samples [163]. Based on additional examination
of human and animal specimens, by phylogenetic analysis
of 16S rRNA and urease genes, the two types of microor-
ganisms have been provisionally named Helicobacter suis
and Helicobacter heilmannii [120]. H. heilmannii remains
uncultured.

Detection of a bacterial rRNA sequence in a clinical
sample is suggestive, but not conclusive, evidence that the
particular species represented by the sequence actually is
present in the sample. In the absence of cultivation, mor-
phological criterion can be misleading, as was the case with
the similarly appearing H. suis and H. heilmannii. To confirm
that the rRINA sequences identified by Solnick et al. [163]
truly were isolated from the spiral-shaped bacteria observed
in human samples, Trebesius et al. [179] used FISH to local-
ize microbes in human gastric biopsy samples colonized
with microbes with H. heilmannii-like morphology. H. suis-
and H. heilmannii-specific hybridization probes detected
spiral-form bacteria in 71/89 (80%) and nine of 89 (10%) of
samples, respectively. An additional eight of 89 (9%) of the
samples were hybridized with a probe specific for a novel
H. heilmannii-like sequence characterized in this study.
Intriguingly, polymicrobial infections were detected in 6% of
the samples, indicating that multiple helicobacter species
may contribute to pathogenicity.

In addition to their widespread association with gastro-
duodenal disease, the helicobacters are implicated in a range
of systemic illnesses, including arthritis, bacteremia, cellulitis,
cholecystitis, diarrhea, and cancer of the gall bladder. A case
in point was reported for a patient with x-linked hypogam-
maglobulinemia who experienced recurrent abdominal
abscesses [58]. Although Gram-negative fusiform bacilli were
evident in samples of pus from the abscess, no organism could
be cultured. The authors used broad-range PCR to amplify
bacterial rRNA genes directly from DNA extracted from
pus. Sequence analysis identified one bacterial type in the
sample, most closely related to Helicobacter rappini (97% rRINA
sequence identity). No other organisms were detected by
culture or 16S rRINA analysis, making it likely that this novel
Helicobacter species was the cause of the patient’s abdominal
abscesses [58].
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Broad-range 16S rRINA PCR also proved to be critical in
the diagnosis and treatment of a child with culture-negative
osteomyelitis [63]. Sequence analysis of the rRINA PCR
product amplified from a lesion revealed a close relationship
of the putative uncultured organism with H. rappini (98.8%
rRINA sequence identity). Subsequent treatment with antibi-
otics with activity against helicobacters (ciprofloxacin and
clindamycin) resolved the disease [63].

4.2.3 Application to Polymicrobial Infections

A common theme of the cases presented in the preceding sec-
tion is that microbes were clearly present in diseased tissues
but could not be cultured. Furthermore, the abundance of
these microbes, relative to other microorganisms, was such
that rRINA PCR resulted in the isolation of only one or a few
sequence types, suggesting a monomicrobial infection. One of
the real powers of broad-range rRNA PCR technology,
though, is its ability to disentangle complex communities of
microbes. Tens of thousands of rRNA clones can now be
assayed in a single experiment, through high-throughput
methods of cloning and sequencing [39]. A potential pathogen
need not be the most prevalent member of a microbial com-
munity to be detected in a sufficiently large clone library.
Moreover, microbes that might be overlooked or overgrown
in traditional culture (e.g., due to slowness of growth or fas-
tidiousness) will not be similarly underrepresented in PCR
clone libraries (n.b. PCR is prone to its own biases [172,184]).
rRNA phylogenetics can provide an excellent means of
searching for etiologic agents of a variety of acute and chron-
ic human idiopathic diseases hypothetically caused by polymi-
crobial or paucibacillary infections. Below is a survey of
notable applications of broad-range rRNA PCR to idiopath-
ic diseases encompassing a wide range of conditions.

4.2.3.1 Diseases of the oral cavity In terms of rRINA
phylogenetic analysis, the oral cavity probably is the best
studied niche in the microbial world [173]. Ready access, the
high prevalence of oral diseases (~50% of adults have gingivi-
tis [97]), and the appreciation that most of these diseases are
polymicrobial has made the mouth a favored site of molecular-
based analysis. Culture studies alone have suggested that the
oral cavity hosts more than 500 microbial species [114], mak-
ing this site particularly attractive for broad-range PCR.
Furthermore, the hypothesized role of oral microbes in caus-
ing bacteremia, endocarditis, and atherosclerosis also high-
lighted the need to characterize the oral microbiota
[12,60,176].

Gingivitis and periodontitis are chronic inflaimmatory
diseases of the gums that if unchecked can lead to tooth
loss. Although the entire tooth generally is covered by a
complex biofilm (i.e., plaque), the subgingival plaque is
believed to be the primary inducer of the host inflammato-
ry response that is ultimately pathogenic [97]. Numerous
studies have therefore examined the microbial communities
of the subgingival crevice, which is a microaerophilic or
anaerobic environment.

Spirochetes represent a large proportion of the microbes
observed in the subgingival crevices of patients with peri-
odontitis and are correlated with disease severity, yet most are
uncultivated [97]. Prompted by these findings, Choi et al. [23]
used rRINA reverse-transcription PCR with bacteria-specific
primers and colony hybridization with treponema-specific
probes to isolate treponemal rRNA genes from a single
patient with severe destructive periodontitis. Of 6418 clones
screened, 74 contained rRINA genes for spirochetes.
Phylogenetic analysis placed these sequences into approxi-
mately 20 phylotypes (sequence relatedness groups), based on
clustering at the 98% rRINA sequence identity level, which
the authors chose as a species-level cutoff. The majority of
these phylotypes were unrelated to previously characterized
species of treponemas [23]. A subset of the rRNA sequences
were identical to sequences identified in other patients with
aggressive periodontitis [24]. In a larger survey of oral spiro-
chetes, Dewhirst et al. [32] used spirochete-specific primers
to amplify rRINA genes from 15 subjects with a range of
periodontal conditions. Phylogenetic analysis of 542 clones
revealed 57 phylotypes of sequences with >99% sequence
identity. As was observed in previous studies, the subgingival
crevice of each individual harbored multiple types of tre-
ponema. Although the most prevalent clonal type belonged
to the Tieponema denticola cluster, most of the provisional
species were not represented by previously cultured organ-
isms. Together, the unexpected diversity of treponemas asso-
ciated with periodontitis raises the question of whether all or
a subset of the oral spirochetes contribute to pathogenicity.

Examining a wider spectrum of microorganisms within
the subgingival crevice, Kroes et al. [86] analyzed 264 bac-
terial IRNA clones amplified directly from a single speci-
men taken from a patient with a case of mild gingivitis. In
parallel, the specimen was subjected to standard culture in
order to compare the results of molecular and microbiolog-
ical techniques. Isolates were typed by phenotypic criteria,
which identified only 45% of the isolates to the species
level, and rRNA sequence analysis. Direct PCR produced
59 unique phylotypes, half of which were indicative of
novel species (<99% rRNA sequence identity). In contrast,
the majority of the culture isolates (22/28) were closely
related to known species. Direct, broad-range PCR thus
revealed far greater microbial diversity in the subgingival
crevice than did culture. Five bacterial divisions were repre-
sented by the combined set of phylotypes: Firmicutes (e.g.,
Clostridia sp., Staphylococcus sp., and Streptococcus sp.);
Actinobacteria (i.e., high G+C Gram positives);
Proteobacteria (e.g., Haemophilus sp., Neisseria sp., and
Campylobacter sp.); Prevotella; and Fusobacteria. Surprisingly,
given previous reports, no spirochetes were detected in this
study, although this result may have been an artifact of small
sample size, as only a single specimen was analyzed.

Additional broad-range rRNA PCR surveys of periodon-
titis significantly expanded both the number of individuals
and the range of clinical conditions samples under study (e.g.,
[15,22,72,126,148,149]). Paster et al. [126], for instance,
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examined subgingival specimens from 31 patients, who were
either healthy or diagnosed with refractory periodontitis,
acute necrotizing ulcerative gingivitis (ANUG), HIV-associated
gingivitis. The 2522 rRINA sequences analyzed were clus-
tered into 347 phylotypes (groups of >99% sequence identi-
ty), 215 (62%) of which were not closely related to known
species (<99% sequence identity). Healthy subjects had only
a slightly greater proportion of known species as compared to
disease states (58% vs. 51% (periodontitis), 53% (refractory
periodontitis), 38% (ANUG), and 55% (HIV)). This study
confirmed the finding by Kroes et al. [86] that members of
the Firmicutes (low G+C Gram positives) constituted the
most prevalent known (53/132) and novel (62/215) phylo-
types within subgingival plaques. However, in contrast, Paster
et al. [126] identified an abundance of Spirochaetes in their
specimens.

Opverall, 29 phylotypes or species were identified in four
or more diseased samples, but not in healthy controls, includ-
ing the suspected oral pathogens Bacteroides forsythus and
Porphyromonas ~ gingivalis; these all represent candidate
pathogens. Intriguingly, several clades (e.g., sub-clades of the
Treponema) were overrepresented in the diseased specimens,
relative to the healthy controls, but no one species or phylo-
type was dominant. It is likely that the entire community
contributes to pathogenicity in these cases.

Most studies of periodontitis have focused on surveys of
the bacteria present in the subgingival crevice. However,
detection of methanogenesis within this locale has stimulated
a search for methanogenic Archaea associated with periodon-
titis [9,17,143]. In a survey of 48 periodontitis patients, Kulik
et al. [87] used methanogen-specific rIRNA PCR primers to
obtain amplicons from 37 (77%) specimens. Analysis of 46
clones from 18 of the specimens revealed only three phylo-
types, which were closely related to Methanobrevibacter oralis
and Methanobrevibacter smithii. Despite this low diversity, iden-
tification of the same phylotypes in multiple patients indicates
that these archaeal species are widespread in periodontitis
patients. No healthy specimens were assayed, however, so the
roles of these microbes in pathogenicity could not be inferred.
In an expanded study by Lepp et al. [95], M. oralis-like rRINA
sequences were found to be substantially enriched in peri-
odontitis samples. Indeed, disease severity was directly propor-
tional to the percentage of archaeal rDNA copies in speci-
mens. Significantly, the abundance of methanogens decreased
following treatment of positive clinical outcome. Lepp et al.
[95] thus make not only a highly suggestive link between
methanogens and periodontitis, but provide some of the first
evidence that the Archaea can contribute to pathogenicity [40].

In addition to periodontitis and gingivitis, numerous oral
diseases have been examined by broad-range rRINA PCR,
including dental caries [6], dentoalveolar abscesses [38], hali-
tosis [78], noma lesions [127], and sialolithiasis [177].
Necrotic pulp specimens from endodontic infections were
analyzed by Rolph et al. [144], Munson et al. [115], and
Fouad et al. [46]. A total of 55 of 70 (79%) of specimens col-
lected during root canal were successfully amplified with

general bacterial rRINA primers. As is the case with peri-
odontitis, the predominant bacterial divisions represented by
the rRNA clones were the Firmicutes, Bacteroides,
Actinobacteria, Fusobacteria, and Proteobacteria. In contrast,
pathogens implicated in periodontitis, including Treponema
sp., Porphyromonas sp., and B. forsythus, were only rarely
observed in endodontic infections. Rather, genera such as
Dialister, Eubacterium, Prevotella, and Streptococcus were the
most prevalent in necrotic pulp [115,144]. Finally, the species
richness of these endodontic samples was estimated to be 90
species, much lower than that observed in the oral cavity as a
whole [115].

4.2.3.2  Genitourinary disease Diseases of the prostate,
such as cancer and chronic prostatitis, cause significant mor-
bidity and mortality. Prostate cancer is one of the most
prevalent forms of cancer in males [57,116], and chronic
prostatitis affects at least 50% of all males during their life
spans [35]. Treatment of chronic prostatitis seldom is effec-
tive or long lasting [109]. Potential pathogens (typically
uropathogens such as E. coli and enterococci) are isolated
from only a small fraction of chronic prostatitis patients. The
majority of cases (>90% of symptomatic cases) are idio-
pathic and classified as “non-bacterial” prostatitis (also
termed chronic prostatitis/chronic pelvic pain syndrome,
CP/CPPS [83)).

The inability to isolate microorganisms from most patients
with chronic prostatitis does not rule out microbial etiologies
in these cases. As demonstrated by Nickel and Costerton
[118], microbes are detectable in biofilms within prostatic
ducts of chronic bacterial prostatitis specimens. Sequestration
of pathogenic species, or communities of pathogens, in
biofilms would limit the number of planktonic cells present
in prostatic secretions, thus hindering culture. Furthermore,
the assumption that prostatitis is caused by typical
uropathogens may limit the breadth of microbiological assays
that are routinely employed in the diagnosis of chronic pro-
statitis. In fact, more detailed analyses of chronic prostatitis
have revealed the presence of a number of potential
pathogens, including coagulase-negative staphylococci and
corynebacteria, in idiopathic prostatitis cases [35,98].

A variety of studies have used broad-range rRINA PCR to
search  for  bacteria  associated with ~ CP/CPPS
[66,79,84,85,142,174]. In an early study of CP/CPPS,
Krieger et al. [85] reported the presence of bacterial DNA in
103 of 144 (77%) transperineal biopsy samples. Although skin
specimens also were positive in most cases (86%), sequence
analysis of prostate and control rRINA clones [142] revealed
that the prostate-associated microbes were not typical mem-
bers of the skin microbiota (e.g., Staphylococcus aureus,
Staphylococcus epidermidis). Rather, the majority of prostate-
associated sequences were from Proteobacteria, including
Aeromonas sp., E. coli, Proteus vulgaris, and Vibrio furnissii [142].

In a study of both bacterial and “non-bacterial” prostati-
tis, Tanner et al. [174] screened expressed prostatic secretions
(EPS) for microorganisms by broad-range rRINA PCR.
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Unlike tissue biopsies, which sample only a small section of
the prostate, EPS drains from the entire ductal system of the
prostate and is thus likely to provide a more representative
sampling of organisms present in a specimen. The downside
of sampling EPS is that care must be taken to account for
urethral contaminants; Tanner et al. [174] accomplished this
by screening first-void urine samples obtained prior to EPS
collection. PCR products were detected in six of eight con-
trol EPS specimens and 11/17 patient EPS specimens (six of
six chronic bacterial prostatitis, three of seven CP/CPPS, two
of four prostatodynia).

Analysis of rIRINA sequences revealed the presence pri-
marily of S. epidermidis, Propionibacterium acnes, Enterococcus
faecium, and Pseudomonas sp. in first void urine samples.
Although also identified in EPS specimens, these species
were a minor component of the overall microbial commu-
nities in EPS. The predominant rRNA sequences obtained
from patient EPS samples were of corynebacteria and
staphylococci, in addition to S. epidermidis. At least 15 phylo-
types of corynebacteria were identified, none of which was
observed in all patient samples. Instead, each patient EPS
sample harbored from one to nine species of corynebacteri-
al and seven of the 15 corynebacterial phylotypes were iden-
tified in multiple patient samples. Similar results were
reported for staphyloccal and streptococcal phylotypes. No
real differences in microbiota were discernible between
CP/CPPS and bacterial prostatitis, although the sample pop-
ulations were small. In contrast, phylotypes representative of
corynebacteria, staphylococci, and streptococci were much
less abundant and diverse (0—2 species) in the control EPS
samples. Overall, the study by Tanner et al. [174] indicates
that complex microbial communities, composed mainly of
corynebacteria and staphylococci, are associated with chronic
prostatitis.

Intriguingly, difficult-to-culture corynebacteria and
coagulase-negative staphylococcus were previously proposed
to contribute to pathogenesis in prostatitis [98,117,141].
Although none of these studies addressed the cause and effect
between presence of particular groups of microbes and disease
onset, Tanner et al. [174] noted a potentially important corre-
lation between rRINA PCR results and treatment outcomes.
All three PCR positive CP/CPPS samples were obtained
from patients who subsequently responded positively to treat-
ment (antibiotics and prostate massage), whereas EPS speci-
mens were PCR negative for the remaining four CP/CPPS
patients, all of whom did not respond to therapy [174]. Broad-
range rRNA PCR may, therefore, provide diagnostic utility in
stratifying  CP/CPPS patients based on their predicted
response to antibiotic/massage therapy. Indeed, the results of
this PCR assay indicate that a subset of CP/CPPS cases (e.g.,
those with PCR-positive EPS and suites of organisms similar
to bacterial prostatitis) probably should be re-classified as
chronic bacterial prostatitis cases.

4.2.3.3 Gastrointestinal disease 'The human gastrointesti-
nal tract is home to an extraordinary diversity of microbes,

which form a community of approximately 10'" microbial
cells per gram of gut content. Gut-associated microbial com-
munities are relatively stable (in the absence of mitigating fac-
tors), indicating that most microbes inhabit defined niches,
rather than simply transit through the lumen [151].
Numerous functions that are beneficial to the human host
have been attributable to the commensal gut microbiota,
including nutrient synthesis, immune system stimulation, and
inhibition of pathogen colonization [49,69,150,189]. Not
surprisingly, disruption of the organisms responsible for these
functions can have profound eftects on the health of the host.
For this reason, full characterization of the composition,
dynamics, and function of the normal gastrointestinal micro-
biota can illuminate studies of the etiologies and pathologies
of gut discases.

The sheer complexity of the GI microbial ecosystem (esti-
mated at >500 species [68,113]), along with the fastidious
nature of many of its constituents (e.g., many anaerobes)
makes the gut an ideal target for rRINA-based molecular-
phylogenetic studies [49]. Wilson and Blitchington [192] and
Suau et al. [171] reported two of the first molecular studies of
the human GI tract microbiota, each an analysis of bacterial
rRINA sequences within a single human stool sample. Wilson
and Blitchington [192] identified 33 unique phylotypes
among their 89 sequences, and Suau et al. [171] classified their
284 clones into 82 phylotypes. In both studies, phylogenetic
analysis placed the majority of the cloned rRINA sequences
within one of three phylogenetic clusters: the Clostridium coc-
coides cluster XIVa (~44% of clones [171]); Bacteroides spp.
(~31% of clones [171]); or the Clostridium leptum cluster IV
(~20% of clones [171]). Only approximately 25% of the
cloned rRNA sequences were closely related to previously
reported sequences, indicating that much gut microbial diver-
sity had yet to be revealed. In parallel with molecular analysis,
Wilson and Blitchington [192] also subjected their sample to
extensive cultivation, which resulted in the isolation of only
50% of the microorganisms enumerated by microscopic
counts.

Studies by Hold et al. [67] and Eckburg et al. [39] found
that the major fecal microbial groups, Clostridium coccoides
cluster XIVa, Bacteroides, and Clostridium leptum cluster 1V, also
were the predominant phylogenetic groups in biopsies taken
from the lower GI tract. From each of three healthy adults,
Eckburg et al. [39] collected a set of mucosal biopsies of
nominally healthy tissue from the cecum, ascending colon,
transverse colon, descending colon, sigmoid colon, and rec-
tum. Ribosomal RNA clone libraries were constructed from
each biopsied tissue as well as from a stool sample. In total,
13,355 bacterial and archaeal rRINA sequences were gener-
ated in this study (11,831 bacterial, 1524 archaecal). All of the
archaeal sequences were nearly identical to that of
Methanobrevibacter smithii, suggesting a dearth of archaeal
diversity in the human GI tract. In contrast, the bacterial
sequences constituted 395 phylotypes (>99% rRNA
sequence identity), of which 80% were most closely related
to uncultured organisms. Analysis of the rRNA sequence
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dataset revealed that for any individual, the mucosal biopsy
samples throughout the colon were remarkably similar to one
another [39]. Similar findings have also been reported by
Zoetendal et al. [195] and Lepage et al. [94], who used
denaturing gradient gel electrophoresis to examine colonic
biopsies. Fecal samples, however, were quite different from
mucosal samples, indicating that stool culture may not always
be an appropriate means of characterizing gastrointestinal
microbiota [39,195].

The inflammatory bowel diseases, ulcerative colitis (UC)
and Crohn’s disease (CD), are chronic, idiopathic inflamma-
tory disorders of the gastrointestinal tract that are character-
ized by high morbidity [44,157]. Although immune and
genetic factors influence susceptibility to UC and CD, the
GI microbiota also clearly plays a causal role in the progres-
sion of these diseases [64,128]. Many animal models of IBD,
for instance, demonstrate that disease severity is significant-
ly reduced when susceptible animals are raised gnotobioti-
cally [140,170]. Currently, both UC and CD are thought
to arise from disruption of the normal tolerance of the
mucosal immune system to gastrointestinal microbes. In this
model, chronic activation of the mucosal immune system
leads to pathogenesis that is mediated primarily by immune
effectors.

Whether inflaimmatory bowel disease results from a
response to commensal microbes or particular pathogens
remains undetermined [65,92,183]. Because of the enig-
matic nature of UC and CD, these disorders have been the
subject of multiple studies by broad-range rRNA PCR
[13,21,27,94,102,123,129,153,169,178,185]. Using this
method, Tiveljung et al. [178] detected the presence of bac-
terial DNA in three of five surgical biopsies from CD
patients and 0/7control specimens. Chiba et al. [21] also
reported a higher prevalence of bacterial DNA in lymph
follicles of CD and UC subjects, compared to controls. The
results of limited rRINA gene sequencing were not sugges-
tive of potential pathogens [21,178]. A more extensive
analysis of 739 rRINA sequences amplified from 31 CD
and 10 normal control biopsies (both endoscopic and sur-
gical) similarly did not reveal a specific pathogen associated
with CD [129]. Nonetheless, statistically significant
differences in several phylogenetic groups, most notably
facultative anaerobes, were identified in comparisons
between healthy and CD biopsies from both the small-
bowel and colon [129].

4.2.3.4 Bodily fluids Culture of blood and CSF is of crit-
ical importance in the diagnosis of infectious disease and so
culture-negative results may lead to life-threatening delays in
treatment [42,182]. However various factors, including
empirical antibiotic treatment, can significantly reduce the
detection frequency of viable organisms in blood or CSF
[19,42,182,194]. A number of studies have therefore explored
the suitability of applying broad-range rRINA techniques to
clinical samples of blood [28,43,54,75,76,88,89,96,107,158,
160,161,181] and/or CSF [73,82,99,104,131,152]. In addition

to blood- and CSF-borne bacteria, several studies have exam-
ined blood-borne fungi [43,81,181].

Molecular analyses of CSF have focused primarily on
rapid and correct identification of meningitis pathogens. In
a prospective study, Schuurman et al. [152] analyzed 227
CSF samples from patients with possible bacterial meningi-
tis. In comparison to culture, their broad-range bacterial
rRNA PCR assay performed with high sensitivity (86%)
and specificity (97%). Direct sequencing of the PCR prod-
ucts identified the culture isolates in 22/24 samples,
predominantly instances of Streptococcus pneumoniae and
Neisseria meningitidis. Moreover, 6 of 30 PCR-positive sam-
ples were culture negative; sequence analysis indicated the
presence of S. pneumoniae (three cases), N. meningitidis,
Streptococcus  agalactiae, and  Pantoea bivia in these cases.
Kotilainen et al. [82] reported a similar sensitivity (83%) and
specificity (100%) for broad-range PCR in their analysis of
56 CSF samples. Interestingly, in both studies, Listeria mono-
cytogenes was isolated from CSF but not detected by PCR.
The use of more than one broad-range primer set might
detect additional organisms, such as L. monocytogenes, and
thus improve the overall performance of the PCR assay in
diagnosing meningitis.

A number of bacteremic and/or septicemic conditions
have been examined by broad-range PCR. Kane et al. [76]
compared PCR to blood culture in 30 post-surgical, intensive
care unit (ICU) patients (13 transplant, 3 vascular surgery, 5
general surgery, 9 trauma or burn) with suspected infections
and 30 healthy controls. PCR results were positive in 0 of 30
controls and 15 of 30 ICU patients, including all 4 patients
with positive blood cultures. Whether the 11 PCR-positive/
culture-negative samples were true- or false-positives was not
established by Kane et al. [76], primarily because a gold stan-
dard does not exist for confirmation of sepsis. In a study of
sepsis among [CU patients, Sleigh et al. [160] assayed bacteria
in 197 blood samples by PCR and culture. These cases were
categorized as being true positives or indeterminate on the
basis of additional clinical and microbiological evidence, such
as multiple positive cultures, radiological findings, or parallel
culture from CSE With respect to the true-positive samples,
PCR demonstrated a sensitivity of 83% and specificity of 83%
and blood culture had a sensitivity and specificity of 75% and
85%, respectively [160]. Overall, 25 of the 46 samples that
were categorized as true positives were PCR positive or cul-
ture negative, indicating that PCR provided significant diag-
nostic information that was not available solely through
culture. Surprisingly, most of the PCR ~positive/ culture-negative
sequences were from Staphylococcus and Streptococcus species,
which would not be expected to be particularly fastidious or
otherwise difficult to culture.

Globally, approximately 1 million infants under 4 weeks
of age die each year of sepsis [93]. Although the incidence of
acute neonatal infections is low in the developed world,
morbidity and mortality are still significant. Molecular
analyses of neonatal septicemia have been reported by
Laforgia et al. [89], Jordan and Durso [75], and Shang et al.
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[158].In a comprehensive examination of 548 blood samples
from infants admitted to neonatal ICUs with suspected sep-
sis, Jordan and Durso [75] compared BACTEC 9240 culture
to broad-range PCR of blood samples cultured in tryptic
soy broth for up to 5 h. PCR and BACTEC 9240 assays pro-
duced highly concordant results, characterized by a sensitiv-
ity of 96.0% and a specificity of 99.4%. Significantly, given
that only 5% of the blood samples screened was positive for
either PCR or culture, the PCR assay had a negative pre-
dictive value of 99.8%. Jordan and Durso [75] concluded
that their broad-range rRNA PCR assay was an accurate
means of ruling out sepsis in the majority of the presump-
tive neonatal sepsis cases analyzed.

The aforementioned studies indicate that in acute-care
settings, the rapid and incisive data produced by broad-range
or specific PCR can significantly aid diagnosis and treatment
of infectious diseases. For example, the broad-range rRINA
PCR assay of Jordan and Durso [75] was estimated to require
9 h, compared to 48—72 h needed for BACTEC culture.

4.2.3.5 Infective endocarditis Infective endocarditis (IE) is
a life-threatening microbial infection of the valves or lining
of the heart. Diagnosis can be made based on the observation
of vegetations by echocardiography and positive blood cul-
ture. However, blood cultures are negative in 2.5-31% of
suspected 1E cases (reviewed in [3,16,47]). Negative blood
cultures likely are due to the fastidious nature of many of the
pathogens known to cause IE [16], making this disease an
obvious target for broad-range PCR analysis.

A number of studies have compared the efficacies
of broad-range rRINA PCR, blood-culture, and vegetative
valve-culture in IE diagnosis [10,52,53,55,56,70,74,80,
111,119,130,146,166]. Because of the desire for a rapid
diagnostic assay, most of these reports entailed either direct
sequencing of PCR products, rather than clonal analysis, or
simply +/— scoring. Thus, microbial diversity probably
was significantly underestimated in these studies.
Gauduchon et al. [52], for instance, examined 52 excised car-
diac valves, 29 of which were confirmed to be IE (i.e., pres-
ence of vegetations, intracardiac abscess, histopathology). Of
the 29 cases, assays for microbes were positive in 10 (valve
culture), 25 (blood culture), and 27 (PCR of valve tissue)
instances. Combined, blood-culture and PCR were positive
in 28/29 specimens. None of the 23 IE-free controls were
positive for blood culture or PCR. Ribosomal RNA
sequences and blood culture isolates were reported to be
identical in 21/29 IE samples. In three of 29 specimens, dif-
ferent species were identified by blood culture and PCR;
sequencing revealed the presence of known IE pathogens, B.
henselae, Streptococcus mutans, and Streptococcus bovis, in valve
tissue. An additional three of 29 specimens with culture-
negative/PCR-positive results produced evidence of S. bovis,
Staphylocouss cohnii, or Coxiella burnetii infections. Thus,
rRINA PCR demonstrated not only high specificity and
sensitivity in diagnosis of IE, but altered identification of the
putative etiological agent in six of 29 cases. In a similar study

of IE, Greub et al. [55] reported a specificity of 100% and
sensitivity of 61% for PCR of valve samples, compared to
histological examination of tissues. Because multiple studies
have affirmed the validity of broad-range rRINA PCR in
diagnosing IE, Millar et al. [111] have suggested that the
Duke’s criteria for diagnosis of IE be amended to include
PCR-based results.

43 WHOLE GENOME CHARACTERIZATION
OF UNCULTURED PATHOGENS

Ribosomal RINA-based phylogenetic analyses have estab-
lished a comprehensive framework for identifying and char-
acterizing uncultured organisms. However, with respect to
pathogenicity, culture-independent rRINA studies have cer-
tain limitations. Microbial genomes often are characterized
by a remarkable degree of intraspecies variation in gene con-
tent, despite having nearly identical rRNA sequences
(¢ [133,154,187]). Thus, rRNA sequences generally do not
have the power to resolve pathogenic and nonpathogenic
strains of the same species. In practical terms, this means that
rRINA analysis is not particularly informative in conditions in
which pathogenic and commensal strains occupy the same
niches (for instance, commensal vs. pathogenic E. coli located
in the lower GI tract). In these cases, an rRINA survey would
simply note the presence of a microbial species without
providing an indication of its pathogenic potential.

The presence or absence of the more evolutionarily vari-
able genes within a genome, rather than variations in rRNA
sequence, allow closely related species or strains to occupy
unique niches. Genomic diftferences between pathogenic and
nonpathogenic relatives often entail variability in virulence-
determining loci, differences that can be detected and
exploited in culture-independent molecular analyses. Clinical
microbiology has fully integrated the use of PCR assays for
detection of particular pathogenic species via amplification of
species-specific genetic loci. Recently, however, the rapid
expansion of genomic sequencing capabilities has allowed
studies of microbial genomes to be carried out in a culture-
independent manner, analogous to rRINA analyses. In these
cases, a major challenge is to obtain the genomic DNA of the
desired microorganism or microbial community in the
absence of contaminating host (e.g., human) genomic DNA,
which often is in great excess. Two basic strategies, both out-
lined in Figure 4.2, have been employed to analyze “uncul-
turable” genomes depending on the complexity of samples.

43.1 Enrichment of Monocultures

Several obligate intracellular pathogens that have not been
successfully grown axenically can nonetheless be propagated
under conditions that permit genomic studies. Typically, these
pathogens are co-cultured with host tissue culture cells,
which provide suitable conditions for intracellular growth.
Following expansion of these cultures, host cells are gently
lysed and released bacterial cells are purified by differential



CHAPTER 4 MOLECULAR-PHYLOGENETIC STRATEGIES FOR CHARACTERIZATION @ 67

centrifugation. The pathogens Chlamydophila caviae (formerly
Chlamydia psittaci [134]), Chlamydia pneumoniae [133,159],
Chlamydia trachomatis [133,167], Rickettsia felis [121], Rickettsia
prowazekii [2], Rickettsia typhi [108], and T. whippleii [11] all
have been isolated in this manner. An alternative approach is
to infect animal models with particular pathogens and then
purify bacteria from infected tissues by methods similar to
those used with tissue culture cells. M. leprae [25,41], and
T pallidum [51], for example, have been isolated from
armadillo liver and rabbit testes, respectively.

Following isolation of pathogen cells from contaminating
host material, bacterial genomic DNA is isolated, fragmented,
amplified in cloning vectors, and sequenced. The whole
genome sequence eventually is constructed by pasting
together the sequences of many overlapping cloned genom-
ic fragments. The application of bioinformatics and functional-
genomics methodologies to the genomic sequence, which is
beyond the scope of this chapter, then can begin to disentan-
gle the genetic factors that determine the ecology of the
pathogen. In many cases, the difficulties associated with
working with unculturable pathogens have severely restrict-
ed the development of genetic and biochemical systems for
studying these pathogens. Thus, genomic sequences often
provide one of the first “deep”” examinations of the microor-
ganisms. A general theme that has emerged from these analy-
ses is that many of the fastidious, difficult-to-culture
pathogens are characterized by reduced genomic contents,
relative to their free-living, close relatives [2,25,50,108,
154,155]. Presumably, adaptations to the intracellular envi-
ronments of their hosts have rendered many of the genes of
these pathogens obsolete.

An informative example of the usefulness of applying
genomics technology to an unculturable microbe is that of
T whippleii, the causative agent of Whipple’s disease (see
Section 4.2.2.2 for details). Isolation of T. whippleii in sufficient
quantities from tissue culture allowed its genome to be com-
pletely sequenced, even though axenic cultures had yet to be
obtained [11]. Through subsequent analysis of the genomic
sequence, Renesto et al. [139] discovered several possible defi-
clencies in amino acid synthetic pathways (histidine, trypto-
phan, leucine, arginine, proline, lysine, methionine, cysteine,
and asparagine pathways were entirely missing). A growth
medium designed to compensate for these deficiencies was
used to propagate several independent isolates of 1. whippleii in
axenic culture, a four de force that will surely inspire attempts to
culture other fastidious microorganisms [139]. The study of
Whipple’s disease has thus profited twice from culture-inde-
pendent analyses, first in the identification of the causative
agent by rRNA molecular phylogenetics and second by the
isolation of this organism based on insights from genomic
analysis.

432 Metagenomics

Analogous to rRINA analyses of complex microbial commu-
nities, studies of mixtures of microbial genomes also have
been carried out in a culture-independent manner. Dubbed

“metagenomic” analysis, such studies entail the cloning and
high-throughput DNA sequencing of hundreds of thousands
of microbial genes. Based on similarity matches to sequences
in databases, the identities of the sequenced genes from the
microbial community being studied are inferred.
Physiological function and metabolic lifestyles are then
inferred from the putative gene identities. Collectively, this
genetic information (along with rRINA analyses) provides a
detailed view of the types of organisms present in a sample
and the ways in which they have adapted to their environ-
ment (e.g., through symbiosis, pathogenesis, etc.). In the med-
ical context, such information can illuminate the mechanisms
by which infections develop and persist, guide the develop-
ment of diagnostic resources, and suggest management
schemes. Ultimately, correlation of microbial metagenomics
with host gene expression data will lead to individualized
prediction of disease progression and treatment outcomes.

Metagenomic studies initially were developed in laborato-
ries studying marine microbiology [7,8,112] and rapidly
expanded to other environmental locales, such as soil [145]
and biofilms associated with acid-mine drainage [180]. In
addition to addressing basic questions of microbial ecology, a
major stimulus for pursuing metagenomic studies has been
the search for novel biocatalysts (¢f. [26,59,168]). Indeed, one
of the first published metagenomics studies [7] reported the
discovery of a novel light-harvesting protein, prote-
orhodopsin, that likely plays a major role in the primary pro-
ductivity of marine bacteria [147].

The utility of metagenomics studies has not gone unno-
ticed by the clinical microbiology community, although
few such projects have been reported to date. A particular
difficulty is that the bodily sites where microbes are greatly
enriched relative to host cells (thereby simplifying purifi-
cation of bacterial DNA) also are home to some of the
most complex microbial populations. Surveys of rRINA
sequences reveal the staggering number of microbial
species in the oral cavity and gastrointestinal tract.
Nonetheless, several groups are conducting metagenomic
analyses of these locales. The National Institutes of Health
(United States) have funded a program with a goal of
delineating the human oral microbiome, the results of
which are eagerly anticipated. Manichanh et al. [103] have
recently published a metagenomic-based comparative
study of Crohn’s disease that surveyed the frequencies with
which different species of rIRINA genes were cloned from
fecal samples of patients and controls. The authors observed
a significant reduction in the occurrence of members of
the bacterial division Firmicutes (low G—C Gram positive)
in Crohn’s subjects, and concluded that this could be a
signature for the disease.

Lastly, because it is not rRNA based, the metagenomic
approach can be applied to viral populations as well as to cel-
lular organisms. Breitbart et al. [14], for instance, constructed
a metagenomic library of bacteriophage enriched from a sin-
gle human stool sample. A tremendous degree of sequence
diversity was revealed in this library, indicating the presence
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of multiple types of phage; only 41% of the 532 sequences
examined were significantly similar to previously reported
sequences [14]. This and other studies have hinted that as the
viral world becomes the subject of further culture-independent
analyses, we will discover that it surpasses the complexity of
the bacterial world.

44 FUTURE PERSPECTIVES

Standard plating techniques are now well established to
underestimate the true extent and diversity of the natural
microbial world [61,124,156,192]. However, the rise of
molecular biology and its application to microbial phylogeny
has revolutionized the microbiologist’s ability to detect, char-
acterize, and objectively identify microorganisms. This tech-
nology now permits comprehensive analyses of complex
microbial communities, even in the absence of cultivation. In
the near future, clinical treatment of infectious diseases will
remain dependent on cultivation of pathogens, for instance
when antibiotic susceptibility testing is required. However,
the maturation of culture-independent technologies such as
metagenomics will continue to greatly expand our under-
standing of the normal human microbiota and the molecular
basis of pathogenicity. This knowledge will further propel the
development of more rapid and informative molecular assays
to detect pathogens as well as changes in the commensal
microbiota. As technological barriers are broken and
economies of scale are applied to mass sequencing efforts, we
foresee the day when monitoring a person’s microbiota
becomes a common component of the health checkup. What
was impossible yesterday will be routine tomorrow.
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51 INTRODUCTION

Tuberculosis, the disease process caused by Mycobacterium
tuberculosis (the Koch bacillus), is currently the second leading
cause of death from an infection after HIV [39]. Both of these
infectious diseases work synergistically, increasing the preva-
lence of tuberculosis in the developing world essentially;
increasing also the risk of death in coinfected patients. Control
of infectious diseases is primarily linked to two related actions:
the efficient detection of active cases and efficient treatment
and follow-up of treated patients to prevent the transmission.
These dogmas are true for the majority of infectious diseases
but remain difficult to apply to tuberculosis. Infected persons
have a 10% lifetime risk of developing active disease, therefore
tuberculosis is characterized by a huge human reservoir of
latently infected but asymptomatic individuals (one-third of
the world’s population) at risk of further developing disease
and transmitting the bacillus.

New insights in the tubercle bacillus behavior and in the
host immune response have recently been obtained, largely
due to the developments of new molecular and immunologi-
cal tools. The successive discoveries of several repeated ele-
ments present on the M. tuberculosis chromosome have allowed
the development of genotyping methods and databases that
contributed to our understanding of the organism and its
transmission [76]. Confirmation of deletions of genomic
regions, first observed by Mahairas et al. [47], opened a tremen-
dous era of discoveries including links between clinical strains
and host geographical origin [31], the drawing of a complete
evolutionary tree of all species and isolates belonging to the
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tuberculosis complex [13], and new families of specific anti-
gens with a strong potential as diagnostic tool [5]. However,
those molecular approaches require cultured mycobacteria.
Whether there is still a future for these techniques in the study
of tuberculosis epidemiology and control is presently chal-
lenged by existing immunological tools.

5.2 DEFINITIONS: CLINICAL CHARACTERISTICS
OF TUBERCULOSIS

Tuberculosis is an airborne disease that is transmitted by small
droplets expectorated by infectious patients. Patient infectiv-
ity is defined by the presence or absence of acid-fast bacilli
(AFB) in the patient’s sputum, as detected by microscopic
examination of sputum smear stained by Ziehl-Neelsen or
Auramine dyes (Fig. 5.1). The higher the number of visible
bacilli, the more infectious the patient. Airborne transmission
of M. tuberculosis is promoted by increasing duration and
proximity of contact with an infectious case. A key determi-
nant of infection is the amount of time spent sharing room
air with the source case.

Disease expression might occur in any organ. In 70% of
cases, the lungs and hilar lymph nodes are the major organ
concerned, classified as pulmonary tuberculosis. Presence of
the bacilli in any other organs is defined as extra-pulmonary
tuberculosis. The major characteristic of tuberculosis infec-
tion is that the vast majority of persons in close contact with
an infectious index case do not develop active disease. Of
those infected, only 5% will develop active disease during the
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Fig. 5.1. Auramine staining of a sputum smear: we can notice the
presence of acid fast bacilli, fluorescent, on a red background of
eukaryotic cells. See color plates.

first 2 years following contact. A further 5% will develop the
disease in the ensuing years, leaving 90% individuals consid-
ered as resistant to the infection (Fig. 5.2) [38].

Host factors play a major role in determining the risk of
developing tuberculosis: persons with immunodeficiency
states, resulting from coexisting diseases (such as HIV infec-
tion) or malnutrition, or infants, or those at the extremes of age,
are at higher risk of becoming infected with and developing
tuberculosis. Rate per year among persons infected with HIV
varies from 2% to 8% [38]. Two states can therefore be
defined: tuberculosis infection, where the infection remains
latent, and active tuberculosis when disease is expressed and
may cause progressive pathological damage unless diagnosed
and treated. Latent infection can give way to active disease,
when a decrease in the absolute number of CD4 cells allows
the tubercle bacilli to reactivate and declare the disease (as
may occur in an HIV-infected population). Animal models
had previously shown that, despite an appropriate immune

SUBJET, AGE |
COMORBIDITY

ACTIVE
DISEASE

response or with correct treatment, infected animals were
unable to eradicate the bacillus [30, and references therein].

The clinical mycobacteriology laboratory plays a key role
in the control of the spread of active tuberculosis, through
timely detection, isolation, identification, and drug suscepti-
bility testing of M. tuberculosis isolates. However, detection
rates may be as low as 20% in certain countries, and even
with the best facilities available, around 25-40% in child
tuberculosis, 50% in extrapulmonary tuberculosis, and
60—70% may prove culture positive, leaving in total approxi-
mately 30% of unconfirmed cases. Delays in detection, due to
the slow growth of M. tuberculosis can hamper the efficiency
of the microbiological diagnostic process. Implementation of
molecular tools does not improve rapid diagnosis of tubercu-
losis, leaving WHO to recommend smear examination, and
treatment of any AFB-positive patient. Although rapid, a spu-
tum AFB smear has a reported sensitivity range of 22—-78%.
Its specificity is compromised when specimens are obtained
from individuals with chronic pulmonary disease and heavi-
ly colonized with non-tuberculosis mycobacteria (NTM). In
addition, patients smear negative for M. tuberculosis are known
to transmit disease. In conclusion, multiple diagnostic tools
do exist, but do not allow a rapid diagnostic performance
allowing for efficient control of tuberculosis with direct ben-
efits to public health.

The role of clinical mycobacteriology laboratories is far
more limited for the diagnosis of latent tuberculosis infec-
tion. The diagnostic tool, only available until recently for
latent tuberculosis infection, was the tuberculin skin test
(TST) [32,44]. The development of IFN-y-based assays
recently challenged this assay [5,52]. No gold standard diag-
nostic test for latent tuberculosis exists, even if the TST might
be considered as a reference method against which any new
assays might be compared. As we will see throughout this
chapter, there are two major questions when studying the
epidemiology of tuberculosis and its control: (i) How can we

CONTACT
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Fig. 5.2. Schematic representation of the evolution of tuberculosis after a contact with an infectious
patient. The majority of infected patients are somehow protected as only 10% of them will declare the

disease during their lifetime.



CHAPTER 5 MOLECULAR OR IMMUNOLOGICAL TOOLS FOR EFFICIENT CONTROL @ 77

correctly identify infected individuals and (i) How do we
detect those, inside this group, who will go on to develop
active tuberculosis?

5.3 MOLECULAR EPIDEMIOLOGY:
ADVANTAGES AND DRAWBACKS

Do we have a correct idea of tuberculosis as a disease in its
entirety by looking only at clinical isolates or references
strains, defining their clonality or their belonging to a cluster
of transmission, or by looking at individuals, that is, those
infected, their detection, and prevention of further develop-
ment into an active disease? Molecular tools have existed
now for more than 20 years, defining what we call “modern
genotyping.” The relevance of these methods to the controlling
and understanding of the pathogenesis of tuberculosis has

been recently developed in several excellent reviews [76].
Briefly, these methods relied on the detection of different
genetic elements, such as insertion sequences (IS6110)
(Fig. 5.3a) [23,51], direct repeat (DR locus) (Fig. 5.3b) [29],
variable number of tandem repeats (VNTR) [26,68], poly-
morphic G—C-rich sequences [56], and single-nucleotide
polymorphisms [1].

Efficient tuberculosis control is best demonstrated by a
reduction in case rate, higher treatment completion rates, low
transmission rates, and more effective case finding and treat-
ment of infected contact, underpinned by a multifactorial
nature of each measure [10]. However, the efficiency of
molecular methods in terms of public health benefits is still
limited. These methods require weeks or months to complete,
and patients are usually well into a course of treatment before
fingerprint evidence of a false-positive culture is available.
Implementation of molecular typing based on PCR, such as
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Fig. 5.3. Examples of Southern blot, representative of molecular tools used in tuberculosis epidemi-
ology: (a) represents the IS6110 restriction fragment length polymorphism called IS6170 RFLP.
Briefly, [S6110 is a repetitive element (or an insertion sequence) presents between one and more than
20 copies on M. tuberculosis genome. After DNA extraction from M. tuberculosis clinical isolates, and
restriction by Pvull, restricted DNA is then loaded on an agarose gel. After migration, a transfer on a
nitrocellulose membrane is performed, and DNA is then hybridized to specific 5" probe of the IS6110
element. Homologous strains have identical IS6170 RFLP as shown for the first three lanes, and
difterent isolates have different IS6110 RFLP, the fourth lane is representative of a different isolate as
compared to the three others (Herrmann and Lagrange, unpublished results). (b) represents the detec-
tion of DR (for direct repeat) polymorphism by the technique called spoligotyping. The DR region
comprised repetitive elements (DR) and interspersed DNA sequences. By performing a multiplex
PCR directly from clinical isolates or from purified DNA, size-difterent biotynilated amplicons of this
region are then hybridized on a pre-prepared nitrocellulose membrane. The membrane has already
fixed all the oligonucleotides specific of the interspersed DNA sequences. The presence of a DNA
sequence is noted by a black signal, and its absence by an absence of signal. This notified the presence
or the absence of a DR. Certain spoligotyping profiles, called spoligotype, are specific of a clinical
isolate found throughout the world, in our example the three last right lanes are characteristic of
Beijing isolates (Herrmann and Lagrange, unpublished results).
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Fig. 5.4. (A) Schematic representation of the dispersion of mycobacterial interspersed repetitive units or
MIRUs. MIRUs are simply repetitive sequences present at different loci, and of size normally of 77 bp,
although several might be shorter (51 bp). Twelve MIRUs are normally sufficient for the differentiation of
M. tuberculosis isolates as compared to IS6110 RFLP. As shown in (B) each clinical laboratory can perform
a simple PCR reaction using first the most polymorphic of the 12 MIRUS, like MIRU 40 or MIRU 26.
Differences between clinical isolates are easily visualized by the size difference of the amplicons (lanes 2,
7, and 8 for MIRU 40 or lane 7 for MIRU 26). A single difference, that is, one MIRU with a different
size, is sufficient to differentiate the isolates. A more efficient way to apply MIRUs is to perform three times
four different Multiplex PCRs (12 MIRUs) and to apply the labeled amplicons on an automatic capillary
sequencer (see for details Supply et al., and its dedicated website).

spoligotyping (Fig. 5.3b) [36] and the mycobacterial inter-
spersed repetitive units (MIRUs) (Fig. 5.4a and b) [49], will
allow a considerable reduction in the time between isolation
and comparison of several isolates to confirm their identity.

The major contribution of DNA fingerprinting through
these methods is the ability to highlight previously unsus-
pected transmission in the community and areas in which
contact tracing is not working [61], identifying laboratory
cross-contamination, and differentiating recurrent tuberculo-
sis caused by treatment failure or relapse from exogenous
reinfection; techniques therefore are mainly applicable in
low-incidence countries.

Molecular epidemiological studies are usually performed
on a small scale, as it is not usually possible to allow complete
collection of strains. Consequently, these studies have to be
interpreted with great caution [10]. One of the major debates
relates to the proportion of clustered cases in low- or high-
incidence countries. This percentage in Europe varies from
16% to 46%, suggesting that recent transmission of tubercu-
losis can be an important factor even in low-endemic areas.
However, as demonstrated previously [76], implementation of
DNA fingerprinting progressively over 2 years has increased
the percentage of clustered isolates sharply. Thereafter, the
increase of the clustering percentage was almost negligible.
This suggests that the extent to which clustering reflects
recent transmission depends strongly on study duration. In
addition, small studies in high-incidence areas will severely
underestimate recent transmission. Similarly, sampling will
bias the estimate of clustered cases and the effect of risk fac-
tors for clustering.

Even if molecular typing methods can identify settings for
transmission (households, family members, and high-risk
groups), they still rely on documented cases, that is, culture pos-
itive tuberculosis cases. These methods showed however that
several isolates were more transmissible and associated with
tuberculosis outbreaks (strain W, Beijing, 210) (Fig. 5.3b)
[11,73,75] but confounding perhaps the issue of transmissibili-
ty and virulence. Only recent approaches have clearly demon-
strated a peculiar evolution of M. tuberculosis isolates [70]. First,
comparison of the M. tuberculosis H37Rv genome with 100
clinical isolates using high-density oligonucleotide array [31,71]
identified deletions throughout the genome, with deleted genes
representing ancestral genes no longer needed for strain survival
[71]. Large deletions are assumed to play a major role in the
molecular evolution of M. tuberculosis. The proposal is that
isolates harboring those deletions have a short-term relative
advantage. Correlatively, the usage of deletion as a phylogenet-
ic marker allowed the demonstration that M. tuberculosis clinical
isolates that infected patients in their mother countries, and
even migrants developing overt disease in San Francisco tend to
be infected by those strains that are more specific for their
regions of origin [31]. These studies confirm what has been
known for a long time, that transmission of tuberculosis requires
extensive contact, impacting sociological parameters. So in
addition to the MIRUs studies, which demonstrated the clon-
ality of M. tuberculosis isolates [69], we now have the existence
of an intimate link between the strain and its host [70].

In conclusion, molecular tools have permitted a better
knowledge of M. tuberculosis, confirming the different social
risk factors for being infected with M. tuberculosis, but still
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lack the ability to provide an overview of the disease itself
related to the host.

54 [IMMUNOLOGICAL EPIDEMIOLOGY
541 The Immune Response in the Control
of Tuberculosis
To estimate the burden of recently transmitted tuberculosis,
we need more than contact tracing and molecular approach-
es. Recent advances in the knowledge of the genome of
M. tuberculosis [17] have allowed an era of genomic compari-
son using micro- or macro-arrays and the discovery of dele-
tions (see above) (Fig. 5.5). Several genomic regions present
in M. tuberculosis and/or M. bovis are absent from the vaccine
strain M. bovis BCG [13,28,47]. One of this region, region of
deletion 1 (RD1) (Fig. 5.5), code for a family of small secret-
ed proteins named ESAT-6, and others such as CFP-10 [4].
Although RD1 is absent from most environmental
mycobacteria, the genes coding for ESAT-6 and CFP-10
were demonstrated to be present in M. kansasii, M. marinum,
M. szulgai, M. flavescens, M. gastrii, and M. leprae [8]. This rais-
es the question of whether infection with or even exposure
to M. kansasii or M. marinum can induce T-cell responses to
ESAT-6 and CFP-10, as recently demonstrated [8]. These
results have to be taken into consideration regarding the
development and the use of ESAT-6 and CFP-10 as target

antigens in tuberculosis patients. However, tuberculosis is far
more frequent as compared to mycobacteriosis due to
M. kansasii or M. marinum in undeveloped countries. These
infections are also rarely observed in developed countries,
mainly in immunocompromised patients and in patients
with underlying pulmonary diseases such as lung cancer,
bronchectiasis for M. kansasii, or in patients with profession-
al risks such as fishmonger, or owners of aquarium for
M. marinum.

The major advantage of immunological assays in the diag-
nosis of infectious disease is their ability to study the host
response without the need for bacterial isolation. We know
the limitations of classical microbiological techniques. Not
enough has been done until now in the development of an
immunological approach, mainly due to the lack of sensitiv-
ity and specificity of antigens used.

After infection takes place, innate immunity plays a major
role in the control of further spread of the tubercle bacilli.
Alveolar macrophages are the first point of contact with the
bacteria. They are permissive and allow bacterial replication
[60]. Phagocytosis of mycobacteria or the apoptotic bodies
generated by dendritic cells present in the lung parenchyma
allow the maturation of these cells, their migration to the
draining lymph mode and activation of naive T lymphocytes.
These cell-to-cell interactions lead to the production of an
adaptive immune response, with the production of IFN-y
essential for protective immunity against M. tuberculosis [38].
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Fig. 5.5. Scheme of the proposed evolutionary pathway of the tubercle bacilli kindly provided by
Roland Brosch (Unité de Génétique Moléculaire Bactérienne, Institut Pasteur, Paris, France) illustrat-
ing successive loss of DNA in certain lineages. The scheme is based on the presence or absence of con-
served deleted regions and on sequence polymorphisms in five selected genes. Of interest, is the char-
acterisation of deleted regions absent from M. bovis BCG and present in M. tuberculosis or in M. bovis.
These regions code for proteins that can be used as target antigens for new assays like the assays

described in the text.
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This cellular response circumvents bacterial replication inside
a granuloma. However, as shown by historical inoculation
studies in small animals and recently described by
Hernandez-Pando et al. [30], the tubercle bacillus is not erad-
icated, and can persist in the lungs, mainly in noninfected
areas of the lungs in the periphery of the granulomas and also
in lung epithelial cells [30]. During this entire process, anti-
body production is absent or undetectable, and the only way
to characterize an infected patient is to rely on assays evalu-
ating the cell-mediated-immune response such as the well-
known TST or the newly described IFN-y-based assays.
Whether these IFN-vy-based assays will allow an improved
knowledge of tuberculosis epidemiology is presently under
scrutiny.

54.2 IFN-y-Based Assays: Description—Gold
Standard of Tuberculosis Infection

The TST was first introduced in 1890 and used for decades;
it was the only test to diagnose latent tuberculosis [32,44].
However, the antigen used, protein purified derivative or
PPD, is a crude mixture of more than 200 antigens, many of
which are shared among M. tuberculosis, M. bovis BCG, and
several NTM. As a result, TST has a lower specificity on pop-
ulations with high BCG coverage and NTM exposure. It also
presents several operational drawbacks including the need for
a return visit and operator-dependant variability in place-
ment and reading of the test.

The immune response against M. tuberculosis is highly
dependent on IFN-y production by antigen-specific thy-
modependent lymphocytes (T cells). Over the past decade,
there has been an increasing interest in the development and
application of an in vitro culture assay measuring IFN-y pro-
duction in response to stimulation by mycobacterial antigens
as a substitute diagnostic screening test for the classical TST
[45]. IFN-y-based assays detect the presence of T lympho-
cytes in each individual responding to specific M. tuberculosis
antigens. By collecting peripheral blood by venopuncture,
peripheral blood mononuclear cells (PBMC) are incubated
either directly or after Ficoll purification with two or more
M. tuberculosis antigens. A positive response is obtained when
IFN-v, synthesized by activated T cells, is detected either by
an ELISPOT (Fig. 5.6) or an ELISA approach. The T cells
detected are either effector T cells or memory T cells and the
contact of the PBMC with the antigens varies from 24 h to
5—6 days. Initially using purified PBMC, the methodology
evolved to a whole blood culture technique that was first val-
idated in Australian cattle [59]. These studies demonstrated
that the IFN-y assay had greater diagnostic sensitivity, lower
cost, and rapid results for cattle TB screening and was further
developed for human testing initially using human PPD,
avian PPD, and the mitogen phytohemagglutinin as a positive
control.

Evaluation of these assays in comparison with the classical
TST has demonstrated agreement ranges from 40% to 100%
in latent tuberculosis infection or in active tuberculosis, the
lowest agreement being obtained in active tuberculosis.

Controls TB patients
Fig. 5.6. Example of an ELISPOT result. ELISPOT technique relies
on the separation of B or T lymphocytes which are then loaded on
a nitrocellulose membrane and a specific antigen is added. Antibodies
producing cells for B cells or IFNYy producing cells for T cells, are
detected by monoclonal antibodies against human IgG or IFNvy. A
positive cell is visualized by microscopy as a spot (here in black). The
number of spots gave the number of positive B or T cells.

Higher agreement was always correlated with recent expo-
sure [52, and references therein|. However, as observed with
TST, using the PPD antigens renders the assay nonspecific
due to the cross-reactivity between PPD and other mycobac-
terial species. Stretton et al. [67] included subjects being BCG
vaccinated in their study and were unable to discern the
effect of BCG on the assay results.

Since the beginning of the year 2000, two antigens, ESAT-6
and CFP-10 encoded by RD1 absent from the vaccine strains
[13,28], demonstrated clearly their superiority in evaluating
T-cell response in patients with active tuberculosis as com-
pared to TST, with a very high specificity (93%) [5].
Percentages of patients with TB disease who responded to
ESAT-6 (or CFP-10) are between 60% and 80% in low-
endemic countries such as Denmark, United States,
Germany, and Kuwait. By comparison, T-cell responses were
constantly negative for patients with M. avium-intracellulare
complex infection [74], those recently vaccinated with the
BCG [34] or in noninfected or nonexposed people [6,55,58].
Its major diagnostic value was demonstrated in case—contact
study in low-endemic countries [25,41]. However, its role in
the diagnosis of latent tuberculosis infection has suffered from
the lack of a gold standard, and definitions of a gold standard
also may differ between studies. As mentioned by Pai et al.
[52], a direct estimation of sensitivity and specificity for latent
tuberculosis infection is not applicable, and the use of TST as
one component of the gold standard is still an approach
fraught with problems. But, studies performed during a com-
munity tuberculosis outbreak using a whole blood or an
ELISPOT format demonstrated the excellent correlation
between IFIN-vy-based assay (detecting tuberculosis infection)
and exposure to tuberculosis by using proximity, and duration
of exposition with the index case [12,42]. The results were
never correlated or associated with BCG vaccination,
demonstrating its precision for the diagnosis of tuberculosis
infection compared to the classical TST [34,42]. A high speci-
ficity (98.1%) and sensitivity (89%) of the whole blood for-
mat were observed in people with no identifiable risk for
M. tuberculosis exposure and in patients with documented
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tuberculosis, respectively [50]. Lower sensitivity values were
observed in severe forms of TB disease or in disseminated TB
(our unpublished results).

By comparison, in highly endemic countries for tubercu-
losis, positive responses were obtained in healthy contacts.
Recent examples in India or in the Gambia [43,77] tend to
demonstrate that IFN-y-based results reflect the prevalance
of the infection in the population. Nearly 69-80% of con-
trols, classified as healthy controls, were positive by these
assays. In addition, a strong recognition of ESAT-6 was found
to correlate with the subsequent development of active
tuberculosis, in contrast with PPD where similar responses
were observed regardless of clinical outcome [21]. This study
performed in Ethiopia opens the door for the routine use of
selective treatment given to high responders, to reduce the
risk of further development of active tuberculosis. It is known
that chemoprophylaxis of recently infected individuals pre-
vents the development of active tuberculosis [2]. A 300 mg
daily dose of Isoniazid reduces the risk by 65% after 6 months
treatment and 75% after 9 months, showing that preventive
therapy can be highly cost-effective.

However, several limitations exist for [FN-7y assays, differ-
entiation between active and latent tuberculosis, and dating of
the infection being the two prime examples. Supportive clin-
ical evidence will make the difference in the first case, or
detection of replicating mycobacteria in the host [66] (and
see below). In the second case, no diagnostic tools are cur-
rently capable of dating the primary infection. Considering
their specificity, IFN-y-based assays may represent the first
available assays in case—contact studies able to specifically date
the infection after contact with an infectious patient, and
might allow clinicians to monitor those infected individuals
to determine the duration of the IFN-vy response or to fol-
low the evolution into active disease. These studies, although
difficult to perform, will determine the potential and the
accuracy of IFN-y-based assay in establishing the exact pro-
portion of infected individuals in the population.

Finally, knowledge about the performance of these assays
in immunocompromised individuals, in children, and in
high-risk populations in endemic countries is presently lim-
ited. Contradictory studies in tuberculosis patients coinfected
with HIV have been published recently [16,24]. There have
been no studies in children performed on a large scale, except
recent case—contact studies, and we all know that children
subject to recent transmission are more inclined to declare
active disease as compared to adults.

5.4.3 Impact of T-Cell or B-Cell Assays
in the Diagnosis of Active Tuberculosis

5.4.3.1 Circulating T-Lymphocytes and tuberculosis As
cited previously, the quantitative response of [IFN-y might be
associated with an increased likelihood of progression from
tuberculosis infection to active disease: those who produced
the highest IFN-y response were at the highest risk of devel-
oping tuberculosis in the next 18 months [21].

Treatment efficacy in patient with active tuberculosis is
usually monitored by evaluating early clinical and delayed
radiological findings, backed up with bacteriological data.
Very few studies have been published in relation to the evo-
lution of immune parameters during antituberculosis treat-
ment follow up.

Results of studies examining the dynamics of the T-cell
responses (using the IFN-vy assays) in active tuberculosis
undergoing antituberculosis chemotherapy are apparently
conflicting, with either a reduction [41,54], an increase [7,72]
with a persistence up to 17 years [80], or a steady state [58].
Such variability might be linked to the operational charac-
teristics of IFIN-y-based assays used in each study, i.e., incu-
bation period, whole blood versus purified PBMC, the use of
PPD or RD1 antigens. Short incubation period (16—24h)
such as described in the whole blood assay (QuantiFeron-TB
Gold, Cellestis, Australia) or in the ELISPOT technique
(Oxford, UK) might detect short lived-effectors T-cells. Long
incubation times (up to 5—6 days), such as those used in
whole blood or PBMC in culture with specific antigens,
might detect a mixture of specific effectors and memory T
cells [35]. Short-term exposure to antigens will more likely
evaluate the T cells associated with recently encountered
mycobacterial antigens in vivo, which can then rapidly release
IFN-vy when reexposed to the same antigens.

This was showed recently [14] with an in vifro assay
detecting short-term T-cell-mediated IFN-vy responses to
selected ESAT-6 peptides of M. tuberculosis and was useful in
monitoring the effectiveness of antituberculosis treatment.
The decrease in specific T-cell numbers has been measured at
only two time points: after 3 months and also after the 6
months time in the responders and nonresponders.

5.4.3.2 Circulating B-lymphocytes and active tuberculosis
ELISPOT assays detecting the presence of specific circulating
antibody secreting B cells have been developed for several
infectious diseases [9,57,66]. These studies have demonstrated
a correlation between the detection of specific circulating B
cells and the presence of antigens secreted by replicating
microorganisms. Therefore, the use of ELISPOT assays may
be informative in the analysis of chronic infectious diseases
either to make a diagnosis of reactivation or to monitor treat-
ment effectiveness. The dynamics of the specific antibody-
secreting B lymphocytes in tuberculosis patients has been
described recently [66]. This assay measures the number of
spots corresponding to the circulating antibody secreting cells
(ASC) detected by antigens loaded onto an in vitro cellulose
membrane, counting circulating specific B lymphocytes from
purified PBMC from documented tuberculosis patients and
responding to the presence of mycobacterial antigens [66].
M tuberculosis antigens used in the assay were those released
early in culture supernatant during mycobacterial growth in
vitro or short-term-culture-filtrate-antigens (STCF-antigens)
[4]. The results obtained with this assay allowed several obser-
vations to be made. Before treatment, 80% of TB patients had
significantly more specific ASC compared to the controls
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(p < 0.0001). Antituberculous treatment was responsible
during the first week for a rapid and significant increase in
the number of ASC with a positive ELISPOT for all studied
patients at day 8 (100% sensitivity). During the follow up, a
constant and exponential decrease in the number of ASC was
observed (with an observed rate of decay of 33% per week)
followed by their disappearance at the end of the first month
of treatment. The ASC decrease occurred before the conver-
sion of smear positivity and as a consequence before the
culture became negative.

In a given individual, the frequency of circulating ASC is
thought to be largely driven by B cell activation induced by
the antigen load [9]. This is probably why the frequency of
ASC in patients with TB increased first during the early
phase of the treatment and then decreased very dramatically
a few days later with successful therapy [66]. Thus unlike TST
and serological tests, the ex vivo B cell ELISPOT is dynamic
and produces quantitative responses to STCF-antigens, rep-
resenting as such an indirect marker of mycobacterial viabil-
ity. Quantification of specific ASC might serve as an indirect
measure of replicating bacterial burden that could be used to
monitor the diagnosis and response to TB treatment. No
other biological marker exploring the humoral immunity or
cellular immunity has demonstrated a similar correlation
with the disappearance of live tubercle bacilli in sputum and
with a positive outcome.

These results suggest that the quantitative relationship
between levels of effector T cells or B cells (as measured by
ELISPOT or whole-blood assay), antigen load and bacterial
burden can be exploited to monitor the response to tubercu-
losis treatment. In addition, it helps to differentiate active
tuberculosis with viable mycobacteria from latent tuberculo-
sis with the absence of replicating mycobacteria.

5.4.3.3 Antibodies: limit of their detection; advantages of
non-proteic antigens for the diagnosis of tuberculosis The
use of serology in the diagnosis of tuberculosis has a long
record in the tuberculosis literature, but has never been devel-
oped due to its low diagnostic value with poor specificity and
sensitivity [15,27,78]. Since the 1990s, newer approaches
have been chosen, using enzyme-linked immunsorbent assays
(ELISA) and highly purified protein antigens produced
mainly by recombinant technologies, and improvement of
these assays has been obtained by mixing several different
antigens [15]. However, a much lower frequency of IgG anti-
body to M. tuberculosis protein antigens was always reported
in HIV+/tuberculosis coinfected patients as compared to
non-HIV/tuberculosis coinfected patients [20,79].

A panel of non-protein antigens represented by glycolipids
specific for M. tuberculosis has been developed [18,19,53,62—65]
and evaluated in different patient populations. Seventy percent-
age of HIV patients coinfected with M. tuberculosis had serum
reactivity to at least one glycolipid antigen and maintained the
diverse antibody repertoire previously observed in HIV-nega-
tive tuberculosis patients. The reason underlying the lack of

antibodies in 25-30% of the tuberculosis patients was shown to
be due to the presence of antibodies in circulating immune
complexes and their detection improved the overall sensitivity
without changing specificity [64].The presence of specific anti-
bodies to glycolipid antigens has also been reported with vary-
ing frequencies according to the antigens tested. These different
sensitivities are in fact due to the heterogeneity of patient
responses. Some patients responded to only one antigen, some
against two antigens, and others to all three antigens as previ-
ously reported [46,62], and an improvement in the sensitivity is
demonstrated by combining the results obtained for the three
glycolipid antigens. By comparison, the sensitivity of testing for
antiglycolipid antigens was equal among HIV-positive patients
with pulmonary tuberculosis and those with paucibacillary
(smear negative) and extrapulmonary tuberculosis.

The second point concerns the potential value of our
ELISA test to predict the development of tuberculosis in
high-risk HIV patients, since several HIV infected patients
have high levels of specific antibodies several months before
developing the disease [40]. Currently, PPD is used to iden-
tify persons with previous exposure to M. tuberculosis, and in
the HIV-infected population, in view of the high risk of
reactivation of latent infection, to identify those in whom
preventive treatment might be beneficial. Antiglycolipid
antibodies are present in HIV positive tuberculosis patients
several months preceding any clinical manifestation of
tuberculosis, as previously reported [3,48]. Such observa-
tions could indicate that this method might help in deci-
sion-making on the use of prophylactic antituberculosis
therapy in HIV infected patients at high risk to develop
tuberculosis. However, anti-DAT and anti-PGLTb1 anti-
body levels were shown to decline very slowly during the
6—9 months period of treatment, indicating that this
method of antibody surveillance is not useful in evaluation
of treatment efficacy [22,33,37,66]. Likewise, for a new
patient suspected of tuberculosis, it is important to know if
the patient has already been treated in the recent past for a
first episode of tuberculosis, in order to validate the inter-
pretation of the antiglycolipid antibodies results. The pres-
ence of circulating antibodies to glycolipid antigens for
extended time periods prior to the development of clinical
disease suggests that replication of M. tuberculosis is a dynam-
ic process in vivo, which occurs prior to the deterioration of
cellular immunity sufficient to allow clinical disease to
develop. Their individual kinetics did not yield any infor-
mation towards early treatment outcomes. These data con-
firm the lack of predictive power of serological tests in facil-
itating treatment monitoring.

5.5 CONCLUSIONS

Immunological approaches for the control of tuberculosis and
its epidemiology, including diagnosis of latent or active tuber-
culosis and treatment follow-up, are at present extremely
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Fig. 5.7. Tuberculosis population might be compared to an iceberg, with a vast majority of unsus-

pected threat. Immunological assays, as developed in several laboratories, might represent the clues by
which this threat might be uncovered. The top population represents the documented cases, with
clinical isolates used for the molecular epidemiology. Knowing the lack of exhaustivity of strains
collection in epidemiological studies, this scheme demonstrates the difficulty of dealing only with

documented cases for a complete picture of tuberculosis epidemiology. Evaluation of the immune
responses in individuals will allow to be more specific in the definition of infected individuals, and in
their follow-up as immune markers might now tell us if the bacteria inside the host replicates or not,

which in this case is indicative of chemoprophylaxis in the absence of clinical symptoms or treatment
in the case of clinical or subclinical signs of tuberculosis.

promising. IFN-vy-based assays will determine with high
specificity the exact proportion of M. tuberculosis infected
individuals (Fig. 5.7). Despite the fact that the date of initial
infection cannot be determined, it will still allow the calcu-
lation of prevalance of the infection in the population.
‘Whether or not this methodology will influence the decision
to give chemoprophylaxis to the infected people is depen-
dant on political decisions in term of health-care, but it is
important to remember the cost-eftectiveness of such a prac-
tice. Additionally, detection of circulating B-lymphocytes in
patients, will detect those developing active tuberculosis, as
the presence of specific antibodies secreting cells has always
been correlated with the presence of replicating bacteria. This
is the main difference with detection of circulating antibod-
ies, for which a sustained level is observed independent of
treatment success.

With a better understanding of the infected population, in
case—contact studies, judicious use of both molecular and
immunological methods will help improve our understand-
ing of the propensity of a mycobacterial isolate to be trans-
mitted and its ability to induce disease in the infected host. It
will also allow detailed follow up of infected people to deter-
mine the host risk-factors resulting in the development of
active tuberculosis.

ABBREVIATIONS

AFB:

ASC:
BCG:
CFP-10:
DAT:
ELISA:
ESAT-6:

HIV:
IFN-y:
MIRU:
NTM:

PBMC:
PCR:
PGLTb-1:
PPD:

STCF:

Acid-fast bacilli, one of the main characteristic of
mycobacteria is to resist to the distaining effect of
acid and alcohol as compared to other bacteria.
Antibody secreting cells

Vaccine strain called bacille of Calmette and Guerin
Culture filtrate protein 10kDa

Di-acyl trehalose

Enzyme-Linked ImmunSorbent Assays

Early secreted antigen tuberculosis of 6 kDa, and
T-cell reactive

Human immunodeficiency virus

Interferon gamma

Mycobacterial interspersed repetitive units
Non-tuberculous mycobacteria, which represents
mycobacteria which did not belong to the tubercu-
losis complex

Peripheral blood mononuclear cells

Polymerase chain reaction

Phenolglycolipid tuberculosis antigen 1

Purified protein derivative (crude extract of
mycobacterial antigens)

Short term culture filtrate
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TST: Tuberculin skin test, which represents the ancient
way of detecting individuals after a tuberculosis
contact, or vaccination by the BCG strain

GLOSSARY

CD4 cells: Represents T lymphocytes, expressing the surface
receptor CD4.

Direct repeat: The mycobacterial DNA, as many other DNAs
possess several similar DNA sequences that are repeated
throughout their genome.

Insertion sequence: An insertion sequence is a small piece of
DNA, flanked by two direct repeats, able to jump on the
same DNA, or to be transmitted into another bacterium by
conjugation, or natural transformation.

Polymorphic G-C rich sequences: M. tuberculosis has a high GC
content genome. This property has been used to labelled
Southern blot of mycobacterial DNA with rich GC probes,
giving a picture similar to IS6110 RFLP, although with more
bands. This, in fact, renders the GC-RFLP more difficult to
interpret.

Region of deletion: One of the main advances in tuberculosis
research has been the complete sequencing of M. tuberculosis
genome, and other mycobacterial genomes now. This has
allowed a comparison between sequenced genomes allowing
the discovery of region of DNA absent from one species and
present in another species.

Single nucleotide polymorphisms: By sequencing genes, and
comparing sequences obtained from different clinical isolates,
researchers have been able to establish lineage and relation-
ship between isolates (See Ref. 13, and references herein).

Spoligotyping: Technique develops recently, which includes a
PCR and a reverse dot-blot. Specific oligonucleotides are
fixed on a nitrocellulose membrane, and labelled DNA is
added on this already prepared membrane (see Fig. 3).

Variable number of tandem repeat (or MIRUs): Are similar to
direct repeat, although they can be represented on the chro-
mosome at more than one copy, which explained the variable
number. For one locus, one, two, three...of the same sequence
can be repeated, and the number of repeats per locus is spe-
cific of an isolate, or an individual. It is similar to what is
called minisatellites in eukaryotes.
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6.1 GENERALITIES ON LEISHMANIASIS

Leishmaniasis has been known for many hundreds of years,
with one of the first clinical descriptions made in 1756 by
Alexander Russell and called Aleppo boil. Many names cor-
respond to this group of diseases: kala-azar, Dum-dum fever,
white leprosy, espundia, pian bois, and so on. Leishmaniases
are parasitic diseases spread by the bite of the infected female
phlebotomine sand fly (Fig. 6.1). Leishmaniases are caused by
approximately 20 species, pathogenic for humans, belonging
to the genus Leishmania (kinetoplastids order, Honigberg,
1963) and within 500 known phlebotomine species, of
which only some 30 have been positively identified as vectors
of these pathogenic species.

6.1.1 Geographic Distribution

Human leishmaniases are found on all continents, except
Antarctic and Australia. However, cutaneous leishmaniasis was
[296].

Approximately 350 million people live in endemic areas,

recently revealed in Australian red kangaroos

thereby comprising populations at risk, and annual incidence
is estimated at 1-1.5 million cases of cutaneous leishmaniasis
plus 500,000 cases of visceral leishmaniasis; overall prevalence

Encyclopedia of Infectious Diseases: Modern Methodologies, by M. Tibayrenc
Copyright © 2007 John Wiley & Sons, Inc.

is 12 million people. Most of the affected countries are in the
tropics and subtropics: more than 90% of the world’s cases of
visceral leishmaniasis are in India, Bangladesh, Nepal, Sudan,
and Brazil (Fig. 6.2), 90% of all cases of mucocutaneous leish-
maniasis (Fig. 6.3) occur in Bolivia, Brazil, and Peru, where-
as 90% of all cases of cutaneous leishmaniasis (Fig. 6.3) occur
in Afghanistan, Brazil, Iran, Peru, Saudi Arabia, and Syria (for
further detail, see http://www.who.int/leishmaniasis/en/).

6.1.2 The Players in Leishmaniasis

Leishmania parasites are responsible for cutaneous forms as
well as visceral forms of the disease. Healing or progression of
this infection is related to the genetic and immune status of
the host, the virulence and pathogenicity of different species
and strains of Leishmania, and the vector involved. The hosts
can be humans but also rodents, dogs, and other mammals
[16,307], and great diversity of immune response exists
depending on the host considered (see Section 6.4 for
details). Similarly, within 500 known phlebotomine species,
only 31 have been positively identified as vectors of the
Leishmania pathogenic species and 43 as probable vectors
[181]. Among them, some vectors such as Phlebotomus
Phlebotomus papatasi and P Paraphlebotomus sergenti can only be
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Fig. 6.1. Phlebotomus argentipes, the vector of kala-azar in India and
neighbouring countries, engorged. (Photo taken by Edgar D.
Rowton, all rights reserved.)

infected by one Leishmania species, whereas Lutzomyia longi-
palpis is a permissive vector, able to transmit different
Leishmania species (see Section 6.2 for details). Finally, the 20
species described as pathogenic for humans belong to the
Leishmania genus (Ross, 1903). They are divided into two
subgenera (Leishmania in the Old World (Saf’Janova, 1983)
and Viannia in the New World (Lainson and Shaw, 1987)), the
Leishmania subgenus is composed of several species or species
complexes (Leishmania donovani complex, L. mexicana com-
plex, L. major, L. tropica, etc.) and the Viannia subgenus con-
tains species of the L. braziliensis complex (L. braziliensis
(Viannia, 1911), L. peruviana (Velez, 1913), and the L. guya-
nensis complex (L. guyanensis (Floch, 1954), L. panamensis
(Lainson and Shaw, 1972)), L. lainsoni, etc.). These Leishmania
species are associated with different diseases (see Section 6.3
for details). For example, infections by Leishmania donovani
complex species are associated with visceral leishmaniasis and
L. braziliensis infections are responsible for mucocutaneous

Distribution of Old World and New World Visceral Leishmaniasis

Fig. 6.2. Distribution of visceral leishmaniasis (WHO website:
http://www.who.int/leishmaniasis/leishmaniasis_maps/en/index.

html).

Distribution of Old World and New World Cutaneous Leishmaniasis

Iai st e e s e e el -

Fig. 6.3. Distribution of cutaneous leishmaniasis (WHO website:
http://www.who.int/leishmaniasis/leishmaniasis_maps/en/

index.html).

leishmaniasis. However, the first species complex is able to
generate benign cutaneous lesions, and L. braziliensis has been
isolated from simple cutaneous lesions but also from visceral
forms. It is clear that the clinical outcome of infection depends on
a multifaceted association of factors among the three main players
involved: hosts, parasites, and vectors.

6.1.3 The Life Cycle of the Leishmania Parasite

Leishmania parasites are transmitted to their host by the bite of
an infected female phlebotomine sand fly (Psychodidae fami-
ly, Phlebotominae subfamily), which needs a blood meal to
produce its eggs (Fig. 6.4). The sand fly vectors are primarily
infected when feeding on the blood of an infected individual
or a vertebrate reservoir host. Many mammal species could
act as a reservoir host, for example, rodents or dogs [16,307].

During feeding, host macrophages, containing amastigotes
(Fig. 6.5), are ingested by the vector. These parasite forms,
round and nonmotile (3—7 pm in diameter), are released into
the posterior abdominal midgut of the insect, where they
transform into promastigotes to begin their extracellular life
cycle in the vector. This form is motile, elongated (10-20
pm), and flagellated (Fig. 6.6).

The promastigotes then migrate to the anterior part of the
alimentary tract of the sand fly where they multiply by bina-
ry fission. Approximately 7 days after feeding, the promastig-
otes undergo metacyclogenesis and become infectious
(metacyclic promastigotes). They are released into the host
together with saliva when the sand fly lacerates the skin with
its proboscis during feeding. The sand flies usually feed at
night while the host is asleep.

These metacyclic promastigotes are taken up by host
macrophage, where they metamorphose into the amastigote
form. They increase in number by binary fission within the
phagolysosome until the cell eventually bursts, then infect
other phagocytic cells and continue the cycle. In cases of vis-
ceral leishmaniasis, all organs, containing macrophages and
phagocytes, can be infected, especially the lymph nodes,
spleen, liver, and bone marrow.
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Fig. 6.4. Leishmania life cycle (WHO website: http://www.who.int/tdr/diseases/leish/leish.htm).

6.1.4 Symptoms

A high rate of infected people remain asymptomatic, but for
others, the infection by Leishmania can produce very different
clinical symptoms. Indeed, several forms of leishmaniasis exist:
cutaneous leishmaniasis and mucocutaneous leishmaniasis,
which cause skin sores, and visceral leishmaniasis, which
affects some of the internal organs of the body (e.g., spleen,
liver, bone marrow). People with cutaneous leishmaniasis usu-
ally develop skin sores a few weeks (sometimes as long as
months) after being bitten, whereas people with visceral leish-
maniasis usually become sick within several weeks or months
(rarely as long as years).

The most severe form of the disease is visceral leishmani-
asis (VL) (Fig. 6.7), which has a mortality rate of almost 100%
if untreated. It is characterized by irregular bouts of fever,
substantial weight loss, swelling of the spleen and liver, and
anemia. Leishmania species responsible for this form mainly
belong to the Leishmania donovani complex. VL caused by
L. infantum especially affects children. Other symptoms, called
post-kala-azar dermal leishmaniasis (PKDL), can appear sev-
eral months (or years) after VL treatment. This complication
of VL is characterized by a macular, maculopapular, and

Fig. 6.5. Two human macrophages infected by L. donovani amastig-
otes, all rights reserved.

nodular rash in a patient who has recovered fromVL and who
is otherwise well [400].

Mucocutaneous leishmaniasis (MCL) (Fig. 6.8.), mainly
caused by L. braziliensis and more rarely by the L. guyanensis
complex, produces lesions that can lead to extensive and dis-
figuring destruction of mucous tissues of the nose, mouth,
and body, including the face, arms, and legs, causing serious
disability.

The cutaneous leishmaniases (CL) (Fig. 6.9) are the most
common and represent 50-75% of all new cases. CL also
result in a variety of clinical manifestations, in terms of the
number of lesions (up to 200 on the exposed part of the
body) and with selthealing lesions compared with lesions
requiring specific anti-Leishmania treatment. The lesion is
localized at the site of the sand fly bite and satellite lesions in
the vicinity of the original lesion can sometimes be observed.
CL are mainly attributable to L. amazonensis, L. braziliensis, L.

Fig. 6.6. L. infantum promastigotes, all rights reserved.
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Fig. 6.7. Visceral leishmaniasis. (Photo taken by Philippe Desjeux.
WHO  website: http://www.who.int/leishmaniasis/disease_
epidemiology/en/index.html.)

guyanensis, L. mexicana (Biagi, 1953), L. panamensis, L. naiffi,
L. venezuelensis, L. lainsoni, and L. shawi in the New World and
L. major (Yakimoft and Schockor, 1914), L. aethiopica (Ashford
and Bray, 1973), L. tropica (Wright, 1903), L. arabica, and L. ger-
billi (Wang, Qu, and Guan, 1964) in the Old World, even if
other species such as L. donovani (Laveran and Mesnil, 1903),
L. infantum (Nicolle, 1908) have also been isolated from cuta-
neous lesions. Diffuse CL, mainly caused by L. amazonensis
and L. aethiopica, never heals spontaneously and tends to
relapse after treatment. This form is characterized by dissem-
inated nodular lesions that resemble lepromatous leprosy.
Finally, these diseases have not only been found in devel-
oping countries since 1985, when the first co-infected patient
was detected [93], even if the Leishmania—HIV co-infection
cases are decreasing in Europe (introduction of Highly Active

Fig. 6.8. Mucocutaneous leishmaniasis. (Photo taken by Philippe
Desjeux. WHO website: http://www.who.int/leishmaniasis/disease_
epidemiology/en/index.html.)

Fig. 6.9. Cutancous leishmaniasis. (Photo taken by Philippe
Desjeux. WHO website: http://www.who.int/leishmaniasis/disease_
epidemiology/en/index.html.)

Antiretroviral Therapy (HAART)). These cases are mostly
localized in Europe where intravenous drug users have been
identified as the main population at risk. In this case, the
immunological status of these people creates a favorable
ground for the Leishmania parasite.

6.1.5 Prevention, Diagnosis, and Treatments
Leishmaniases are a diverse and complex group of disorders.
Unfortunately, strict rules cannot be applied for a type of
Leishmania causing a typical disease, as even subtle changes in
host immunity, the environment, and the parasite itself might
result in completely different clinical manifestations; there-
fore, various approaches to disease control are necessary.
Hence, prevention, diagnosis, and treatments depend on
Leishmania species diagnostics and on the disease form; they
differ for CL,VL, and MCL.

6.1.5.1 Prevention of leishmaniases

6.1.5.1.1 Zoonotic cutaneous leishmaniasis (ZCL) In the
Old World, identification and control of animal reservoirs (small
rodents) consist of deep plowing to destroy the burrows (breed-
ing and resting sites) and plant (Chenopodiacae) sources of food
for the rodents. Poisoning is no longer used, as it is considered
too dangerous for other animals. In New World, especially in
Latin America, large mammals living in forests or around hous-
es can help contain the disease. In recent years, there has been
an increase in the incidence of ZCL attributable to urbaniza-
tion and deforestation, leading to domestication of transmission
cycles, and the building of dams and new irrigation schemes,
which have increased the population of animal reservoirs.
Because populations living close to or at the edge of forests are
particularly vulnerable, such habitats should be moved away
from the forests. Limited clearance of peridomestic forest can
reduce the risk of intradomiciliary transmission [101,102].
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6.1.5.1.2 Anthroponotic ~ cutaneous  leishmaniasis
Anthroponotic cutaneous leishmaniasis (ACL) is confined to
urban or suburban areas of the Old World. Early diagnosis and
treatment of recurring cases are necessary to avoid an increase in
transmission risk, as they reduce morbidity, mortality, and trans-
mission (reduction of human reservoir). The best prevention for
ACL is the use of long-lasting impregnated bed nets in order to
prevent infected sand flies from infecting healthy people and
reduce untreated cases that continue infecting sand flies.
Residual insecticide house spraying is another important pre-
vention and intervention strategy. Mosquito repellents can be
combined with pyrethroid-impregnated clothes (e.g., uniforms
for military personnel) for individual protection [78,99].
Mosquito coils and the electrically heated fumigation mats con-
taining pyrethroids are also helpful in protection.

6.1.5.1.3 Zoonotic visceral leishmaniasis In zoonotic
visceral leishmaniasis (ZVL) endemic areas, the dog is a major
reservoir. Several preventive measures are advocated: insecti-
cide-impregnated dog collars, vaccination of pets against
leishmaniasis, and elimination of infected stray dogs can
decrease the incidence of infection. Canine and indirectly
human leishmaniasis (because dogs are the Leishmania reser-
voir) is prevented by using deltamethrin-treated collars to
protect dogs against L. infantum infection [127].

6.1.5.1.4 Anthroponotic visceral leishmaniasis (AVL)
Elimination of the human reservoir by early diagnosis and
treatment of PKDL and VL can reduce the transmission
effectively. Furthermore, in anthroponotic foci, vector control
through residual insecticide spray and improvement of the
environment to control the growth of sand flies are the major
tools for prevention.

6.1.5.2 Diagnosis of leishmaniases

6.1.5.2.1 Visceral leishmaniasis Typical clinical features
of VL such as fever followed by splenomegaly (enlargement of
the spleen) and lymphadenopathy (swelling of the lymph nodes) in
a patient living in the endemic area should arouse suspicion of
VL. Presence of antileishmanial antibodies, detected through
conventional ELISA, IFAT, or DAT or the popular rapid rK39
strip test, indicates infection [2,12,20,117,149,331,354,385].
This is usually confirmed through demonstration of amastig-
otes in tissue smears mostly from the spleen, bone marrow, or
lymph nodes. Polymerase chain reaction (PCR) is employed
for demonstration of parasitic DNA in peripheral blood for
diagnosis [249,309].

In India, a rapid strip test based on rK39 antigen has
become available and should improve the diagnostic situa-
tion [42,136,250,353,354,375,401]. However, there is a
need to develop a diagnostic test that has a high degree of
specificity for active disease. Detection of antigen in urine
(KAtex) is a promising tool, provided its format is improved
[17,116,150, 279,312,345]. DNA detection by PCR is
another powerful tool that could be established at several
nodal centers in endemic areas serving the entire endemic
region for diagnosis and evaluation of cure [214,248,249,

265, 308,327,394]. Both KAtex and PCR correlate well
with disease activity and thus have a clear edge over tools
based on antibody detection.

6.1.5.2.2. Cutaneous leishmaniasis In areas of endemic-
ity without sufficient laboratory infrastructure, CL is often
diagnosed on the basis of clinical characteristics of the lesions.
However, parasitological confirmation is important, because
clinical manifestations may be mimicked by other infections
and granulomatous diseases: lupus vulgaris, leprosy, and so on.
Species identification may be important in predicting the course of the
disease and selecting therapy.

Leishmania may be isolated in up to 80% of sores during
the first half of their natural course [273]. Parasites seem to be
particularly difficult to isolate from sores caused by L.
braziliensis, responsible for the vast majority of cases in Brazil.
Touch preparations from biopsies and histopathology usually
have a low sensitivity [81,389]. Slit-skin smears taken from
the nodular edge of the lesion, or scrapings from within the
ulcer [273] examined microscopically are positive in
32.7-84% [242,389]. Culture of fine needle aspiration mate-
rial has been reported to be the most sensitive method
[242,389]. Mucocutaneous leishmaniasis (MCL) is more dif-
ficult to diagnose parasitologically; even hamster inoculation
only brings the yield up to 50% [389].

PCR introduced to determine the parasite species is used
increasingly for diagnosis, greatly improving the diagnostic
rates for CL and MCL [92,203]. For CL in Ecuador, using cul-
ture as standard, PCR was 97% sensitive as compared with
microscopy (42%) and histology (33%) [18],whereas in Brazil,
71% of MCL cases were detected by PCR compared to 17%
detected by conventional method [203]. Clinically, species
identification may be important for epidemiological and ther-
apeutic reasons, for example to identify the dominant species
in a CL focus in Brazil [91]. Isoenzyme methods [283] and
monoclonal antibodies [15,158] have been employed for
species typing as well as analysis of amplified minicircle kine-
toplast DNA (kDNA), by choosing primers from variable
regions of different Leishmania species KDNA minicircle [327].

6.1.5.3 Leishmaniasis treatments Treatment of leish-
maniases has centered around pentavalent antimonials (Sb") for
six decades except in North Bihar, India, where large-scale
antimony resistance is emerging and where SbY, even with
the higher doses, is able to cure only 35-50% of patients
[342,352,356,359,360]. In the Old World (L. major, L. tropi-
ca, and L. donovani complex) and the New World (L. mexi-
cana and L. braziliensis complexes), CL and PKDL are
commonly treated with SbY. A species-based approach to
treatment has been advocated, especially in countries where
several species may cause CL [245,295]. Intralesional SbY has
been used with encouraging results in the Old World
selthealing CL [5,371].

A second-line drug, pentamidine isethionate, is expensive and
toxic, beacuse it can be responsible for irreversible insulin-
dependent diabetes mellitus and death. It was used to treat
SbV-refractory patients with VL, but its efficacy has declined
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and its use for VL has been abandoned [160,162,164]. During
the late 1980s and the early 1990s, many Indian patients died
for want of treatment after failing therapy with SbY and pen-
tamidine. Though for some forms of CL, pentamidine is still
attractive because very few doses are needed [9,335].

Due to increasing SbY-unresponsive VL, especially in India
over the last decade, amphotericin B has become the drug of
choice [230]. However, it is toxic and requires close monitor-
ing. Though the cure rate with amphotericin B is approxi-
mately 100% and relapses are rare, the need for hospitalization
lasting 5-6 weeks, infusion reactions, occasional serious
adverse reactions such as hypokalemia, myocarditis, and death
precludes its widespread application in peripheral health posts
where monitoring facilities are limited. Thus, a large number
of patients have to wait several weeks to months for hospital-
ization and treatment [132,229,230,361]. In South America,
many regard amphotericin as the drug of choice for MCL,
because of the low relapse rate [80,291]. The introduction of
lipid-associated amphotericin, i.e., liposomal amphotericin B
(AmBisome), amphotericin B lipid complex (ABLC; Abelcet) and
amphotericin B colloidal dispersion (Amphocil), has been one of the
most important developments in the chemotherapy of leish-
maniasis. In these formulations, deoxycholate has been
replaced by other lipids that mask amphotericin B from sus-
ceptible tissues, thus reducing toxicity, and are preferentially
taken up by reticuloendothelial cells, thus targeting drug deliv-
ery to the parasite and increasing efficacy. Three lipid formu-
lations are commercially available, but their cost is prohibitive
[88,89,106,188,227,351]. In India, all three formulations, with
comparable efficacy, have been used, with AmBisome being
the safest [89,105,188,343,344,346,348,349,351].

Paromomycin, an aminoglycoside, is well tolerated and
effective for VL, but less so for CL [74,76,163]. Topical paro-
momycin ointment has been used for the treatment of CL
[187,252,305]. The search for an effective oral antileishma-
nial drug spans two decades. Allopurinol, the azoles,
rifampicin, and atovaquone showed activity in experimental
systems, but proved disappointing in clinical trials. Oral mil-
tefosine, an alkyllysophospholipid, originally developed as an
anti-cancer agent, is now approved for the treatment of VL
in India [347]. In several clinical trials, miltefosine cured
more than 90% of patients with only minor gastrointestinal
side effects such as vomiting in about half of the patients and
less commonly diarrhea [165,347,350,355]. An asympto-
matic transient rise in hepatic transaminases occurs during
the second week of treatment, returning back to baseline
values on continued treatment. It induces rapid cure, with a
majority of patients becoming afebrile within the first week,
quick regression of spleen, and recovery of blood counts.
However, due to the risk of teratogenicity, Miltefosine
should not be given to child-bearing age women except if
contraception can be secured during and after treatment.
Oral sitamaquine, an 8-aminoquinoline derivative, has been
shown to have clinically significant antileishmanial activity.
This effective oral antileishmanial compound has been test-
ed in Kenya, Brazil, and India [104,161,325,387].

6.1.5.4 Vaccines?

form of leishmaniasis for prophylaxis. Control of leishmani-

There is no vaccine available against any

asis remains a source of grave concern worldwide. As most
of the available methods for leishmaniasis treatment and
control are of limited effectiveness, there is now an urgent
need for new low-cost drugs and/or new therapeutic inter-
ventions such as a vaccine, which would be the most practi-
cal and efficient tool for the control of these parasitic
diseases [90].

Although considerable progress has been made over the
last decade in understanding the immune mechanisms under-
lying protective responses, identifying potential candidate
antigens, and implementing these principles in animal mod-
els, very few candidate vaccines have progressed beyond the
experimental stage.

In recent years, great interest has been focused on the
development of vaccines against localized cutaneous disease.
Comparatively, VL has received limited attention. Indeed,
only studies to identify the immunological factors of VL
patients after chemotherapy and in asymptomatic subjects
have been reported so far [231]. In regions where VL is
endemic, such as the Mediterranean area, severe disease only
occurs in a small population of around 10-33%, whereas the
majority of infected individuals show no clinical symptoms
and a significant part have self-resolving infection [21].
Furthermore, patients who have recovered from kala-azar are
usually immune to reinfection, suggesting that wvaccination
against VL should be possible. The fact that a large proportion of
the people living in endemic areas has self-resolving subclini-
cal infections and the immunological mechanisms that control
parasite multiplication in asymptomatic subjects are not well
defined provides a rationale for designing immunoprophylac-
tic strategies against VL.

Historically, “leishmanization” with live organisms was
used to protect against disfiguring CL, because of the knowl-
edge that individuals whose skin lesions had healed were
immune. Knowledge of pathogenesis fortified by immuno-
logical understanding and genetic sequencing studies have
gradually led to rational approaches toward the induction of
protective immunity to Leishmania in animal models. Thus
far, attempts at human vaccination have been unsuccessful,
but several promising candidate vaccines are being explored
in mouse models and in dogs.

In humans, measurement of cytokines in culture super-
natants of Leishmania antigen-activated PBMCs and T-cell
clone analysis support the view that (i) cell-mediated immuni-
ty, regulated by Th1 CD4* lymphocytes, was required for the
destruction of Leishmania parasites in macrophage phagolyso-
somes [179]; (ii) control of infection in asymptomatic subjects
was partially associated with the expansion of parasite-specific
CD8" lymphocytes [211]; and (iii) these measurements
revealed a coexistence of Th1l and Th2 responses in kala-azar
patients as well as in cured individuals [253]. Therefore, even in
humans, it is difficult to demarcate the responses leading to
either visceral disease (“‘susceptible”) or protective immunity
(“resistance”) against Leishmania parasites. Successful resistance



CHAPTER 6 UNDERSTANDING HUMAN LEISHMANIASIS @ 93

is probably the result of cooperation between the various arms
of the immune system.

Recently, a vaccine against canine VL involving Leishmania
excreted—secreted antigen has been developed (LiESAp)
[226]. It proved efficient in both experimentally and natural-
ly L. infantum-exposed dogs in southern France [147,194]. In
dogs, the vaccine-induced protection correlates with an early
production of IFN—y by a Th1 subset of CD4* T cells, which
activate macrophages to destroy intracellular amastigotes
through NO production. This was demonstrated by anti-
LiESAp IgG2 reactivity, LIESAp-specific lymphocyte prolif-
eration assays, and enhanced NO-mediated anti-leishmanial
activity of canine monocyte-derived macrophages (CM-DM).
In vaccinated dogs, NO-mediated Leishmania killing was
associated with higher IFN-y production by T cells when
L. infantum-infected CM-DMs were co-cultured with autol-
ogous lymphocytes [147,194]. The main scientific issues in
the design of a Leishmania vaccine are no different from those
for any other vaccine. On a positive note, there is currently
rapid progress in our understanding of the molecular
nature of potential vaccine candidates and the mechanisms
that determine infection-preventing immune responses.
Multidisciplinary approaches integrating studies on parasite
and host factors would facilitate our understanding of the
disease and help in the design of a vaccine against human VL.

6.1.6 Why an Integrated Approach?

Even if we can generalize the life cycle of Leishmania
because it always contains one vector, one parasite, and one
host, the outcome of transmission, infection, and disease are
dependent on the intrinsic characteristics of these three
players. Indeed, the epidemiology of leishmaniasis will be reflec-
tive of the particular combination of interactions among all players:
parasite, vector, reservoir host, and environmental conditions. In
many endemic areas, the exact role of these players and their
relations to human infections are unknown and it is difficult
to generalize. Integrated analysis of both parasite genetics,
parasite virulence factors, host immune responses, vector
competence, host genetics, socioeconomic, and environ-
mental risk factors is necessary for a better understanding
of the interplay between these different factors and the risk
of developing leishmaniasis. This approach could also pro-
vide information on the critical biological pathways
involved in the host resistance or susceptibility to leishma-
niasis and therefore help in orienting new therapeutic
or vaccine strategies. Indeed, factors determining the
host resistant/susceptible status are complex and largely
unknown. Environmental factors acting on the phle-
botomine and/or animal reservoir populations could mod-
ulate exposure of the human host to infected sand fly bites.
Moreover, it has been suggested that the host immune
response may also depend on the parasite strain, and differ-
ent parasitic factors directly or indirectly responsible for the
disease outcome have been described. Factors affecting the
patient immune competence such as HIV infection or mal-
nutrition have also been described to mediate susceptibility

to VL. Immunity in leishmaniasis is considered mainly T-cell
mediated, but more and more nonspecific factors acting in
the early stage of infection are now considered as important
for either the progression or control of the disease.
Therefore, we will first expose the advances in the identifi-
cation of the factors involved, due to the vector (Section
6.2), parasite (Section 6.3), and host (Section 6.4), and in
the interactions between these players. The last section will
focus on kala-azar in India, and we will demonstrate the
necessity of this integrated approach to better understand
this complex epidemiologic focus.

6.2 IMPACT OF SAND FLY VECTORS
ON LEISHMANIASIS

Phlebotomine sand flies belong to the order Diptera, subor-
der Nymatocera, and family Psychodidae. They are small,
about 3 mm in length, hairy flies characterized by a “hop-
ping” flight and wings that remain erect above the abdomen
when at rest. Sand flies are widely distributed and occupy
tropical, subtropical, and temperate biotopes [4].

Phlebotomine sand flies are biological vectors of
Leishmania in which the parasites undergo a complex devel-
opmental cycle beginning with ingested amastigotes and ter-
minating with transmission of infective metacyclic
promastigotes. Not all sand fly species transmit Leishmania
parasites, however, with the genera Phlebotomus (Old World)
and Lutzomyia (New World) accounting for all incriminated
vectors to date. The bite of an infective sand fly vector is the
only means by which any Leishmania species can be transmit-
ted at a sustained and significant level. Importantly, the impact
of sand flies on the establishment and spread of leishmaniasis
extends beyond the transmission of Leishmania parasites to a
direct effect on the host response to infection. In this section,
the complexity of sand fly—Leishmania and sand fly—
mammalian host interactions is outlined.

6.2.1 The Life Cycle of Leishmania

in a Competent Sand Fly Vector

The life cycle of Leishmania parasites is contained within the
digestive tract of the sand fly and begins with the ingestion of an
infected blood meal containing amastigotes. Around
4 h after blood feeding, a chitinous peritrophic matrix (PM) is
secreted, surrounding the blood meal within 24 h. The
PM acts as a barrier that slows the diffusion of digestive enzymes
secreted by the sand fly in response to blood ingestion and indi-
rectly protects the parasites from the harmful effects of the
enzymes [260]. This provides the opportunity for amastigotes to
differentiate into sluggishly dividing procyclics, and by day 2 into
large flagellated nectomonads (Fig.6.10). The blood meal is
digested around 3—4 days after feeding. At this point, the PM
breaks down, permitting escape of nectomonads and their attach-
ment to the midgut epithelium. The degradation of the PM was
initially attributed in full to the secretion of chitinases by
Leishmania parasites [315]. Recently, however, Ramalho-Ortigao
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Fig. 6.10. Life cycle of Leishmania in a competent sand fly vector. See color plates.

et al. [272] showed that sand flies secrete their own chitinases after
induction by the bloodmeal. The activity of sand fly chitinases
peaks at about 48 h post blood feeding, coinciding with the time
of the escape of nectomonads from the confinement of the PM
[269]. Once in the gut lumen, attachment to the epithelium
allows the nectomonads to persist in the midgut and prevents
their expulsion with remnants of the undigested blood meal.
Thereafter, nectomonads differentiate into leptomonads that
divide rapidly as they migrate anteriorly to the thoracic part of
the midgut [135,293]. Around day 7 after feeding, leptomonads
give rise to infective metacyclics that accumulate in the anterior
midgut below the stomodeal valve [135,293]. Metacyclics are
characterized morphologically by their small cell body and long
flagellum, and functionally by their free and rapid motility [311].
Simultaneously, haptomonads, highly specialized forms that
adhere to each other and to the stomodeal valve, form a concen-
tric parasite plug that blocks the opening of the valve (Fig. 6.10).
With such a complex life cycle, the parasites have to over-
come several adverse conditions before they can successtully
complete their development in the fly [180,299]. Such obsta-
cles include digestive enzymes secreted by the sand fly
[50,108,270], midgut lectins [381,382, 384], excretion of
bloodmeal remnants [182,261], and sand fly innate immune
responses [51,271]. As a result, different species of Leishmania
closely evolved to fit distinct sand fly species, overcoming these
obstacles and giving rise to the term “vector competence.”

6.2.2 Vector Competence

A major determinant of vector competence is the ability of
parasites to attach to the midgut epithelium of the sand fly to
avoid expulsion with the blood meal remnants. Numerous

studies, some involving mutants specifically deficient in
lipophosphoglycan (LPG), a large and abundant molecule on the
surface of Leishmania promastigotes, have implicated LPG as
the ligand that mediates this attachment [62,262,302,303].
LPG is a tripartite GPI-anchored molecule with a backbone
of conserved disaccharide repeats consisting of phosphorylat-
ed galactose-mannose sugars —6Galf3 1,4Mana 1-PO ~ capped
with a neutral sugar. The LPG of different Leishmania species
is highly polymorphic where the backbone can be unsubsti-
tuted (L. donovani, Sudan; and L. chagasi), partially substituted
(L. donovani, India), or completely substituted (L. major and
L. tropica) by side chains varying in the number and nature of
their sugar residues [206,216,217,332,368] (Fig. 6.11A). The
driving force for the observed LPG side chain substitutions is
thought to be dependent on the complexity of the receptor
present on the midgut epithelium of the targeted sand fly vec-
tor. Experimental infections showed that some sand fly
species, such as Lutzomyia longipalpis and Phlebotomus argentipes,
developed mature transmissible infections when infected with
several foreign Leishmania species [168,261,294,304]. These
species were termed permissive vectors. Others, including
P, papatasi and P sergenti, can only support the growth of the
Leishmania species they are found infected with in nature
(L. major and L. tropica, respectively) [168,261]; as such, they
are considered restricted vectors. It is important to note that this
species-restricted vectorial competence can also be strain spe-
cific. Certain natural variants of L. major, such as the West
African Seidman strain, which lacks galactose side chains, do
not maintain infection in P papatasi but do maintain infection
in another, closely related species P duboscqi [206]. The strain-
specific variability of LPG galactosylation in L. major was
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attributed to the differential expression of a family of six genes
encoding L. major galactosyltransferases that vary in their expres-
sion and activity [110]. Additionally, in the north of Israel, a
strain of L. fropica whose LPG terminates with galactose
instead of glucose residues, known to decorate the LPG of
previously characterized L. tropica, was isolated from P arabicus
and not the classical vector P sergenti [332]. As for sand fly
midgut receptors, the first and only identified receptor to date
is PpGalec, a tandem repeat galectin responsible for the
observed specificity of P papatasi for L. major [169].

Though appropriate LPG polymorphisms are necessary,
vector competence has also been associated with the ability
of certain Leishmania species to overcome other adverse con-
ditions in the midgut of their respective competent vectors.
For example, Leishmania species are able to overcome the
harmful effects of digestive enzymes in a competent vector,
but not in a foreign sand fly species, by specifically inhibiting
or retarding the peak activity of these enzymes [50,107,316].
Secreted glycoconjugates, a family of LPG-related molecules
characteristic of Leishmania, were implicated in this protec-
tion [302,317], highlighting the degree of adaptation neces-
sary for parasite survival in competent vectors.

6.2.3 Metacyclogenesis and Transmission

Transmission of the parasites from the sand fly to the mam-
malian host requires detachment of the parasites from the
midgut epithelium. This event is again mediated by LPG,
which undergoes stage-specific modifications involving elongation
of the molecule and/or changes to the nature of sugar residues
on its side chains or neutral cap [206,217,262,301,303]. For
example, during metacyclogenesis, the LPG of L. major elon-
gates to approximately twice its procyclic length, and the
majority of terminal galactose sugars get capped by arabinose

residues (Fig. 6.11B). This modified LPG cannot bind to
PpGalec, the midgut receptor for L. major procyclic LPG in
P papatasi [169]. In L. chagasi, metacyclics downregulate the
glucose substitutions in their LPG, which, in contrast to pro-
cyclic parasites and procyclic LPG, becomes unable to bind to
the midgut of its natural vector L. longipalpis [333]. This
detachment frees the metacyclics and ensures their availability
for transmission to the mammalian host. The trigger that
initiates metacyclogenesis is not well understood. The only
available evidence to date is a negative regulation by tetrahy-
drobiopterin, a byproduct of pteridine metabolism, whose lev-
els are high following a bloodmeal and decline with time
elevating metacyclogenesis [84].

To further enhance their chances for successful transmis-
sion, Leishmania parasites evolved the haptomonad stage,
whose specific function is to block the stomodeal valve sepa-
rating the midgut from the foregut. These parasites are non-
motile and adhere to the chitinous lining of the valve. The
physical blockage of the valve is compounded by the secretion
by the parasites of a proteophosphoglycan-rich gel termed the
promastigote secretory gel (PSG) [156,340]. Both act in concert
to obstruct the intake of blood during feeding, requiring more
bites and a longer period to feed, and promoting reguigitation
of metacyclics into the skin of the mammalian host
[33,183,294]. In addition, parasite chitinases destroy the chiti-
nous lining of the stomodeal valve, further contributing to the
defective feeding mechanism in infected flies [314,380].
Another aspect of sand fly feeding that promotes transmission
is sand fly probing. Due to their small mouth parts, sand flies
need to lacerate multiple skin-surface capillaries to create the
pool of blood upon which they feed [277,278]. Beach et al.
[32] have shown that infected sand flies can transmit
Leishmania parasites while probing. Moreover, infected flies
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with mature infections and a stomodeal valve destroyed by
chitinases and blocked by haptomonads and PSG probe
longer in their efforts to feed [33,293,314], thus further pro-
moting transmission. Based on a pool of 50 flies, the number
of metacyclics egested into a membrane feeder by an infected
sand fly was averaged at 1000 parasites [294]. However, con-
sidering the modification of feeding behavior mentioned
above, the full potential of transmission in infected sand flies
has yet to be accurately defined.

6.24 Sand Fly Modulation of the Mammalian
Host Inmune Response

6.2.4.1 Sand fly saliva During the act of probing and
feeding, sand flies salivate into the wound. Consequently,
Leishmania metacyclics are always egested in the presence of
saliva. Sand fly saliva consists of a complex mixture of phar-
macologically active compounds such as vasodilators, antico-
agulants, and platelet inhibitors [166,278,372], as well as a
number of immunogenic proteins of unknown function
[72,246,373]. Numerous studies have shown that sand fly sali-
va enhances Leishmania infections and has the ability to modulate
the host immune response (reviewed in [131,166,299]).
Moreover, preexposure to saliva protected mice against infec-
tion with L. major [37,167]. Therefore, salivary molecules
identified as disease enhancing or immunogenic may be tar-
gets for vaccine development. Maxadilan, a vasodilatory pep-
tide identified from Lu. longipalpis [195], and SP15, a salivary
molecule of unknown function identified from P papatasi
[373], both protected mice against infection with L. major
[235,373]. Currently, salivary proteins of various sand fly vec-
tor species are being evaluated for their ability to protect
against the Leishmania species they transmit in nature. This is
made possible by the development of a high-throughput
approach to DNA plasmid production combined with an
immunization strategy that accelerates the identification of
salivary molecules producing a cellular response, an antibody
response, or a combination of both [246].

6.2.4.2 Promastigote secretory gel PSG is produced by
leptomonad forms of Leishmania and accumulates at the ante-
rior midgut region of an infected sand fly where it is egested
with metacyclics during transmission by bite [31,293].
Filamentous proteophosphoglycan (fPPG), a component of PSG,
was found to enhance L. mexicana infection in mice, causing
long-term disease exacerbation [294]. Again, an intimate
adaptation of Leishmania parasites to their vectors is rein-
forced, where molecules of parasitic origin and delivered by
the fly insure the successful transmission of Leishmania and its
establishment in its mammalian host.

6.2.4.3 Conclusions The role played by phlebotomine
sand fly vectors in the development of Leishmania parasites,
their successful transmission, and the outcome of disease is
substantial. The complexity of the life cycle of Leishmania
parasites in the digestive tract of the sand fly, from surviving

the onslaught of digestive enzymes and immune molecules to
attaching to receptors on midgut epithelial cells, exerts a
powerful evolutionary pressure that restricts the species of
Leishmania that can be successfully transmitted by a particu-
lar species of sand flies. In some instances, as for L. major and
P, papatasi, the specificity of this vector—parasite association is
so reliable as to enable the identification of the vector fol-
lowing characterization of the Leishmania species circulating
in a focus of disease. Appreciation of the full significance of
sand flies as vectors of leishmaniasis came with the demon-
stration of their influence on the progress and outcome of
disease in the mammalian host that extends beyond their
delivery of parasites. Sand flies can alter the immune response
of the mammalian host through the modulatory effect of
molecules they inject into the skin. These include salivary
molecules and/or molecules of parasite origin, such as PSG.
Some of the most exciting fields of research today pertain to
an integrated approach in the search for an effective anti-
Leishmania vaccine that combines protective salivary mole-
cules with Leishmania antigens. Taking all of the above into
consideration, further research is needed to identify the key
molecules involved in Leishmania — sand fly interactions, from
those important to the survival of the parasite within the
digestive tract of the vector to those influencing their trans-
mission and establishment in the mammalian host.

6.3 BIODIVERSITY AND GENETICS
OF PARASITES: IMPLICATIONS IN VIRULENCE
AND PATHOGENICITY IN HUMANS

6.3.1 Leishmania Species and Epidemiological
Diversity

The Leishmania (Ross, 1903) parasites are protozoa belonging
to the Kinetoplastida order (Honigberg, 1963) and to the
Leishmania genus. Kinetoplastida have a unique mitochondria-
like organelle called the kinetoplast, an appendix of their single
mitochondrion, located near the basal body of the flagellum.
As described above, this genus is characterized by ecological,
epidemiological, and clinical complexity. The presence of these
organisms throughout the world, except Antarctica, and their
capacity to infect a large range of vertebrate hosts and sand fly
species shows that Leishmania spp. have the ability to adapt and
survive in very diverse environments. The hypothesis based on
epidemiological data is that almost all Leishmania hosts are
adapted to these environments, and the infections remain inap-
parent [189]. On the contrary, within animals that are less well
adapted, such as humans, infections can produce a wide range
of diversified pathologies, from asymptomatic carriers and
benign cutaneous lesions to more serious cases such as the vis-
ceral form (see Section 6.1.4. for details). Indeed, when
humans are bitten by a sand fly, the parasite inoculation can
lead to the development of leishmaniasis but can also have no
incidence on humans. The rate of asymptomatic carriers
(infected individuals without clinical manifestations) is not
accurately known, but different studies have revealed that it
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seems to be higher than expected. For example, on the
Balearic Islands, L. infantum was amplified by PCR in 22% of
blood donors [280] and asymptomatic carriers were also
revealed in Brazil [77], southern France [192], and India [323].

This great phenotypic variability is also expressed by the
high number of Leishmania species described in the literature.
A large part of these species has been defined on the basis of
epidemiological, clinical, geographical, and biological data,
for example, L. guyanensis (isolated in Guyana), L. peruviana
(isolated in Peru), L. infantum (isolated from a child in
Tunisia), L. gerbilli (isolated from gerbils), and so on. These
extrinsic characteristics were first used to determine the
species because morphological characteristics cannot be used
for species identification. Even if differences in length have
been observed among Leishmania spp. [125,174], the different
species are indistinguishable in morphology in both the pro-
mastigote and amastigote stages. The development of genetic
and phenotypic tools has provided means to reconsider the
Leishmania taxonomy more rigorously. The first problem
noted was that these organisms could not be defined on the basis of
the biological concept of species [215]. Indeed, the studies of pop-
ulation genetics published show a basic clonal population
structure in different species [25,23,362,364,365]. However,
this model is not as simple as it appears because these organ-
isms have been shown to use different multiplication strate-
gies, with several hybridization events between species
evidenced in the literature [24,41,112,120,175]. For exam-
ple, in the New World, hybrids between L. braziliensis and L.
peruviana, and L. guyanensis and L. braziliensis were described
[24,112], and in the Old World, hybrids have been shown
between L. major and L. arabica [120]. However, these recom-
bination events do not seem frequent enough to disturb the
clonal propagation of clones stable in space and time. Thus, the
species definition of these “agamospecies” (a group of individ-
uals in which reproduction is almost exclusively done by asexual
means) still remains arbitrary and is based on a mix of intrin-
sic and extrinsic characteristics considered together. In this
framework, different analyses clearly showed that the species
status of some taxa was not taxonomically valid or question-
able [23,26,85,137,212,213,283,396].

It must be kept in mind that there is a need for a rigorous
and clear nomenclature for efficient communication between
the scientific and medical professions. Indeed, first the vari-
ous Leishmania species require different medical posologies to
treat patients (see Section 6.1.5.3 for details) and second,
clinical data suggest a close association between the clinical outcome
of the disease in humans and the species responsible for the infection.
Concerning the second point, for examples, (i) the L. donovani
complex is mainly responsible for visceral forms; (ii) mucos-
al lesions are generally associated with L. braziliensis; (iii)
L. major, L. tropica, L. mexicana, L. guyanensis, and L. peruviana
produce a variety of Leishmania skin lesions in humans; and
(iv) L. amazonensis is generally associated with diffuse cuta-
neous leishmaniasis. But once again, the clinical picture is
more complex since at an intraspecific level, we can observe
different disease outcomes: for example, L. amazonensis was

isolated from six patients, three with cutaneous lesions, one
with mucosal lesions, and two with diffuse cutaneous forms
[205]; L. infantum can cause both cutaneous and visceral
forms; and L. braziliensis produces cutaneous lesions and in
around 10% of cases metastasizes.

Other points complicate the clinical picture: the existence
of hybrids (see above) and mixed infections with different
Leishmania strains. Concerning hybrids, L. braziliensis can pro-
duce cutaneous or mucocutaneous lesions in humans requir-
ing care, whereas L. peruviana is responsible for dry benign
cutaneous lesions that heal spontaneously. The hybrids
between these two species found in Peru were isolated from
patients either with mucocutaneous lesions or with benign
lesions typical of the L. peruviana species [112]. These strains
are thus capable of producing the different pathologies found
in each species. Concerning mixed infections by different
Leishmania species, few cases have been described in the New
and Old World in the literature [13,30,154,210,341].
However, the molecular epidemiology studies evidenced that
many foci exist in which several species circulate simultane-
ously [205]. It is hypothesized that the number of mixed
infections is underestimated because of a selection problem
during the parasite culture required by molecular techniques.
This is confirmed by a study conducted in Bolivia [30] and
also presents a problem for Leishmania diagnosis, prognosis,
and for the understanding of the real role of parasites in path-
ogenicity in humans.

Moreover, it seems important to note and to consider the
cases of co-infection of Leishmania with other pathogens. This
is relatively frequent according to the literature and various
pathogens in association with Leishmania such as Mycobacterium
tuberculosis [94,386], Tiypanosoma cruzi [30], Salmonella and
Schistosoma [109], and of course HIV (for reviews see
[97,103,234,268]) have been studied. Furthermore, in some
cases, these co-infections can produce unusual clinical forms of
leishmaniasis [66,75].

Another aspect of the incredible environmental adaptation
of Leishmania parasites is their ability to become drug resist-
ant. Indeed, drug and multidrug resistance has emerged as a
major problem in treating both VL and CL. In particular, the
appearance of antimonial resistance has changed the pattern
of leishmaniasis treatment in the world. Indeed, pentavalent
antimony has long been the cornerstone of anti-Leishmania
chemotherapy, but resistance to this drug class is so high in
some parts of the world, particularly in northeast India (see
Section 6.1.3 for details), that it is quickly becoming obsolete
[251,352]. There are many factors that can influence the effi-
cacy of drugs in the treatment of leishmaniasis. These include
both an intrinsic variation in the sensitivity of Leishmania
species, described for pentavalent antimonials, but also paro-
momycin, azoles, and other drugs that have reached clinical
trials, as well as acquired drug resistance to antimonials [79].
Thus, the understanding of the molecular mechanisms that the par-
asite adopts or may adopt in the future is of high clinical relevance.
We know that the parasite is able to adapt itself to become
resistant. For example, some results on glibenclamide-resistant
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Leishmania parasites suggest that drug resistance involves a
metabolic adaptation that promotes a stage-dependent mod-
ulation of energy substrate uptake and use as a physiological
response to the challenge imposed by drug pressure [370].
Resistance of Leishmania species, in many instances, is due to
overexpressed efflux pumps belonging to the superfamily of
ABC (ATP-binding cassette) transporters [193].

6.3.2 Different Pathogenic Potential of Species
and Within Species: Experimental Data

From all these data, it seems clear that the clinical outcome
of the disease in humans is multifactorial. However, despite
the complex clinical picture, the patasites play an important role
in human pathology and are not a passive organism.

The animal models are largely used for immunobiology
studies to understand and characterize the host—parasite
interactions during infections. The fact that different
human parasite isolates produce different infection patterns
in a given mouse model suggests that parasite-related factors
play an important role in the resistant versus susceptibility
status and in the type of immune response elicited by the
infected host [173]. The studies showed that animal models
such as mice, hamsters, or nonhuman primates respond dif-
ferently depending on the Leishmania species used
[220,392]. For example, the Leishmania (Viannia) subgenus
(which are predominant in Latin America), fail to reliably
infect mice [220]. Moreover, different experimental data
also showed that at an intraspecific level (within species),
different strains can have different levels of virulence or dif-
ferent pathogenic properties. Indeed, it was demonstrated in
BALB/c IL-4-deficient mice that a particular L. major strain
induced a non-healing infection, whereas a different
L. major strain induced a healing infection [186,244] and
thus different L. major strains can induce somewhat differ-
ent host immunologic responses [151] in mice. Another
example was based on the comparisons of infection in both
mouse and hamster models using L. tropica metacyclics puri-
fied from dermotropic and visceral isolates [200]. They
found differences in disease progression that may reflect the
parasite tissue tropism and pathogenic potentialities dis-
played by these strains in their human hosts. The authors
suggested a role for parasite-related determinants in the
clinical spectrum of disease. Thus, it was shown that in addi-
tion to the host factors, parasites also influence susceptibility
and immune response following infection.

6.3.3 Genetic Markers and Parasitic Factors
Involved in Pathogenicity in Humans
Since the development of molecular tools, scientists have
attempted (i) to determine whether there is a Leishmania
phenotypic or genetic association with virulence of strains
and/or with pathogenicity observed in humans and (ii) to
identify the markers involved directly or indirectly in the
clinical outcome of the disease.

Different direct and indirect parasitic factors influencing
disease outcome have been described. These factors were

classified into three types: (1) indirect genetic markers of patho-
genicity, (ii) factors called invasive/evasive determinants by Chang
and McGwire [71], and (iii) factors called pathoantigenic deter-
minants [71]. It should be noted that the distinction between
the different groups is somewhat unclear and must not be
considered inflexible. Indeed, this classification depends on
knowledge acquired on each type of marker and thus it could
be questioned in the future.

6.3.3.1 Indirect genetic markers Indirect genetic markers
regroup genes or loci not directly involved in virulence or
pathogenicity; they have been and continue to be widely
explored. Different molecular tools such as multilocus enzyme
electrophoresis (MLEE), which is the gold standard method
for species identification [283], random amplified polymor-
phic DNA (RAPD)[82,157]. Pulse field gel electrophoresis
(PFGE) [113,139], restriction fragment length polymorphism
(RFLP) on various gene [82,377], and recently microsatellites
[60,159,298] and real-time PCR [267,320], were used and the
data were compared with clinical and epidemiological data.
This kind of comparison is justified because of the clonal
model (see Section 6.3.1 for details) of these organisms [363].
Indeed, the frequency of genetic exchanges (absent or rare for
clonal species and frequent or obligatory at each generation
for sexual species) conditions the interest of these genes or
locus as epidemiological or clinical markers. The clonality
implied linkage disequilibrium (nonrandom reassortment of
genotypes occurring at different loci) and thus, correlation
between independent genetic and phenotypic markers, sug-
gesting strongly the possibility to find some genotypes associ-
ated with clinical or biological phenotypes [226]. Genetic
markers are numerous to distinguish the different species but
only a few of them were found to be associated with various
clinical phenotypes at the intraspecies level. For example,
within L. peruviana, we found a link between MLEE data and
severity of lesions in patients [23,111,114]; for L. infantum,
some zymodemes (all the stocks pertaining to a zymodeme
have the same MLEE patterns) were associated exclusively
with dermotropic strains and others with strains mainly iso-
lated from visceral forms of the disease [14,142,282]. Other
investigations studying different genetic markers showed also
a correlation between clinical polymorphism and genetic data
in L. infantum [139] and in L. braziliensis [319]. But finally,
these correlations remain weak and do not allow us to under-
stand the role of parasites in the outcome of the disease and
to use these tools as prognosis markers.

6.3.3.2 Invasive/evasive  determinants Chang and
McGwire [71] have identified a second group of markers
called invasive/evasive determinants. They belong to parasitic
mechanisms that are necessary to establish leishmaniasis such
as (i) Leishmania—macrophage attachment; (i) the entry of
Leishmania into macrophages; (iii) intramacrophage survival;
and (iv) differentiation and intracellular multiplication of
Leishmania amastigotes, but these invasive/evasive determinants
are not responsible for the symptoms of the disease. Thus, they refer
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to all determinants that help successfully establish Leishmania
infection in the host such as glycosylphosphatidylinositol (GPI),
glycosylphospholipid (GIPL), lipophosphoglycan (LPG), leish-
manolysin (GP63), cysteine proteases (CPs), among others. These
molecules have been widely studied, especially LPG, GP63,
and CPs. LPG is the dominant surface molecule of pro-
mastigotes involved in (i) binding, migration, and release of
the parasite in the sand fly midgut but also in (ii) the modu-
lation of resistance to lysis by the host’s complement. It is
almost completely absent from amastigotes [83,217,247,262].
LPG is not involved in virulence within all Leishmania species.
For example, it is not required for infection by L. mexicana
[155], whereas it is needed for L. donovani and L. major infec-
tion [221,337]. Its structure varies between Leishmania species
and also differs between procyclic and metacyclic promastig-
otes (see Section 6.2.2 for details). Some analyses showed, in
addition to stage-specific and interspecies variability, an
intraspecies polymorphism in lipophosphoglycan structure
[206]. This diversity may be linked to the Leishmania adapta-
tion to the sand fly species rather than related to the clinical
diversity observed in humans.

Another important surface molecule, GP63,is an ecto-met-
alloprotease particularly abundant in promastigotes and also
released by this stage of Leishmania [219]. Like LPG, GP63 is
downregulated in the amastigote form [318]. These molecules
may be involved in the evasion from humoral lytic factors and
in the attachment of parasites to macrophages followed by their
intracellular entry into these phagocytes [395]. GP63 protein is
encoded by a multigene family repeated in tandem. Genetic
and structural diversity was extensively studied and showed a
high polymorphism at both inter- and intraspecific levels
[119,140,289,339,376]. Like LPG, this protein seems to be
subjected to strong host-selection pressure by the vector as well
as by the vertebrate host [141]. But no link was found between
the genetic or phenotypic diversity of GP63 and the
intraspecies clinical polymorphism of strains [139].

Scientists have also shown increased interest in cysteine pro-
teases because of the key roles some of them play in infection
and expression of the disease, making them potential drug tar-
gets or vaccinal antigen. In L. major, a total of 65 CPs may
exist, many of which are likely to play crucial roles in host-
parasite interactions, particularly in facilitating survival and
growth of parasites in mammals by destruction of host pro-
teins, nutrition, evasion of the host immune response, and
Leishmania survival within host macrophages [4,237,240,297].
The functional studies of the most widely studied CPs, CPB,
allowed to explore the ways in which these molecules influ-
ence the interactions between parasite and mammalian host
(see reviews [4,237,240,297] for details). Indeed, the genera-
tion of Leishmania cp-deficient mutants and inoculation on
mice showed the involvement of these proteins in virulence
and pathogenicity. For example, the L. mexicana strain defi-
cient in the ¢b array reduced virulence in BALB/c mice
[4,238]. As for the gp63 array, the genetic studies showed a
high level of polymorphism, among species as well as within
species. Nevertheless, only one publication showed a statisti-

cal correlation between gene organization of ¢pb in the L.
infantum population and the strain tropism (cutaneous versus
visceral) [67].

This list is far from exhaustive: other molecules such as
PSA (GP46), an abundant surface glycoprotein of the pro-
mastigote form [35,357], or A2 protein, shown to have an
influence on the outcome of the disease [398], appear to play
an important role in the invasive/evasive phases of the
Leishmania cycle. For example, A2 is an important gene for
L. donovani virulence but is not expressed in L. major
[397,398]. Nevertheless, we can note once again the high
level of heterogeneity depending on the considered species.

6.3.3.3 Pathoantigenic determinants The third group of
factors comprises Leishmania pathoantigenic determinants [71].
This group includes all the molecules described in the literature capa-
ble of inducing host immunopathology as the principal cause of clini-
cal symptoms. Thus, all Leishmania antigens eliciting antibodies
at high titers compared to antibody titers against the other
determinants (invasive/evasive determinants) can be classified
in this category. These pathoantigenic determinants are all
conserved structural or soluble cytoplasmic proteins, which
are often complexed with other molecules to form subcellu-
lar particles [71]. Moreover, they have been found to contain
immunogenic B-cell epitopes. The list of candidate molecules
is based on data obtained from kala-azar patients (the visceral
form of the disease as described above) [276]; thus, they clear-
ly differ from those obtained from cutaneous leishmaniasis.
For example, the unique 117-basepair repeat, encoding for a
39-amino acid peptide (recombinant products = rK39) in the
Leishmania kinesin-like gene, is expressed by the amastigotes
of visceralizing Leishmania (L. donovani, L. chagasi) and not by
dermotropic species (L. major, L. amazonensis, and L. brazilien-
sis) [61]. Indeed, sera from kala-azar patients contains antibod-
ies specific to this 39-amino acid peptide called anti-rK39 at
high titers [331]. It is interesting to note that this antigen has
been successfully used for serodiagnosis of active kala-azar
cases.

To date, the interactions between these molecules and the
human immune system as well as activation of specific anti-
bodies production remain unknown. All these molecules are
localized in amastigote cytoplasm and are thus beyond the
reach of their specific antibodies [71]. However, their potential
contributions to immunopathology are apparent. In a study on
protective immunity in Leishmania [266], Chang and McGwire
[71] suggest that some Leishmania-specific T-cell epitopes may
also exist and cause additional immunopathology.

6.3.3.4 Conclusions In summary, all the experimental
and epidemiological data show that the identity of the para-
site responsible for infection plays a fundamental role in the
clinical diversity observed in humans, as it does when we con-
sider the different species as different parasites of a single
species. As described above, factors or factor groups from the
Leishmania parasite could clearly be involved in this clinical diversi-
ty at both interspecific and intraspecific levels.
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Unfortunately, their true roles and the biological pathways
in which they participate remain unknown because of the
immunopathological complexity involved. All these studies
are based mainly on the comparison of strains responsible for
different degrees of pathogenicity. Nevertheless, it seems that
the majority of infections remain inapparent in natural pop-
ulations considering all the vertebrate hosts, but this is also
true in humans, as described in the literature [77,209,
255,280]. Although it is known that leishmaniasis is the result
of a complex association of host and parasite factors, we do
not know what occurs in asymptomatic carriers. We do not
know whether strains from patients and from asymptomatic
carriers are genetically different. To explore the pathogenic
potential of strains and identify the parasite factors involved
in pathogenicity, it is fundamental to compare isolates from
asymptomatic carriers with parasites from patients.

As described above, leishmaniasis results from apparently
multiple factors of Leishmania origin but also host and envi-
ronmental origin combined (see the other parts of this
review for details). Thus, all these data illustrate the value of
mechanistic approaches focusing on both parasite and host
defense pathways in dissecting the specific biological roles of
the different complex virulence factors and pathoantigenic
determinants [338].

6.4 THE IMMUNE RESPONSE AND GENETIC
FACTORS FROM THE MAMMALIAN HOST

In endemic area populations, it is striking to observe, for a
given parasite species, a wide range of interindividual variabil-
ity in susceptibility/resistance to disease. Furthermore, epi-
demiological studies have shown that infection by Leishmania
parasites remains asymptomatic in most cases [21,57,146,399].
These subjects (detected either by a positive serology, the
Leishmanin skin test, or detection of parasite by PCR [330])
are either able to clear infection or can remain asymptomatic
carriers for years (as evidenced by the development of leish-
maniasis in immunosuppressed patients several years after their
last stay in endemic areas). Other subjects, however, are unable
to control parasite dissemination and/or multiplication and
develop clinical symptoms of diverse severity. Malnutrition,
immunosuppression (AIDS, malignancy), pregnancy, age, as
well as immunological capacities and genetic factors are risk
factors associated with the development of leishmaniasis.
Malnutrition alters the immune response and leads to increased
parasite visceralization during Leishmania donovani infection
[11,143]. Leishmaniasis in HIV-infected individuals is often the
consequence of a reactivation of a latent infection. Accelerate
multiplication of parasites and the invasion of multiple visceral
sites stems from progressive T-cell immunosuppression [6,393].
Leishmania-HIV co-infections appear to be accompanied by
changing nonpathogenic into pathogenic strains, and der-
motropic strains are seen to induce viscerotropic behavior [7].

Although the general state of health and physiological con-
ditions of the host can and do influence disease progression,

genetic predisposition indubitably plays a major role in deter-
mining disease outcomes. Thus, the aim of this section is to
analyze how the host response to parasite infection mediates
susceptibility/resistance to leishmaniasis. First, the different
host immunological responses to infection and their relation
to susceptibility/resistance to disease will be presented, and
then we will focus on how these observed response differ-
ences are related to genetic factors from the mammalian host.

6.41 The Host Inmune Response

to Leishmania

In their mammalian host, Leishmania species are obligate
intracellular parasites of hematopoietic cells of the mono-
cyte/macrophage lineage. As such they infect and multiply
within cells having a central role in the host immune
response, as they are both involved in innate immunity (as anti-
Leishmania effector cells) and in presenting parasite antigens
to lymphocytes, and thus in initiating the acquired immune
response [95,96,300,334] (Fig. 6.12).

6.4.1.1 Early events On infection, Leishmania parasites
are first confronted with the host’s innate immune response (see
Fig. 6.12). Mechanisms of the innate response leading to the
control of infection are mediated by the intrinsic capacity of
macrophages [133] to become infected by promastigotes and
then by amastigotes and to activate on infection to limit par-
asite multiplication. The ability of macrophages and dendritic
cells [40] to produce interleukin-12 (IL-12) and other pro-
inflammatory cytokines (tumor necrosis factor-a [TNF-a],
IL-1) early during the course of infection is also a critical step
[358,366,367]. IL-12 has a key role in the development of
cell-mediated immunity through the induction of naive
T cells to differentiate into Th1 cells (see acquired immunity
below) and through the activation of NK cells to secrete
interferon-y (IFN-vy) [36,313]. IFN-y and TNF-a are
cytokines involved in the activation of infected macrophages,
which is characterized by an increased production of radical
oxygen and nitric oxide (NO), which are potent anti-
Leishmania molecules [49,121,122,148,196,241]. Intramac-
rophagic radical oxygen (ROS) is produced by the NADPH
oxidase complex, whereas NO is produced by the inducible
nitric oxide synthase (iNOS).

However, in no way can the parasite be seen as a passive
partner in the establishment of the immune response. Indeed,
several studies on macrophage gene expression have shown
that the pattern of gene expression in infected macrophages
is profoundly modified upon infection [54,73,292]: a number
of genes encoding molecules involved in the macrophage
anti-microbial response are down-modulated [53,68,100,
144,259,275,369,388], whereas fewer genes coding immuno-
suppressive molecules such as TGF-3, IL-10, IL-10R, are
selectively up-regulated [29,48,59,123,138,383].

6.4.1.2  Acquired immunity  Acquired response develops with
the surface parasite peptide-presentation by infected macrophages and
dendritic cells (see Fig. 6.12). These peptides are the result of
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Fig. 6.12. Immunological determinants influencing parasite multiplication. During blood meal infected
sand flies transmit metacyclic promastigotes to the vertebrate host, which convert to the amastigote
form on entering macrophages and dendritic cells. IL-12 production from infected cells induces NK
cells activation, CD4+ T helper cell differentiation, activation of CD8+ cytotoxic T-cells and INF-g
production. INF-g stimulates iNOS expression and NO production in the macrophage, which mediates
parasite killing. Failure to produce IL-12, to respond to INF-g or alternatively IL-4/IL-13 production
results in unregulated parasite replication within the infected cells facilitated by host cell IL-10 produc-
tion. IL-10 production by CD4+ CD25+ regulatory T-cells can both facilitate disease development as
well as maintaining latent infection and concomitant immunity. See color plates.

intracellular processing of Leishmania antigens and are present-
ed to T-cell receptors by the major histocompatibility complex
(MHC) molecules [185,402]. Depending on the peptide pre-
sented and the cytokine context (i.e., presence of IL-12 or
IL-4), this will lead or not to the activation and proliferation of
CD8" cytotoxic T cells and to the differentiation of naive
CD4" T helper (Th) cells into Th1 or Th2 subtypes
[98,184,236]. Th1 cells secrete cytokines usually associated with
inflammation such as IL-2, IFN-y, and granulocyte-macrophage
colony-stimulating factor (GM-CSF) and induce Leishmania
cell-mediated immune responses (induction of macrophage micro-
bicide activities and activation of cytotoxic T cells). In contrast,
Th2 cells help in the development of the humoral response (pro-
duction of antibodies by B cells) and produce cytokines (IL-4,
IL-5, IL-10, IL-13, etc.) that inhibit both development of Th1
responses and macrophage activation [274].

Other T-cell populations were shown to be involved in
long-term protection. IFN-y producing CD8" T cells or
CD8" T cytotoxic cells play a role in immunity to reinfection
[39,86,239]. More recently, CD4" CD25" regulatory T cells
[306, 326] (Treg cells) were proved to mediate persistence of L.
major parasites at a low level in healed cutaneous lesions [38].
Thus, Treg cells seem to suppress the ability of the immune

response to completely eliminate parasite infection. This might
reflect a Leishmania parasite adaptive strategy to maintain its
transmission cycle in nature; such persistence can lead to dis-
ease reactivation; however, it could also contribute to the main-
tenance of a lifelong immunity against reinfection [38,225].

6.4.1.3 Anti-Leishmania immunity in different
Leishmania species and hosts The fact that resistant
inbreed strains of mice (self-resolution of lesions) develop a
Th1 response, whereas susceptible strains (progressive non-
healing lesions) develop a Th2 response upon experimental
infection by L. major provides an exquisite demonstration that
Th1l and Th2 subsets can influence the course of disease
toward opposite poles [145,152,191,202,321] (Fig. 6.12). In
humans, (i) the observation of a strong humoral response
(characterized by high anti-Leishmania antibody titers) during
the course of disease; (i1) the fact that a delayed-type hyper-
sensitivity (DTH; detected by the leishmanin skin test)
response, which is a marker of cellular immunity, develops in
cured patients; and (it1) the fact that DTH positivity is also
detected in exposed healthy subjects (asymptomatic infection)
are also compatible with the Th1/Th2 model of resistance/
susceptibility established in mice infected by L. major.



102 © ENCYCLOPEDIA OF INFECTIOUS DISEASES: MODERN METHODOLOGIES

However, in mice and other animal models, the importance
of the Th1/Th2 dichotomy in determining the course of
infection is less clear when animals are experimentally infect-
ed with other Leishmania species such as the “visceralizing”
species of the L. donovani complex [28,197,228]. Similar to
L. major infection, resistant mouse strains such as C57BL/6
develop a Th1 response with CD4" cells, producing [FN-y
and IL-2 during L. donovani or L. infantum infections, whereas
susceptible strains (BALB/C) exhibit a decrease in IFN-y pro-
duction. In contrast to L. major infection, the IL-12 effect is
delayed for 4 weeks after infection. Furthermore, susceptible
strains lack Th2 immune response despite disease progression
[172,224,228]. Thus, in “visceralizing” Leishmania infection,
Th1 response is not suppressed by Th2 response, in contrast to
L. major infection.

Mice have also been used to evaluate the immune response
directed toward other New World Leishmania spp. (L. mexi-
cana, L. amazonensis) causing cutaneous leishmaniasis and it
revealed striking differences with the L. major model. Overall,
although a protective response is quite clearly Th1 mediated
in all species studied to date, it has become apparent that the
relevant importance of the specific Th2 response in disease
progression is clearly Leishmania species dependent. Old World
species (L. major and L. donovani) diverged from the New
World species some 40—80 million years ago. It is therefore
not surprising that these different parasite species have devel-
oped different strategies to survive within different tissue sites
and/or a different range of mammalian hosts [220].

It is worth noting that even susceptible mice experimental-
ly infected, for example, by L. donovani complex parasites, are
able to finally resolve infection spontaneously, which make
them a better model of subclinical infection rather than pro-
gressive  disease. In contrast, hamsters infected by
L. donovani develop progressive disease that mimics human vis-
ceral leishmaniasis more closely [87,129,130,290,374].
Surprisingly, there are significant amounts of Th1 cytokines
expressed in the spleen of hamsters, although little or substan-
tial amount of IL-4 and IL-10 is present. Instead, susceptibility
to L. donovani in hamster seems more to be mediated by a defect
of NO production by iNOS in infected macrophages rather
than the development of a Th2 response [224]. In dog also, a
natural reservoir of L. infantum, studies done so far have not
been able to clearly establish the existence of a Th1/Th2
dichotomy in susceptibility to canine leishmaniasis
[8,68,243,263]. Although resistance is associated with a'Th1 response
(production of IL-2, TNF-a, and IFN-y able to stimulate
macrophage leishmanicidal activity [254,263,310], susceptibility
has not been shown to be associated with a Th2 response [70,264].

6.4.1.4 The immune response in human leishmaniasis
In humans as in experimental models, different patterns of
immunological response are observed according to the clinical
manifestation and exposure to the different Leishmania species.
Indeed, different T-cell type responses are observed among the
different cutaneous forms of leishmaniasis. An absence of a Th1
response (rather than presence of Th2) is seen in diffuse cuta-

neous leishmaniasis, whereas patients with self-healing lesions
develop a Th1 response [1,65,176,177]. High IFN-vy levels are
also detected in chronic lesions and mucocutaneous leishma-
niasis, which are rather characterized by a mixed Th1/Th2
response [19,69,204,223]. In the case of the immune response
directed against visceralizing Leishmania spp., it was shown that
peripheral blood mononuclear cells (PBMCs) from individuals
with asymptomatic or subclinical infection respond to
Leishmania antigens with proliferation and production of IL-2,
IFN-y, and IL-12. However, visceral leishmaniasis displays a
cytokine profile of mixed Th1/Th2 characteristics such as
IFN-y along with IL-10 readily detected [128,170,179].
Furthermore, both Th1 and Th2 clones producing IFN-vy and
IL-4 have been isolated from cured patients [178]. Thus, it has
not been possible to clearly associate a Th2 polarity with non-
healing, systemic, or reactivation forms of leishmaniasis.
Opverall, IFN-y-producing cells or mRINA remain readily
detectable in patients with visceral leishmaniasis, PKDL [126],
or chronic cutaneous leishmaniasis, and the opposing cytokine
most commonly found in these clinical settings is not IL4 as in
mice but IL-10 [10]. Interestingly, IL-10 is not a “pure” Th2
cytokine, as it can also be produced by alternatively activated
macrophages and, as shown recently in mice, by Treg cells that
also produce IFN-y. In contrast to IL-4, which inhibits Th1
expansion, IL-10 action serves more to down-regulate the acti-
vation of macrophage microbicidal activity by IFN-y produc-
ing cells. The role of Treg cells has been proposed to be both
to control the severity of inflammation (which occurs within
Thl-type responses and can be harmful to the host) and to
promote long-term low parasite persistence in order to main-
tain a memory pool necessary to resist reinfection [38].

6.4.1.5 Conclusions Although the control of infection
is almost always associated with the development of a Thl
response, mechanisms promoting disease susceptibility are not
yet fully understood and determinants other than the Th2
cell subset are likely involved depending on the parasite
species. Although macrophages are the primary host cell for
Leishmania, the role of these cells has not been well charac-
terized either in disease prevention or in disease progression.
The effector functions of macrophages have always been
described in a T-cell-dependent manner and the fate of
infected macrophages in the pre-T-cell phase is not well
known. It is also obvious that the parasites modulate the
macrophage in terms of their antigen-presenting and intra-
cellular signaling capacity. In this regard, intramacrophagic
interaction (which needs to be further explored) between
host and parasite molecules could regulate the capacity of
macrophage to respond to IFN-y (possibly through the
secretion of IL-10 or other mechanisms) and explain the
progression of disease in the context of a Th1 response.

6.42 Host Genetic Factors in Resistance/
Susceptibility to Leishmaniasis

As stated above, immunological studies in experimental
models of infection and in endemic area populations have
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associated certain clinical manifestations with qualitative or
quantitative changes in the host-specific immune response
to Leishmania. Although these studies identified several
immunological components that are markers of disease ver-
sus asymptomatic or subclinical infections, these studies did
not identify the primary effects causing the observed com-
plex immunological phenotypes. Growing evidence from
mouse and human studies suggests that they are in part relat-
ed to the genetic make-up of the host. This raises the hope
that the analysis of host genetic susceptibility will help in
identifying these defects and in demonstrating the causal link
between immunological phenotypes and clinical diseases.

6.4.2.1 Genetic studies in mouse The existence of
genetic host factors involved in resistance/susceptibility was
first suggested by the fact that genetically distinct inbreed
strains of mice exhibited substantial differences in the infec-
tion outcome in experimental infection by a single strain of
Leishmania. The possibility of intercrossing or backcrossing
between resistant and sensitive inbreed strains of mice has
made it possible to start unraveling the basis of genetic sus-
ceptibility to leishmaniasis in these experimental models of
infection. The control of the early stages of L. donovani infec-
tion (innate immunity) is associated with a mutation in the
transmembrane domain of Nramp1 (Natural resistance-asso-
ciated macrophage protein 1) [52,378]. This gene, now
renamed SI11al, codes for a macrophage-restricted divalent
cation transporter that is recruited to the phagosome upon
phagocytosis [322]. Although the mechanisms by which this
transporter limits the replication of intracellular pathogens is
not yet fully understood, it could be through the alteration
of the phagolysosome environment, especially iron concen-
tration, which is critical for the generation of oxygen-free
radicals [43,46,390]. Furthermore, late control of L. donovani
infection in susceptible mouse strains, concomitant with the
development of acquired immunity, has been associated with
alleles at the MHC locus [44].

It is worth noting that genetic determinants of murine cuta-
neous leishmaniasis (L. major) map to different regions of the
mouse genome and appear to be more complex because 10-15
loci were implicated in the control of diverse clinical or
immunological phenotypes [34,134,199,284,285,288,379].
Although the causative genes in these regions remain to be iden-
tified, they pointed to interesting positional candidate genes: (i)
a susceptibility locus encoding a number of Th2 cytokines on
mouse chromosome 11 is syntenic with human 5q31-33, which
was shown to influence infection levels by Schistosoma mansoni
[207], Plasmodium falciparum [124,281], and susceptibility to asth-
ma [208]; other loci include genes encoding (ii) other cytokines
or cytokine receptors (Ifing, Ifngr1, etc.); (iii) macrophage eftectors
(Nos2); (iv) transcription factors (Stat6); and so on.

Analysis of genetic susceptibility (control of lesion growth)
of mice to infection by L. mexicana (causing human cutaneous
leishmaniasis), also revealed important differences with L. major
because it was mapped to a single locus on mouse chromo-
some 4 [287]. On the contrary, in L. mexicana infections,

visceralization seems to be influenced by the Nramp1 and H2
loci (MHC) [286], as in L. donovani, whereas with L. major this
phenotype is controlled by different genes (which remain to be
identified) located on chromosomes 2 and 11. In mice, suscep-
tibility to disease caused by different Leishmania species thus
appears to be regulated by multiple, distinct genetic loci; there-
fore, it is not surprising that the immune regulation of disease
and healing to each species also differs.

Infection of BALB/c-susceptible and C57BL/6-resistant
mice by L. major has been extensively used to study the
immunological determinants of a Th2 versus Th1 response. This
huge body of work led to the widely admitted idea that Th1 is
protective in leishmaniasis, whereas Th2 is associated with susceptibili-
ty. However, it is not yet clear how the association occurs: does
the host control the parasite because it develops a Th1 response or is it
because parasite multiplication is controlled that a Th1 response eventu-
ally develops? Genetic dissection in mice of clinical, immunolog-
ical, or infection phenotypes [198] will help answer this
question. Interestingly, in C57BL/6 and BALB/c¢ mice con-
genic for three L. major susceptibility loci, the cytokine profile
(Th1/Th2) correlated with the parental genetic background
(C57BL/6 or BALB/c) but not with disease severity [118].

Experimental infection in inbreed strains of mice has made
it possible to characterize the host immune response directed
against Leishmania parasites and to identify genetic determi-
nants responsible for the differences in resistance versus sus-
ceptibility. In mice, resistance/susceptibility was found to be
controlled by different sets of genes according to the parasite
species involved. Moreover, experimental infection by a given
parasite species was found to elicit different immune respons-
es according to the animal model under scrutiny. The ques-
tion now is to validate these experimental observations in
humans living in endemic areas, because experimental condi-
tions of infection in mice are very far from natural infection
in which only a few promastigotes are delivered in the host
derma along with Phlebotomus salivary antigens.

6.4.2.2 Human  genetic factors involved in
resistance/susceptibility Evidence is now emerging that
host genetic factors also influence the outcome of human infection by
Leishmania. Epidemiological studies have shown familial
aggregation of clinical phenotypes that are consistent with the
existence of inherited factors in susceptibility to CL and VL in
humans [58,63,399]. Furthermore, some studies indicated that
the distribution of disease phenotypes (CL or VL) in extend-
ed pedigrees living in endemic areas are statistically best
explained by the segregation of one or two major susceptibility loci
[3,256,324]. Together with the observation of profound eth-
nic differences in the ratio of asymptomatic to symptomatic
infections [58,153], these epidemiological observations
strongly suggest that human susceptibility to cutaneous or
visceral leishmaniasis is mediated by host genetic factors.

6.4.2.3 The candidate gene approach Identification
of genes or genetic loci in mice accounting for the differ-
ences in susceptibility/resistance among the different
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inbreed strains of mice opened the way to a mouse-to-man
strategy to identify human susceptibility/ resistance genes
[45]. Thus, early attempts to identify genetic factors in
human leishmaniasis have first focused on polymorphisms
in candidate genes tested by means of either case—control
studies (association) or family-based studies (transmission
disequilibrium test [TdT] or linkage analysis). Associations
have been reported between some HLA alleles and the
diverse forms of cutaneous leishmaniasis (CL and MCL)
[27,190,258]. In contradiction with the mouse model, how-
ever, all attempts to demonstrate such an association with
visceral leishmaniasis — in Brazil [45,257], India [329],
Sudan [57], and the Mediterranean area [222] — have failed,
pointing out the existence of important differences between
humans and mice. Polymorphisms in the TNFA and TNFB
genes in the MHC class III region, which encode TNF-a
and lymphotoxin-a, respectively, have been associated with
mucocutaneous leishmaniasis [64] (some of the promoter
polymorphisms such as the TNFEA-308 SNP were shown to
be associated with cerebral malaria [218] and/or to drive
higher transcription of the gene [391]). Polymorphisms of

the TNFA promoter were also examined in asymptomatic
L. chagasi infection and patients with visceral leishmaniasis
[171]. Interestingly, in this study, genetic association was
observed with the development of Leishmania-specific cellu-
lar immunity rather than disease itself. This suggests that
although TNFA polymorphisms may be a risk factor forVL,
they cannot alone explain the development of disease.

6.4.2.4 Genetic control of visceral leishmaniasis in two
populations of eastern sudan Two recent studies have
started to study the genetic control of visceral leishmaniasis
in Eastern Sudan, an area endemic for L. donovani and where
an upsurge of cases has occurred over the last decade. One of
the studies was carried out during an outbreak (1995-2000)
that caused infection in almost all inhabitants of a village
of the Sudanese—Ethiopian border (Fig. 6.13). Though more
than 90% of the villagers showed immunological evidence of
infection, 25% developed visceral disease. Substantial differ-
ences in disease prevalence were observed between ethnic
groups living in sympatry (the Haoussa and Fellata having a
decreased risk of developing VL compared to the Aringa), and

A- Ethnic differences
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From 1995 to 2000 this village was severely affected by an outbreak of VL. Although
exposure to infection was high and homogenous in the population important differences were
observed between the different ethnic groups of the village (A). Analysis of the Aringa families
showed important aggregation of VL cases in some extended families or siblings (B). A
genome-wide scan linkage analysis (including 400 microsatellite markers spread over the
human chromosomes) was performed on Aringa multicase families. Highly significant linkage
was obtained on chromeosome 22q12-g13 indicating the presence of a major VL susceptibility
gene at this locus (C). Most obvious candidate genes at this locus are indicated in underlined.
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Fig. 6.13. The influence of host factors in an outbreak of VL in the village of Barbar El Fugarra

(Eastern Sudan).
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certain families among the Aringa ethnic group were more
affected than others, suggesting the existence of a familial
component in susceptibility to VL [57,58,115]. An attempt to
demonstrate that this familial component was attributable to
a major gene segregating in the Aringa pedigree was unsuc-
cessful, indicating that the hypothesis of a single major locus
is probably not tenable. However, a linkage study carried out
on affected sib-pairs, a strategy that accommodates a multi-
genic control and scanning the entire genome, showed that
one locus (chromosome 22q12, p = 3.107°) and possibly
another one (chromosome 2q22-q23, p = 0.0006) controlled
susceptibility to disease in the Aringa population [55]. The
two loci identified by this study do not contain classically
tested candidate genes in leishmaniasis and therefore allow
the formulation of a new hypothesis on susceptibility/resistance
genes important in human infection by L. donovani.
Identification of these genes is now required to characterize
the critical steps in the pathological process involved in this
lethal disease. Several interesting genes are present at 22q12,
such as CSF2RB, encoding the 3 chain of the granulocyte-
macrophage stimulating factor (GM-CSF) receptor, and
NCF4, encoding the soluble P40-PHOX subunit of the
NADPH oxidase complex involved in the generation of
superoxide in phagocytic cells. Another gene, IL2RB, encod-
ing the IL-2 receptor B chain, could also be involved in sus-
ceptibility through the modulation the T-cell response by
IL-2. However, it is not yet known if a single gene or sever-
al genes at the 22q12 locus contribute to the linkage
observed in the frame of this study. It is interesting to note
that two other genes, NMI (N-myc interactor; OMIM
603525) and STAM?2 (signal transducing adapter molecule 2;
OMIM 606244), located in the 2q22-q23 region, are also
coding proteins, involved in modulating signal transduction
downstream of the IL-2 receptor, reinforcing the hypothesis
that the IL-2 signaling pathway plays an important role in
determining susceptibility to VL. Furthermore, the study car-
ried out in this village population also suggests that host
genetics might play an important role in outbreaks deter-
mining to a large extent which subjects are at risk of severe
disease. The reduction in the number of susceptible subjects,
due to patient death and to the induction of protective
immunity in cured patients, has probably played a significant
role in the termination of the outbreak. Furthermore, the
arrival of genetically susceptible immigrants and children
born after the outbreak from cured susceptible parents could
create the conditions of a new outbreak and account for the
periodic occurrence of KA outbreaks in this region of Sudan.
In this regard, the Haoussa and Fellata, who first settled in this
village in the 1940s, had experienced an outbreak of KA
before the one documented in this study and were less affect-
ed by the present outbreak than the Aringa who had immi-
grated to the village more recently.

The other study was carried out in an area located 70 km
away from the area covered by the above-described study and
involved KA patients from the Massalit ethnic group (a group
closely related to the Aringa in that they originate from the

same geographic area in Western Sudan and Chad). Only a
candidate gene approach was reported from this study [47].
Suggestive linkage (Lodscore = 1.8, p = 0.002) and signifi-
cant association with VL (TdT, p = 0.008) were obtained with
an intragenic microsatellite of the IL4 gene in the 5q31-33
region (syntenic with the locus controlling visceralization of
L. major on mouse chromosome 11). These results are consis-
tent with a functional polymorphism in the close vicinity of
the IL4 gene controlling susceptibility to VL in the Massalit
tribe. Another microsatellite marker in the IFNGR1 locus
indicated a possible implication of this gene (Linkage:
Lodscore = 0.73,p = 0.035;TdT, p = 0.007) in the develop-
ment of PKDL, although a larger sample size is required to
confirm this result [232]. Interestingly, the 5q31-33 region and
the IFNGR1 locus showed no linkage in the Aringa study
[57]. The reason for this may be that (i) although the Aringa
and Massalit are a closely related ethnic group, subtle genetic
differences may exist between these two groups; or that (ii) the
expression of genetic susceptibility at the population level will
depend on the environment, that is, transmission intensity or
parasite diversity. In this regard, we can note that the Aringa
were submitted to particularly high transmission levels during
the Barbar El Fugarra outbreak, which may have driven high-
er infection rates compared to the Massalit.

Both studies in Sudan tested linkage with SL11A1
(NRAMP1) polymorphisms. Suggestive linkage (Lodscore =
1.29) was observed in the Aringa [57], linkage was confirmed
in the Massalit tribe (Lodscore = 1.41), and involvement of
the NRAMP1 gene was further confirmed by transmission
disequilibrium test analysis [233]. Thus, the gene encoding
NRAMP1, or a closely linked gene, is involved in determin-
ing genetic susceptibility to VL. Given the large body of lit-
erature on the role of NRAMP1 in both mouse and human
susceptibility to diverse intracellular pathogens [46], these
results are consistent with a role of NRAMP1 in susceptibil-
ity to VL. However, given the low strength of genetic linkage
or association at this locus, its role in determining the infec-
tion outcome in humans is minor compared to the strong
effect observed in mice.

6.4.2.5 Conclusions Overall studies in mice and in
populations living in endemic areas suggest that the risk of
clinical leishmaniasis (CL, MCL, and VL) is markedly
increased by allelic variants at specific genetic loci. Loci asso-
ciated or linked with human leishmaniasis are summarized in
Table 6.1. Some loci seem specific to particular clinical man-
ifestations such as HLA/cutaneous leishmaniasis (CL, MCL)
or NRAMP1/VL, whereas others may act across different
clinical presentations (cytokines and cytokine receptor
genes). Additional work in distinct populations is required to
definitively establish the involvement of certain of these
genes in susceptibility/resistance to leishmaniasis. It is worth
noting that different ethnic groups display different suscepti-
bilities to disease, which seems a common feature and should
be carefully taken into account in order to avoid type I errors
(false-positive associations) due to population admixture.
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TABLE 6.1. Unraveling Human Genetic Susceptibility to Leishmaniasis: a Review of the Literature

Genetic
Phenotype Candidate association/
Country Population (Leishmania sp.) Locus genes or alleles linkage References
Candidate gene
approach
French Guyana Hmong refugees CL (L. guyanensis) 6p21 HLA + [27]
Venezuela CL (L. braziliensis) 6p21 HLA + [190]
Brazil MCL (L. braziliensis) 6p21 HLA + [258]
Brazil, India VL (L. donovani complex) 6p21 HLA - [47,56,222,
257,329]
Sudan, Mediterranea
Venezuela MCL (L. braziliensis) 6p21 TNFA/TNFB + [64]
Brazil DTH+ (L. ChagaSI) 6p21 TNFA + [171]
Sudan Aringa, Massalit VL (L. donovani) 2935 NRAMP1 + [397,398]
Massalit VL (L. donovani) 5q31 IL3, IL4, IL5, I1L9, + [397,398]
IL12p40, IRFT,
CSF2, CSF1R
Aringa VL (L. donovani) 5q31 IL3, 1L4, IL5, 1L9, — [56]
IL12p40, IRF1,
CSF2, CSFIR
Massalit PKDL (L. donovani) 6023 IFNGR1 + [232]
Genome-wide
approach
Sudan Aringa VL (L. donovani) 22q12 IL2RB, CSF2RB,  ++ [55]
NCF4(P40-phox)
2g23-q24  NMI, STAM2 + [55]

Results of human genetic studies carried out on diverse populations of the world exposed to diverse Leishmania species. Studies are ordered by
genetic loci and approaches (candidate gene testing vs. genome-wide analysis). Positive results are given in bold and negative results are in italics.

As evidenced by the genome-wide scan described above,
the candidate gene approach, relying heavily on the results
obtained in experimental models, is likely to miss important
genes specific to natural infection in humans. Other such glob-
al approaches on different populations (linkage genome-wide
analysis, microarray transcriptom analysis, etc.) in which no
hypotheses are made on the genes involved will be required in
the future and constitute the first step toward their identifica-
tion. High-throughput genotyping methods are now becom-
ing available that make it possible to characterize individual
genotypes at thousands of polymorphic sites in the human
genome in a very short time. Although the related cost of such
approaches are today too high to be used extensively (especial-
ly for the limited budgets in infectious disease research), we
hope that these will become increasingly available in the com-
ing years and help analysis of human susceptibility to leishma-
niasis on a global scale. However, the possibility of genotyping
hundreds of subjects for thousands of genetic markers should
not override the fact that the selection of the population sam-
ple to be used in the analysis is the most critical step.

As we have stated earlier in this chapter, not only genetic fac-
tors from the host are involved in determining susceptibility/
resistance to leishmaniasis. The possibility of integrating other

risk factors (from the environment or the parasite) at the
individual level should thus help select leishmaniasis patients
for whom genetic susceptibility is the most likely and in turn
increase the power to detect and identify host genetic effects.
The asymptomatic phenotype is also probably quite hetero-
geneous, with subjects being asymptomatic carriers, those
developing unnoticed subclinical disease, and others clearing
infection totally. Characterization of the quality of the
immune response, demonstration and quantification of the
parasite in these “asymptomatic” individuals could help split
this complex phenotype into more homogeneous sub-phe-
notypes for genetic analysis.

In summary, genetics of the host could provide critical
information for the discovery of key steps in the pathogenesis
of Leishmania infections and allow the identification of new
targets (targeted on the host response rather than the parasite)
for chemotherapy and vaccination. We can also hope that
genetic studies will allow the identification of subjects at high
risk of severe disease. Such subjects could benefit from target-
ed prophylactic measures; they will also be evaluated carefully
in drug and vaccine trials, as different proportions of suscepti-
ble/resistant subjects in the vaccinated or placebo group could
be important confounding factors in the analysis.
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Fig. 6.14. Transmission of kala-azar in Bihar, India.

6.5 THE NEED FOR AN INTEGRATED
APPROACH: THE KALA-AZAR EXAMPLE IN INDIA

In all the previous sections, we have detailed the different
known factors involved in leishmaniasis. In this last section,
we will focus on the need for an integrated approach con-
sidering parasite, vector, and host involvement with the
example of Indian VL.

In India, millions are at risk; the state of Bihar accounts
for nearly one-fifth of worldwide cases (Fig. 6.14). The cur-
rent episode of leishmaniasis in India is unique: the disease
started in the early 1970s, and for more than 30 years there
has been incessant transmission spreading in all directions.
There have been eftorts to control the disease, mostly knee-
jerk reactions, and this has hardly had an impact on trans-
mission. Affected populations (Fig. 6.15) are among the
poorest in the world and are not much informed on exist-
ing preventive measures. Furthermore, misuse of the first-
line drugs in these communities is widespread [342], and the
lack of response to pentavalent antimonials has been increas-
ing sharply over the last few years in India, up to more than
50% of the patients in the hyperendemic areas of Bihar
[201,328,352].

In these hyperendemic areas, it is now well established that
most exposed individuals are asymptomatic [22,336,399]. A
multidisciplinary approach, combining parasite, host, and vec-
tor studies, could help (i) to understand why in an endemic
area in Bihar different clinical outcomes (asymptomatic/pau-
cisymptomatic vs severe visceral disease) result from infection
by L. donovani and (ii) to identify factors determining resist-
ance or susceptibility to the disease. The integrated analysis

of parasite genetics, parasite virulence factors, host immune
responses, host genetics, as well as socioeconomic and envi-
ronmental risk factors will provide a better understanding of
the interplay between these different factors and the risk of

Fig. 6.15. Children with Indian kala-azar with burn marks on the
abdomen in an effort to cure by traditional healers (all rights reserved).
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developing VL, the critical biological pathways involved in
host resistance or susceptibility to VL, and therefore help ori-
ent new therapeutic or vaccine strategies.

Vector control should include not only insecticide spray-
ing but also household vector control measures such as insec-
ticide-impregnated bed nets and curtains, sanitation
improvement, and elimination of the sand fly breeding sites.
There is an absolute lack of awareness regarding the etiology,
transmission, and factors favoring growth of sand flies. Thus,
the piecemeal efforts are not likely to succeed. A well-coor-
dinated effort with a combined IEC (information, education,
and communication) approach, multipronged vector-control
measures, including elimination of breeding sites, personal
protection, and insecticide spraying, early diagnosis and effec-
tive treatment accessible to all, either free or at a subsidized
cost, can only make a favorable impact on transmission.

Nevertheless, to be efficient, these measures require an
accurate knowledge of the vector’s ecology (geographical dis-
tribution, species involved, habitat, transmission rate).

Lack of a vaccine is one of the strongest drawbacks in
controlling VL in India and other endemic regions. Intensive
efforts toward vaccine development with fast-track clinical
development and approval are crucial. Exact immunological
aberration in VL has yet to be unraveled, and continued
research in human VL can improve the understanding of the
disease and provide important clues toward immunotherapy
as well as vaccine development. Concerning a VL vaccine,
evaluation of the different players’ involvement is a critical
step in a phase III vaccine evaluation trial. Indeed, inclusion
in the vaccinated and placebo groups of different propor-
tions of resistant and susceptible subjects could seriously
impair the results of the study. Concerning this last point, a
multidisciplinary approach would help in identyfing resistant
and susceptible populations in a given endemic area.
Moreover, the study of the vaccine antigen-specific antibod-
ies and the cellular immune responses induced ex vivo in T-
cell stimulation assays in VL patients before and after
treatment and in asymptomatic subjects will provide the
identification of a number of immunologic parameters in
subjects exhibiting patterns of progressive disease or appar-
ent resistance. This is a fundamental prerequisite to identify-
ing the interactions between various cell types that are
involved both in processing and effector responses. This
would facilitate our understanding of the disease and help in
the design of a vaccine against VL.

6.6 CONCLUSION

In this chapter, we attempted to demonstrate the multifacto-
rial aspect of leishmaniasis. The exact involvement of hosts,
vectors and parasites, and interactions among them in the
outcome of the disease remains unknown. Although we
know that all of them have an impact on the manifestation of
the disease: (i) there is a strong vector—parasite specificity;
(1) Leishmania species are statistically associated with certain

clinical forms and some factors have been described as
associated with clinical diversity; and (iii) the risk of leishmani-
asis is markedly increased by allelic variants at specific host
genetic loci — it is necessary to study all of these factors in a popula-
tion of a single focus and it is especially important to cross the results.
The integrated analysis on the same subjects (epidemiological,
parasitological, immunological, and genetic studies) would
therefore provide a clear picture of the interplay between envi-
ronmental, parasitic, and host factors in the development of the
disease. For example, in the case of the Indian focus, an inte-
grated approach could help us to better understand (i) the
increasingly worrying problem of drug resistance (Is it due
evolution of the host-parasite system? What are the biochemi-
cal mechanisms involved?) and (ii) asymptomatic carriers (Are
these people infected by a “particular” parasite and/or are they
able to contain the infection by themselves? In both cases, what
are the molecular processes involved?
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ABBREVIATIONS

ACL: Anthroponotic cutaneous leishmaniasis
AIDS: Acquired Immune Deficiency Syndrome
ATP: Adenosine triphosphate

AVL: Anthroponotic visceral leishmaniasis

CL: Cutaneous leishmaniasis

CM-DM: Canine monocyte-derived macrophages
CP: Cysteine protease

DAT: Direct antigenemia test

DNA: Deoxyribonucleic acid

DTH: Delayed-type hypersensitivity

ELISA:  Enzyme-linked immunosorbent assay

ESA: Excreted-secreted antigen

fPPG: Filamentous proteophosphoglycan
GM-CSF: Granulocyte-macrophage stimulating factor

GP63: Glycoprotein 63

GPI: Glycosylphosphatidylinositol
HAART: Highly Active Antiretroviral Therapy
HIV: Human immunodeficiency virus
HLA: Human leukocyte antigen

IFAT: Immunofluorescence antibody detection test
IFN: Interferon

Ig: Immunoglobulin

IL: Interleukin

iNOS: Inducible nitric oxide synthase

KA: Kala-azar

LPG: Lipophosphoglycan

MCL: Mucocutaneous leishmaniasis
MHC: Major histocompatibility complex
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MLEE:  Multilocus enzyme electrophoresis

mRNA:  Messenger ribonucleic acid

NADPH: Nicotinamide adenine dinucleotide phosphate
reduced

NK: Natural killer

NMI: N-myc interactor

NO: Nitric oxyde

Nramp:  Natural resistance-associated macrophage protein

PBMC:  Peripheral blood mononuclear cell

PCR: Polymerase chain reaction

PFGE: Pulse field gel electrophoresis

PHOX:  Phagocyte oxidase

PKDL: Post-kala-azar leishmaniasis

PM: Peritrophic matrix

PSA: Protein surface antigen

PSG: Promastigote secretory gel

RAPD:  Random amplified polymorphic DNA
RFLP: Restriction fragment length polymorphism
SbV: Stibogluconate (pentavalent antimonials)
SNP: Single nucleotide polymorphism
STAM:  Signal transducing adapter molecule
TdT: Transmission disequilibrium test

TGF: Transforming growth factor

Treg: Regulatory T cells

Th: T helper cells

TNEF: Tumor necrosis factor

VL: Visceral leishmaniasis

ZCL: Zoonotic cutaneous leishmaniasis

ZVL: Zoonotic visceral leishmaniasis
GLOSSARY

Acquired immune response: Immunity mediated by lympho-
cytes and characterized by antigen specificity and memory. It
is a specific, inducible immune response to pathogens.

Alffected sib-pair study: This is the most familiar form of non-
parametric linkage analysis. This is observed if affected sibling
pairs inherit the same marker allele from their parents more
frequently than would be expected by chance.

Allele: An allele is a variant of a single gene, inherited at a
particular genetic locus; it is a particular sequence of
nucleotides, coding for messenger RINA.

Antibodies: Any of numerous molecules of immunoglobulin
superfamily produced by the B cells as a primary immune
defense in response to specific proteins (antigens).

Antigen: Any substance recognized by the body as being
foreign, that stimulates the production of antibodies. These
antigens produce an immune response by the organism in
response to their presence.

Biological concept of species: It defines species in terms of inter-
breeding. For instance, Ernst Mayr defined a species as fol-
lows: “species are groups of interbreeding natural populations

that are reproductively isolated from other such groups.” The
biological species concept explains why the members of a
species resemble one another, that is, form phenetic clusters,
and difter from other species.

Case—control studies: They are based on the comparison of
genotypes or allele frequencies between affected cases and
unaffected controls groups.

Chemotherapy: The treatment of disease by means of
chemicals that have a specific toxic effect on the disease-
producing microorganisms (e.g., antibiotics) or that selec-
tively destroy cancerous tissue (anticancer therapy).

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.

Cytokines: Small proteins or biological factors (in the range of
8-30 kDa) that are released by cells and have specific eftects
on cell-cell interaction, communication, and behavior of
other cells.

Endemic disease: Present or usually prevalent in a population
or geographical area at all times.

Epidemiology: The study of the distribution and determinants
of health-related states and events in populations and the
control of health problems.

Genetic association: It is related to observing if a particular
gene polymorphism is statistically associated with disease, it
can be carried out by different methods (case—control studies
or family-based association tests).

Genetic locus: The site in a linkage map or on a chromosome
where the gene for a particular trait is located. Any one of the
alleles of a gene may be present at this site.

Glycoconjugates: Carbohydrates covalently linked to a non-
sugar moiety (lipids or proteins). The major glycoconjugates
are glycoproteins, glycopeptides, peptidoglycans, glycolipids,
and lipopolysaccharides.

Immune response: Alteration in the reactivity of an organism
immune system in response to an antigen; in vertebrates, this
may involve antibody production, induction of cell-mediated
immunity, complement activation or development of
immunological tolerance.

Immunization: The act of inducing antibody formation lead-
ing to immunity.
Immunogenic: Producing immunity, evoking an immune

response.

Immunosuppression: This occurs when T and/or B lympho-
cytes are depleted in size or suppressed in their reactivity,
expansion, or differentiation.

Incidence: The frequency of new infections during a
designated time period expressed.
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Innate immunity: Early nonspecific immune response to
pathogens. Also called natural immunity, it is immediate first line
of defense, including the complement system, natural killer cells
and phagocytic cells (e.g., macrophages, dendritic cells).

Kinetoplast: Mass of mitochondrial DNA, usually adjacent to the
flagellar basal body, in flagellate protozoa (these microorganisms
belong to the group of kinetoplastids (Kinetoplastida order).

Leishmanization: An ancient practice of immunization to pro-
tect against infection to Leishmania by inoculating live parasites.

Linkage analysis: A mean for determining the localization in the
genome of an unknown susceptibility gene with respect to posi-
tionally known genetic markers. This is based on the tendency
for closely positioned sequenced to be inherited together.

Lodscore: It represents the intensity of linkage between two
markers on the genome (the logarithm of the likelihood ratio
for the odds in favor of linkage over no linkage). It provides
a statistical test of the null hypothesis of free recombination
(no linkage) over the alternative hypothesis of linkage.

Lutzomyia: A genus of New World sand flies or bloodsuck-
ing midges (family Psychodidae) that serve as vectors of leish-
maniasis and Oroyo fever; formerly combined with the Old
World sand fly genus Phlebotomus.

Major histocompatibility complex (MHC): The set of gene loci
specifying major histocompatibility antigens. The MHC
molecules display antigenic peptides to T lymphocyte recep-
tors and initiate the specific immunity.

Metacyclogenesis: Process by which noninfective procyclic pro-
mastigotes are transformed into metacyclic promastigotes, the
infectious form. This process is characterized by morphological
changes of the parasite and also biochemical transformations.

Multilocus  Enzyme  Electrophoresis (MLEE): Protein extracts
from given samples, for example various pathogen stocks, are
separated by electrophoresis. The gel is then subjected to a his-
tochemical reaction involving the specific substrate of a given
enzyme, and the zone of activity of this enzyme is specifically
stained. The same enzyme from different samples may migrate
at different rates. These different electrophoretic forms of the
same enzyme are referred to as isoenzymes or isozymes.

Pathogenicity: The ability of a pathogen to inflict damage on
the host.

Pedigree: A multigenerational family health history dia-
grammed with a set of international symbols to indicate the
individuals in the family, their relationships to one another,
those with a disease, and so on.

Phagocytosis: Phagocytosis involves the ingestion and diges-
tion by phagocyte cells of microorganisms, insoluble parti-
cles, damaged or dead host cells, cell debris or activated
clotting factors. The principal phagocytes include the neu-
trophils 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 from interaction
between the genotype and the environment.

Phlebotomus: A genus of psychodidae that functions as the
vector of a number of pathogenic organisms, including
Leishmania.

Polymerase chain reaction (PCR): A technique to amplify a
specific region of double-stranded DNA. An excess of two
amplimers, oligonucleotide 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).

Prevalence: The proportion of individuals in a population
having a disease.

Promastigote: Term now generally used instead of “lep-
tomonad” or “leptomonad stage,” to avoid confusion with
the flagellate genus Leptomonas. It denotes the flagellate
stage of a trypanosomatid protozoan in which the flagellum
arises from a kinetoplast in front of the nucleus and emerges
from the anterior end of the organism; usually an extracel-
lular phase, as in the insect intermediate host (or in culture)
of Leishmania parasites.

Prophylaxis: The administration of chemicals or drugs to
members of a community to reduce the number of carri-
ers of a disease and to prevent others contracting the
disease.

Reservoir host: A reservoir is the source of an infecting
microorganism. It serves as a source from which other indi-
viduals can be infected. For example, a zoonosis is a commu-
nicable disease that is transmitted from a nonhuman animal
(reservoir) to a human.

Sib-pairs: See affected sib-pair study.

Taxonomy: The theory and practice of biological classifica-
tion. The theories and techniques 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.

Transmission disequilibrium Test (TdT): It 1s a family-based
association test. In this case, only cases and their parents
are included in the analysis. The TdT is used to look
for bias in transmission of alleles from heterozygous par-
ents to affected offspring (different from 0.5 if there is
association).

Vector: An agent, usually an animal or an insect, that transmits
a pathogen form one host to another.

Zymodeme: Regroups all the Leishmania strains that have the
same MLEE patterns for all the loci.
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7.1 BOTANICAL EPIDEMIOLOGY

Botanical epidemiology deals with interacting populations of
host plants and plant pathogens [71]. This field of science is at
the interface of microbiology, plant physiology, ecology, envi-
ronmental physics, genetics, statistics, economics, and applied
mathematics. The purpose of this section is to provide the
reader with an overview of concepts, methods, and definitions
that shape both research and applications in botanical epi-
demiology, as a discipline. In particular, the field emphasizes
host—pathogen interactions at the populational level; these
interactions depend on the physical and biological environ-
ment; and much of these, at least in agroecosystems, depend on
man-made management practices. Figure 7.1 thus illustrates
the paradigm where modern botanical epidemiology evolves
[91]: a pathogen population (B), a plant host population (P),
their environment (E), and man’s actions (M). This figure pro-
vides the context where the field of botanical epidemiology
evolves, and also why it leads to applications: man’s actions
imply management, or mismanagement, of what has been
called a pathosystem [56]. This framework of thinking invites
consideration of populations, rather than individuals, of inter-
actions, rather than main effects, and of the dynamics of a sys-
tem, rather than its status at a given point of time. All these are
best addressed through different kinds of modeling methods.
A classical example of man’s influence on plant diseases is
that of nitrogen fertilization on rice diseases [52]. Although
nitrogen is one important input to achieve higher attainable
yield, high nitrogen application favors profuse growth of a dark-
er, more humid canopy, and so favors some diseases, such as blast
and sheath blight (both caused by fungi, Magnaporthe grisea and
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Rhizoctonia solani, respectively). However, lack of nitrogen,
inducing poor growth and lower attainable crop yields, often
favors other diseases, including brown spot (Cochliobolus
miyabaenus). Contrary to a common misconception, there are
diseases for poorly or well-tended crop stands, for healthy or
unhealthy crops, and for rich or poor farmers [88].

One important remark must be made here: botanical epi-
demiology was borne and exists as a discipline because of the
effects epidemics may have on cultivated plant communities,
that is, fields, and for the need to understand, and so, manage
epidemics in crops where they can cause disastrous losses
[39]. This is briefly addressed later on in this chapter.
However, botanical epidemiology also does address epidemics
in spontaneous plant communities (see, e.g. [4,17, 28, 41 ).
A key difference between the two types of plant communi-
ties is that a crop typically consists of plants of the same age,
that is, cohorts of individuals. When dealing with cultivated
crops, therefore, botanical epidemiology profoundly difters
from medical or animal epidemiology, as well as from
epidemiology in spontaneous plant populations, where the
host population generally consists of several age cohorts.

Pathogens are major drivers of the diversity of species, includ-
ing plants, in the biosphere (see, e.g. [3 ,76]). They also contribute
to the diversity of crop management and practices in the agri-
cultural world [58]. Although botanical epidemiology primarily
deals with practical, and important, issues that pertain to food
security and food safety, it rests on scientific principles. Many of
these have been derived from studies in cultivated plant stands,
where experiments involving artificial infection, spatio-temporal
analysis of disease progress, and the study of the diseased popu-
lation performances have been comparatively easy to conduct.
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Fig. 7.1. The epidemiological tetrahedron and the four compo-
nents of botanical epidemics: a pathogen population (B); a host plant
population (P); their environment (E); and the over-arching effect of
man (e.g., through cropping practices in agroecosystems).

7.2 PHENOMENOLOGY OF BOTANICAL
EPIDEMICS

Botanical epidemics may take a number of shapes over time
[31], although this diversity may be explained by only a few
components: the amount of primary inoculum of the
pathogen, the existence and number of successive cycles during
the life cycle of the host plant population, and the existence of
a limit to disease progress. Figure 7.2 illustrates typical shapes of
epidemics. Epidemics of the type in Figure 7.2a are seldom
found: rarely are epidemics unlimited in their spread, unless the
host plant cycle is short enough, and successive, concatenated
disease cycles are numerous enough in a short lapse of time.
More frequent is the type in Figure 7.2b, where no secondary
spread of the disease occurs during the host’s cycle. Figure 7.2¢

/

Fig. 7.2. Botanical epidemics as temporal phenomena. Large open
arrow: initial inoculum (x); circling arrows: recurrent disease cycle
during the host plant life cycle. (a — ¢): Epidemics in the course of
a single host plant growing season: (a) exponential (polycyclic) epi-
demics; (b) monomolecular epidemic; (c) logistic (polycyclic) epi-
demic. (d, ¢) Examples of botanical epidemics concatenated over
successive host plant cycles (polyetic epidemics): (d) polyetic
monomolecular epidemics; and (e) polyetic polycyclic epidemics.

exemplifies the prototype of epidemics that have been subject
to the bulk of epidemiological research, with successive, con-
catenated cycles multiplying over time the disease from an ini-
tial amount of primary infections up to a limit set by the car-
rying capacity of the host population. Much of the early
literature has been grounded on these shapes, especially the typ-
ical polycyclic epidemics of type 2c¢, providing the basis of the
seminal work by Van der Plank [71, 72]. Shapes may be mis-
leading, however, and Pfender [55] showed that phenomena
must not be disconnected from their underlying mechanisms.
In particular, many epidemics of type 2b, conventionally termed
“monocyclic,” may in reality hide a number of secondary spread
events. Such is the case of, for example, many soilborne diseases,
whose epidemic shapes reflect a restricted access of the
pathogen to host tissues, and environmental effects.

One important field where botanical epidemiologists have
been investing time and efforts is the measurement of disease
in a host population. This cannot be discussed here with any
detail, and the reader is referred to James and Teng [22], Kranz
[32], and Nutter et al. [51] for further information. At the
center of disease assessment is the concept of lesion, which
may, in botanical epidemiology, refer to different scales. Plant
pathogens vary in their ability to invade host tissues, from
locally to systemically. A lesion refers to the biological unit
that enables the pathogen to multiply and spread. It thus may
be an individual corn plant infected by the maize streak virus,
a tomato root infected by a soilborne Oomycete such as
Pythium sp., or an individual pustule on an oat leaf caused by
Puccinia coronata. Being the source of possible further spread
of disease, lesions are the epidemiological basis for measuring
the amount of disease in a host population.

Several models have been developed to describe the tempo-
ral structure of epidemics. Most express the speed of epidemics,
with the shape [36]:

i{—x =g f(x)h(x), dimension: [T™]
t

where x is the amount of disease in the host population (com-
monly, the fraction of host tissue diseased, i.e., disease severity,
dimension [1]),  is the time (dimension [T]), ¢ (often, a con-
stant) is the apparent rate of disease (severity) increase, f{(x) rep-
resents the re-mobilization of inoculum from infected tissues,
and h(x) represents the consequences of the disease being
present in the host population, especially in terms of tissues
that are still healthy, and thus available to new infections.
Three main types of equations have conventionally been
used, which correspond to the disease time—progress curves of
Figure 7.2. A fourth type is indicated, which initiated important
developments, from both the scientific and practical standpoints.

Kinetic type fx) h(x)
Exponential x 1
Monomolecular 1 1 — x)

Polycyclic (logistic) x
Paralogistic

(1=

Infectious tissues at t  Healthy tissues at ¢
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These equations have found many applications: they do
encapsulate (very simple) hypotheses on the underlying
mechanics of disease progress in time, are simple to manipu-
late, and lead to simple calculation of apparent rates of disease
increase:

1 -
r= —lni, dimension :[T™'];
toox,

(Inx,—Inx,), dimension: [T'];

x, X, i i o
In —In N ,dimension : [T |;

for the exponential, monomolecular, and logistic models,
respectively.

Such calculations have proven extremely practical tools
in comparing epidemics and measuring the efficiency of
disease management, whether through increased host plant
resistance, chemical control, or crop management. One
widespread application of the logistic model in “poly-
cyclic” epidemics has led to the conventional distinction of
three phases in the development of diseases in cultivated
fields. In a first phase, the correction coefficient for healthy
tissue availability, h(x) = 1 — x is close to 1, and the epi-
demic may be correctly described by an exponential equa-
tion. A typical limit to this phase is reached when
x approaches 0.05. A second phase takes place when 0.05 < x

< 0.5, that is, until the inflection point of disease progress
curve is reached. The terminal phase, x > 0.5, corresponds
to disease severity tapering oft. In many cases, and for sev-
eral reasons [24], disease severity does not reach the carry-
ing capacity, and x < 1. Distinguishing these three phases
may seem oversimplifying the reality and restricting it to a
limited number of cases. It nevertheless has proven very
useful in the early stages when botanical epidemiology was
put into practice, particularly for tactical control of foliar
diseases of annual crops: the first phase is a vital one, when
chemical action, if necessary, will be the most efficient.
Efficiency of chemical control rapidly drops in the second
phase, where injury is caused to the crop, which may trans-
late in reduced performances. In the third phase, tactical
decisions such as chemical applications are useless.
Interestingly, the average (visual) detection level of disease
occurring in the field lies between the first and the second
phase. When farmers need to rely on tactical decisions to
control diseases in their field, the window of time when
action may alter the course of an epidemic, and possibly
change the outcome of a cropping season, is extremely nar-
row [91]. Today, interest in tactical decision is progressively
drifting away (but see the last section of this chapter);
strategic management decisions, either short term (choice
of cropping practices, of resistant cultivars) or long term
(choice of cropping regimen, research prioritization at a
regional scale), are becoming important arenas where
epidemiological research is contributing [92].

Several models have actually been successfully used to
describe epidemics. Three additional equations are given
below, which are discussed in more detail in Madden [36],

and Campbell and Madden [6].

Kinetic Equation f(x)

h(x) Linearized form

Remarks

Gompertz  dx/dt = rx (In(1) — In(x)) x

Bertalanffy— dx/dt = r(x/(1 — m))
Richards (1 — x1—m)

(1 = m)

Weibull dx/dt = (c/b)
[(In(1/(1 = X))~ e

(1T =x

(In(1) — In(x)) — In(—In(x))

(1-x1=m)

(c/b) [In(1/(1 — x)]c~ el — x

Initial epidemic faster than
the conventional logistic.
Inflexion point at
x= Tl/e

m is a shape parameter. For
m = 0, this amounts to

the monomolecular
model. When m tends to
1, this amounts to
Gompertz. When
m = 2, this amounts
to the conventional
logistic

a is a position parameter
(epidemic onset), b is a
scale parameter
(proportional to the
inverse of disease
increase), and cis a
shape parameter of
the disease
progress curve

= —InB) + rt

In(1/X0-m — 1)
= —In(B) + rt

{In[1/(1 — X1}
=tbh— ab
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The simplicity of these models reflects a number of
hypotheses, including (1) that two types of host tissues only
are considered, healthy or diseased, (2) that r is constant
over the course of an epidemic, (3) that all healthy tissues
are equally exposed to infection, and (4) that the host pop-
ulation size does not vary during the course of an epidemic.
A large amount of epidemiological research has dealt with
these issues. Hypothesis (1) was addressed at an early stage
by Van der Plank [71], and will briefly be discussed below.
Hypothesis (2) refers to much of the idiosyncrasies of epi-
demics: each epidemic is unique, partly because of the bio-
logical and environmental (soil, climate) context where it
develops; any change in host plant resistance (e.g., through
aging), any variation in climate inevitably must translate in
changes of r values. Hypothesis (3) links these equations
with the spatial dimension of botanical epidemics: the
probability of a healthy site of becoming diseased is not
isotropically distributed; on the contrary, it depends on the
spatial distribution of the host tissues, the spatial distribu-
tion of the attributes of the physical environment, and the
spatial pattern of dispersal of the pathogen.This is a field of
extremely active research today, and the reader is referred
to several texts [6, 48, 60, 74]. Hypothesis (4) refers to
change in host population size [6], especially host growth,
and possibly host population reduction (e.g., disease-
induced defoliation). This latter hypothesis has particular
relevance in the context of cohorts of individuals consti-
tuting the host population, as is the case in (most) culti-
vated field populations.

Many botanical epidemics are polyetic, that is, the result
of the concatenation of individual epidemic components
occurring during successive cycles of a plant host popula-
tion. Polyetic epidemics are commonplace in soilborne
plant diseases, diseases in spontaneous or natural plant
stands, whether annual or perennial, and diseases of peren-
nial crops including fruit crops. One is then dealing with a
higher level of integration, where (1) individual epidemic
processes depend, to a varying extent, on the previous epi-
demic process in terms of primary inoculum (x;), (2) these
epidemic processes also depend on previous epidemic
processes which may have affected the host population (size,
growth, and structure), and (3) successive epidemic process-
es progressively shape the biological composition of both
the host and pathogen populations (which is retained, pos-
sibly with a bottleneck effect in the primary inoculum
generating each successive epidemic process). Polyetics are
ancient phenomena, both in natural and agricultural
ecosystems. They are comparatively new to botanical epi-
demiology, and represent a massive and exciting scientific
challenge. Initial thoughts on this topic, with epidemics of
order 0, 1, and 2, initiated as initial infection points lead-
ing to local disease foci (zero-order epidemic), to individ-
ual epidemic processes at the population scale, for exam-
ple, a cultivated field (first-order epidemic), and
concatenated epidemic processes, spreading from field to
field and to continental scales in polyetic epidemics

(second-order epidemics) may be found in Heesterbeek
and Zadoks [20].

7.3 PROCESSES IN BOTANICAL EPIDEMICS

The terms “processes” and “concatenation” have been used
several times in the previous section. They are used again
here, but in a different context. Epidemics represent the usual
level of integration [10] of interest for botanical epidemiolo-
gists. Below it are several levels: (i) the disease cycle (e.g., for
a soilborne disease: inoculum mobilization, contact with the
host tissue, infection, development of the pathogen within or
onto the root system, secondary infections from root-to-root
contacts, production of survival structures, and survival in the
soil); (ii) processes governing individual stages of the cycle
(e.g., for the germination of a fungal spore onto a leaf surface:
leaf moisture and temperature, leaf age, phylloflora composi-
tion); (iii) the various substages which may be defined for
each of these individual stages (e.g., the successive morpho-
logical steps of the germination of a rust urediniospore);
down to (iv) processes governing individual substages at the
finest level of biological integration, including, for example,
the molecular dialogue between a susceptible potato root and
a virulent cyst nematode, Globoderra rostochiensis.

Botanical epidemiology, just as medical epidemiology
does, attempts to explain an epidemic not because of its shape
as a phenomenon but because of the mechanisms that build
it. Being used as the reference level of integration, an epi-
demic is seen as a system of its own (Fig. 7.1) and is explained
from the level of integration immediately beneath it, the
individual stages of the infection cycle.

Gaetimann [16] coined the concept of “infection chain”
(Fig. 7.3) to represent the basis for understanding the under-
lying mechanics of botanical epidemics [30]. The concatena-
tion of these elementary processes result in a cycle, a mono-
cycle, which itself is the elementary component of an
epidemic. Some (actually, few) epidemics consist of only one
monocycle, and many others consist of few or several, con-
catenated monocycles. Figure 7.3 uses terms that pertain to a
disease of the foliage caused by a fungus; other terms would
have to be used for other diseases caused by quite different
plant pathogens. Numerous environmental factors influenc-
ing individual stages could be linked to the chain (see section
below), and their respective weight on the course of epi-
demics, indicated. Whichever the disease, each of its specific
biological links and their particular behavior to environmen-
tal factors, the resulting diagram, an “ethograph” (C.A.].
Putter, personal communication) depicting the successive
stages of an infectious cycle would retain the same overall
shape. Drawing ethographs of plant diseases perhaps is mere
basic biology. For botanical epidemiologists, it however serves
the two important purposes of identifying where the chain
might be broken, and so, an epidemic stopped, and of locat-
ing where environmental factors may play an important role
in epidemics.
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Fig. 7.3. The infection chain, after Gaetimann [16] and Kranz [30]. Epidemics are built from such
monocycles. The terms used refer to a fungal pathogen of the aerial plant part of a host plant.

7.4 FACTORS INFLUENCING EPIDEMICS

The body of literature dealing with factors influencing epi-
demics is so large that only a very brief overview can be
oftered here. Analyzing environmental eftects on botanical epi-
demics serves several purposes. One is to analyze and quantify
how components of the monocycle react to changes in the
environment, and so perhaps predict the behavior of epidemics
[30]. Another is to determine whether an epidemic caused by
a given pathogen, in a given host population, in a given envi-
ronment, may occur [73]. A third is to determine whether the
environment might be altered so that epidemics would be
reduced: in cultivated host populations, crop management may
then translate in disease management [53].A fourth is the iden-
tification of specific intervention points in disease cycles [67]
where targeted control action, including pesticide application,
will have the strongest disease-reducing effect. Historically, the
latter objective has attracted much effort.

The environment of epidemics is simultaneously physical,
chemical, and biological, with two broad components in the
latter, the physiological-genetic status of the host, and its
microbiological environment. One convenient way of
addressing the diversity of factors is to consider an electronic
analogy [87], whereby the performance of a given stage in
the monocycle (e.g., number of new pathogen propagules
produced, number of successful virus transmissions per vec-
tor and per time unit, or latency period duration) is seen as

responses to environmental stimuli [91]. Two groups of com-
ponents of the monocycle may be considered with respect to
the effects of the environment, a nondispersive and a disper-
sive phase ([34]; see also the last section of this chapter with
an example of strategic management of a polyetic epidemic).
The effects of environmental factors on the nondispersive
and dispersive phases are thus briefly discussed here.
Soybean (Glycine max) is a major agricultural product of
North America, where producers have to deal with a broad
range of diseases caused by several viruses, airborne fungi, and
soilborne pathogens. The above points are briefly illustrated
here using this example. For many years, soybean leaf spot
(Cercospora kikuchii) has been the main focus of research for its
management. Stimulus-response studies have dealt with the
ability of the causal fungus to grow and sporulate at varying
light and temperature [7,8], infect the host at different devel-
opment stage of plants [33], and its ability to survive and
establish infections on leaf tissues that alternately are favorable
(wet) or unfavorable (dry [61]). Web blight, caused by the soil-
borne fungus Rhizoctonia solani, is also an important soybean
disease where summers are warm and humid, and crop
canopies are dense and often wet. Spread of this type of dis-
ease results in conspicuous patches [80, 81], whose appearance
and extension (several cm per day) strongly depend on canopy
wetness, and thus, on crop density and management.
Quantitative stimulus-response information was also gathered
on another fungal disease, soybean rust (Phakopsora pachyrhizi),
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which has long been feared in Northern America [82],
including reaction types between different cultivars of the host
and different isolates of the pathogen [45] and variation in
host susceptibility with plant age [46]. Soybean rust may be
dispersed over long distances by wind currents, and by late
2004, the disease was first observed in the southern part of the
United States. Close surveillance is underway to monitor its
overwintering and deploy different management options [83].

Dispersal of pathogens, that is, the dispersive phase of the
monocycle, represents a field of its own in botanical epi-
demiology. Dispersal of pathogens, which may result in (but
should not be confused with [25]) disease spread, depends on
a large number of environmental factors, including the cli-
matic environment of the host population stand (which
affects the efficiency of the sources of inoculum and capture
of inoculum by target host tissues [57]), the nature and struc-
ture of the inoculum source, and the physical characteristics
of the host plant population (including the root or foliage
system spatial structure and density). Introduction to this field
may be found in Aylor [1], Zadoks and Schein [91], Jeger
[25], and Campbell and Madden [6].

Again, only a very brief overview can be provided here,
where emphasis is given to the very large body of empirical
work that has been conducted. In an early review, Gregory
[19] discussed the epidemiological implications of disease
gradients whether caused by localized sources of inoculum or
by environmental heterogeneity, using an empirical approach.
The approach was later on reviewed by Fitt et al. [15], who
analyzed 325 sets of observations describing the decrease
with distance in deposition of airborne or splashborne fungal
spores, or pollen, or in amounts of symptoms caused by fungi,
bacteria or viruses. Two empirical models were compared:

The power law model y = ax™?, or: In(y) = In(a) — b In (x)
and the exponential law model y = ¢ exp (—dx), or In(y) =
In(c) — dx where y is the amount of disease (or deposition)
and x is the distance from the source [19], and a, b, ¢, and d
are parameters.

There is generally little difference between the two mod-
els in the goodness of fit to the data, although deposition gra-
dients for spores borne in splash droplets are fitted better by
exponential equations and gradients for fungi with airborne
spores less than 10 m in diameter are fitted better by power
law equations. The exponential model has the property that
the modeled variable decreases by half as the distance from
the source increases by a constant increment (the half-distance);
this provides a measure of the gradient that is easier to visu-
alize than the exponent of the power law model. According to
the analytical review conducted by Fitt et al. [15], half-distances
increase from 0.004-0.02 m for soilborne fungal pathogens,
to 0.06—0.15 for splashborne bacteria and fungi, to 0.30-30
m for insectborne virus, bacteria, and fungi (with an extreme
value of 4331 m for beet mosaic virus), and up to 0.7-130 m
for airborne fungal spores (with an extreme value of 1.2 10° m
for Puccinia graminis, the stem rust pathogen). The exponential
model is easier to incorporate into models of disease devel-
opment than the power law model because the boundary

condition at the source (the predicted amounts of propagules
or of disease at the source) is finite rather than infinite.

Although both models can empirically be used to describe
patterns of pathogen dispersal or of disease spread, they do
not refer to similar underlying processes [15]. The exponen-
tial model implicitly refers to the extinction of a signal, with
parameter b, away from the source of inoculum, whereas the
power law model applies to dilution from turbulent diffusion
as a cloud of particles moves away from the inoculum source.
Both processes actually may occur simultaneously in a host
population stand, and both models therefore may aptly be
used to describe gradients in the same epidemic.

One important difference between the two models, how-
ever, is that the exponential equation predicts a much steeper
gradient than the power law equation does at the tail of the
gradient, with very important consequences on the spatial
pattern of epidemics. This difference may be linked to cur-
rent research directions in botanical epidemiology pertaining
to disease spread [60], which may be outlined as follows. On
the one hand, focal epidemics [93] occur when a homoge-
neous plant host population (e.g., a field crop) is exposed to
inoculum (aerially) dispersed from a source in an isotropic
way. In this case, the concept of traveling wave applies: focal
expansion results from the radial expansion of a front away
from the source with constant velocity, which results from
the gradient having a negative exponential shape. On the
other hand, the theory of turbulent diffusion suggests that
spread should become more efficient as the diseased area
expands [60]. The concept of dispersive wave [13, 63] then
applies, that is, a wave of disease progress in space with
increasing frontal velocity, which has an algebraic (e.g.,
power) gradient. This concept leads to predicting disease
gradients that become shallower as epidemics progress [60],
consistent with the early work of Gregory [19].

Environmental factors may strongly affect the parameters
of dispersal gradients [19], one of them being the density of
the host plant population [5], cultivated either in pure (e.g.,
[57]), or in mixed or heterogeneous stands [34].

1.5 SOME SIMPLE MODELS IN BOTANICAL
EPIDEMIOLOGY

The models discussed above are primarily meant to describe,
rather than explain, epidemics as processes. One of the most
important contributions to theoretical epidemiology in plant
populations was the differential-difference equation of Van
der Plank ([71], equation 8.3, p. 100):

=R (x[t— p]—x[t— p—i])(1 - x[t]) (dimension: [T™))

where x is the proportion of disease (dimension [1]), ¢ is
the (current) time ([T]), p is the latency period duration ([T]),
i is the infectious period ([T]), and R. is the basic infection
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rate corrected for removals ([T ™)), that is, the amount of new
disease generated per (infectious) disease fraction per unit
time. This equation introduces two delays, p and i, and thus
states that the increase of disease depends on lesions that are
not latent any more, and not yet removed from the epidemi-
ological process. Note that the product R.i is the equivalent
of the gross reproduction rate, R, commonly used in med-
ical or animal epidemiology [49, 21].

Considering that a host plant stand consists in a number
of sites, which may be considered healthy (vacant to infec-
tion), latent, infectious, or removed from the epidemiological
process, Zadoks (1971) generated a simple simulation model
(Fig. 7.4) enabling to integrate numerically Van der Plank’
differential-difference equation. Both the two models generated
considerable advances in the field. The former enabled theories
and concepts to be developed and discussed — until today, see,
for example, Segarra et al. [64] — such as the threshold for an
epidemic to possibly occur: iR, = 1, and relationships among
the “epidemiological quintuplet” [91]: x; (the amount of initial
disease), p (latency period duration), i (infectious period dura-
tion), N (the number of effective propagules per lesion per unit
time), and E (infection efficiency, the number of new lesion
per effective propagule). The latter (Fig. 7.4) in effect is a
Suscept—Exposed—Infectious—Removed (Mollison, 1995)
model, which allows to explore, for example, the effects of p, i,
and R, = DMFR = NE, where DMFR stands for the “daily
multiplication factor” [86, 91], the numerical equivalent of R.

Both models also are useful tools to assess management
practices to control epidemics [26]. Figure 7.5, for instance,
provides a simulated overview of a “typical” polycyclic epi-
demic, such as a cereal rust, at reasonable values of parameters
i, p,and R, = DMFR. The graphs indicate that variation in

COFR

Sites SLatents

-
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p has a very strong bearing on epidemic outcomes, variation
in R, = DMFR also has a very strong eftect, but variation in
i does not have such strong effects on epidemics. Such results
are useful to guide plant protection, in terms of host plant
resistance (which may, e.g., increase p or reduce E), in terms
of chemical control (protectants will decrease E), or in terms
of crop management, which may affect any of the five com-
ponents of the quintuplet.

Another approach to modeling disease epidemics is that of
Brassett and Gilligan [2], which was developed with respect
to soilborne diseases. The model combines properties of the
monomolecular and logistic models, and can be written as:

% = (k,P+k,I)(ZN —I) (dimension: [N, T '])

where [ is the mean number of infected roots per unit area,
N is the mean number of plants per unit area, P is the densi-
ty of inoculum per unit area, and Z is a parameter for the
asymptotic proportion of roots that become infected. k; and
k, are parameters representing the intrinsic rates of infection
from primary and secondary inoculum, respectively. This type
of model has undergone a number of developments, includ-
ing variation of the strength of the inoculum source and host
growth over time, some of which are briefly addressed below.

7.6 REFINEMENT OF MODELS

Only two types of developments are briefly addressed in this
section. One deals with botanical epidemics developing over
time and space, and the other with stochasticity in botanical
epidemiology.

Sinfected
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Fig. 7.4. Structure of a simple simulation model for polycyclic epidemics (after [86]). The system
often considered is a 1 m? of a homogeneous crop. Sites: healthy host units (sites); Slatents: infected,

latent sites; Sinfectx: infectious sites; SElim: sites eliminated from the epidemic process (removed);

DMEFR: daily multiplication factor (number of daughter lesion per lesion per time unit); COFR: cor-
rection factor (proportion of healthy sites, relative to the total number of sites of the system); SInfected:
accumulated number of victimized sites ; SInfected = Slatents = Sinfectx = SElim.
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Fig. 7.5. Simulated epidemics, using the simple simulation model
for polycyclic epidemics of Figure 7.4. p: latency period duration
(days); i: infectious period (days); R. = DMFR: daily multiplication
factor. Variations in i, p, and R, are indicated.

Epidemics in general, and botanical epidemics in particu-
lar, depend on dispersive and nondispersive processes, that is,
time and space characteristics. Jeger [23] produced a first
bridge between strictly temporal models, including Van der
Plank’s and a series of models describing spatial spread,
including Gregory’s. This analytical approach is the basis to
linking disease variation over both time and space.

Van den Bosch et al. [69] developed a theory of focal
expansion based on (1) a time kernel, (2) a contact distribu-
tion, and (3) a gross reproduction, where the time kernel
describes inoculum production over time and the contact
distribution describes inoculum dispersal. Gross reproduction
is the total number of victimized (infected) individuals pro-
duced by a single infectant (infectious individual) placed in a
population consisting of suscepts only (i.e., R [21, 35 ]). This
theory (which involves an exponential dispersal gradient)
predicts that a focus of disease expands radially at a rate that
asymptotically approaches a constant value.

The spatio-temporal structure of botanical epidemics was
studied by Kampmeijer and Zadoks [29] and Zadoks and

Kampmeijer [90] using the model EPIMUL. Although the
approach of Van den Bosch et al. [69] was a mathematical and
theoretical one, the approach in EPIMUL is that of a numer-
ical, mechanistic, and spatially explicit simulation model. This
model describes the progress of disease from a source at the
center of a lattice of cells (which represent host plant entities,
each with a given number of sites), where it can spread and
infect new cells. Between-cell disease extensification takes
place with a Gaussian dispersal function, and within-cell dis-
ease intensification follows the earlier model structure by
Zadoks (1971; Fig. 7.4). As indicated by its authors, EPIMUL
was not designed to depict reality, but as a tool to explore the
behavior of botanical epidemics in time and space, including
effects of, for example, diversity or change in the pathogen
population. EPIMUL was later used to analyze the epidemi-
ological effects of various strategies for the spatial deploy-
ment of genetic diversity in the host population [50].
Another model, involving a spatially explicit model, but with
stochastic features, and a contact distribution modeled by a
half~Cauchy (i.e., an algebraic, not an exponential) distribu-
tion allowed to address similar (initial inoculum, parameters
for dispersal, and parameters for disease intensification) and
additional (aggregation statistics) issues [77-79].

Spatio-temporal modeling of epidemics may take different
shapes, from spatially explicit, to spatially implicit, and from
deterministic to probabilistic. This is a field of current and
active research.

Within a given host plant stand, botanical epidemics may
vary greatly in onset, shape, or speed (see e.g. [43]).
Stochasticity is another area of recent developments in
botanical epidemiology, where emphasis may concern the
inherent variation in disease intensification, the variation of
disease onset in a host population during the course of a
growing season, and variation in the chance for a host unit
becoming infected along a dispersal gradient. Stochasticity
may occur at the various levels of integration where an epi-
demic develops, for example, from spore germination [12],
to virus transmission to host plants [14], and to the spatio-
temporal development of epidemics (e.g. [42, 65 ]). Again,
this is a field of very active and current research (see, e.g. [18,
62]). A key question is whether stochasticity at one level of
integration will lead to divergent behavior of the entire epi-
demic, seen as a system. This seems to particularly apply
when considering the dispersive phase of epidemics, where
stochasticity may generate structure at many different scales
[62]. In such a context, the gross reproduction parameter
(R() may need to be larger than 1 in order that an epidemic
occurs in a population [21].

1.7 DISEASE MANAGEMENT: A BRIEF REVIEW
OF PRINCIPLES

Management of botanical epidemics entails different deci-
sions and actions [91], which may be categorized as tactical
(pertaining to a given epidemic in a given growing season),
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strategic short term (anticipating a given growing season) or
strategic long term (concerning a number of growing sea-
sons, and possibly different scales in agriculture, from an indi-
vidual farm to a watershed, to a country, and to an entire
ecoregion [92]). Typical tactical decisions include, for exam-
ple, fertilizer management or pesticide applications in a cul-
tivated field, strategic short-term decisions include the choice
of a given crop variety to be established in an orchard or a
field, while breeding for particular resistance characteristics
or a specified ideotype of cultivated plant implies strategic
long-term choices.

Botanical epidemiologists continue to address short-term
decisions and develop forecasting systems for disease control.
Much progress has recently been achieved, bringing com-
pelling arguments for the use of Bayesian decision theory to
design real-time disease prediction rules [39]. These rules may
be based on (1) disease assessment or measurement of envi-
ronmental factors which may influence diseases, and (2) pre-
dictors, that is, their consequences in terms of epidemic
dynamics or losses (using empirical or mechanistic models).
The approach derives from processing of diagnosis in medi-
cine, with the additional difficulty that predictions concern
epidemics occurring in populations, not disease developing
on a particular individual, and therefore has to include an
additional level of integration (and of uncertainty).Yuen et al.
[84] proposed the use of receiver operating characteristic
(ROC) curves as a mean to compare different predictors. The
approach centers on the examination of the probability of
epidemic occurrence before and after using the predictor
[85]. A detailed review of progress in this area is given in
Madden [39].

Host plant resistance is a key tool to manage diseases in
cultivated ecosystems worldwide. The example of rice, the
first global food crop, is a compelling case where plant
breeding for host plant resistance has had a major impact in
controlling epidemics, in reducing yield losses due to dis-
eases, and improving food security [47]. In Asia, improved
crop varieties, including host plant resistance traits, con-
tributed 0.68-0.97% of a total increase in a food crops
yield growth rate of 2.11-3.65% per. year during
1960-2000 (the estimated average values for all developing
countries for the same period are 0.52-0.86 to a total
growth rate of 2.19-3.20% [11]). Deployment of host plant
resistance and durability of host plant resistance are major
areas of research, which cannot possibly be addressed in any
detail here; the interested reader is referred to reviews of
the field [27, 54]. Recently, Van den Bosch and Gilligan
[70] developed a simple epidemiological model to link
population dynamics and population genetics. Their
approach enabled them to contrast the conventional defi-
nition of resistance durability (the delay from the release of
a resistant variety to the take-over of a virulent genotype
within the pathogen population), to two new ones, (1) the
delay from the release of a resistant variety until appearance
and invasion of a new virulent genotype within the
pathogen population, and (2) the added value, in terms of

agricultural production, generated from the release of a
resistant variety (measured as the added number of unin-
fected host growth). They conclude that the conventional
definition may not necessarily be the most useful, and that
the two other definitions reflect performances of pathosys-
tems which are, too, strongly dependent on the interplay of
population genetics and dynamics.

Policy making and implementation are also examples of
long- term decisions for the management of botanical epi-
demics. Recent results on the rhizomania epidemic of sugar
beet in the United Kingdom [66] illustrate this point. A spa-
tially explicit, stochastic simulation model was developed,
which considers the polyetic spread of the Beet Necrotic
Yellow Vein Virus (BNYVV), which causes rhizomania, a
major beet disease. The virus is transmitted by the soilborne
myxomycete Polymyxa betae. The model considers disease
progress at the plant, field, and regional scales, and addresses
epidemics over successive years. Spread of the disease at the
individual plant level (i.e., root) is caused by zoospores, but
spread at any higher scale is primarily due to movement
caused by agricultural equipment is, whether within a field,
between fields of the same farm or between farms. The model
considers the spatial and temporal dynamics of the disease sep-
arately. During a cropping season, the disease intensifies
(amplifies) at the plant scale, and does not spread; spread
occurs between cropping seasons, when no (virus and soil-
borne vector) amplification occurs. The model designed by
Stacey et al. [66] describes the status of all sugar-beet farms
and their relationships in the United Kingdom. Outputs of the
model were number of infested ( i.e., latent, or infected, but
asymptomatic), symptomatic, and disease-free fields and farms.
The model incorporates both the intensification (amplifica-
tion) and extensification (dispersal) phases of the disease. The
intensification phase, which may last more than a decade
before symptoms are detected, was derived from earlier mod-
eling work [68] including parameters for primary and sec-
ondary infection at the plant level. Stochasticity was intro-
duced in the description of disease spread. At the field level,
the effect of cultivation on the spatial distribution of inocu-
lum was calculated by convoluting [40] the spatial pattern of
inoculum with distribution of the probability that an inocu-
lum particle is displaced on a given distance. Spread within
and between farms was modeled using Poisson distributions
of potentially “infective” journeys of machinery. Several impor-
tant results were achieved from this work. First, the local con-
tainment policy (revoked in 1984), which does not affect the
(asymptomatic) front of disease progress, was shown to be
ineffective, since by 2050 it would not reduce the spread of
the disease. Simulation further indicated that a small reduction
(10%) of between-farm cross infection would strongly reduce
disease spread. The authors further concluded that any man-
agement action must match the scales of epidemics in time
and space. In the case of rhizomania, the time scale (delay
between infestation and symptom appearance) is 10—15 years,
and the spatial scale is the distance on which the disease may
be dispersed during this time (about 20 km).
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7.8 CONCLUDING REMARKS

Ultimately, the relevance of botanical epidemiology is meas-
ured in terms of its contribution to maintaining and sustaining
viable ecosystems, whether cultivated or not. The size of this
chapter precludes a discussion on the losses caused by plant
pathogens, in spite of the fact that it is one key area where con-
cepts of botanical epidemiology meet with concepts pertain-
ing to environmental and agricultural management.

Plant disease epidemics in agroecosystems cause injuries,
which may (or may not) lead to crop losses (or damage, i.e.,
reductions in yield quantity or quality), which, in turn, may
translate into losses (reduction in economic return). This cas-
cade of events [89] is the basis of yet another field of investi-
gation of the discipline. Measurement of crop losses caused
by plant pathogens is of course a key to measuring the
importance of plant pathogens, the need for management of
epidemics, and the efficiency of current management [91].
Too often is the measurement of crop losses considered easy
and granted; it actually is a field of experimental and model-
ing investigations of its own. Crop losses may be seen as a
yardstick to measure the harmfulness of epidemics, as well as
the efficiency of current disease control [37, 38, 67].

Modeling allows simulating the amount of crop loss
caused by disease injuries, which vary over time as an epi-
demic develops over the course of a cropping season; it also
allows measuring the effect of varying man-made environ-
ment (which defines the attainable performances of a crop)
on crop losses. Further, it allows attention to shift away from
crop losses and focus instead on yield gains [9]-benefits
derived from better crop management, from better strategies
involving short-and long-term vision of plant health. Recent
modeling work [75], backed with heavy field experimental
support, has enabled to analyze crop losses dynamically caused
by a range of diseases, insects, and weeds of rice in tropical Asia
in a range of production situations, and to project yield gains
which novel research could derive. Research policies are also
long-term decisions.

Shifts in paradigms have occurred, which nowadays guide
research. One of them derives from the realization that elim-
ination of a plant pathogen is neither possible nor desirable in
the immense majority of cases [44, 91]; “control” progressively
gives way to “management.” This notion, which derives from
ecological research of the middle of the last century, still holds
promises of progress today, even in the current context of
biological invasions of plant pathogens, which can only be
prevented and managed when they occur (see, e.g. [83]).
Another is that one host plant population is seldom exposed
to injuries caused by one pathogen only, or more generally, by
one harmful agent. Farmers are concerned with many prob-
lems other than plant protection; when they do, they often
have to consider several of them simultaneously; and ecologi-
cal principles suggest that empty niches seldom exist [44]:
multiple pathosystems are facts, whose shape and composition
vary with the man-made environment [58]. The characteriza-
tion, analysis, and modeling of multiple pathosystems is yet

another front for future progress [59]. This will probably
require novel ways to address botanical epidemiology, where
the concepts of epidemiological guilds and guilds of harmful
agents might be useful to address and manage syndromes of
production and syndromes of disease.
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8.1 INTRODUCTION

Despite a century of campaigns, the worldwide burden of
malaria is still staggering. It is one of the most prevalent para-
sitic infections, and the number of clinical cases is estimated to
be over 500 million [36,71]. Mortality in infants and children
in Sub-Saharan Africa alone is at least 800,000 annually with
the majority of deaths resulting from severe cases of Plasmodium
falciparum. Additional deaths occur in other malarious regions
(Fig. 8.1). It has been estimated that the annual loss of eco-
nomic growth is 1.3% in countries where malaria is endemic
[15], with Africa again bearing the brunt, losing approximate-
ly US$12 billion in productivity annually [56]. The current
major public health tools to combat malaria are (1) case man-
agement, offering diagnosis and treatment of infected persons;
(2) infection prevention, using vector control and insecticide-
treated bed nets; and (3) disease prevention, for instance, inter-
mittent preventive treatment. When rigorously applied, these
methods are effective, but they are constantly threatened by the
emergence of resistance to insecticides and antimalarials [84],
plus the lack of political will and financial resources to imple-
ment and sustain them [6].

These powerful tools will continue to be the foundation
of control campaigns; however, it is understood that effective
malaria vaccines would provide additional useful and cost-
effective ways to help control the morbidity and mortality of
this disease complex [23,47].

The development of an effective vaccine has been
thwarted, in part, because malaria parasites, of the genus
Plasmodium, have complex life cycles involving sexual devel-
opment in the vector mosquitoes and asexual cycles in their
vertebrate hosts (see Fig. 8.2). The infective sporozoites pass
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into the vertebrate hosts while Anopheles mosquitoes take a
blood meal (Fig. 8.3).

These sporozoites enter the circulation and within 30 min
home to the liver where they invade the parenchymal cells.
Here they differentiate into hepatic merozoites, a process
termed hepatic or exo-erythrocytic schizogony. This stage of
infection produces no clinical symptoms. The erythrocytic
infection is initiated when hepatic merozoites are released
into the blood stream. Within seconds, these merozoites must
attach to and invade red blood cells, where they multiply to
form multinucleate schizonts (Fig. 8.4).

P, falciparum can invade all red blood cells, whereas P, vivax
targets reticulocytes. The sequential release of new mero-
zoites, for example, every 44—48 h in P, falciparum infection,
during erythrocytic schizogony initiates the classical clinical
manifestations of cyclic fever, headache, chills, and anorexia.
The severity of the clinical outcome depends on the immu-
nity of the host, with children less than 5 years old and
pregnant women being the most susceptible in endemic
areas. Nonimmune persons including adults are highly sus-
ceptible to the development of clinical malaria. After sever-
al erythrocytic asexual stage cycles, a subpopulation of par-
asites develops into gametocytes (Fig. 8.4), which may then
be taken up by Anopheles mosquitoes with a blood meal.
Sexual reproduction in the mosquito and seeding of sporo-
zoites into the salivary glands complete the life cycle. The
vertebrate host and its immune system are thus exposed to
four stages: sporozoites, liver stages, merozoites, and game-
tocytes. These stages are generally antigenically distinct,
though there is limited overlap. Each of these stages presents
opportunities for immune attack, but with limitations and
potential consequences.
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Malaria Endemic Countries, 2003

Note: This map shows countries with endemic malaria. v )'
In most of these countries, malaria risk is limited to certain areas.

Fig. 8.1. Worldwide distribution of malaria. From www.cdc.gov.
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Fig. 8.2. The schema of the life cycle of malaria. The malaria parasite life cycle involves two hosts. During
a blood meal, a malaria-infected female Anopheles mosquito inoculates sporozoites into the human host®.
Sporozoites infect liver cells® and mature into schizonts® , which rupture and release merozoites®. (Notice,
in P vivax and P, ovale a dormant stage [hypnozoites| can persist in the liver and cause relapses by invading
the bloodstream weeks, or even years later.) After this initial replication in the liver (exo-erythrocytic
schizogony M), the parasites undergo asexual multiplication in the erythrocytes (erythrocytic schizogony®).
Merozoites infect red blood cells®. The ring stage trophozoites mature into schizonts, which rupture
releasing merozoites®. Some parasites differentiate into sexual erythrocytic stages (gametocytes)®. Blood-
stage parasites are responsible for the clinical manifestations of the disease. The gametocytes, male (microga-
metocytes) and female (macrogametocytes), are ingested by an Anopheles mosquito during a blood meal®.
The parasites’ multiplication in the mosquito is known as the sporogonic cyclel®. While in the mosqui-
to’s stomach, the microgametes penetrate the macrogametes generating zygotes®. The zygotes in turn
become motile and elongated (ookinetes)® which invade the midgut wall of the mosquito where they
develop into oocysts® . The oocysts grow, rupture, and release sporozoites®, which make their way to the
mosquito’s salivary glands. Inoculation of the sporozoites® into a new human host perpetuates the malar-
ia life cycle. From http://www.dpd.cdc.gov/dpdx/HTML/Malaria.htm. See color plates.



Fig. 8.3. A replete Anopheles mosquito following a blood meal.
From http://www.cdc.gov/malaria/biology/mosquito/frame.htm.

8.2 MALARIA VACCINE CONSIDERATIONS

It is axiomatic that a vaccine functions by inducing immu-
nity to the desired pathogen. Given the complexity of the
malaria life cycle, the different stages to which the host is
exposed, and the genetic variability of human populations, it
is pertinent to ask if people can develop immunity to malar-
ia and thus whether it is possible to develop a successful vac-
cine. Several lines of evidence suggest that development of a
vaccine against malaria is feasible. Persons living in endemic
regions, who are repeatedly infected, do develop functional
immunity over time [16]. This immunity is generally weak
against sporozoites and liver stages, thus it neither prevents
reinfection nor eliminates parasites from the blood and
sequestered locations. But the acquired immunity does limit
the parasitemia and diminishes the toxic effects of parasite
products, thereby ameliorating clinical disease and protecting
against severe morbidity and mortality [24]. Though it
should be remembered that many do not develop immuni-
ty, hence the large numbers of deaths of children each year.
In addition to acquired immunity, immuno-modulatory
activities may protect the human host from potentially
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deleterious effects of overzealous eftector functions directed
against the parasite. Therefore, in the setting of natural expo-
sure, the human immune system is capable of controlling
malaria sufficiently to diminish its deleterious effect. It is
worth reiterating that this functional immunity is primarily
directed against decreasing the clinical effects of malaria and
reducing the parasite burden; it does not break the cycle of
transmission.

In contrast, experimental studies in animals and small-
scale human clinical trials have demonstrated that significant
immunity can be induced to the sporozoite and liver stages
[49]. Immunization with radiation-attenuated sporozoites is
capable of stimulating an immunity that absolutely protects
certain individuals against a subsequent challenge of fully vir-
ulent and viable sporozoites [49], though the immunity
wanes in a matter of months. Recent clinical trial results from
Mozambique with an antigen derived from the circumsporo-
zoite protein (CSP) also provide early indications in children
that a recombinant malaria vaccine can be developed that can
potentially reduce the burden of clinical malaria [5]. These
observations demonstrate that the human immune system
does, under differing circumstances, have the ability to pre-
vent and control infection by malaria, thereby providing
justification for vaccine development efforts.

Although it is generally agreed that a malaria vaccine is
feasible, there is no consensus in the field concerning the char-
acteristics of an ideal vaccine. Setting aside for now these dif-
ferences, the malaria vaccines currently under development
[7,85] fall into three broad categories, based on the stages of
the parasite’s life cycle: (1) pre-erythrocytic, (2) asexual blood
stages, and (3) transmission blocking, affecting the sexual stages.
Pre-erythrocytic vaccines are directed against the invading
sporozoite and the intra-hepatic stages, and aim to abrogate the
infection before the first wave of merozoites is released into the
circulation. Such vaccines may be based on individual anti-
genic determinants found on sporozoites [5], or on attenuated
sporozoites that can stimulate protection but cannot them-
selves initiate an infection [49]. Animal models and very limit-
ed human studies have demonstrated that such vaccines can
give complete protection. However, their disadvantage is that
should the parasites in just one infected hepatocyte survive, a

Fig. 8.4. Blood stages of P, falciparum. (a) Ring stages, and mature trophozoite (arrowed). (b) Mature
schizont. (¢) Gametocyte. From http://www.dpd.cdc.gov/dpdx/HTML/Malaria.htm.
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situation that could result from either less than 100% protec-
tion immediately following immunization, or incremental loss
of complete protection with time, a normal erythrocytic infec-
tion would be expected to result. Because such a vaccine
would have minimal efficacy against blood stages, once break-
through had been achieved, it would be expected to provide
little if any protection against clinical symptoms or pathology
[42]. Such pre-erythrocytic vaccines have been proposed for
international travelers and military personnel.

Because all of the pathology associated with malaria is a
consequence of erythrocytic infection, vaccines against the
asexual blood stages have been proposed as a way to decrease
the morbidity and mortality of the vast majority of clinical
cases. Such vaccines are intended to replicate or accelerate the
development of the natural immunity already described that
manifests in older children and adults in endemic areas who
have survived multiple previous infections [16].

In contrast to the above vaccine types, transmission-blocking
vaccines are altruistic in that they do not interrupt or ame-
liorate infection in the recipient [19]. These vaccines induce
antibody responses against antigens on the sexual stages of the
parasite. These antibodies do not exert their effect in the
human host but pass into the mosquito midgut with a blood
meal, where they react with nascent antigens on the gameto-
cyte sexual stages and inhibit ookinete formation and
development. The aim of these vaccines is to prevent sexual
replication in the mosquito and thereby decrease transmission
pressure. Because the gametocyte antigens are not under
immune selection, they show limited variability and genetic
diversity [27,28].

Although the three main categories of vaccines represent
valid approaches, each has its limitations. There is a growing
awareness that single antigen vaccines may be insufficient to
provide protection, and that vaccines may have to contain
both multiple antigens from a given stage and antigens from
different stages.

There are essentially three target populations for the pro-
posed malaria vaccines. From the sheer magnitude of the
public health problem, the largest and most vulnerable pop-
ulation requiring protection is infants and children under 5
years of age in Sub-Saharan Africa and Southeast Asia [71].
These children bear the brunt of the disease and sufter the
greatest mortality. Studies from Western Kenya indicate that
anemia, a significant factor in malaria-induced mortality, is
prevalent from 6 to 24 months with a peak around 12
months [52,53]. These data demonstrate both the susceptibil-
ity of the very young to malaria and that immune interven-
tions to build resistance must be initiated at or very soon after
birth in endemic areas. The goal is to develop sufficient
immunity in these children by immunization so that they are
protected from the worst manifestations of the disease that
result in morbidity and mortality.

Pregnant women and their unborn children are both
extremely susceptible to the deleterious effects of malaria
infection. These women are at increased risk of developing
complications compared to their nonpregnant peers [54].

Their infection often presents with a sequestration of para-
sitized erythrocytes in the maternal placental blood, a condi-
tion known as placental malaria, which contributes to both
maternal anemia and low infant birthweight. The frequency
and severity of placental malaria decrease following succes-
sive, malaria-exposed pregnancies, again suggesting that
specific immunity can ameliorate the pathology and that
vaccine-derived protection would also be of help.

The final groups that would benefit from a malaria vac-
cine include travelers, including those returning to wvisit
friends and relatives in malarious areas, military personnel,
and expatriates. By definition, these groups have the financial
resources to protect themselves with antimalarial drugs, and
thus ideally, should not be at risk.

8.3 REQUIRED EFFICACY OF MALARIA
VACCINES

What efficacy will be required of the different vaccines to
achieve licensure and have a significant effect on public
health? This consideration will depend on the type of vaccine
being developed, the target population, the desired end point,
and the epidemiology of malaria in a given locale. Consider
a pre-erythrocytic vaccine that provided no immunity to
subsequent blood stages being used in an immunologically
naive population, for example, travelers. Such a vaccine
could induce high titer antibodies to block sporozoite pene-
tration into the liver, cytotoxic T lymphocytes (CTL) to kill
infected hepatocytes, or an appropriate combination thereof.
It is estimated that a single mosquito bite usually delivers
fewer than 100 sporozoites, and that 1 sporozoite-infected
liver cell yields 10,000-40,000 merozoites — sufficient to ini-
tiate an infection [30]. Modeling studies have indicated that
pre-erythrocytic vaccines that reduce the number of infected
hepatocytes by 99% would be expected to delay the onset of
patent parasitemia by only 4-5 days, and have little subse-
quent effect on the course of infection [42] and presumably
disease. How a 99% reduction of infected hepatocytes trans-
lates into true vaccine efficacy (i.e., percentage of persons
absolutely protected) has yet to be determined. None the less,
these considerations indicate that the requirements for a pre-
erythrocytic vaccine may be very stringent. It is also possible
that the protection afforded by a pre-erythrocytic vaccine in
the face of naturally occurring sporozoite challenge may allow
the immune system to develop partial immunity to subsequent
blood stages. As mentioned above, the protection afforded by a
pre-erythrocytic vaccine may depend on significant CTL
activity against infected hepatocytes. Thus, clinical testing of
a pre-erythrocytic vaccine in an endemic area would have to
monitor liver function very closely to ensure that continued
natural sporozoite challenge and consequent CTL activity
did not result in liver pathology. Because pre-erythrocytic
vaccines are designed to prevent infection, their efficacy will
probably be measured by the classical method commonly
used for routine vaccines [63].



In contrast to pre-erythrocytic vaccines, blood stage
vaccines are currently envisioned to boost the immunity of
susceptible individuals where malaria is endemic and to allow
them to control parasitemia and significantly ameliorate mor-
bidity and mortality. Currently, interventions to control malar-
ia are evaluated against existing disease burden within a given
area. For example, the deployment of insecticide-treated bed
nets (ITN) in Africa has reduced the rate of all cause mortal-
ity in children less than 5 years of age by approximately 20%
[21], ranging from 10% in Burkina Faso [35] to 30% in Kenya
[59,72]. Vaccine trials evaluate their efficacy similarly [5].
Although this percentage reduction strategy suffices for the
present, it may become prudent to switch to absolute end
points as trials progress. For example, in an immunized popu-
lation of children under 5 years of age, absolute end points
could be prevalences of parasitemia <<5%, severe anemia <1%,
and clinical disease <<5%. Similar arguments can be applied to
the reduction of placental malaria by immunization. The inci-
dence of placental malaria varies by locale up to a maximum
of between 55 and 60% in West Africa for primigravidas and
approximately 35% for multigravid women [14,54]. A valid
goal for a vaccine would be to reduce the rate of placental
malaria to less than 5% in both primigravida and multigravi-
da women in all endemic areas. Because the prevalence and
incidence of all these the parameters vary according to the
locale, disease epidemiology, and malaria control activities, it
would not be appropriate to define universal end points at this
time. However, investigators should consider establishing such
bench marks appropriate for the specific endemic area when
planning clinical trials of malaria vaccines.

8.4 DURATION OF PROTECTION

After Spf66, which had initial promise in South America [57]
but failed to achieve significant protection in endemic parts
of Africa and Asia [22,60], the RTS,S antigen based on CSP
has advanced the furthest in terms of clinical development.
Several studies of RTS,S formulated with the powerful adju-
vant ASO-2 have demonstrated limited protection in nonim-
mune individuals [76], semi-immune adults in Gambia [13],
and children living in endemic areas of Mozambique [5]. In
all studies, the immuno-protective effects of the vaccine are
short lived, lasting for a matter of months rather than the
years of protection associated with the majority of routinely
used vaccines. It is hoped that further clinical trials with this
vaccine/adjuvant formulation will either demonstrate
increased protection or illuminate its limitations such that
improvements will follow.

8.5 FIELD EPIDEMIOLOGY STUDIES

The real challenge is to develop a vaccine for endemic pop-
ulations that will reduce disease burden and mortality, even
though it may not completely eliminate circulating parasites.
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Testing such a vaccine is also demanding because the mani-
festations of disease vary in different endemic settings and age
groups. In areas with intense annual transmission of malaria
such as Western Kenya and parts of Tanzania, severe anemia is
the most common serious manifestation and cerebral malaria
occurs rarely [52,73]. A community-based study conducted
in Western Kenya showed that most of the severe anemia bur-
den was found in children <2 years of old [52—54] and that
the overall mortality was higher in infants. In this setting, any
malaria vaccine needs to be administered within the first few
months of life in order to reduce mortality and morbidity. In
areas of less intense transmission such as Gambia, cerebral
malaria is the major severe manifestation of malaria and
occurs mostly among 2—4-year-old children [32]. Within areas
with seasonal malaria transmission, for example, South and
Southeast Asia, adults are affected in addition to children and
pregnant women.

The complications associated with malaria vary from
cerebral malaria and anemia to renal failure and respiratory
distress. The underlying causes for the differences in disease
manifestations in the different endemic settings are not yet
understood. Under these circumstances, it becomes essential
that any new vaccine candidate be tested in various sites
reflecting different endemic settings and different target
groups including infants, children, and adults.

In preparation for such multicenter vaccine trials,
community-based cohort studies in different endemic set-
tings need to be conducted to characterize the epidemiology
of malaria, immune responses to malaria, parasite characteris-
tics, the genetics of the host population, and the entomologi-
cal characteristics of the vector population. A multidisciplinary
community-based study conducted in the Asembo Bay area
of Western Kenya provided valuable information needed for
vaccine testing [12]. This study established that most of the
mortality and severe anemia episodes occur between 2 and
18 months of life [52,73].The reduction in the severe anemia
episodes and mortality after the first 18 months of life sug-
gests acquisition of clinical immunity. This was further
evident from host genetic association studies. It is well estab-
lished that the prevalence of hemoglobin variants such as the
sickle cell trait is high in malaria endemic areas, and this has
been attributed to the selective advantage of sickle cell het-
erozygotes (HbAS) against malaria-associated mortality [3,4].
A large genetic association study conducted in this cohort
showed that the HbAS genotype conferred protection against
malaria-associated severe anemia episodes only for children
between 2 and 16 months of age, corresponding to the age
window when the maximum number of anemia episodes
occurred in this population [1]. This finding indicated that
when clinical immunity develops in the second year of life,
the innate protective advantage conferred by the sickle cell
trait becomes undetectable. Interestingly, HbAS conferred
about 55% protection against overall mortality in this cohort,
although it reduced the risk for severe anemia only 60% and
high-density P falciparum infections by 25%. Children with
HDbBAS did not show any reduction in the over all prevalence
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of parasitemia as compared to children with normal hemo-
globin (HbAA). These observations suggest that a vaccine
that mimicked the protective effects of the sickle cell trait by
reducing the number of high-density infections and anemia
episodes early in life could significantly reduce the mortality
and morbidity associated with malaria, although it may not
alter the overall prevalence of malaria infection.

8.6 SELECTION OF VACCINE EPITOPES

The genetic diversity of P falciparum exhibits a very complex
pattern; it is extensive among genes encoding potential vac-
cine antigens, particularly at those genes encoding surface
proteins of the blood stage, whereas there are almost no
nucleotide substitutions at housekeeping genes or those anti-
gen genes expressed in the mosquito vector. This high genet-
ic diversity in the gene-encoding antigens of the surface of
blood stages has been known for some time [51]. These early
findings received further support from a series of studies on
selected antigens (reviewed in [25]). In such studies, positive
selection by the host immune system was implicated as the
potential driving force behind this high, but localized, genet-
ic diversity. Specifically, genes encoding antigenic proteins
elicit immune responses; thus, the observed levels of het-
erozygosity in gene-encoding antigens can be accounted for
by the accumulation of mutations that allow the parasite to
escape host immune recognition. Although this hypothesis is
appealing, little is known about the link between parasite
genetic diversity and host immune responses for the vast
majority of malaria antigens that have been described.

The most important issue for vaccine developers, especial-
ly those who focus on selected antigenic targets (be they
recombinant protein or DNA vaccines), is to determine
whether or not the vaccine-elicited immune responses will
be effective against all genetic variants found in nature. In
order to answer this question, two logical steps need to be
accomplished for each protein being considered as a vaccine
candidate. First, the nature and extent of a protein’s genetic
variation needs to be assessed so that the factors involved in
its generation and maintenance can be explored. This line of
research provides information about the extent of diversity an
experimental vaccine could encounter while also providing
evidence of the importance of natural selection by the host
immune response in maintaining the observed polymor-
phism [25]. If positive natural selection is the most parsimo-
nious explanation for a given polymorphism, then researchers
could consider that antigen as relevant to developing natural
immunity. In the case of vaccines aiming to elicit sterile
immunity, the vaccine antigen should target the parasite in
such a way that its induced immunity cannot be eluded by
the genetic diversity of the parasite at population level. For
such antigens, studying their genetic diversity constitutes
baseline information needed to evaluate the level of poly-
morphism that the vaccine-elicited immune response is
expected to face.

The second step is to link such genetic diversity data with
immune response outcomes specifically to identify which
aspect of the genetic variation really affects immune reactivi-
ty and antigen recognition. This will also help to identify how
many immunologically different alleleic forms of a given tar-
get antigen exist in nature and whether it would be feasible to
choose a limited number of these allelic forms of the protein
as vaccine targets. Although this issue has been studied for
some selected antigens such as the merozoite surface protein-1
(MSP-1), there is a large gap in our understanding of the
identity of the most useful vaccine candidate antigens among
the thousands of proteins that have been identified from the
malaria genome project, and the number of antigenic
forms/variants in which the relevant targets exist.

Regarding CTL epitopes, very complex dynamics have
been found [2]. For example, in the CSP of P, falciparum, criti-
cal substitutions can elicit cross immunity among very distant
alleles [81].The situation may become more complicated if we
consider that the extensive diversity of these epitopes is just
starting to be estimated [26]. It is expected that the dynamic
interactions of genetic diversity and elicited immune respons-
es will change from gene to gene. For example, the extensive
genetic diversity observed in the gene encoding the apical
membrane antigen (AMA-1) appears to be maintained by pos-
itive natural selection [27,64,65]. In addition, there is evidence
suggesting that natural selection may have geographic speci-
ficities [20]. These population genetic analyses have received
further support from evidence based on recombinant con-
structs of this protein. The results derived from these constructs
indicate that the genetic diversity in AMA-1 is indeed recog-
nized differently by host immune responses [40]. However,
regardless of its extensive genetic diversity, it appears that a lim-
ited repertoire of constructs could generate cross immunity
among several alleles, making possible the inclusion of AMA-1
in viable vaccine formulations [66]. Thus, careful field and lab-
oratory studies are needed to quantitate this cross immunity in
order to include groups of alleles that could potentially be dif-
ferentially targeted by vaccine constructs.

A cautionary note, however, is that natural selection acts on
the available genetic diversity of the malaria parasite within a
specific environment. The immune responses in a given human
population will be elicited against the circulating parasite epi-
topes, thus they will be affected by the history of the parasite
and human populations, as well as the ecological circumstances
in which these two populations interact. Field studies aiming
to evaluate cross immunity among groups of alleles need to
take into consideration that some vaccine formulations may
demonstrate altered effectiveness in different settings.

8.7 THE VACCINE TARGET: EPITOPES
OR STRAINS?

The term strain has been widely used wherever a particular
group of parasites has been considered as a plausible explana-
tion for a specific clinical manifestation of malaria. Thus, it is



assumed that these particular groups of parasites can be defined
in terms of their genetic characteristics. Nevertheless, in terms
of vaccine development, strains are defined in terms of a phe-
notype that is independently transmitted [34]. However, there
is still some confusion in the definition of strain-specific
immunity. The term “strain-specific immunity” could imply
two possibilities: either that linkage among loci encoding anti-
gens is observed and that it is maintained by the host immune
response, or that there is no cross immunity among a series of
antigenic variants. These specific characteristics allow us to
delimit a strain as an independent transmission unit [34]; thus,
it has real implications in vaccine design. Following these argu-
ments, because linkage groups can originate by inbreeding if
transmission is low [50], before we can claim that a specific
group of antigens define a strain, evidence is needed that the
observed linkage cannot be explained by the population
demography alone. On the contrary, if we are talking about an
antigenic variant defined using specific criteria, we need to
show that there is limited or no cross immunity among those
entities. Nevertheless, we believe that the term “strain-specific
immunity” applied to any single antigen generates unnecessary
confusion wherever information on cross-reactivity among
alleles is limited or absent. Probably a term such as “allele-
elicited immunity,” specific or not, may be a more appropriate.
Thus, epitopes at specific genes with their different alleles are
the vaccine targets. This discussion is relevant if we consider
vaccines to target a specific group of parasites in order to pro-
tect a defined risk group such as pregnant women.

8.8 CYTOADHERENCE AND VARIANT GENES

Cytoadherence of P, falciparum parasites to endothelial cells in
the blood veins and placenta is a hallmark of this infection,
and this characteristic is considered to be an important iru-
lence factor associated with pathogenicity [55]. The most
studied antigen associated with this process in P falciparum is
erythrocyte membrane protein-1 (PfEMP-1) [55]. PEEMP1
belongs to a family of 250-350-kDa proteins that are targets
of protective antibody responses and are encoded by the var
gene family [8,79]. PEEMP-1-mediated binding to endothe-
lial cells takes place via ubiquitous receptors such as CD36,
CSA, and ICAM-1, among others [55]. In the case of pla-
cental malaria, it has been proposed that the placenta provides
a unique environment that selects for parasite sub-populations
expressing CSA-binding [29] and hyaluronic acid-binding
PEMP1 proteins [9]. Specific var genes have been implicat-
ed as encoding the CSA-binding ligand [17,68], making
them suitable targets for a protective vaccine that may reduce
the negative consequences of placental malaria. However, the
evidence is still not conclusive. Specifically, some receptors
are expressed in non-placental infections so they cannot be
considered “placenta-specific,” whereas others lack expression
of the CSA-binding phenotype after being transcribed [69].
Thus, no one factor fulfills all the criteria to be considered
functional in vivo as a “strain” specific target.
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It is important to point out that if adherence in the pla-
centa is a trait under positive selection in the parasite popu-
lation, it could be a convergent phenotype from different
genetic backgrounds. Thus, we may have a common pheno-
type generated by a series of distinct genetic lineages. The
implication of this possibility is that there could be more than
one var gene encoding the CSA-binding ligand expressed in
the placenta. This circumstance could generate “contradicto-
ry” linking of one var or another depending on the human
and parasite population under study. In order to rule out this
possibility, comparable protocols need to be established in
geographic areas with limited or no gene flow among them.
These types of studies will increase our chances to detect var
genes that are local adaptations. They would also allow
screening for the same var gene across different host genetic
backgrounds providing independent corroborations of their
involvement in encoding antigens that preferentially bind
CSA. This information may lead researchers to formulate a
construct against several var genes despite the existence of
some locally defined “strains.”

In summary, understanding the population dynamics of
the parasite genetic diversity is essential in order to explore
the viability of a vaccine targeting a specific clinical disease
manifestation such as placental malarial. Populations, and not
individuals, are the sampling units to understand these
processes, thus comparative studies in different settings are
needed.

8.9 LIMITATIONS TO MALARIA VACCINE
DEVELOPMENT

There is a consensus that pre-erythrocytic vaccines can be
safely evaluated in nonimmune human volunteers. These
individuals are immunized then subsequently challenged by
exposure to mosquitoes infected with a chloroquine-sensitive
strain of malaria [61]. At the first diagnosis of a patent infec-
tion, the volunteers are treated. Vaccines that show promise
can then be refined and/or scaled up for trials in endemic
areas. Similar early phase 1 clinical trials to evaluate blood
stage vaccines would necessitate a longer period of para-
sitemia and are precluded by the severe risk to the volunteers.
Although the efficacy of these blood stage vaccines must
eventually be determined by controlled clinical trials in
endemic areas, much work has been performed to try to
evaluate vaccine efficacy in animal models at an earlier stage
of development, and to establish serological correlates of
immune protection.

In this context, the relevance of nonhuman primate
immunization and challenge studies in the development of
blood stage vaccines against falciparum malaria is controver-
sia. The most widely used nonhuman primate models
employ Aotus or Saimiri monkeys challenged intravenously
with parasitized erythrocytes. Proponents argue that such
studies might aid the choice of immunogen, eliminate clini-
cal trials of antigens shown to be non-protective, and provide
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a means to validate in vitro correlates of protection [77].
Opponents counter that these challenge models are variable
and unvalidated, may incorrectly (either positively or nega-
tively) predict vaccine efficacy in humans, are biologically
and immunologically inappropriate to evaluate efficacy, and
should not be considered to be on the critical path of vaccine
development [41]. Resolution of some of these differences
will await the testing of an identical vaccine formulation in
both a nonhuman primate challenge study and a controlled
clinical trial in an endemic area.

Stimulation of the human immune system either by nat-
ural infection or with antigenic preparations induces anti-
body responses that react with plasmodial antigens and may
demonstrate antiparasite activity in vitro. Assigning a clinical
protective role to given antigen—antibody reactivities and
defining in vitro correlates of protection has proved more
problematic. Several potential candidates have been proposed.

It has been known for over 20 years that antibodies to
sporozoite surface proteins can inhibit the invasion of the
hepatoma cell line HEPG2-A16 by this stage in vitro [44].
Studies have demonstrated that both volunteers immunized
with certain sporozoite antigens and persons repeatedly
exposed to malaria in an endemic area developed antibodies
with inhibition of sporozoite invasion (ISI) activity.
Although there is a general association of increasing ISI titer
and increasing clinical protection with age, a direct correla-
tion has yet to be established. Of concern, one study has sug-
gested that P falciparum sporozoites may invade hepatocytes
and HEPG2-A16 cells by different mechanisms, thereby
casting doubt on the ISI data collected using the hepatoma
cells [43].

The growth inhibition assay (GIA) measures the ability of
antibody to inhibit the in vitro growth of merozoites in ery-
throcytes [18,37,58,70]. This inhibition may act to prevent
entry of merozoites into erythrocytes, their growth and mat-
uration within the cells, exit from schizont-infected red
blood cells, or a combination thereof. Persons infected with
malaria or specifically immunized demonstrate reactivity by
GIA, though correlations between GIA and antibody titers
are variable and the significance of the assay to clinical pro-
tection has yet to be determined.

Others have proposed that immunoglobulin and mono-
cytes may play a role through the mechanism of antibody-
dependent cellular inhibition (ADCI) [10]. Human cytophilic
antibodies of the IgG1 and IgG3 isotypes against merozoite
surface antigens induce monocytes to secrete primarily tumor
necrosis factor a which can block in vitro intra-erythrocytic
development at the ring stage [11]. Studies have demonstrat-
ed an association between titers of cytophilic human IgG
isotypes that are merozoite specific with protection against
clinical disease in endemic areas [62,80]. However, the direct
correlation of in vitro ADCI activity with clinical protection
is still lacking. In conclusion, the development and testing of
a malaria vaccine is thus frustrated to some extent by the lack
of good animal models and validated in vitro correlates of
protection.

8.10 ADJUVANTS AND ANTIGEN DELIVERY
SYSTEMS

As we have detailed earlier, immunity to the liver stages of
infection is primarily class I-mediated cellular immunity,
whereas protection to sporozoites, blood stages, and gameto-
cytes is more dependent on antibody responses (reviewed in
[78]). It is very likely that specialized adjuvants and delivery sys-
tems will be required to generate the spectrum and magnitude
of immunity required for efficacy of a malaria vaccine. When
formulated with the appropriate antigens, the classical alum
adjuvants (various forms of aluminum hydroxide, aluminum
phosphate, and aluminum hydroxyphosphate) have saved mil-
lions of lives and stimulate high titer antibody responses
(reviewed in [33]). These adjuvants may suffice for malaria vac-
cines dependent solely on antibody for their efficacy.
Adjuvants that favor stimulation of cellular responses tend to be
more complex and many are still undergoing development.
Saponins, such as Quil A and QS-21 induce more mixed
responses, with a significant cellular component, and favor the
expression of IgG subclass antibodies that are most efficient at
opsonization [45,46]. QS-21 has been formulated with mono
phosphoryl lipid A (MPL) in an oil-in-water emulsion to give
the proprietary adjuvant ASO-2 [82]. The CSP-derived anti-
gen RTS,S formulated with ASO-2 adjuvant has shown pre-
liminary efficacy against malaria [5]. This formulation induces
both potent antibody responses and interferon-y — a surrogate
for cellular immunity [82]. The perceived need for high titer
responses has led to the use of Montanide ISA-720, a squalene
based water-in-oil emulsion vaccine, with several malaria anti-
gens [31,47,83]. Water-in-oil emulsions have classically been
associated with high titer responses, but their increased reacto-
genicity raises safety concerns, especially because infants and
pregnant women are major target populations.

Nanoparticle calcium phosphate (CaP) adjuvants have the
potential to target antigens selectively to class I or class II
pathways, depending on the formulation. The best class
I-associated CTL responses are induced by surface-loading
antigen onto CaP nanoparticles [39]. In contrast, the best
class II antibody responses occur with slightly larger CaP
nanoparticles where the antigen is both core loaded and sur-
face loaded [38].The potential thus exists to selectively target
antigen(s) to both processing pathways by combining the for-
mulations.

8.11 MULTISTAGE, MULTIEPITOPE MALARIA
VACCINE CANDIDATE ANTIGENS

Following the rationale that the functional immunity devel-
oped by persons living in endemic areas is directed against
different stage-specific antigenic determinants, we previously
developed a multicomponent, multistage recombinant P falci-
parum vaccine candidate antigen [74,75]. Such antigens are
intended to induce immunity to all stages of malaria occurring



in humans, and thus increase the chances of preventing infec-
tion and/or disease. Another advantage is the ability to include
combinations of epitopes that will work together to minimize
the inherent genetic restrictions of human immune responses,
while maximizing human reactivity to genetically diverse
P, falciparum populations.

8.12 DESCRIPTION OF FALVAC-1 ANTIGEN

FALVAC-1 is a candidate malarial vaccine expressed by a syn-
thetic gene coding 12 B cell, 6 T-helper cell, and 3 CTL epi-
topes from sporozoite, liver, asexual, and gametocyte stages of
P, falciparum, and a T-helper epitope from tetanus toxin. The
protein is 41 kDa in weight and hydrophilic, and has a theo-
retic isoelectric point (pI) of 6. The composition of the multi-
valent, multistage FALVAC-1 antigen is presented in Table 8.1.

TABLE 8.1. The Components and Amino Acid Sequences of
FALVAC-1

Epitope*  IDP Amino acid sequence®

Start M

Melittin GIGAVLKVLTTGLPALISWIKRKRQQ
His-tag HHHHHH

CSP B KPKHKKLKQPGDGNP

TRAP B WSPCSVTCG

CSP Th/Tc KPKDELDYENDIEKKICKMEKCS
CSpP Th DIEKKICKMEKCSSVFNVVNS
MSP-1 B NSGCFRHLDEREECKCLL
MSP-1 B EDSGSNGKKITCECTKPDS
LSA-1 Tc KPIVQYDNF

CSP B NANPNANPNANP

AMA-1 B DGNCEDIPHVNEFSAIDL
AMA-1 B GNAEKYDKMDEPQHYGKS
RAP-1 B LTPLEELY

LSA-1 Tc KPNDKSLY

P2-T Th QYIKAANSKFIGITEL

MSP-2 B SNTFINNA

MSP-2 B GQHGHMGH

EBA-175 B NEREDERTLTKEYEDIVLK
AMA-1 Tp EFTYMINFGRGQNYWEHPYQKS
AMA-1 Tp DQPKQYEQHLTDYEKIKEG
Pfg27 B KPLDKFGNIYDYHYEH

RAP-1 Tp SSPSSTKSSPSNVKSAS

RAP-1 Tp LATRLMKKFKAEIRDFF

MSP-1 Tp GISYYEKVLAKYKDDLE

aThe origin of the epitope. CSP, circumsporozoite protein; TRAP,
thrombospondin related protein; MSP-1, merozoite surface protein-1;
LSA-1, liver stage antigen-1; AMA-1, apical membrane antigen-1;
RAP-1, rhoptry-associated protein-1; P2-T, tetanus toxoid universal
helper; EBA-175, erythrocyte-binding antigen-175; MSP-2, merozoite
surface protein-2; Pfg27, gametocyte 27-kDa antigen.

bThe immune reactivities of the epitopes: B cell (B), T-helper (Th), cyto-
toxic T cell (Tc), and T proliferative (Tp).

The sequence of each epitope is indicated. The sequence of the entire
molecule runs continuously down the column.
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Using recombinant FALVAC-1 antigen produced in the
baculovirus expression system by Protein Sciences
Corporation, immunogenicity studies were conducted in
mice, rabbits, and monkeys with different adjuvants
[67,74,75]. This vaccine antigen was found to be highly
immunogenic in all these three species of animals. The mag-
nitude of immune response also varied in different adjuvant
groups. All antisera recognized FALVAC-1 antigen and
individual epitopes at various levels. It was found to be
immunogenic in the different genetic backgrounds of both
inbred and outbred strains of mice, suggesting a low degree
of restriction of immune responsiveness for antibody
responses. We also investigated the affinity of the vaccine-
elicited antibodies in a Biacore assay. Antigen—antibody
binding showed multiple kinetic components distinguish-
able into fast (450-500 s) and slow (800—1400 s) compo-
nents, indicating that both high- and low-affinity antibod-
ies were produced. Immune responses stimulated by
water-in-oil formulations containing the copolymer CRL-
1005 demonstrated higher levels of high affinity (i.e., rapid-
ly binding) antibodies. All immune sera showed reactivity
with P, falciparum sporozoites, asexual blood-stage parasites,
and gametocytes. We also conducted ultrastructural localiza-
tion studies of antibody reactivities to sporozoite, liver, and
asexual blood stages of P, falciparum using immuno-electron
microscopy. Numerous gold particles were obtained on the
surface and within the cytoplasm of sporozoites. Antibody
recognized parasitophorous vacuole membranes and the
cytoplasm of exo-erythrocytic stage parasites. In infected
erythrocytes, gold particles were found in rhoptries, on the
surface of merozoites and in the cytoplasm of trophozoites.
These results demonstrate that antibodies induced to the
epitopes in this recombinant molecule can react with those
epitopes that are naturally expressed in the different stages
of the parasite’s life cycle.

The antiparasitic effects of vaccine-elicited antibody
responses in rabbits were tested by the ISI and ADCI assays.
Purified anti-FALVAC-1 antibodies inhibited sporozoite
invasion. Results of the ADCI experiments showed that the
vaccine-elicited antibodies had significant effects on in vitro
growth of blood-stage parasites in the presence of mono-
cytes. No growth inhibitory effects in the absence of
monocytes were observed. In conclusion, our initial stud-
ies in rabbits showed that FALVAC-1 vaccine antigen is
highly immunogenic and that vaccine-induced antibodies
recognized native parasite antigens and have anti-parasitic
effects.

Proliferative lymphocyte responses were detected in out-
bred and all three strains of inbred mice but at variable lev-
els. IFN-y response was also found in both inbred and out-
bred strains of mice. These results showed that FALVAC-1 is
able to elicit cellular responses in outbred mice, and individ-
ual variation in cellular response suggests that the response
may be partially genetically restricted. Furthermore, QS-21
was found to be the most potent adjuvant in eliciting overall
cellular response. It should be noted, however, that studies
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with FALVAC constructs in Aofus monkeys have yet to
demonstrate significant protection to challenge with blood-
stage parasites. The appropriateness of nonhuman primate
studies to evaluate candidate malaria vaccine antigens has
already been discussed. Thus, the final resolution of the utili-
ty of the FALVAC antigens as malaria vaccines may require
human clinical trials under conditions of natural exposure to
mosquito-derived sporozoites.

In summary, our studies for the first time demonstrate that
a multiepitope, multivalent recombinant protein can elicit
strong immune responses in different animal species, recog-
nize sporozoites and blood-stage parasites, and show protec-
tion in in vitro assays. These studies have provided evidence
for the proof of concept that several epitopes from malaria
parasites can be combined and produced as a recombinant
antigen for use as potential vaccines.

8.13 DESIGNING ARTIFICIAL RECOMBINANT
ANTIGENS

There are many logistical issues with respect to designing a
vaccine using the string of epitopes or domains of antigens.
First, there are no simple rules to guide the order of the epi-
topes to produce a vaccine candidate antigen that would
induce ideal immune responses and protective immunity.
Second, the optimal size of such vaccine candidates for
inducing the desired immune responses is not clear. Third,
it is becoming evident that introducing spacer amino acids
in between selected epitopes may help to increase antigen
processing and presentation. Although presently the design
of such an antigen is subject to more intuitive rather than
rational approaches, several points can be considered at the
design stage. One of the most important considerations is
the stability of the antigen. Even the most potent vaccine
candidate antigen has to be a stable molecule for it to be
used in the field. Using computer modeling techniques, one
can develop algorithms that would predict a stable structure
for a recombinant protein that can be made from a given set
of epitopes. In this context, the stability of the molecule
may be an important determinant in shaping the ultimate
sequence of the epitopes in an artificial vaccine. Another
important consideration from safety standpoint is to avoid
amino acid sequences that are similar to any host protein
because they have the potential to generate autoimmune
reactivity. Therefore, any given combination of epitopes also
needs to be verified for any such overlap with host proteins.
When FALVAC-1 was considered for potential clinical
development, the stability of the molecule became a con-
cern for further development. Therefore, we redesigned that
molecule using computer algorithms and introducing
new spacer sequences. This modified vaccine candidate is
referred to as FALVAC-1A, and this molecule has demon-
strated significantly improved stability. Immunization stud-
ies in rabbits, monkeys, and mice also showed it to be highly
immunogenic.

The lessons learned during the development of the mul-
tiepitope vaccine antigens and advances in computer model-
ing of polypeptide structures have been applied to produce
more stable molecules that retain their antigenicity. Such
studies improve the prospects of the design and testing of
multiepitope vaccines that may be able to provide broad
spectrum immunity against malaria.

ABBREVIATIONS

ADCI:  Antibody-dependent cellular inhibition
AMA-1: Apical membrane antigen-1

CD36:  The collagen type I receptor and throm-
bospondin receptor; a fatty acid translocase
involved in long-chain fatty acid transport, fatty
acid metabolism and insulin function

CaP: Calcium phosphate

CSA: Chondroitin sulfate A

CSP: Circumsporozoite protein

CTL: Cytotoxic T lymphocyte
EBA-175: Erythrocyte binding antigen-175

GIA: Growth Inhibition Assay
ICAM-1: Intercellular adhesion molecule 1
IeG: Immunoglobulin G

ISI: Inhibition of sporozoite invasion
ITN: Insecticide-treated bed nets
LSA-1:  Liver stage antigen-1

MPL: Mono phosphoryl lipid A

MSP-1:  Merozoite surface protein-1

MSP-2:  Merozoite surface protein-2

PEMP1: P falciparum erythrocyte membrane protein 1
Pfg27: Gametocyte 27-kDa antigen

P2-T: Tetanus toxoid universal helper

RAP-1:  Rhoptry-associated protein-1
TRAP:  Thrombospondin-related protein
GLOSSARY

Adjuvant: A compound or formulation administered with
an antigen that can augment the immune response to that
antigen.

Allelle: One member of two genes at a specific locus on a
chromosome.

Anemia: A pathological deficiency of hemoglobin in the
blood.

Antibody: An immunoglobulin secreted into the blood or
lymph in response to an antigen, and capable of specific com-
bination with that antigen.

Antigen: A substance that elicits a specific immune response
when administered to a person or animal.



Attenuated sporozoites: Sporozoites that have been treated
with ionizing radiation such that they can still invade the
liver, but cannot complete intra-hepatic development to
merozoites. As such, they are a potential pre-erythrocytic
vaccine.

ASO-2: A proprietary adjuvant consisting of mono phos-
phoryl lipid A and the saponin QS-21 in an oil-in-water
emulsion.

B cells, B lymphocytes: Bone marrow-derived lymphocytes
that, when stimulated by anfigen, differentiate into plasma
cells secreting antibody.

Cerebral: Part of the brain.

Class I-mediated immunity: Immunity mediated by T lympho-
cytes that directly recognize pathogen-infected host cells by
engaging the major histocompatibility complex class I mole-
cules.

Class II-mediated immunity: Immunity mediated by helper T'
lymphocytes that typically provide helper function for B lym-
phocytes destined for antibody production by engaging the
major histocompatibility complex class IT molecules.

Cytoadherence: Attachment to cells.
Cytophilic: Having an affinity for cells.

Cytotoxic T lymphocytes: Difterentiated T cells that can recog-
nize and kill infected target cells displaying a specific foreign
antigen derived from, for example, an infecting virus or
malaria parasite.

Epitope: A defined region of an antigen that specifically stim-
ulates antibody induction and combines with that antibody, or
that binds to T lymphocyte receptors.

Erythrocyte: A red blood cell.

Gametocytes: The stage of malaria found in the blood which
when taken up by an Anopheles mosquito initiate the cycle of
sexual reproduction by producing microgametes and
macrogametes.

Hepatocyte: A liver parenchymal cell.

Heterozygote: A person or animal with dissimilar alleles at a
given chromosomal locus.

Hydrophilic: Having an affinity for water.

ILsoelectric point: The pH at which a protein in solution has an
overall zero surface charge.

Lsotype: One of the IgG subclasses, defined by the properties
of their constant regions.

Merozoite: A stage of malaria found in the blood that invades
other erythrocytes.

Monocyte: A large, circulating, amoeboid white blood cell,
capable of engulfing and destroying bacteria, protozoan par-
asites, and dead tissue cells.
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Multigravid: More than one pregnancy.

Ookinete: The motile stage of malaria formed by the union
of a microgamete and a macrogamete that then penetrates the
gut wall of Anopheles mosquitoes to form an oocyst.

Opsonization: Facilitation of the phagocytosis of microorgan-
isms by the binding of antibodies.

Phenotype: The expression of a specific trait, such as an anti-
genic variant, based on genetic and environmental influences.

Polymorphism: The occurrence of different forms, for exam-
ple, antigenic variants in organisms of the same species, inde-
pendent of sexual variations.

Primigravid: First pregnancy.
QS-21: A proprietary saponin adjuvant.

Recombinant (with respect to proteins or antigens): Produced
by genetic engineering methods.

Rhoptry: Tubular organelle at the apical complex of a merozoite.

RTS,S: A pre-erythrocytic recombinant antigen composed of the
carboxyl-terminal half of the P falciparum circumsporozoite
protein, including part of the central repeat sequence “R”
and major T cell epitopes “T,” which is fused to the entire sur-
face antigen “S” of the hepatitis B virus, and co-expressed in
yeast as a particle with non-fused S antigen.

Saponins: A group of plant glucosides with detergent-like
properties, from which such adjuvants as Quil A and the pro-
prietary adjuvant QS-21 are derived.

Schizogony: The asexual production of schizonts by multiple
mitotic divisions.

Sickle cell disease: An inherited disorder of abnormal hemo-
globin resulting in distorted (sickle shaped) erythrocytes that in
heterozygotes provides a measure of resistance to malaria.

SPf66: A malaria vaccine antigen consisting of a synthetic pro-
tein with amino acid sequences derived from pre-erythrocytic
and asexual blood-stage proteins of P, falciparum.

Sporozoite: The stage of malaria injected into a person or ani-
mal by the bite of an Anopheles mosquito that subsequently
invades the liver. See also attenuated sporozoites.

T cells, T lymphocytes: Lymphocytes that mature in the thy-
mus and can recognize peptide antigens through their cell-
surface receptors.

Trophozoite: One the intra-erythrocytic forms of malaria para-
sites.
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9.1 SARS: DEFINITION AND CLINICAL
ASPECTS

All animals suffer from infectious diseases stemming from
the development of microorganisms belonging to four major
categories: parasites, fungi, bacteria, and viruses. In general, it
seems that important changes in the ecological niche occu-
pied by an animal result in the development of new diseases
[44]. Although most diseases appeared to have coevolved
with the branching of animals during evolution — this is
illustrated by tuberculosis, caused by Mycobacterium tuberculo-
sis, which probably existed well before domestication of cat-
tle [7], some seem to have emerged suddenly. The “Black
Death” is an illustrative example. Although it seems difficult
to identify its exact origin, phylogenetic analysis has shown
that it probably evolved from the much less dangerous
Yersinia pseudotuberculosis complex, with progressive loss of
genes, from the ancient Y. pestis subspecies antiqua, to the
subspecies medievalis, and the modern subspecies orientalis
[1,46]. However, because the reservoir of the agent is large,
the disease could only come under control because it was
mostly spread through vectors (fleas). In contrast, smallpox
(which appeared very long ago, as witnessed by scars present
on pharaoh Ramses’V mummy [29]) could be eradicated
because there existed an efficient prevention after the exper-
iments of Jenner, and the widespread use of vaccination with
a viral strain that had only limited (but real) side effects. Or,
rather, we could think it was eradicated [18] until we decid-
ed, unwisely, to sequence the genome of the virus.This pub-
licly available data can allow reconstruction of infectious
viral particles [17]. In general, we share diseases with warm-
blooded animals, and this explains why the practice of
butchery seems to be at the origin of unexpected diseases,
such as AIDS, now suspected to have arisen from the common
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use of “bush-meat” [2] in association, of course, with world-
wide changes in human behavior. In this broadly outlined
context, an outbreak of “atypical pneumonia” affected the
Guangdong province of China in the autumn of 2002, and
subsequently resulted in a worldwide outbreak under the
common denomination of severe acute respiratory syn-
drome (SARS) [31].

After some controversy (see, e.g., elements of the discus-
sion here [12,23,47]), SARS was identified as a viral respira-
tory illness in humans associated to a coronavirus [20,34],
previously unknown, finally called SARS-associated coron-
avirus (SARS-CoV).To the best of our knowledge, the illness
spread from November 2002 from the Guangdong province
to the rest of China and to the world, with a puzzling conta-
gion behavior. Initial rumors about a dangerous atypical
pneumonia in the Guangdong region spread through phone
SMS from December 2002. One of its noteworthy features
was that health workers were often affected. Early in
February 2003, the French Consulate in Guangzhou
(Canton) closed a high school for fear of contagion. A few
days later, the outbreak reached the Hong Kong SAR (China
Special Administrative region of Hong Kong). The following
months witnessed the extension of the disease to many coun-
tries in North and South America, Asia, and Europe, reaching
the status of a worldwide epidemic. One of the difficulties of
identifying the disease was to find its specific clinical descrip-
tion (pneumonia are frequent in winter time [32]) and to tell
it apart from an episode of H5N1 avian flu that affected
patients treated in Hong Kong exactly at the same time [41].
Identification of the SARS Co-V followed by the confirma-
tion of the importance of the epidemic. The initial findings
were corroborated by other techniques such as immunos-
taining, indirect immunofluorescence antibody (IFA) assays,
and reverse transcriptase-polymerase chain reaction (RT-PCR)
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with sequencing of a segment of the polymerase gene. Other
WHO laboratories found similar results.

The etiologic agent responsible for SARS was identified
as a novel coronavirus in late March 2003 by researchers in
laboratories from Hong Kong, Germany, and many other
countries [20,34,43,47], and its genome was rapidly
sequenced by a Canadian team [39]. The new coronavirus
was isolated in cells from patients with suspected SARS, hav-
ing direct or indirect links to the SARS outbreak in Hong
Kong or Guangdong Province, China, and was identified ini-
tially as a coronavirus by electron microscopy (EM) (Fig.9.1).
Despite an unfortunate spirit of intense competition, an ini-
tiative from the WHO, the “World Health Organization
Multicentre Collaborative Network for Severe Acute
Respiratory Syndrome (SARS) Diagnosis,” allowed its
members to work together from different research sites
through videoconferences and audioconferences and
secured Internet web sites. The spread of the epidemic was
unconventional, in that different places in the world where
contamination occurred had quite different patterns of con-
tagion, morbidity, and mortality. In addition, one observed
that children were spared by the adverse effects of the disease.
An initial event, traced back to a hotel in Hong Kong,
appeared to be the source of most foci in the world, including
destinations very far away from one another such as Singapore,
Hanoi (Vietnam), and Toronto (Canada) (see Fig. 9.2). The dis-
ease spread back from the Guangdong region to Mainland

* Health-care workers.

Photo/CDC.
Fig. 9.1. EM of the SARS Co-V (reprinted from [11]).

China, Beijing in particular, but not to densely populated
regions such as the Shanghai region, despite its intense con-
tacts with Guangdong. Mortality was also very different in
different places, with the highest death toll in Hong Kong.
This remarkable variability may be due to overreaction of
some medical doctors who proposed aggressive treatments
in the absence of deep knowledge about the cause of the
disease. It could also be due to lack of proper identification
of SARS patients, because their status was initially estab-
lished mostly using clinical and epidemiological criteria only

2 close contacls
iy 10 HOWs

members

United
States

— Germany —

fAll guest except G and K stayed on Sth floor of the hotel. Guest G stayed on the 14th floor, and Guest K stayed on the 11th floor
“Guests L and M (spouses) were not at Hotel M during the same time as index Guest A but were at the hotel during the same times as Guests GH. and |, wht

were ill during this period.

Fig. 9.2. Chain of transmission (reprinted from [11]).
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(see [34], supplementary Appendix 1). Retrospective studies
indicated that use of the antiviral ribavirin did not improve
the condition of patients [37]. A thorough retrospective
analysis of the use of steroids is still missing, but anecdotal
evidence suggests that continuous supply of steroid might
not be optimal [42,59].

Epidemic investigation traced the epidemic evolution
back from the patient A. Arrows indicate infection spread
either by generating new secondary cases from an index
patient or due to the index patient travel. Many of the ini-
tially infected cases generated a large number of secondary
infections.

Finally, a retrospective study of the sociopolitical context
of the time, using information spread through the mass media
in addition to that present in fast publication tracks of major
scientific journals should be undertaken. It would provide
extremely important lessons on the way the world is
responding to a highly contagious emerging disease.

The global SARS outbreak of 2003 was finally contained
by July 5, 2003, when the WHO reported that the last human
chain of transmission of SARS had been broken. Apart from
several laboratory accidents causing the re-apparition of the
disease (in Singapore and Taiwan in 2003 and in Beijing in
2004), a new SARS episode started late in December 2003
in Guangzhou. Because of the previous experience on
SARS, the evolution of the cases, the virus (in molecular
terms), and the treatment [62] could be followed in some
details. The discovery of the presence of the virus in civet
cats enticed some researchers to quickly identify those ani-
mals as the source and possible reservoir of the virus [61].
However, several other animals from live animals markets
were also found to have been contaminated, and analyses of
possible contamination of civet cats in the wild were nega-
tive [64]. A retrospective molecular epidemiological study
developed by the Guangzhou Center for Disease Control
and Prevention, the SARS Consortium of the Minister of
Agriculture of the Chinese Central Government and their
colleagues showed that the virus genome evolved as fast in
civet cats as it did in humans. This was particularly impor-
tant in that, although civet cats might have contributed to
disease transmission, the study strongly suggested that the
reservoir is not particularly that animal species [57]. Civet
cats, apparently, were contaminated at the same time as
humans.

Because they are predators, the obvious inference is that
the reservoir is probably a rodent or, with less probability,
another small mammal or even a bird. In this respect, the
discovery of a highly related virus in Chinese horseshoe
bats in Guangdong [35] may be particularly revealing, as
bats are not related to rodents (despite their name as “fly-
ing mice” or “flying rats” in several languages) but related
to Primates, in the superorder Archonta. However, the way
the virus might have come into contact with humans is not
clear. Bats are used for traditional medicine, and the local
population has the habit to eat all kinds of animals.
However, among many possible scenarios, they might have

been victims of a predator, such as civets (bats are fre-
quently the victims of domestic cats), which might then
have passed the virus onto humans. Analysis of the virus
genome is consistent with a fast evolution and frequent
host shifting [52,65,66] (see Fig. 9.3).This biological back-
ground has to be borne in mind when considering the
epidemic spread. History of previous coronaviruses
epidemics is of particular interest in this context. In the
years 1984—1985, an outbreak of respiratory coronaviruses,
causing mostly an inapparent infection, spread through the
swine population in Europe and then in the United States
[36]. Most interestingly, the tropism of the virus had shift-
ed from the gut to the respiratory tract. The change in
tropism was the result of a few deletions in the virus
genome [50]. Both the parent and the mutant forms later
on circulated in porcine herds [33]. This shows that coron-
aviruses are prone to change in tropism, with concomitant
change in virulence. Although truly new emergent diseases
can, and will, occur, it is very important to place humans at
their place in the phylogeny of animals. In particular,
lessons from diseases appearing in domestic animals should
be included in the surveillance of human emerging
diseases, as they may indicate routes followed by pathogens
to spread to animal populations, humans included [58].

We close this introductory part with a brief classification
of viruses; we refer the reader to other chapters of this vol-
ume for details on phylogeny (contribution by J.R. Stevens
and T.A. Richards), unicellular and pluricellular parasites
(chapter by E Thomas et al.), or bacteria classification (con-
tribution by R. Piarroux and D. Bompangue). The metaphor
of the “genetic program” is so apt to describe life that, at least
at a conceptual level, cells can be described as computers
making computers. Within this frame of thought, three
“operating systems” would define the three major empires of
living organisms, the Archaea, the Bacteria, and the Eukarya.
To each of those are associated pieces of program, viruses, that
have reproduction as a main goal, in a more or less selfish
way. This is why, returning the metaphor, computer sciences
speak about “viruses” to describe such pieces of software that
propagate through computer networks.

In living organisms, viruses cannot simply be pieces of soft-
ware, they need to be made of some material, and that mate-
rial needs to be protected by an outer shell (which can have
several names: capsid, envelope, etc.) and designed to recog-
nize a particular target cell. The minimal genetic program of a
virus consists of a replication system, and one or usually sev-
eral proteins involved in the capsid formation (including
appendages such as tails, spikes, etc). Because viruses need to
interfere with their host cells, their genome often codes for
many proteins interfering with the metabolism of the host,
diverting it to permit virus development. In some cases, they
even code for metabolic enzymes (such as thymidine kinase in
herpes viruses [6]) or enzymes or factors of the translation
machinery (such as translation initiation factors, aminoacyl-
tRINA synthetases or tRNAs [13]). However, they neither
code for the core of the translation machinery nor of the core
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ACA GUGAA SARS coronavirus

ACR GCAUC Turkey astrovirus

ACA GGAUU Sheep astrovirus

ACA GCUUC Human astrovirus

ACA GCGAG Equine rhinitis B virus
ACR GCACU  Avian infec. bronchitis
ACR GGAAA  Avian nephritis virus
ACR GCUUC Human astrovirus type 8
ACA GUCUC Human astrovirus type 3
ACR GCUUU Porcine astrovirus

ACR GCACU  Turkey coronavirus

ACA GCUCU  Feline astrovirus

ACR GoUCC Human astrovirus type 4
ACAR GOUUC Human astrovirus type 1
ACA GCACU  Avian IBV, strain D207

Fig. 9.3. (reprinted from [54]). The primary, secondary, and tertiary structures of the SARS s2m RNA.
(A) Phylogenetic comparisons of RNA sequences from various viruses. The SARS RNA sequence is

color coded to match the color scheme used throughout. Conserved sequences are highlighted as bold

letters, and co-varying sequences involved in conventional RNA helical base pairing are indicated in

italics. Sequence complements are indicated using color-coded brackets. (B) Experimental electron
density map contour that allowed unambiguous tracing of the RNA molecule. (C) A corresponding
ribbon diagram highlighting the unusual fold. (D) Schematic representation of the RNA secondary
structure with tertiary structural interactions indicated as long-range contacts. See color plates.

metabolism, making them necessarily parasites, and, as such,
not endowed with life. Some viruses can integrate the host
genome as proviruses, and stay there until some signal triggers
their development. This latter feature is particularly important,
as it means that those viruses can lay dormant for a long time
(and even throughout generations) and be suddenly reactivat-
ed, creating havoc. They can become defective, and unable to
reproduce, but this ability can be restored by recombination
with an active virus, creating a variety of new variants, or sim-
ply by functional complementation. Hence, a remnant of a
provirus in a genome can never be considered as completely
innocuous. Associated with these properties, the following
general classification has been proposed:

e The double-stranded DNA viruses (e.g., Adenoviridae,
Herpesviridae).
* The single-stranded DNA viruses (e.g., Parvoviridae).

e The DNA and RNA reverse transcribing viruses (e.g.,
Hepadnaviridae, Retroviridae).

* The double-stranded RINA viruses (e.g., Reoviridae).

e The negative single-stranded RINA viruses (e.g., Borna-
viridae, Filoviridae, Paramyxoviridae).

e The positive single-stranded RNA viruses (e.g., Corona-
viridae, Picornaviridae).

In the latter category in particular, viruses can have a
segmented genome. This is the case of viruses important for
health such as the influenza viruses and the hantaviruses.

Other related agents, such as satellites or viroids are not
described here. A universal system for classifying viruses, and
a unified taxonomy, has been established by the International
Committee on Taxonomy of Viruses (ICTV) since 1966
[30]. The system makes use of a series of ranked taxons, in a
classical cladistic way:
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* Order (-virales) being the highest currently recognized.
e Family (-viridae).

 Subfamily (-virinae).

e Genus (-virus).

e Species (e.g., SARS coronavirus).

Although the spread of the 2003 SARS outbreak was of less
important magnitude than other worldwide epidemics, it has
attracted attention due to its special characteristics that sug-
gested the need for tailored approaches both in theoretical
modeling and in clinical practice. Interest for the disease was
also triggered by the high mortality of the infected patients
[19] and its apparent resistance to standard approaches, result-
ing in worldwide negative economic consequences.
However, the overall reaction of the health care and
researchers communities in the world was remarkably posi-
tive in that the virus was identified only a few weeks after the
first cases were discovered. Furthermore, the outbreak was
put under control in a few months time. Whether this is due
to proper reaction of sanitary authorities or the particular fea-
tures of the virus and disease remains yet to be explored, both
with theoretical epidemiological models and molecular epi-
demiology studies.

The symptoms of the SARS, that created its name, corre-
spond to a highly virulent disease. Beside patients with a lim-
ited contagion pattern, some patients were super spreaders
who caused many secondary infections. However, should one
consider every SARS-infected individual as a super spreader,
the disease would soon have been out of control; fortunately,
this is not what happened, as many people seemed to be
shielded from infection by some unknown circumstances.
Common sense suggests that stricter hygiene conditions
would necessarily contribute positively to widespread pro-
tection with epidemic propagation being blocked at places
with strict sanitary policy. In contrast, if we analyze the real-
ity of the disease propagation, we must note that medical per-
sonnel, air travelers, and airport personnel were among the
most affected by the disease, whereas other, less specific social
environments seemed to go unaftected.! The phenomenon is
reminiscent of the “herd immunity” concept central to the
theoretical simulations of epidemic spread (we will come
back to this, with further details, on the mathematical modeling

! An outbreak of Marburg hemorrhagic fever, caused by a filovirus, affected
Angola during the first semester of 2005. Interestingly, as in the case of
SARS, the hospital where patients were treated became a source of major
contamination.“On 9 Apr 2005, an international medical charity battling the
hemorrhagic fever that so far has killed 181 Angolans has urged the govern-
ment to close the regional hospital here, at the center of the outbreak, say-
ing the medical center itself is a source of the deadly infection. ‘Médecins
sans Frontiéres’ (MSF), the global relief organization that runs a n isolation
ward at the hospital for victims of the deadly Marburg hemorrhagic fever,
told Angolan officials on Friday [8 Apr 2005] that the hospital should be
closed if the rapidly spreading epidemic was to be contained. Two other hos-
pitals within 60 miles of Uige may also have to be shut down (according to
M. de Astellarnau, the organization’s emergency coordinator in Uige, the
provincial capital where the outbreak was first reported).”

in the next section). At its origin, this concept was used to
explain why, during the course of an epidemic, some indi-
viduals do not develop the disease even if they are not immu-
nized against it. In such a description, the epidemic results
from a balance between the speed of propagation and the
responsiveness of the quarantine and other health policy
measures, and the number of individuals that are not infect-
ed by the disease is determined by these parameters. For the
SARS 2002-2003 episode, the propagation of the disease
suggested some sort of pre-existing protection, but its cause
and explanation still remain to be found. Nevertheless, it was
observed that, contrary to expectation, places with lower
hygiene seemed protected against SARS, whereas places with
more strict sanitary conditions were mostly affected.
Furthermore, and this still requires an analysis, children and
younger adults did not have signs of the disease.

Before going into specific analysis of the virulence and
infectivity of the SARS-CoV, let us point out another cir-
cumstance that affects the long-term evolution of the disease.
As is the case in the paradigm of ecological biosystems, an
equilibrium often tends to govern the relationship of the
virus with its host [24-26,51,60]: if the virus is too virulent,
then it will prevent further transmission by the host (e.g.,
because the host dies or is rapidly quarantined). If, in contrast,
the virus is less virulent, it will not be able to reproduce itself
efficiently. The equilibrium can be either static, where the
levels of virus and the host stabilize to some constant values
or dynamic when those values evolve in time in (periodic)
cycles, as in the simplest predator—prey Lotka—Volterra
model. This model describes interactions between two
species in an ecosystem, a predator and a prey, and prescribes
the equations that model the evolution of the populations of
prey and predator [63]. The introduction of an additional
species in an ecosystem and its effects have received some
attention [16,24]. Note, however, that convergence to a sta-
ble or periodic steady state does not appear immediately but
needs time to setup; in the meantime, the evolution of the
epidemic can be supposed to happen at constant virulence
and interaction parameters. For the SARS, it could be argued
that a dynamics fitting the standard model was established
starting with the second epidemic (2003—2004) because the
virus was less virulent; the equilibrium pattern was not appar-
ent in the first 2002—2003 epidemic, so that the standard
model cannot explain its dynamics. Other factors have thus
to be taken into account.

Let us come back now to the factors that may explain the
differences in infectivity under various hygienic conditions.
Studies show that the genetic characteristics of the virus have
varied [15] during the course of its spreading. This evolution,
triggered by the lack of adaptation of the virus to its new
human host [57], must have had an impact on its infectivity.
It may also have influenced its fitness, as the virus emerged in
a localized region and did not yet propagate through differ-
ent hosts and conditions. From this point of view, the epi-
demic can be seen as a (averaging) process in which the virus
optimizes its characteristics to maximize its chances of
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survival in the whole population. However, in the absence of
accurate data on the evolution of these precise genetic
dynamics, a first approach would be to consider its simplest
form where different viruses can be introduced and affect the
entire population.

Building on historical data on a set of coronavirus-mediated
epidemics that affected pigs in the 1983—-1985 [36], Ng et al.
[40] introduced the assumption that two simultaneous epi-
demics interacted. The hypothesis of the double epidemic model for
SARS that they introduced was based on the high mutation
and recombination rates of coronaviruses [28], and on the
observation that tissue tropism can change by simple mutations
[50] (see Fig. 9.4 for situating the SARS-CoV among other
known pathogens).

A Bayesian inference phylogeny of the nucleocapsid pro-
tein of coronaviruses, compared with the phylogeny of their
hosts (lines drawn between the two phylogenies indicate the
host status of each coronavirus), suggests that the SARS-
CoV could have resulted both from host-switching and tis-
sue tropism change. This analysis is also consistent with a
significant role of recombination [66]. At the time of this
analysis, the sequence of Chinese horseshoe bats coron-
avirus was not known, but we can infer that it would fit
extremely well in the picture, as bats are highly related to
primates, whereas their coronavirus is highly similar to
SARS-CoV [35].

Host phylogeny

Interaction between both epidemics required involvement
of a considerable proportion of the population; accordingly, the
first epidemic was supposed to be extremely contagious. As this
is often the case with the oro-fecal route, such an epidemic
could be propagated by contaminated food, contaminated
water, or sewage. It could be caused by some coronavirus, call
it virus A. Among its manifestations, examples of visible symp-
toms would be gastroenteritis (this was consistent with the
observed medical data during the winter of 2002-2003
Guangdong and in Hong Kong where many people had diar-
rhea for about 1 day, but certainly not substantiated by explicit
data). This hypothesis is to be related to the above considera-
tions on the optimal balance between the virulence (the facil-
ity with which the virus propagates to generate new cases) and
aggressiveness with respect to the host (the consequences of
the disease in terms of host’s health). To ensure its existence
even beyond host’s death or recovery, an “older,” genetically
stable virus, would likely display more of the first and less of
the second. This perfectly fits with our description. Indeed, it
is expected that a virus would rather be moderately pathogen-
ic while retaining the possibility to spread very easily and not
the reverse. An additional virus, call it virus B, is responsible for
the SARS epidemic. One possible cause for the origin of the
virus B is a genetic operator (recombination or more probably
mutation [28]) applied to virus A [3,4,22]. Because the virus B
is not yet in a stabilized form, its propagation and characteristics

Nucleocapsid phylogeny
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Fig. 9.4. Phylogeny of the nucleocapsid protein of corona-viruses compared with the phylogeny of
their hosts (reprinted from [52], copyright (2003), with permission from Elsevier).
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are likely to be very different from those of the virus A: viru-
lence should be high to compensate for the small quantity ini-
tially produced, but aggressiveness can also be important
because it is not yet correlated, through the host dynamics,
with virulence. A distinct situation would appear when the
viruses have different origin but generate cross-reacting
immune responses of the host. In both situations, the epidemics
would spread in parallel; because of the common genetic struc-
ture or similar host response, it can be expected that the first
epidemic would protect against the SARS (so that naive
regions not protected by the virus A can get large SARS out-
breaks). These assumptions, which generate a specific spreading
pattern of this double epidemic hypothesis, are to be compared
to puzzling distribution of the disease evolution in Asia and, for
example, the pronounced difference in the status of Shanghai,
Beijing, and the mainland. The hypothesis is also to be related
with more local characteristics of the spread, as witnessed by
the existence of some very infectious individuals but the
absence of a worldwide mass epidemic, simultaneously with
high infectiveness of health care workers. The environments
with less strict hygienic conditions are more likely to be infect-
ed with virus A and therefore protected from SARS, whereas
in hospitals, the virus A will not gain ground and thus the pop-
ulation will be naive, thus sensitive to virus B. We will come
back to the mathematical description of the model and the fit
with the observed results. In a different form, a number of
authors speak about “unsuspected SARS patients” [31] that
were identified early in the epidemic in Singapore [9] and later
in Taiwan [10]. These cases have either atypical symptoms or
could not be immediately related to known cases of SARS
[38]. These patients may have turned out into reservoirs and
affected the latter propagation of SARS. During the course of
the epidemic and in the following months, several studies
[38,53,56] addressed the structure of the epidemic spread and
computed the model parameters that would explain the data.
These analyses estimate first the basic reproductive number R,
that is defined as the expected number of secondary infections

* Patient 1 represents Case 1;Patient 6, Case 2; Patient 35; Patient
130, Case 4; and Patient 127, Case 5, Excludes 22 cases with either no
or poorly defined direct contacts or who were cases translocated to
Singapore and the seven contacts of one of these cases.

Reference: Bogatti SP. Netdraw 1.0 Network Visualization Software.

Harvard, Massachusetts: Analytic Technologies, 2002.

Fig. 9.5. Chains of transmission (reprinted from [14]).

generated by an average infectious case in an entirely suscepti-
ble population. We propose in Figure 9.5 below a graphical
illustration (see also [14]).

When R, > 1, the epidemic will spread, or otherwise ter-
minate. The parameter was found to be initially above 1 (and
thus the disease has the potential to spread to a majority of
population), and it then evolved to less than 1 during the
course of the epidemic. This change is argued to follow the
implementation of the public health policies. Other basic
measures that have been investigated are the time from onset
of infection to hospital admission or from onset to appear-
ance of clinical symptoms.

9.2 MATHEMATICAL MODELS FOR EPIDEMIC
SPREAD PROPAGATION

The mathematical description and modeling of the epidem-
ic spread has been tailored to explain the important charac-
teristics of the disease evolution and its impact on the popu-
lation. Several descriptions are currently in use depending on
the precise practical circumstances, and it is beyond the scope
of this chapter to exhaustively address them all. It is never-
theless important to give a brief overview of the methods
available to the researcher and on the phenomena that it is
possible to transcribe nowadays into mathematical models.

The model that has historically been among the first to
capture an important epidemiological phenomenon is the so-
called “SIR” model. Its assumptions are fairly simple: the total
population is constant in time and can be divided into three
classes:

* The “susceptibles,” denoted by S, that 1s, the people that are
naive with regard to the disease (neither had it nor are
immune to it).

* The “infectives” denoted by I, those that have been con-
taminated with the disease. It is supposed that on entering
this class, the members can instantly propagate the disease.
Also, at the individual level, the disease is considered to
begin displaying symptoms and doing its inner work with-
out further delay. We will see later that these assumptions
can be relaxed in the “SEIR” model.

* The “Removed” class, denoted by R, contains the people that
have had the disease and are either dead or in quarantine, that
is, they have been set apart from the entire population and
cannot transmit the disease any longer.

Any individual is completely described by specifying the S, I,
or R class to which she/he belongs: no further individual dif-
ferentiation is considered. Every individual in a given class is
interchangeable with any other in the same class. The addi-
tional ingredient necessary to implement this model is to
prescribe how the transition is operated among classes. The
overall scheme is the following: from “S” class to “I” class and
then to the “R” class: S — I— R.The transition between two
classes is governed by the following rules:
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¢ In a given small time interval [t, f + df], the transition from
“S” to “I” is proportional to the number of S and I
encounters (as measured by the product SI) and to the
time span “dt” In its simplest mathematical transcription,
each of the classes S, I, and R is a time-varying number and
its evolution is represented by a simple ordinary equation:
dS/dt = —+SL If, on the contrary, the evolution is consid-
ered stochastically, then the associated stochastic event
moves one individual between the classes S and I: (S,1) —
(S — 1,1+ 1). The probability for such an event to appear
has an exponential distribution of parameter I for each
member of the class S.

* Besides the incoming dynamics originating from S, the
individuals in class I can be affected by their migration to
class R.This is supposed to be proportional to the number
of individuals in class I, resulting in the evolution equation
dI/dt = —bI, or, at the stochastic level, the event I — I —
1 1s an exponentially distributed random event with
parameter b for each individual of the class I This results in
the dynamics of R class to be dR/dt = b1

The deterministic variant of the model described above
results in the following general form for the evolution of the
classes S, I, and R: class S decreases until its final value Sf; class
I increases and then decreases; and class R monotonically
increases to its final value Rf. The fundamental strength of the
SIR model is to capture the so-called “herd immunity”:
although there is nothing hardcoded into the model to pre-
vent the total initial naive population S(0) to be infected, it
turns out that the final Rf value is less than its maximal pos-
sible value, or in other words, S is strictly positive. The epi-
demic extinguishes not because it is short of susceptible indi-
viduals, but because, at some point during the epidemic, the
infected individuals are removed faster than they are infected.
This can be seen from the equation of the classes

ds/dt = —rSI
di/de = (1S — )1
dR/dt = bI

where dI/df decreases (and thus epidemic is extinguishing) as
soon as rS(f) < b.We recover the basic reproductive number
R, = rS(0)/b, which can be interpreted as the number of sec-
ondary infections produced by one primary infection in a
whole susceptible population; at a later time “#,” the eftective
reproductive number R, rS(f)/b can also be introduced. We
obtain the fundamental criterion to decide of the state of an
epidemic: Ry, > 1 means propagation, R, < 1 means epi-
demic extinction.

The deterministic model is justified when the epidemic
is of large size. In this regime, it can also be regarded as the
limit of the stochastic model, which can also be used for
smaller sized classes. The meanings of these two models are
slightly different: in the deterministic setting, the uncertain-

ties have been averaged out and only the mean dynamics is
retained. As such, the simulation is expected to mimic
empirically observed figures. On the contrary, in the sto-
chastic setting, each simulation is a possible scenario but all
are equally possible. It is crucial to realize that no individual
stochastic realization but their averaged trajectory is to be
taken as predictor for future evolution of the epidemic.
Furthermore, in addition to this average, the stochastic
model can also provide the estimate of the deviation from
the mean dynamics.

Building on this first SIR epidemic model, it is possible to
refine it by including additional classes. An often-used exten-
sion is to consider the class of exposed individuals to be
placed between S and I This model applies to diseases with
incubation period such as SARS. The flow of individuals
between consecutive classes is S— E — [ — R, and the cor-
responding equations are as follows

dS/dt = —rSI

dE/dt

tSI — bE
dI/dt = bE — al
dR/dt = al

The interpretation of the new parameters is as follows: 1/b
is the mean time for an individual to stay in the E class, that
is, the mean (incubation) time from infection to onset of
symptoms (that is supposed simultaneous with infectious-
ness); 1/a is the mean time from onset to hospital admission
(or quarantine, or death). These parameters have been esti-
mated for SARS [19], yielding a mean incubation period of
6.4 days (95% CI 5.2-7.7), whereas the mean time from
onset of clinical symptoms to admission to hospital varied
between 3 and 5 days, with longer times earlier in the epi-
demic. The same study also provided an estimate mortality
rate between 6.8% and 13.2% for patients younger than 60
years and 43.3% and 55.0% for patients aged 60 years or
older.

To identify the parameters, the model is fitted to the
observed number of hospital admitted cases. These cases are
reported per day which, with the above notations, means the
values R(n + 1) — R(n) for n = 1, ... In mathematical terms,
fitting the evolution given by the theoretical model to the
observed data is an “inverse problem,” which can be recast as
an optimization process. This problem may have multiple
solutions, and therefore care is to be taken when analyzing
the resulting parameters. This is particularly the case for intri-
cate models, which, because of their complexity, will fit vir-
tually any data set (and in particular the actual one) with pos-
sibly several solutions for each. Then, the existence of a fit
does not by itself necessarily prove that the model is realistic.
By contrast, a model that associates a unique solution (possi-
bly with error bars) to a given data set is expected to carry
some similarity to the actual dynamics.
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The models discussed above stress the importance of the
rapid identification and isolation of infected individuals as a
mean to control a general epidemic.

Beyond these general theoretical considerations, these mod-
els have been used to predict the future course of the epi-
demics and to asses the impact of the measures taken to con-
tain it. For the SARS 2002-2003 epidemic [38] (see also [21]),
data from Singapore and Hong Kong allowed estimation of the
reproductive number R by supposing an exponential growth
in the number of cases and provided hints of its time evolution.
It was found that the epidemic had potential for infecting a
large part of the population if not controlled and thus justified
the necessity for enforcing stringent health policies. However,
due to the presence of super spreaders (individuals who gener-
ate many more infections than the average), the estimations of
the reproductive numbers still carried large error bars (wide
confidence intervals). To further document the efficiency of
the health policies, among which quarantine, the same authors
introduced subsequently a compartmentalized model similar in
spirit to SEIR but with additional classes differentiated over
quarantine conditions.

Continuing this analysis, a different approach was taken in
[53] that also computed the reproductive number (found as
around 2.7 at the beginning of the epidemic if super spread-
ers are excluded). The paper subsequently evaluated the
impact of the public health interventions and argued that the
decrease in the reproductive number R was mainly driven by
reduction in population contact rates and improved hospital
infection control.

Further refined, epidemic specific, health policies can also
be assessed if additional spread characteristics are included in
the model; these specificities result from collaboration with
on-field specialists to allow validation of the hypotheses and
make critical use of the highest quality epidemiological data.
It is essential for such studies to be made possible during the
course of the epidemic. Thus, the data has to be readily avail-
able not only to clinicians but also to the scientific commu-
nity as a whole, in an effort to secure a rapid and timely
improvement of the public containment policies.

For the SARS epidemic, additional models are required to
explain the long-term persistence of the virus [21] and its spa-
tial transmission differentiation as well as the super-spreader
events.

9.3 THE DOUBLE EPIDEMIC MODEL

As an illustration of a model that takes into account the possi-
ble existence of a differentiation among the population
exposed to the SARS epidemic, we will briefly present below
the double epidemic model introduced in [40]. This approach
considers that a protective factor exists that can prevent SARS
infection even after exposure to the virus. This protective fac-
tor is expressed as acquired immunity due to a previous infec-
tion with a different coronavirus (or another immunologically
cross-reacting virus) that manifests (mildly), for example, as a

/E—>|—>R

S

\Ip—>Rp

Fig. 9.6. Flow chart of the individuals through mutually disjoint
classes in the double epidemic hypothesis.

gastroenteritis that can easily go unnoticed. We will follow the
notation of the previous section and design by A the initial
mild virus and by B the SARS-CoV. If both viruses have a
common structure, it may be possible that individuals infected
with the virus A acquire immunity with respect to SARS-
CoV.These individuals may either be asymptomatic but prop-
agate the SARS or even completely prevent further SARS
propagation. It is the latter hypothesis that we consider here,
which results in the decomposition of the total population into
subclasses described in the flow chart of Figure 9.6.The class S
contains initially the whole population, the S— E—>1— R
branch models the SARS, whereas the competing branch S —
I, — Rp models the protective epidemic of virus A. This results
in the driving equations:

dS/dt = —rS(H)1(t) — nS(t) (1)

dE/dt = rS(H)1(t) — bE(r)
dI/dt = bE(r) — al(f)

dR/dt

al(f)
dIp(t)/dt = SO I(f) — aplp(d)
dRp(f)/dt = aplp(f)

Depending on the initial conditions set on the above
dynamical model, the protective epidemic can act through
two qualitatively distinct scenarios:

e As a “static” protection where initially a large part of the
population is immunized (and belongs thus to the class Rp).

* Or as “dynamic” protection where the virus A spreads
simultaneously with the SARS: people first infected with A
will be protected from SARS, whereas others will remain
naive to it.

This model fitted the data in Hong Kong, Beijing, and Inner
Mongolia, and it was seen that both types of protections gave
realistic results, with the “dynamic” alternative replicating bet-
ter the qualitative form of the curves. In all cases, the main epi-
demiological parameters (basic reproductive numbers, incuba-
tion/latent periods, time from onset to hospital admission)
were searched for and fit was obtained in ranges compatible
with the previous studies.

The fit itself is realized through the optimization of a cost
functional F(.) i.e. a function that associates to a given set of
parameters the distance between the simulated data (corre-
sponding to the set of parameters) and the actual observed
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data (in our case the curve R (t)). This information is fed into
an optimization algorithm that finds the set of parameters
which minimizes the value of F(+). Because in general there
is no analytic formula to operate this inverse mapping,
numerical optimization algorithms are used. Standard algo-
rithms include gradient steps [48] or Monte Carlo
approaches [55]; additional examples of search procedures
use genetic-like algorithms [27] or modified simplex algo-
rithms [5]. It should be noted that often the underlying
mathematical optimization problem is difficult, with many
suboptimal local optima (imperfect solutions that cannot be
improved with local moves), and it is difficult to ensure that
convergence to the best possible set of parameters is
achieved.

94 CONCLUSION

Although the SARS 2003 outbreak was small when com-
pared to other epidemics, its evolution attracted much inter-
est from the public and was followed on a daily basis by peo-
ple worldwide. During its evolution, the fundamental
question was whether the implemented health policy meas-
ures successfully worked toward containing the disease. Its
special characteristics, namely the presence of super spreaders
and the high number of lethal cases among health care work-
ers suggested that much of its evolution was inconsistent and
not yet understood at the epidemiological level, whether in
its clinical or modeling facets. Combined with the observa-
tion of propagation through air travel, such a belief negative-
ly oriented the perception of the potential of the disease to
affect a large part of the global population.

Under such circumstances, scientific analyses are crucial,
from the very beginning of an epidemic, to provide efficient
directions to set up appropriate control measures. As society
evolves, the theoretical tools available from classical epidemio-
logical studies have to be adapted to the new socioeconomical
conditions. For instance, the costs of containment measures
such as quarantine, especially those incurred by the airlines
companies, and the losses due to the absence of expected
tourism-generated income in affected areas are not negligible
and have to be taken into account when designing a control
strategy. These socioeconomical parameters may even have a
negative impact on data availability, as some local authorities
and even governments may be tempted to underreport or
declare the epidemic contained too early. To analyze such
phenomena, situated at the interface of health policies, eco-
nomics, and politics, data should be released to scientists at all
possible levels. Furthermore, although theoretical methods
are likely to exist nowadays to tackle these subjects, mean-
ingful insights and data are often only directed to specialists
of a precise discipline (e.g., economic data to economists,
health care data to epidemiologists, etc.), preventing a global
approach to the situation. As far as possible, an effort is likely
necessary from all sides to fill this information gap.

The same comments apply also to the clinical studies.
Although national, specialized research institutes remain a
necessity, cooperation with foreign teams has proven to be
instrumental to rapid advances, for example, to the sequenc-
ing of the virus genome, just to cite one.The need for appro-
priate international collaboration in the field of influenza
research, at a time when many fear a new pandemic triggered
by the H5N1 virus, is absolutely essential [8]. A complemen-
tary point of view would also emphasize that the structural
configuration of the clinical research should always allow not
only intra-disciplinary mutual enterprises but also inter-dis-
ciplinary research with monitoring alternative strategies
being a mean to accelerate implementation of meaningful
advances. Indeed, epidemiology has a singular standpoint in
the field of science because it not only has to deliver verified
scientific truths but also deliver them fast enough to be oper-
ational for the control of the ongoing epidemic. Splitting the
effort into component tasks and listening to all relevant ideas
are certainly key to future advances. Of course, once the epi-
demic is over, the background work that prepares adequate
responses to the next epidemic is also crucial. The SARS
2003 epidemic showed that the scientific community can
find the tools to react quickly to the demanding tasks raised
by an emerging disease. These tools are still perfectible, how-
ever, and have to be adapted to address the inevitable future
challenges posed by similar epidemics, particularly, flu. It has
long been established that flu is a normal, usually innocuous,
disease of Anatidae (ducks, geese, and the like). It can spread
to other birds, and when this happens, the disease, as expect-
ed when the host changes, becomes more virulent initially
and then attenuated (this is the normal course of any infec-
tious disease, and this property has been used for the creation
of many vaccines [45]). In some cases, the disease can jump
to mammals, usually pigs (they are bred, in China, together
with ducks in the backyard of farms) and then to humans
(remember the Chinese character for “family”: a pig under a
roof, symbol of the normal happy situation of a farmer).
When this happens, we have one of those dangerous episodes
witnessed from time to time, and most often coming from
Asia, for that very socioeconomical reason. Now, for the
present H5NT strain story, we know (and this is the same for
the H7N7 strain [49]) that there was first contamination of
poultry (not only Anatidae but also several kinds of fowls: this
is why it was advocated in Hong Kong, as early as in 2001,
to monitor scavenging birds such as Milvus migrans, as sentries
for the propagation of the virus), then direct contamination
of humans. Because the virus is not adapted to humans, it
causes a very extreme reaction, ending, unfortunately, in
death. But for that very reason, the virus does not (yet) mul-
tiply in humans in such a way that it would cause human-to-
human contamination. It is when the virus will have mutat-
ed to a less lethal form, it is likely that it will start spreading
from humans to humans, and trigger the pandemic many
people are afraid of. Whether a “double epidemic” scenario
may happen in this case remains to be seen.
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10.1 INTRODUCTION

Many microbes have sexual stages that can lead to sexual
recombination in their genome. For example, 13% of the
protein-coding portion of the largely asexual reproducing
species, Eschericia coli, is thought to be the product of lateral
transfers from other organisms. Even the smaller genomes of
Helicobacter pylori and Haemophilus influenzae have a substantial
portion of their genomes, 6.2% and 4.5%, respectively, that
are considered “foreign” in origin. These transfer events are
likely ancient in origin, but intraspecific analyses have
demonstrated that recombination events happen frequently
within many viral, bacterial, and parasitic protozoan species as
well [20,29,39]. Pathogenic microbes are often subject to
extreme selection pressures, have short generation times, and
sex or recombination is often facultative. For example,
recombination occurs frequently among HIV-1 viruses (e.g.
[65,91]) and, in some cases, the presence of recombinants
appears to be associated with “high-risk” and/or more
endemic regions. Specific recombinant genomes are also
known to be associated with changes in phenotype or fitness
including heightened or reduced pathogenicity or virulence
[79]. In evolutionary biology, the advantage to recombination
is the generation of novel gene combinations, which allows
the spread of multiple beneficial mutations [30,77] and pre-
vents the accumulation of deleterious ones [78]. Although lit-
tle is known about the extent of effective recombination in
many pathogenic parasitic protozoa (e.g., Plasmodium and
Toxoplasma) in natural populations, it is no longer a question
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of whether recombination occurs, but a of question of by
what form and how frequently. This combination of life his-
tory traits provides plenty of variation to study the fitness
effects of recombination.

10.2 THE EVOLUTIONARY COSTS
AND BENEFITS OF RECOMBINATION

The ubiquity of sex and recombination remains paradoxical,
regardless of the large body of theory dedicated to the topic
(for reviews of the number of alternative genetic and ecolog-
ical theories to the advantages of sex, the reader is referred to
[7,73,81,89]). One reason is that a number of important pop-
ulation genetic parameters remain unknown and, therefore, it
is difficult to test evolutionary models. Estimating the strength
of selection on individual sites, or haplotypes, using substitu-
tion [26,60] or population genetic model-based approaches
(e.g. [11,70]) are possible. Until recently, estimates of popula-
tion rates of recombination have been unobtainable.

The paradox of sex arises from the known costs associ-
ated with having sex and recombination, and whether the
costs are outweighed by its potential benefits. Indeed, sex is
not the most efficient form of reproduction; energy and
time are required for meiosis, chiasma formations, and the
production and union of differentiated gametes. For exam-
ple, in Caenorhabditis elegans, 1416 genes are involved in syn-
gamy, meiosis, and gamete production [88]; clearly, the time
and energy associated with maintenance, transcription, and

163



164 ENCYCLOPEDIA OF INFECTIOUS DISEASES: MODERN METHODOLOGIES

translation of these loci will be high relative to the cost
associated with replication via binary fission that requires
fewer loci in comparison. Additionally, there is also the
well-known “2-fold of cost of sex” [97]; in a sexual species,
the two individuals involved in reproduction must produce
twice as many offspring as their asexual counterparts, if not,
their reproductive output per individual will be lower than
asexuals. Finally, there is the risk that recombining genomes,
which are adapted to current environmental settings, may
result in the production of deleterious combinations rather
than more favorable or even, similarly fit genomes.

For an organism, the advantage of recombination can be
the generation of novel gene combinations, which allows the
spread of multiple beneficial mutations at multiple loci
[30,77] and prevents the accumulation of deleterious
genomes [78]. When mutations are beneficial, they will rise
in frequency within the same population. If there are multi-
ple beneficial mutations, the rate at which one of these ben-
eficial mutations go to fixation is slowed, or interfered with,
by other beneficial mutations in the genome (at the other
loci). This interference generates selective advantages for
recombining the beneficial mutations onto the same genetic
background. When the mutations are on the same back-
ground, interference is removed, and the haplotype with both
mutations accelerates in its rate of fixation relative to muta-
tions that are not on the same haplotype [80]. This advantage
is dependent on the mutations having additive contributions
to fitness. Even among weakly selected multiple loci such as
synonymous sites (and given their number in the genome),
recombination appears to have considerable fitness conse-
quences [70]. However, as Kondrashov and Kondrashov [61]
demonstrated, with weak epistasis among beneficial muta-
tions, recombination can be detrimental, as it breaks up
evolved associations.

The theories associated with deleterious mutations rest on
(1) the notion that recombination allows populations to
escape the accumulation of deleterious mutations in small
populations through a stochastic process known as “Muller’s
ratchet” [78], or (2) through a process which is independent
of population size (mutational deterministic, MD), but
requires that mutations act nonindependently (synergistic
epistasis) on fitness [17,59]. Muller’s ratchet is a stochastic
model of the accumulation of deleterious mutations in asex-
ual species. If the genome-wide deleterious mutation rate in
an asexual population is substantial, and populations are small,
then the number of individuals in the population with zero
mutations will be few. A click of the ratchet consists of the loss
of individuals with the fewest deleterious mutations. As mutations
continue to accumulate over time, the distribution of muta-
tions per individual in the population shifts; the mean number
of deleterious mutations increases with every click as the least
loaded class is removed with every generation. As the speed
between clicks of the ratchet increases, so does the rate at
which populations accumulate deleterious mutations. The
speed is dependent on the size of the least-loaded class
[9,18,33,40], as well other parameters, including population

size, mutation rate, and the strength of selection against muta-
tions [35,105]. For example, as the population size increases
(and mutation and selection coefficients decrease), so does
the time between clicks of the ratchet [35], until the ratchet
is no longer an effective evolutionary force. Recombination
between individuals of different genotypes slows or stops this
process by shuffling mutations onto different genomic back-
grounds, creating offspring with fewer or no harmful muta-
tions. In essence, recombination regenerates the effective
population size by increasing the number of alternative geno-
types in the population, and in doing so, increases the effec-
tiveness of selection against multiple deleterious mutations,
removing the effects of “interference” among deleterious
mutations at multiple loci [46].

Much attention has focused on the potential benefits of
obligate sex in reducing the mutation load if mutations inter-
act synergistically, for two main reasons. First, the effect is
independent of population size, unlike Muller’s ratchet [59].
And second, if the deleterious mutation rate (U) exceeds 1 (U
needs to be >2 if stochastic factors are taken into account,
16), then obligate sexual populations can have an advantage
over either facultative sexuals (organisms with both sexual
and asexual phases in their life history) or asexuals [59].
Recombination returns the genetic variation lost through the
fitness cost of synergistic epistasis ([16,59], see [82,89]). This
process requires very little recombination, such that there is
little to no increased fitness benefit in increasing the rate of
recombination beyond that of having genes on multiple
chromosomes [16].

Mutation rate estimates from mutation accumulation
experiments (for review, see [54]), and more recent estimates
from nucleotide substitution data [26,55,60] have left us cur-
rently unable to accept the MD hypothesis as an explanation
for obligate sex. Estimates of U are often <1 [55].
Furthermore, experiments investigating the strength of epis-
tasis in a number of other species such as the virus associated
with foot and mouth disease (FMDV) [24], E. coli [25], and
C. elegans [83] suggest that epistasis either is a very weak phe-
nomenon or there are more complex environmental interac-
tions that are difficult to measure in the laboratory.

10.3 EVOLUTIONARY SIGNIFICANCE
OF RECOMBINATION IN PATHOGENIC MICROBES

Do the population or mutation parameters of unicellular or
pathogenic species satisfy the conditions under which recom-
bination will evolve? When are the above theories applicable
to organisms such as HIV or Plasmodium falciparum? First,
many pathogens are facultatively sexual, so the MD model is
not necessarily applicable. Also, the two-fold cost of sex may
not be relevant for many unicellular species. For example,
given how viruses recombine, it is possible that more than
two parents are involved [106], which increases the cost of
sex. Second, many of these organisms replicate to an enor-
mous population size within a host, but might undergo
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extreme bottlenecks during the transmission phases of their
life cycle. Furthermore, these large populations contribute to
complex demography within a host, such as the striking
example of HIV-1, where variability data within the host
suggests a meta-population structure — a process of migra-
tion, colonization, and extinction — of viruses [31].
Population structure and bottlenecks might enhance the
“ratchet” by effectively reducing population sizes; for exam-
ple, Gordo and Charlesworth [35] showed that the ratchet is
irrelevant for population sizes of the order of magnitude
greater than 10,000. Finally, it is necessary to consider envi-
ronmental fluctuations and changing selection coefficients
and population sizes [15,17,66]. Fluctuating selection coeffi-
cients have dramatic effects on the number of selected alleles
that go to fixation [34], and fluctuating population sizes will
affect the standing variation in the population (e.g. [66]) and
the fitness effects of recombination modifiers [15]. Empirical
estimates of the contributing parameters to these models
from natural populations of pathogens will illuminate the
evolutionary potential of recombination.

Genomic recombinants are known to be associated with
changes in phenotype or fitness including heightened or
reduced pathogenicity or virulence. Circumstantial proof
relies on the detection of genetic differences between patho-
genic and nonpathogenic species (e.g. [21]). For example,
strains of Helicobacter pylori found among patients with peptic
ulcer disease and gastric cancer contain a 40-kb fragment of
DNA that is not present in isolates from carriers with asymp-
tomatic infections [21]. The discovery of this 40-kb “patho-
genicity island” suggests that virulence has evolved by a sin-
gle step insertion of a DNA fragment.

Direct evidence for fitness consequences of sexual
reproduction has come from experiments with an RINA
virus, ¢6, that has proven to be an excellent model for the
study of viral evolution. These phage genomes are not
proofread, and as a result have extremely high rates of
mutation [23,102]. Chao [13] was able to demonstrate the
accumulation of deleterious mutations in small populations
of this phage via an experiment where he subjected this
virus through 40 severe bottlenecks (passaging a single
phage each time), and measured their fitness (growth rate).
He revealed reduced fitness values in bottlenecked lines
relative to the ancestral condition, suggesting that the dele-
terious mutations accumulated wvia Muller’s ratchet.
Muller’s ratchet is a population process; and although these
lines are likely to have deleterious mutations, bottlenecks
of one phage per generation do not necessarily replicate
the stochastic process of the ratchet. Regardless, in further
experiments, these different mutants were allowed to
recombine, creating hybrids that had better growth rates
than their parental lines [14]. They argued that the
improvement in growth rate could only have arisen if
(1) deleterious mutations were distributed throughout the
genome and were not isolated to a particular region, and as
a result, (2) were redistributed among different particles
through recombination. Using larger populations, Turner

and Chao [107] performed similar experiments, and
demonstrated that over time, the accumulation of new
beneficial mutations led to higher fitness in asexual popu-
lations. However, the fitness of sexual populations was
never greater than that of the asexual populations [107]. In
other viruses, anecdotal evidence of recombinants with fit-
ness consequences exists in laboratory populations [8,32].
One example is the retrovirus associated with feline
leukemia, where recombinant genotypes in the laboratory
are indeed associated with increased pathogenicity [8].

Experimental studies with DNA-based microorganisms
have used bacteriophage and Saccharomyces cerevisiae.
Malmberg [67] showed that bacteriophage (T4) with high
recombination frequencies adapted more rapidly to changing
environmental conditions than those with lower recombina-
tion frequencies. Birdsell and Wills [10], and Grieg et al. [37]
showed that specific recombinant yeast genotypes had a com-
petitive advantage over their parental clones occasionally; but
not all recombinant genotypes had a higher fitness. As a
result, there is no net gain in fitness of recombining popula-
tions relative to asexuals. Finally, Zeyl and Bell [112] showed
that recombining populations of S. cerevisiae did not have a
selective advantage over non-recombining populations unless
both the recombining and the non-recombining populations
were kept on ancestral rather than new environments.

For Toxoplasma gondii, the parasite populations can be clus-
tered into three distinct clonal lines globally, although recom-
binants are found but at low frequency (references). The three
strains vary in their degree of virulence, with variation being
limited to within two of the three lines, and the most preva-
lence strain also being the most virulent. This overall lack of
variation is confirmed by studying genetic polymorphism of
immunogenic loci, which would likely be sources of poly-
morphism associated with escaping host immunity. Grigg
et al. [38] have argued that a number of genotypes have aris-
en from the “mixing” of two of the three lines, although no
test of recombination was employed. Recently, crossing
experiments have revealed recombinant genotypes that
appeared to be associated with much higher virulence (refer-
ences, David Sibley).

Recombination contributes to the genetic variation in
antigenic determinants in parasitic protozoa, including malaria
parasites, coccidia and trypanosomes. Plasmodium and
Trypanosoma have many variant antigen genes (var genes in
P, falicparum and VSG genes in trypanosome), or genes that
encode surface proteins such as merozoite (MSP) and cir-
cumsporozoite (CSP) proteins, suggesting a role for genetic
exchange in enhancing parasite diversity. Malaria parasites are
hermaphroditic and haploid for most of their life cycle, with
asexual replication in the primate host and zygote formation
and meiosis occurring during the mosquito phase of devel-
opment. Haploid parasites divide mitotically, and some cells
differentiate into male and female stages. Male and female
gametes fuse in the mosquito host to form a short-lived
diploid zygote. Meiotic division then gives rise to haploid
cells that develop into infective sporozoites, which migrate to
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the mosquito salivary glands and infect humans during mos-
quito blood-feeding. In populations where endemicity is low,
fusion of male and female gametes from the same clone (self-
ing) is more likely and results in no effective recombination,
whereas in populations with high endemicity, individual
hosts are frequently infected with multiple genotypes, and
fusion of gametes from different clones (outcrossing) may
result in recombination.

The extent to which P falciparum is effectively clonal in
nature has been the subject of debate. Relatively low diversity,
especially at synonymous and intron sites, and lack of LD with-
in some genes (csp) have led some authors to suggest that
P, falciparum has recently suffered a dramatic reduction in pop-
ulation size followed by a recent mass global expansion [6].
Corroborating evidence comes from single-nucleotide poly-
morphism (SNP) analyses of introns in a number of loci, reveal-
ing little to no variation from a sample of eight clones scattered
globally, but mainly from Papua New Guinea [41,108].
However, Hey [44] has argued that synonymous substitutions
between species also appear to be uncommonly “restricted” in
malaria (the genome exhibits 80% AT composition), suggesting
that biased mutation rates, not just population dynamics, are
affecting the accumulation of synonymous and intron variation.

10.4 RECOMBINATION AND ITS EFFECTS ON
EVOLUTIONARY INFERENCES WITHIN A SPECIES

Evolutionary histories of genomic loci or sites are correlated
depending on the rate of recombination between regions
(Fig. 10.1). When recombination occurs, no single phylogeny
can describe the ancestry of a length of nucleotide sequence
because difterent parts of the nucleotide sequence will then
have separate, but correlated, histories. Recombination gener-
ates degrees of independence by breaking up the linkage
relationships of mutations at different sites that have evolved
over time. The extent or rate of genetic rearrangement via

recombination in natural populations is crucial if we are to use
genome and genetic mapping information to locate genes
that underlie important phenotypes (e.g., genes associated
with virulence, transmission, and immune evasion). In medical
genetics, associations between disease phenotypes and genetic
markers built up through genetic drift and broken down by
recombination are central to the mapping of disease-associat-
ed mutations [63,86]. Mutations at distinct loci or sites may
occur on either the same or different genetic “backgrounds.”
Recombination shuffles those mutations and backgrounds.
Recombination reduces the variance of population genetic
parameters and test statistics of natural selection (e.g., Tajima’s
D) by generating independence among the evolutionary
histories of physically linked genomic regions. This is an
advantage because different parts of the sequence represent
different, although correlated, realizations of the evolutionary
process. Each realization is associated with a large variance, but
together, the variance is reduced if independent.

The occurrence of recombination also complicates analy-
sis. Although epidemiologists use phylogenies to make infer-
ences about routes of disease transmission for various
pathogens and to estimate evolutionary parameters (e.g., rates
of molecular clocks, rate heterogeneity, mutation bias, or
selection) or demographic processes [3,31,43,49,62,87,
92,93,111], how recombination affects these various phylo-
genetic approaches in estimating evolutionary parameters
remains largely untested (but see [84,95]). Nevertheless, it
seems clear that only when recombination is absent are direct
inferences from phylogenies likely to be reliable.

A very useful tool for population genetics is a probabilistic
genealogical model known as the coalescent. Extensions of the
coalescent model can be used to study alternative demograph-
ic models such as population expansion, as well as recombina-
tion. The coalescent is a statistical genealogical description of a
set of alleles, haplotypes, or sequences sampled randomly from
a population [51,57,58], and also provides a framework in
which properties of populations can be estimated, such as drift,
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Fig. 10.1. The effect of recombination on gene genealogies at physically linked sites. Recombination
allows for individual segregating sites, or SNPs as are shown here, to have independent evolutionary
histories. The history in the middle is an ancestral recombination graph integrating the two histories.

See color plates.
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mutation, and recombination. Because the genealogy is
unknown, it is treated as an unknown parameter and a number
of potential genealogies exist for a dataset, unlike a phylogeny
where a single history is assumed. A computer simulation of a
coalescent can be performed by drawing a random genealogy
for a given sample of sequences, with lineages coalescing going
backwards in time, until all alleles have coalesced. The point in
time where all alleles have coalesced is known as the mean time
(across genealogies) to the most recent common ancestor
(MR CA).The rate that samples or branches coalesce within the
genealogy depends on the size of the sample and the size of the
population. The more individuals sampled, the faster the rate of
coalescence; in contrast, the larger the population, the more
potential coalescent events, and the slower the rate. Neutral
mutations can be placed randomly onto branches of the geneal-
ogy at a constant rate. If mutations occur at a constant rate, then
larger genealogies will have a greater number of observed
mutations than the expected number of mutations, and in this
way, it can be seen how the MRCA of all sampled alleles from
a single population is directly related to the level of polymor-
phism observed in the population. Similarly for recombination,
if events are uniformly distributed across a chromosome, and
Poisson distributed over time, the number of recombination
events that are observed in a population are also dependent on
the time to the MRCA. Recombination creates a network of
relationships in the genealogy (also known as the ancestral
recombination graph, Fig. 10.3), with mutations traceable
throughout the genealogy, but increasing the overall time to the
MRCA. Finally, the effects of recombination on sample history
are a function not of the absolute recombination rate but of the
product of the per gene per generation rate of crossing over
(genetic map length), r, and the effective population size, N..
Without prior information about one of these parameters, it is
possible only to estimate the product of these parameters.

For a random neutral genealogy, there is an expected distri-
bution of branch lengths [96]. Many terminal branch lengths
will be short, implying shorter times until a common ancestor
for that pair of sequences and within the tree, branch lengths
are longer, implying a smaller probability that a pair of ances-
tors share a common ancestor further back in time.
Empirically, when terminal branches (tips of the tree) appear
very long, this pattern can be interpreted as evidence for pop-
ulation expansion [48,96]. However, population geneticists
[49] have known for some time that recombination has a sim-
ilar effect on gene trees because recombination makes
sequences more homogeneous, thus creating more star-like
trees (with longer terminal branches). The mean diversity
between pairs of sequences will be the same because the num-
ber of mutations does not differ significantly, and the variance
in pairwise distances decreases with increasing recombination
[49]. In the absence of information about recombination, it is
therefore difficult to separate the effects of demographic expla-
nations on a given star-like tree from those of recombination.

The genealogical affects of multiple or recurrent muta-
tions occurring at a single site are also difficult to separate
from recombination. In a non-recombining environment,

homoplasies (instances of parallel evolution) on a tree are
taken for granted to be the result of multiple or recurrent
mutation at a site. However, recombination also generates
homoplasies by moving mutations onto different back-
grounds. It is well known that unicellular taxa have higher
per base mutation rates than multicellular taxa [22,23].
Therefore, the probability of recurrent mutations is higher in
these taxa. It is therefore necessary to address this possibility
when assessing the contributing factors to observed
genealogical relationships.

10.5 DETECTING AND ESTIMATING
RECOMBINATION

All approaches to detect or estimate the frequency of recombi-
nation, either parametric or nonparametric [4], are dependent
on an assumed underlying mutation model and some assump-
tions about demographic processes, although some are more
robust to deviations than others. Regardless, to test population
genetic models of pathogens, estimates of the recombination
rate, and mutation rates, are vital. The following outlines a few
phylogenetic and population genetic methods to detect recom-
bination and estimate population rates of recombination. We
discuss the relevance of recombination events that are associat-
ed with changes in fitness and pathogenicity in selected taxa.

For many unicellular pathogens, observed levels of
nucleotide polymorphism in many populations indicate high
mutation rates [22,23] that makes inference of recombination
difficult. For example, both mutation and recombination con-
tribute to haplotype variation at linked sites. High mutation
rates can hide haplotype structures and recurrent mutation
events at a single site may be attributed to recombination.
Consequently, a large number of nonparametric and paramet-
ric methods have been developed to detect the presence or
absence of recombination with the possibility of these muta-
tion events in mind. The nonparametric methods can be con-
sidered as belonging to two main categories — comparative and
phylogenetic (reviewed in [4]). Parametric methods are model
based and deal specifically with haplotype structure — or LD, in
population genetic datasets.

10.5.1 Nonparametric Analyses

Comparative nonparametric approaches statistically evaluate
genomic characteristics such as base identity, codon usage,
and base composition among separate taxa. Other nonpara-
metric methods (see [4]) employ some property of phyloge-
netics. In principle, these methods are similar to identifying
phylogenetic reticulations or incongruencies between gene
trees of different species. Recombination is implicated when
regions or genes have different phylogenetic histories
[39,36,69], or through assessing properties of trees inferred
under the assumption of no recombination [99,110]. All of
these methods vary in their ability to detect recombination.
Recently, Posada and Crandall [85] assessed via simulations 14
different nonparametric methods to detect recombination.
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Phylogenetic analyses of alleles from housekeeping genes of
Neisseria, Staphylococcus, Campylobacter, E. coli, Salmonella, and
Helicobacter species (e.g. [29]) demonstrate the relevance of
recombination to the evolutionary history of these species.
Multilocus genotypes have been used extensively to investigate
the genetic structure of bacterial pathogens in the past 20 years
[12,28,42,68,100,103). The statistical evidence for recombina-
tion in many of these analyses often comes from reticulations,
incongruencies, or homoplasies inferred from phylogenetic-
based treatments of the data. In particular, this approach demon-
strated that although some bacteria, such as Neisseria gonnhorrea,
show high levels of recombination, others, such as E. coli and
Salmonella, have a predominantly clonal population structure. It
has been argued that in Neisseria, recombination generates a pool
of variation from which resistant clones may arise and prolifer-
ate, having evolved to a specific ecological niche (e.g. [27,68]).
However, the clonal propagation of a successful clone or haplo-
type will contribute to extensive LD [10], and may obscure the
frequency with which recombination actually occurs.

10.5.2 Parametric Methods

10.5.2.1 LD, the coalescent, and 4Nr In order to esti-
mate population recombination rates, a population model that
addresses the information embedded in haplotype variation is
required. A number of parametric methods are available that are
independent of any inferred phylogeny and utilize summary
statistics of associations between segregating sites to detect
recombination events. LD, the nonrandom association of alleles
at linked sites, is a fundamental aspect of genetic variation. The
more distant two sites are from each other, the greater the prob-
ability that a recombination event will occur between them;
recombination creates a decay of LD between nucleotide sites
(Fig. 10.2). How LD decays with respect to the physical distance
between sites is both an analytical and a theoretical description
of how recombination breaks up pairwise associations, and is
often used as a test of recombination [5,20,71,74,94].
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Fig. 10.2. The relationship between LD and recombination/physical
distance. Plotted are the pairwise estimate of a measure of LD, R?,
which is a measure of cavaration between pairs of sites, and the recom-
bination distance (4N7), where N is the effective population size and
r is the rate of recombination, between the pairs of sites compared.
One hundred segregating sties are shown. The theoretical relationship
between the decay of LD and recombination rates are shown.

The main advantage of LD-based methods over phyloge-
netic methods is that LD statistics have direct relationships
both with the data and with the population genetic theory
[46,64]. As a result, LD can be used with model-based (para-
metric) approaches to estimate the rate of recombination
[45,50,52,71]. However, a simplification of the population
history of a sample, and the mutation and recombination
models, are almost always required for these models when
estimating population parameters.

Hudson [52] developed a method for estimating the pop-
ulation recombination rate by using the coalescent. Given a
likelihood based on a coalescent model with recombination
for each haplotype configuration (Fig. 10.3), for all pairwise
comparisons of segregating sites, he combined the likelihoods
to approximate the population recombination rate. The com-
posite likelihood estimate (CLE) of the recombination rate is

Event Probability
Coalescence 1/(p+1+0)
Mutation 0/ (4p + 4 +40)
Coalescence 1/(p+ 3+ 56/4)
Coalescence 1/ (8p/2 +6 +70/4)
Mutation 6/ (6p + 24 +76/4)
Coalescence 1/ (3p/2 + 10 + 26)

Recombination p/ (4p+ 10 + 40)

0 =4N.u p =4Nr

Fig. 10.3. Coalescent modeling of recombination. The coalescent is a “backwards” process for mod-

eling genealogies. Parameters of critical interest, such as mutation and recombination, can be mapped

onto these genealogies. In this way, we can see how both the genealogical history and recombination

affect the pattern of polymorphism among sites in the genome. See color plates.
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the estimate associated with the largest sum of probabilities
over all pairs of sites. Because the method sums over all pair-
wise comparisons, it introduces nonindependence, and as a
result, the true variance of single estimate of the CLE recom-
bination rate [52] is unknown without simulation [72]. The
CLE method is flexible and potentially can be expanded to
incorporate deviations from the standard coalescent. An
extension of Hudson’s [52] CLE estimator is the relaxation of
the infinite sites model assumptions, allowing for recurrent
mutation and recombination rate variation among sites across
a region. Relaxation of the infinite sites model is necessary
for many unicellular genomes because of high mutation rates.

The biological conditions under which many pathogens
have sex plays a role in the population recombination esti-
mate obtained. It is clear that endemicity is directly related to
heterozygosity and recombination frequencies in natural
populations of protozoans such as P falciparum (e.g. [1,2]).
Effective recombination among various parasites such as
those causing malaria or Chagas’ disease depends on the pres-
ence of two different genotypes in the hosts during the sexual
phase of development. As a result, population recombination
rates may vary dramatically depending on endemicity at sam-
pling locations. However, for many protozoans, actual recom-
bination rates inferred from genetic maps are relatively large
when compared to other taxa with facultative sex.

Recently, both parametric and nonparametric methods
were used to infer recombination rate variation in four sepa-
rate P falciparum population samples [75]. To study the nature
and scale of LD and recombination variation in the parasite
genome, Mu et al. (2005) assayed 99 worldwide P falciparum
isolates and one chimpanzee parasite Plasmodium reichenowi for
SNP spanning chromosome (Chr) 3 at an average interval of
one SNP per ~5.5 kb. They showed high variation in recom-
bination rate among different parasite populations and along
Chr 3 of the parasite (Table 10.1). The majority of recombina-
tion events cluster near the chromosome ends and in the mid-
dle of the chromosome (Fig. 10.4). Nonparametric estimates
revealed many recombination events as well as recombination
hotspots among African parasites. Similar recombination
hotspots were also found in the remaining parasite populations
except America where the hotspot in the middle of the

chromosome is absent. Parametric methods, based on coales-
cent models, also detected significant recombination rate vari-
ation in all populations except Africa, for which the high levels
of historic recombination invalidated the test. Figure 10.4
shows the recombination map along the chromosome for the
four populations, as estimated by the Reversible Jump Markov
Chain Monte Carlo (RJMCMC) method [71,72]. Although
the sample size for PNG is fairly small and may account for the
discrepancy between the nonparametric and parametric esti-
mates (Table 10.1), the inferred location of recombination
events using the two approaches generally concur.

Although the overall population recombination rate is
highly variable among populations, the chromosomal loca-
tions of major recombination hotspots were conserved.
Telomeric regions in P falciparum clearly exhibit elevated
crossing over. The conservation is likely due in part to the
shared evolutionary ancestry of P falciparum populations.
Additionally, these regions contain a high density of genes
such as var, rifin, and stevor, whose products are implicated in
cell-surface interactions and are consequently under strong
immune-mediated diversifying selection (as demonstrated by
the high rate of amino acid evolution). These observations
suggest elevated recombination rates may play a significant
role in generating multiple haplotypes at genes important for
P falciparum’s evasion of host immunity.

Recently, Mu et al. [76] analyzed 204 genes on Chr 3 of
P falciparum, revealing more extensive polymorphism than
previously observed, identifying 238 SNPs and 165
microsatellites. Synonymous variation was clearly reduced,
but the predominance of nonsynonymous segregating sites
suggests that the base composition is likely affecting synony-
mous (codon usage) and intron variation [76], perhaps
accounting for the discrepancy between the large-scale SNP
survey and the previous studies. The estimate of the effective
population size of malaria from the Chr 3 survey is over
300,000, as previously reported by Hughes and Verra [53].
The time to the most recent common ancestor was estimated
to greater than 100,000 years ago, 2 orders of magnitude
greater than the estimate previously reported [90].

Conway et al. [20] showed that LD broke down readily at
the gene encoding merozoite surface protein-1 (msp1) from

TABLE 10.1. Relative Rates of Genetic Drift and Recombination in Four Different Population

Samples of P, falciparum for Chr 3 (from [75])

Sample size for

Relative rates of genetic

Relative rates of

Population each population drift [NJ(1 + )]2 recombination [N,(1 — f)]P
Africa 36 1.02 >100

America 23 1.00 1.00

SE Asia 29 0.73 2.43

PNG 11 0.75 11.9

fis the inbreeding coefficient.

AN/(1 + ), relative compound population parameter inferred from genetic drift rates (Nicholsen et al., 2001;

Marchini et al., 2004).

PN,(1 — 1), relative compound population parameter inferred from recombination rates.
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Fig. 10.4. Hotspots of recombination in four populations of P falciparum [75]. The two top panels are
estimates of the minimum number of recombination events, for each of four different populations, for
all pairs of sites obtained using the method of Myers and Griffiths (2003) with the program Recmin.
The bottom panel shows parametric estimates of population recombination rate variation across the
third chromosome using the program LDhat. See color plates.

samples taken from populations in Africa, suggesting exten-
sive recombination among these parasites in some popula-
tions. Anderson et al. [1,2] examined LD among 12
microsatellite loci within each of nine populations, three each
from Africa, South America, and Asia, revealing considerable
global variation in the amount of LD among loci within and
between populations. It was clear that populations with high-
er variation, and higher endemicity, had the least amount of
LD (especially in Uganda and Democratic Republic of
Congo). The high rates of recombination observed in some
populations may make it difficult to use association mapping
approaches to find loci involved in host immunity, because
recombination will break down linkage relationships
between target and marker loci, even when a marker is phys-
ically close to a candidate locus [1,2].

One strategy that a pathogen might use to evade host
immunity is to have a greater arsenal of variation at antigenic
sites in the population’s repertoire. Selection for maintaining
elevated levels of genetic variation — “balancing selection” —
might be an important evolutionary force contributing to a
pathogen’s ability to evade hosts immune systems. Conway
et al. [19] identified a region of the MSP1 gene in P fali-
parum that appears to be associated with immunogenicity by
examining the polymorphism at different sites along the
MSP1 gene and testing whether these individual regions
deviated from the neutral expectation of Hardy—Weinberg
equilibrium. Alleles were sampled from different populations;
and under neutral expectations and depending on the degree
of isolation between populations (migration), there should be
some degree of differentiation between difterent populations.

Those regions exhibiting less differentiation than others
might be subject to selection.

Critical to this analysis is the action of recombination gen-
erating independence among sites within the gene.
Recombination not only contributes to the overall variation,
at the Msp1 locus but is also necessary for the identification
of important regions that are under selection. For example, if
all sites were completely linked, then they might exhibit the
same population variation due to linkage. A site that is under
balancing selection will affect linked variants by maintaining
them in the population, and other neutral sites nearby will
also exhibit increased levels of variation. In contrast, benefi-
cial mutations that sweep through the population will drag
linked alleles with them (hitchhiking) depending on the rate
of recombination between the sites. This action contributes
to reduced variation around the beneficial mutation [98].
Such reduced variation is a signal of the action of selection
[56]. One example is the observed high LD near the chloro-
quine resistance gene, pfcrt, which is consistent with recent
directional selection of Wootton et al. [109].

10.6 CONCLUSIONS

Recombination occurs at substantial frequencies in natural
populations of many pathogenic species and plays a significant
role in pathogen evolution and their ability to adapt to chang-
ing environments. Although it is still uncertain whether the
fitness of obligately sexual species is greater than that of asex-
uals or facultative asexuals, it is clear that taxa with a sexual life
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cycle maintains an alternative mechanism other than muta-
tion, to generate novel multilocus genotypes.
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11.1 MALARIA'S HUMAN TOLL

Malaria is caused by species of Plasmodium, a parasitic proto-
zoan. Four species of Plasmodium are parasitic to humans:
Plasmodium falciparum, Plasmodium malariae, Plasmodium ovale,
and Plasmodium vivax. P._falciparum is the most pervasive and
malignant human malarial parasite. It causes 300-500 million
cases of clinical illness per year and 1.5-2.7 million deaths in
Sub-Saharan Africa, plus 5-20 million clinical cases and
100,000 deaths elsewhere in the world, 80% of them in Asia
[84]. Most geographically widespread and prevalent in many
regions outside Africa is P vivax, which accounts annually for
70—80 million clinical cases across much of Asia, Central and
South America, the Middle East, and Africa. The human toll
exacted by P malaria and P ovale is small by comparison,
although still substantial. Hippocrates (460-377 B.C.), the
father of Greek medicine, describes chronic tertian and quar-
tan fevers, which were surely forms of malarial disease, as his
description makes it clear:“Those who drink [stagnant water,
which he thought responsible for malarial symptoms] have
always large, stiff spleens and hard, thin, hot stomachs, while
their shoulders, collar bones and faces are emaciated; the fact
is that their flesh dissolves to feed the spleen” (cited by [62,
p. 91]). In the ancient Mediterranean region, Malaria may
have, indeed, inhibited agricultural expansion and restricted
population growth [10]. In the Roman Compagna and other
parts of Italy, the Romans dug elaborate underground chan-
nels to drain swamps and secure water for irrigation and
drinking, which may have largely prevented malaria. After the
fall of Rome, through the Middle Ages and until modern
times, malaria depopulated Italy as well as other parts of the
Mediterranean region ([41] and [62, pp. 89-92]). Malaria was
finally eradicated from southeast Spain, the Roman
Compagna, parts of Greece, and elsewhere in southern
Europe, only a few vyears after the Second World War.

Encyclopedia of Infectious Diseases: Modern Methodologies, by M. Tibayrenc
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According to Frank Ashall [2, chapter 13], throughout human
history malaria has killed more soldiers than have died as a
result of war. During the US Civil War, more than half of all
soldiers on both sides of the conflict became infected with
malaria.

Malaria is a reemerging disease in several countries and an
expanding malady in Sub-Saharan Africa, where malaria’s toll
may have doubled over the last two decades. Moreover,
malaria is becoming a health problem in Western Europe:
about 6500 cases are reported annually in Germany, France,
Italy, and the United Kingdom, 64% caused by P falciparum
and 23% by P vivax.

11.2 EVOLUTIONARY ORIGINS
OF PLASMODIUM

The genus Plasmodium consists of nearly 200 named species
that parasitize reptiles, birds, and mammals. Plasmodium
belongs to the Apicomplexa, a large and complex phylum
with about 5000 known species and as many as 60,000 yet to
be described [20,28,52, pp. 1-21] and [86]. The Apicomplexa
are all parasites, characterized by the eponym structure, the
apical complex. The taxonomy and phylogeny of the phylum
have been the subject of controversy and frequent revision.
One issue is whether the genus Plasmodium evolved directly
from monogenetic (i.e., single host) parasites of the ancient
marine invertebrates from which the chordates evolved, or
whether it originated by lateral transfer from other, already
digenetic (i.e., two hosts), parasites of which one would have
been a vertebrate [8,37,44,56,58]. There is no fossil record of
apicomplexans [57], but molecular investigations indicate that
the phylum is very ancient, perhaps as old as the multicellu-
lar kingdoms of plants, fungi, and animals, and thus somewhat
older than 1 billion years [5,28] (Fig. 11.1).
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Fig. 11.1. Simplified phylogeny of Plasmodium and related protozoa.The branching nodes refer to (1)
radiation of the Plasmodium genus; (2) radiation of the phylum Apicomplexa; (3 and 4) Apicomplexa

divergence from two related phyla, Dinozoa and Ciliophora.

Coccidians and piroplasms are two orders of
Apicomplexa related to Plasmodium. The Coccidea include
species parasitic to mollusks and marine annelids, but many
are parasitic to mammals and other vertebrates [86]. Many
coccidians, such as Cryptosporidium, are monogenetic para-
sites, able to complete their life cycle within one single host.
But other coccidians, including Neospora, Sarcocystis, and
Toxoplasma are digenetic: their complete development
requires two successive hosts. The Piroplasmida, as well as the

Haemosporida, the order to which Plasmodium belongs, are

digenetic parasites: maturation of gametes, fertilization, and
sporogony occur in the hematophagous invertebrate vector;
the rest of the life cycle is completed in the blood of a ver-
tebrate. The Dinozoa are the phylum most closely related to
the Apicomplexa. The Apicomplexa/Dinozoa clade may
have originated about the time or earlier than the origin of
the multicellular kingdoms [28].

Various molecular phylogenetic analyses have revealed the
relationships among the Plasmodium species. Figure 11.2 shows a
representative phylogenetic tree based on the circumsporozoite
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Fig. 11.2. Phylogeny of 11 Plasmodium species (30 isolates) inferred from Csp gene sequences. Each

parasite’s host is given in parentheses. Some independent isolates have identical sequences of which

only one is shown; thus, only five out of eight isolates are shown for P falciparum, three out of four for

P vivax, and one out of two for P simium.
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TABLE 11.1. Plasmodium Species Used for Construction of Phylogeny Based on Csp Sequences

Species Number of Strains Host Geographic Distribution
P. falciparum 8 Human Tropics worldwide
P. malariae 2 Human Tropics worldwide
P, vivax 4 Human Tropics worldwide
P. reichenowi 1 Chimpanzee African tropics

P, brasilianum 1 Monkey New World tropics
P. simiovale 1 Monkey Tropics worldwide
P. cynomolgi 5 Monkey Asian tropics

P simium 2 Monkey New World tropics
P. knowlesi 2 Monkey Asian tropics

P. berghei 2 Rodent African tropics

P. yoelii 2 Rodent Africa

protein (CSP) gene sequences. Table 11.1 provides information
about the hosts and the geographic distribution of the species.
The tree is obtained by the “neighbor-joining” method (NJ)
[79] based on genetic distances calculated according to Tamura’s
three-parameter method [82]. Trees obtained with other meth-
ods (such as maximum likelihood), and/or based on other
measures of genetic distance, have fundamentally identical
topologies as those shown in Figure 11.2 (certainly with
respect to the conclusions that will be formulated below).
(Additional details can be found in [5,28,29]. Estimates of
divergence times based on two genes, Csp and rRNA trees are
given in Table 11.2.

The phylogenies represented in Figure 11.2 include three
human parasites, P falciparum, P vivax, and P malariae. All four
species parasitic to humans (i.e., including P ovale) have been
included in phylogenies based on other genes, such as the
mitochondrial gene encoding cytochrome b [67,69]. The
phylogenetic relationships among the human parasites are
fundamentally identical to those shown in Figure 11.2, with
P ovale closer to P vivax than to P falciparum or P malariae.

These phylogenetic studies yield the following conclu-
sions concerning the evolutionary history of the human
malarial parasites:

1. The four human parasites, P falciparum, P ovale, P malariae,
and P vivax are very remotely related to each other, so that
the evolutionary divergence of these four human parasites

TABLE 11.2. Time of Divergence (in Million Years) Between
Plasmodium Species, Based on Genetic Distances at Two Loci
(Ref. 6)

rRNA Csp
falciparum vs. reichenowi 11225 8904
vivax vs. monkey? 209 +3.8 252 +2.1
vivax vs. malariae 75.7 + 8.8 103.5 £ 0.6
falciparum vs. vivax/malariae 75.7 + 8.8 1654+ 1.6

aprasilianum and simium not included.

greatly predates the origin of the hominids 8 million years
ago. It follows that their parasitic associations with humans
are phylogenetically independent; that is, all but one (at
the most) of these species has been laterally transmitted to
the human ancestral lineage from other, non-primate
hosts. These results are consistent with the diversity of
physiological and epidemiological characteristics of these
four Plasmodium species [13,53].

2. Plasmodium falciparum is more closely related to Plasmodium
reichenowi, the chimpanzee parasite, than to any other
Plasmodium species. The time of divergence between these
two Plasmodium species is estimated at 8—11 million years
(My) ago, which is consistent with the time of divergence
between the two host species, human and chimpanzee.
(The divergence time of parasitic species is likely to pre-
date the divergence of their host species, similarly as the
divergence times of ancestral gene lineages are likely to
predate the divergence of their species; alternative poly-
morphic states may become fixed in one or the other car-
rying species.) A parsimonious interpretation of this state
of affairs is that P, falciparum is an ancient human parasite,
associated with our ancestors since the divergence of the
hominids from the great apes.

Some authors (e.g. [61]) have failed to separate unambigu-
ously P, falciparum and P reichenowi when they analyzed amino
acid rather than nucleotide sequences. This ambiguity can be
attributed to the difficulty of aligning, for several Plasmodium
species, amino acid sequences, such as CSP, that are quite dif-
ferent and variable in length ([29], see also [76], with the con-
sequence that only the more conserved amino acids can be
reliably aligned. When suitable comparisons are made
between P reichenowi and P, falciparum, the difference between
the two species is unambiguous (see [76] for the distinct
composition of the central repeat region of Csp genes).

3. P malariae, a human parasite, and Plasmodium brasilianum, a
New World monkey parasite, are genetically indistinguish-
able at the Csp gene. We infer that a lateral transfer
between hosts (a “host switch”) has occurred in recent
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TABLE 11.3. Average Genetic Distance Within and Between various Plasmodium Species, Based on the Csp Gene

Interspecific

Number of
Species Strains Intraspecific malariae vivax simium brasilianum
falciparum 8 0.009+0.001 0.697+0.003 0.581+0.003 0.837+0.002 0.687+0.004
malariae 2 0.004+0.003 — 0.517+0.006 0.513+0.004 0.002+0.002
vivax 4 0.004+0.001 — — 0.004+0.001 0.517+0.000
simium 2 0.000+0.000 — — — 0.508+0.187

times, either from monkeys to humans or vice versa. A host
switch is defined as a shift of a parasite from one host
species to another distantly related host species.

Moreover, P vivax is genetically indistinguishable from
Plasmodium simium at the Csp gene (as well as at numerous
other genes; see [30,50,53]). P simium 1s, like P brasilianum, a
parasite of New World monkeys. We infer, again, a recent lat-
eral transfer between human and monkey hosts.

The average intraspecific distances for each of the three
human parasites (and for P simium; only one strain of P brasil-
ianum was investigated) are shown in Table 11.3.The table
also gives the genetic distance between the three human and
the two primate parasites. The genetic distance (nucleotide
substitutions per site) between malariae and brasilianum is
0.002 * 0.002, not greater than the distance between the
two P malariae, or the four P vivax, or the eight P, falciparum
sequences available, although P malariae and P, brasilianum are
isolated from very different hosts — P malariae from humans,
P brasilianum from New World monkeys. The question arises
whether they are different species, because they are geneti-
cally indistinguishable. P malariae and P, brasilianum might be
considered either two distinct species or a single species
exhibiting “host polymorphism” [27]; that 1s, they are able to
parasitize more than one host species. A similar issue might
be put forth with respect to P vivax and P simium, because
these two are also genetically indistinguishable (genetic dis-
tance 0.004 £ 0.001;Table 11.3).

11.3 HUMAN TO MONKEY OR MONKEY
TO HUMAN?

Whether or not the two species in each human—primate
parasite pair (P vivax—P simium and P malariae—P. brasilianum)
should be considered the same or distinct species is merely a
matter of taxonomy and nomenclatural convenience, rather
than biologically substantive. What is important is the con-
clusion that two of the four known human malaria parasites
have each nearly identical platyrrhine (New World monkey)
parasite relatives. This is a strong indication that a host switch
has occurred in recent times (and may continue to occur).
This is in stark contrast to the observed relationship of

P falciparum and P reichenowi that have evolved vertically (i.e.,
from a common ancestor), in parallel with their respective
human and chimpanzee host lineages.

Determining the direction of the host switch between
human and platyrrhine — either from monkey to human, or
human to monkey — holds great biological relevance for
understanding the evolution of the genus and understanding
the origins of the disease. Humans and platyrrhine monkeys
are distantly related (their most recent common ancestor
lived some 35—40 million years ago) and have been geo-
graphically associated only after the first human colonization
of the Americas, which occurred within the last 15,000 years.
Indeed, the host switch may have occurred following the
second influx of humans after the European colonizations of
America in the sixteenth century. Whether 500 or 15,000
years have passed since the host switch, it would be a mere
moment in evolutionary time, and so it is not surprising that
the human and platyrrhine parasites are genetically so little
diverged. Both P, simium and P brasilianum are known to be
infectious to humans [38]. Epidemiological serosurveys of
humans and monkeys in French Guiana indicate that
platyrrhines may actually serve as zoonotic reservoirs for
human disease [35], thus lending support to the host—poly-
morphism hypothesis.

Unlike P reichenowi, which thrives exclusively in chim-
panzees and perhaps gorillas, the platyrrhine malaria parasites
are quite capacious in their host preference, so that these
New World parasites appear quite susceptible to host switch-
es. P simium infects at least three, and P, brasilianum as many as
26 species of New World monkeys [40]. We have argued in
the past on the grounds of evolutionary parsimony, that the
possibility should be considered that the host switches
observed in P vivax/simium and P malariae/ brasilianum may
have occurred from primates to humans rather than simply
assuming the opposite [29,75].

Several considerations favor a lateral transfer from human
to monkey hosts:

(i) P vivax has a worldwide distribution, in contrast to the
limited geographic range of P simium, which is restricted
to a few South American monkey species, Alouatta fusca,
Brachyteles arachnoides, and Ateles sp. [40]. The counterpoint
can be made, however, that humans are exceedingly
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mobile. Infected humans could readily have carried the
parasite from South America to other continents.

(ii) There are no records of malaria in South America (or
elsewhere in the New World) before the arrival of the
European colonizers within the last 500 vyears. This
would be consistent with the interpretation that P vivax
(as well as P malariae and P, falciparum) was introduced to
the New World by the European colonizers and their
African slaves. The weakness of this argument is that it
consists of negative evidence, which is particularly unre-
liable when there are no extensive observations, experi-
ments, or health records that would have likely mani-
fested the presence of malaria in the New World before
the year 1500, even if malaria had indeed been present.

(111) Historical records suggest that nonmalignant malaria has
occurred in the Old World for several thousand years.
Chinese medical writings, dated 2700 B.C.; cuneiform
clay tablets from Mesopotamia, dated about 2000 B.C.;
the Ebere Egyptian Papyrus (ca. 1570 B.C.); and Vedic
period Indian writings (1500-800 B.C.) mention severe
periodic fevers, spleen enlargement and other symptoms
suggestive of malaria [80]. Spleen enlargement and
malaria antigen have been detected in Egyptian mum-
mies, some more than 3000 years old [63,80].
Hippocrates’ (460—370 B.C.) discussion of tertian and
quartan fevers, “leaves little doubt that by the fifth cen-
tury B.C. Plasmodium malariae and P vivax were present
in Greece” [80, p. 3]. If this interpretation is correct, the
association of P malariae and P vivax with humans could
not be attributed to a host switch from monkeys to
humans that would have occurred after the European
colonizations of the Americas. This seems definitive evi-
dence, so long as one accepts the interpretation that the
fevers described by Hippocrates were indeed caused by
the two particular species P vivax and P malariae.

Three considerations, however, favor the alternative hypoth-
esis, namely, that the host invasion has occurred from mon-
keys to humans:

(1) Humans are biologically (evolutionarily) more closely
related to Old World monkeys (catharrhines) than to
New World monkeys (platyrrhines). If lateral host switch
from humans to monkeys were likely, it would be more
likely that transfer would have been, first and most
often, to our closer, rather than to our more remote rel-
atives. This argument would be much weakened if the
chimpanzee/gorilla parasite Plasmodium rodhaini, which
is thought to be quite similar to P vivax, or Plasmodium
schwetzi, also a chimpanzee/gorilla parasite, which is
similar to P malariae [40], were shown to be genetically
identical (or very similar) to the corresponding human
parasites, so that they might have been recently acquired
by the apes from humans. We note that, according to
Gysin [40],“it has been shown” that P schwetzi is “close-
ly related” to P malariae, but is “homologous” to P vivax.

This is a strange claim considering the considerable phy-
logenetic distance between P malariae and P vivax (see
Fig. 11.2 and Table 11.2). We would point out, more-
over, that P, reichenowi and P, falciparum, which are “close-
ly related” and “homologous” [40], are evolutionarily as
distant as their hosts, chimpanzees/gorillas and humans
(see above). The catarrhine parasite Plasmodium inui,
widely thought to be closely related to P malariae, has
been shown to be genetically quite different [31].

(i) Humans and their ancestors have been geographically
associated with catarrhine monkeys for millions of years,
but only for several thousand years with platyrrhine
monkeys. If the natural transfer from humans to mon-
keys were likely, it would have been much more likely
that the transfer would have occurred to species with
which humans have been in geographic association for
a much longer period.

(iii) P simium is parasitic to several platyrrhine species. A lat-
eral host transfer from humans to monkeys would
require several host switches, either from human to each
monkey species, or from human to one monkey species
and then from one to other monkey species, all in a
short interval of time (a few thousand, or even a few
hundred years). This state of affairs is more extreme when
we consider the case of P malariae and P brasilianum;
because this parasite’s hosts include numerous platyrrhine
species ([26] taxa are listed by [40, p. 420]).

Evolutionary parsimony favors the hypothesis that the host
switch between P vivax and P simium and also between
P malariae and P, brasilianum may have been from primates to
humans, so that P vivax and P malariae would have become
human parasites only recently, perhaps only a few hundred
years ago. The historical record (see above) is the strongest
evidence against this conjecture. The matter can, in any case,
be resolved by comparing the genetic diversity of the human
and primate parasites. If the transfer from human to monkeys
has been recent, the amount of genetic diversity in silent
nucleotide sites (and other neutral polymorphisms) will be
much greater in P vivax than in P simium, and in P malariae
than in P brasilianum (combining in each comparison the
polymorphisms present in the several monkey host species).
A transfer from monkey to humans would be evinced by
much lesser polymorphism in the human than in the mon-
key parasites.

The genetic indistinguishability between P vivax and P
simium has recently been confirmed by an investigation of 13
microsatellite: DNA loci and 8 tandem-repeat (TR) loci,
which includes 108 P vivax individual samples broadly repre-
sentative of the distribution of this parasite [50].
Microsatellite polymorphisms arise at high rates by replica-
tion slippage, yielding new alleles with different numbers of
the repeating unit. The genetic near-identity between P vivax
and P simium is evinced, first, by the fact that all 13
microsatellite and 8 TR loci of P vivax could be amplified in
P simium.The number of P vivax microsatellite loci that could
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be amplified in any one of seven other Old World
(catarrhyne) monkey parasites range from zero (P gonderi) to
10 (P cynomolgi). Moreover, P simium carries the same allele as
P vivax at the nine loci that are monomorphic in this species;
the most common P vivax allele at the three slightly poly-
morphic loci; and one of the P vivax alleles at the only locus
that is substantially polymorphic in this species. A parallel sit-
uation obtains at the TR loci, which evolve also rapidly. First,
all eight TR loci could be amplified in the P simium, but only
three in P cynomolgi or P, fieldi, and none in any of the other
five catarrhyne parasites. Second, P simium alleles are identical
to those of P vivax at all loci but one, at which the P simium
TR presents one private allele. This, however, is also the case
for several local populations of P vivax, each of which displays
at least one private allele at one TR locus. A neighbor-join-
ing tree based on TR genetic distances between populations
includes P simium within the P wivax polymorphism [50].
Recent evidence shows that at least two independent host
transfers involving P wivax and P simium have occurred
between humans and platyrrhine monkeys [53].

Lateral transmission of Plasmodium parasites from monkey
to humans is known for several species, including P simium
[25], P, brasilianum [17], P cynomolgi [33], P knowlesi [12], and,
perhaps, Plasmodium simiovale [69]. Transmission from humans
to monkeys can be accomplished experimentally [12] and may
also occur naturally [14]. Among avian and reptilian malaria
parasites, host shifts have been a common occurrence [9,78].

As pointed out above, the direction of host transfer
between P vivax and P simium can be settled genetically. If the
transfer has occurred from platyrrhine to humans, P simium is
expected to have greater nucleotide polymorphism at neutral
sites than P vivax. Ascertaining this will require the investiga-
tion of numerous independent DNA samples of P simium,
which are not currently available. Moreover, the issue may
not simply be resolved, because the genetic impoverishment
that is known to characterize P vivax may be due to one or
more recent demographic bottlenecks or selective sweeps,
which has been postulated as the likely explanation for this
impoverishment [50,53,70].

11.4 POPULATION STRUCTURE
OF P. FALCIPARUM

The most consequential of the human malaria parasites is P
Sfalciparum. As shown earlier, the lineage of P falciparum has been
associated with the human lineage during the evolution of the
hominids, that is, since the separation of the human and chim-
panzee lineages, about 8 million years ago. The question we
now raise is whether the population dynamics of P, falciparum
has or not followed that of its hominid hosts. A possibility, for
example, is that P, falciparum may have been restricted through
much of hominid and human history to some small locality
from which it might have spread throughout other human
populations as a consequence of increased virulence, environ-
mental and demographic changes, or some other factors.

One way to approach this question is to investigate the
distribution of genetic polymorphisms in P, falciparum popu-
lations. Numerous epidemiological studies have indicated
that populations of P falciparum are remarkably variable.
Extensive genetic polymorphisms have been identified with
respect to antigenic determinants, drug resistance, allozymes,
and chromosome sizes (e.g. [7,21,46,49,60,81]).

Antigenic and drug resistance polymorphisms respond to
natural selection, which is most effective in large populations —
millions of humans are infected by P, falciparum and one sin-
gle patient may harbor 10'° parasites [60]. The replacement of
one allele by another, or the rise of polymorphism with two
or more alleles at high frequency, may occur even in one sin-
gle parasite generation. If the selection pressure is strong
enough, all individuals exposed to the selective agent may
die, except those carrying a resistant mutation. With popula-
tions as large as those of P, falciparum, any particular mutation
is expected to arise in any one generation; and the same
mutation may arise — and rise to large frequency — inde-
pendently in separate populations. On the contrary, silent
(i.e., synonymous) nucleotide polymorphisms are often adap-
tively neutral (or very nearly so) and not directly subject to
natural selection. Thus, silent nucleotide polymorphisms
reflect the mutation rate and the time elapsed since their
divergence from a common ancestor. The population struc-
ture of P falciparum is, consequently, best investigated by
examining the incidence of synonymous polymorphisms.

The coalescence theory of population genetics assumes
that the allele sequences of any given gene present in popu-
lations of an organism can be genealogically traced back to
a single ancestral sequence, which is the most recent ances-
tor or “cenancestor” of all currently existing sequences
(Fig. 11.3). If one ignores the possibility of multiple muta-
tional hits (which is reasonable, so long as the sequences are
not extremely polymorphic), the number of neutral poly-
morphisms observed in a sample of multiple strains will be a
function of the neutral mutation rate, the time elapsed, and
the number of lineages examined (and follow a Poisson dis-
tribution). If the neutral mutation rate can be established, the
time elapsed since the cenancestor is simply determined by
dividing the number of polymorphisms observed by the
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Fig. 11.3. Schematic representation of a star phylogeny showing the
evolution of DNA sequences with the most recent common ances-
tral sequence (MR CA) at the apex.The scale of ¢ represents the time
elapsed since this MRCA gave rise to all its descendents in the

extant population (1, #y, n3, ***, n,).
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TABLE 11.4. Single-Nucleotide Polymorphisms in 10 Protein-Coding Genes of Plasmodium Falciparum

Number of

Polymorphic Sites Synonymous Sites

Chromosome Length Sample
Gene Location (bp) Size Nonsynonymous  Synonymous 4-fold 2-fold
Csp1 5’end 3 387 25 7 0 688 2,010
Csp1 3’end 3 378 25 17 0 1,050 1,625
Dhfr 4 609 32 4 0 2,144 4,128
Ts 4 1215 10 0 0 1,250 2,640
Mdr1 5 4758 3 1 0 1,350 2,088
Hsp86 7 2241 2 0 0 532 910
Dhps 8 1269 12 5 0 1,536 2,724
Calm 14 441 7 0 0 364 602
Gépd 14 2205 3 9 0 726 1,404
Rap1 — 2349 9 8 0 1,092 1,668
Tpi — 597 2 0 0 180 262
Total = = — 51 0 10,912 20,061

Source: Modified from Ref. 77.

mutation rate times the number of neutral nucleotide sites
observed in the full sample [6,77].

Table 11.4 summarizes the polymorphisms found in a
sample of 10 genes for which several sequences were available
in DNA data banks [71]. The gene sequences analyzed derive
form isolates of P falciparum representative of the global
malaria endemic regions. The Dhfr and Ts genes are found
directly adjacent to one another on the parasite’s fourth
chromosome and encode the bifunctional dihydrofolate
reductase-thymidylate synthetase (DHFR-TS) domain.
Certain mutations in the Dhfr gene have been widely associ-
ated with P, falciparum resistance to anti-folate drugs, includ-
ing pyrimethamine. Two other genes in Table 11.4 have been
implicated with drug-resistant phenotypes of P, falciparum: the
gene coding for dihydropteroate synthetase (Dhps) and the
gene for multidrug resistance (Mdr1). The circumsporozoite
protein (encoded by Csp1) is antigenic, and the rhoptry-asso-
ciated protein (encoded by Rap1) may also be immunogenic.
The other four genes in Table 11.4 are not known to be
immunogenic or associated with resistance to any antimalar-
ial drug currently in use. They code for calmodulin (Calm),
glucose-6-phosphate dehydrogenase (G6pd), heat-shock pro-
tein 86 (Hsp86), and triose phosphate isomerase (Tpi). Six of
the 10 loci exhibit amino acid polymorphisms, including the
drug-resistance genes Dhfr, Dhps, and Mdr-1, as well as the
antigenic Cps and Rap1.The significant result is that no silent
polymorphisms are observed in any of the 10 genes.

11.5 MALARIA'S EVE HYPOTHESIS

Estimating time of divergence from neutral polymorphism
requires that the neutral mutation rate (of third-position
nucleotides in synonymous codons) be known. The neutral

mutation rate has been estimated by comparing the P, falciparum
gene sequences with P reichenowi (the chimpanzee parasite),
and also with a set of rodent Plasmodium parasites [77]. The
number of neutral polymorphisms in Table 11.4 is zero, and,
thus, at face value, the time elapsed since the cenancestor (1)
would be zero, although it would become positive as soon as
some neutral polymorphisms are observed. In any case, t is
expected to follow a Poisson distribution, which allows calcu-
lation of the upper confidence limit for the time since the
cenancestor. As shown in Table 11.5, the 95% upper confidence
level is between 25,000 and 57,000 years ago, depending on
which mutation rate estimate is used; the 50% upper confi-
dence limit is between 6000 and 13,000 years. Rich et al. [77]
have referred to this conclusion, that the world expansion of P
falciparum is recent, as the Malaria’s Eve hypothesis.

In the few years since the Malaria’s Eve hypothesis was
proposed [77], the issue has been subject to a contentious
debate. The initial conclusion of Rich et al. [77] was based
on sequences that were then available from GenBank (see
Table 11.4). The only criteria for inclusion of genes in the
dataset was that they had to be void of repetitive DNA
sequences and show no evidence of being under positive
selection impacting synonymous codon substitutions. In
1998, the amount of sequence data available for the species
was rather limited, but since that time the dataset has grown
enormously, including the complete genome sequence of P
falciparum published in 2002 [36].

One of the new studies entails a large-scale sequencing sur-
vey of 25 introns, located on the second chromosome, from
eight P, falciparum isolates collected among global sites [87]. The
findings of this study confirm the previous result that there is
an extreme scarcity of silent-site polymorphism among extant
populations of P falciparum. Among some 32,000 nucleotide
sites examined, Volkman et al. [87] found only three silent
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TABLE 11.5. Estimated Upper-Boundary Times (fy and £, in years) to the Cenancestor of the World Populations of P. Falciparum.
Mutation Rates are Estimated Based on Two Sets of Assumptions, Concerning Either the Origin of the Plasmodium Genus or the
Time of Divergence Between P Falciparum and P Reichenowi. The P Falciparum Cenancestor Lived More Recently than 24,511
or 57,481 Years Ago, with a 95% Probability; and More Recently than 5,670 or 13,296 Years with a Probability of 50%.

Mutation rate X 10

Assumption 4-fold 2-fold fys tso
Plasmodium radiation

55 My 7.12 2.22 24,511 5,670
129 My 3.03 0.95 57,481 13,296
P. falciparum-P. reichenowi

5 My 3.78 38,136 8,821
7 My 2.70 53,363 12,342

single-nucleotide polymorphisms (SNPs). Combining their
data with the results summarized in Table 11.4, these authors
estimated that the age of Malaria’s Eve was somewhere
between 3200 and 7700 years, depending on the calibration
of the molecular clock.

Conway et al. [19] have presented further evidence in
support of the Malaria’s Eve hypothesis, based on analysis
of the P, falciparum mitochondrial genome. They examined
the entire mitochondrial DNA (mtDNA) sequence of four
P, falciparum isolates originating from Africa, Brazil, and two
from Thailand, as well as the chimpanzee parasite, P reichenowi.
Alignment of the four complete mtDNA sequences (5965 bp)
showed that 139 sites contain fixed differences between P
Sfalciparum and P reichenowi, whereas only four sites are poly-
morphic within P falciparum. The corresponding estimates of
divergence (K, between P reichenowi and P falciparum) and
diversity (, within P, falciparum strains) are 0.1201 and 0.0004,
respectively; that is, divergence in mtDNA sequence between
the two species is 300-fold greater than the diversity within
the global P falciparum population. If we use the rDNA-
derived estimate of 8 million years as divergence time
between P falciparum and P, reichenowi, then the estimated ori-
gin of the P, falciparum mtDNA lineages is 26,667 years (i.e., 8
million/300), which corresponds quite well with the earlier
estimate based on the 10 nuclear genes shown in Table 11.4
[77]. A subsequent survey of mtDNA from104 isolates from
Africa (n = 73), Southeast Asia (n = 11), and South America
(n = 20), led to the conclusion that the extant global popula-
tion of P falciparum is derived from three mitochondrial line-
ages that started in Africa and migrated subsequently (and
independently) to South America and Southeast Asia. Each
mitochondrial lineage is identified by a unique arrangement
of four polymorphic mtDNA nucleotide sites [18,19].

More recently, the complete 6-kb mitochondrial genome
has been sequenced from 100 geographically representative
isolates [48]. The sequences support a rapid expansion of
P falciparum in Africa, starting approximately 10,000 years ago.
The data indicate, however, that some lineages are 5-10 times
more ancient and that P falciparum populations have existed
in Southeast Asia and South America perhaps earlier than

50,000 years. This is unexpected, because if P falciparum orig-
inated in Africa, the oldest polymorphisms should occur in
that continent, as is the case for human mitochondrial line-
ages. Moreover, the presence of P, falciparum in South America
more than 50,000 years ago is most unlikely, as humans col-
onized America 15,000-18,000 years ago (or, less likely,
around 30,000 years ago) [11]. Moreover, it is generally
accepted that P, falciparum malaria was introduced in America
by the slave trade [88]. It seems likely that the high differen-
tiation of some mitochondrial sequences may be a conse-
quence of the large variation expected in a sample of non-
recombinant neutral sequences, as is the case for the
mitochondrial genome, or a consequence of natural selection
increasing the frequency of some favorable sequences, which
then would appear to be much older than they actually are.
Some mitochondrial genes are likely to be under selection,
such as the mitochondrial gene encoding cytochrome b,
which seems to underlie susceptibility to some antibiotics [85].

A recent investigation of 20 protein-coding genes [42] has
confirmed the low level of synonymous polymorphisms
found in earlier studies of coding genes (Table 11.4; see also
[31]). Table 11.6 presents the results. Many of the 20 loci
were chosen so as to be different from those previously ana-
lyzed, and are located on 11 different chromosomes. The 20
genes were each sequenced in five to seven strains. Among
the 22,611 nucleotides sequenced for each strain, there were
21 non-synonymous polymorphisms, but only one synony-
mous polymorphism, strongly supporting the Malaria’s Eve
hypothesis.

Arguments against the Malaria’s Eve hypothesis come in
two forms. The first argument is that the loci chosen in the
studies supporting the recent world expansion of P, falciparum
are a biased sample and do not reflect the levels of polymor-
phism in the genome as a whole. The second argument con-
cedes that nucleotide polymorphisms are scarce and propos-
es that this is not attributable to recent origins, but rather
reflects strong selection pressure against the occurrence of
synonymous substitutions.

Some studies have estimated that antigenic polymor-
phisms in P falciparum may be 40 or more million years old,
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TABLE 11.6. Single-Nucleotide Polymorphisms in 20 Protein-Coding Genes of P, falciparum.

Polymorphic Sites

Nucleotide
Gene Product Chromosome Per Strain Single Size nonsynonymous synonymous
GPSP 1 552 6 0 0
AcCoA 695 2 2,667 7 11 0
AcCoA 685 2 2,706 5 2 0
ATPase 3 5 546 6 0 0
GPAT 6 636 6 0 0
STARP 7 1,092 6 1 1
GPRK 7 1,395 6 1 0
GPCA 9 252 6 0 0
GRP78 9 426 6 0 0
LSA1 10 684 6 2 0
GBP130 10 96 6 0 0
Enolase 10 738 6 0 0
Falcipain 3 11 1,350 6 0 0
FuFo1 11 1,890 6 1 0
CPN60 12 42 6 0 0
GPCE 13 1,725 6 0 0
Actin 2 13 1,131 6 0 0
G6PD 14 1,884 6 3 0
Falcipain 1 14 1,710 5 0 0
Aldolase 14 1,089 7 0 0
Total 22,611 21 1

Source: Modified from Ref. 42.

older than the origin of the hominids [45,46]. An analysis of
nucleotide sequences for 23 gene loci has concluded that the
cenancestor of extant populations of P falciparum must be
300,000-400,000 years old [47]. As we have previously
explained, these inferences ignore natural selection promot-
ing rapid evolution of antigenic determinants; rely on erro-
neous sequence alignments that fail to recognize the presence
of repetitive sequences; cannot account for large excess of
non-synonymous over synonymous substitutions; and
depend on poorly scrutinized sequences obtained from data
banks [72—74]. Some alleged polymorphisms are sequencing
errors because they come from a single gene derived from a
single clone, but sequenced in different laboratories (see
[42,74]). Similar problems plague the survey by Mu et al. [65]
of more than 200 kb from the complete chromosome 3 and
their conclusion that P, falciparum has maintained large popu-
lations for at least 300,000 years [42,74].

The argument that selection pressure against synonymous
substitutions, rather than a recent cenancestor, can account
for the scarcity of synonymous polymorphisms has also been
answered in detail [71,74]. This argument is largely based on
the predominance of AT pairs over GC pairs in the genome
of P falciparum. Indeed, the AT content of P falciparum is
71.7% overall, and 83.6% in the third position [66]. It may
suffice here to say that (1) AT excess lowers the rate of syn-
onymous substitution, but does not altogether eliminate it;
(2) in four-fold redundant codons, the bias favors codons

ending in A or T but it does impact A<>T mutations; (3)
other Plasmodium species are also AT rich and should have the
same mutational constraints as P falciparum, yet they exhibit
abundant synonymous intraspecific polymorphisms as well as
interspecific differentiation; (4) comparisons between P falci-
parum and P reichenowi at five genes for which data are
available in both species yield high numbers of synonymous
substitution (average K; = 0.072 vs. K, = 0.046 for non-
synonymous substitutions) showing the AT richness does not
impede synonymous substitutions [71].

11.6 THE NEOLITHIC REVOLUTION,
AGRICULTURE, AND CLIMATE CHANGE

Beyond genetic inference, other considerations support the
Malaria’s Eve hypothesis. Sherman [80] has noted the late
introduction and low incidence of P, falciparum malaria in the
Mediterranean region. As pointed out earlier, Hippocrates
describes quartan and tertian fevers, but there is no men-
tion of severe malignant tertian fevers, which suggests that
P falciparum infections did not yet occur in classical Greece
and the Mediterranean region as recently as 2400 years ago.

The expansion of P falciparum across the globe after the
Neolithic revolution, perhaps about 5000-6000 years ago,
starting from a highly restricted geographic location, proba-
bly in tropical Africa, may have been made possible by (1)
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changes in human societies; (2) genetic changes in the
host—parasite—vector association that have altered their com-
patibility; and (3) climatic changes that entailed demograph-
ic changes (migration, population density, etc.) in the human
host, the mosquito vectors, and/or the parasite.

Several authors have pointed out the significant conse-
quences of changes in human living patterns, particularly
the development of agricultural societies and urban centers
that increased human population density [15,16,23,24,26,
p. 237], and [54,80,90]. Genetic changes that have increased
the affinity within the parasite—vector—host system may also
have contributed to the recent expansion [4]. Coluzzi
[15,16] has cogently argued that the recent worldwide dis-
tribution of P, falciparum has come about, in part, as a conse-
quence of a recent dramatic rise in vectorial capacity due to
repeated speciation events in Africa of the most anthro-
pophilic members of the species complexes of the Anopheles
gambiae and A. funestus mosquito vectors (see also [4]).
Biological processes implied by this account ([2], see above)
may have been associated with, and even been dependent
on, the onset of agricultural societies in Africa ([1], see
above) and climatic changes ([3], see above), specifically
gradual increase in ambient temperatures after the Wiirm
glaciation, so that climatic conditions about 6000 years ago
in the Mediterranean region and the Middle East made pos-
sible the spread of P, falciparum and its vectors beyond tropi-
cal Africa [15,16,24,25]. Once demographic and climatic
conditions became suitable for propagation of P falciparum,
natural selection would have facilitated evolution of
Anopheles species that were highly anthropophilic and effective
P, falciparum vectors [4,15,16,24].

The Malaria’s Eve hypothesis is consistent with the evo-
lutionary history of genetically determined immunity fac-
tors that confer resistance to P falciparum. A glucose-6-phos-
phate dehydrogenase (Gépd) genetic deficiency occurs at
high frequency in areas of malaria endemicity, particularly in
Sub-Saharan Africa. Tishkoff et al. [83] have concluded that
the G6pd mutants are only 3330 years old (95% confidence
interval, 1600—6640 years), indicating that P, falciparum has
only recently become a disease burden to humans. It has
been known for decades that sickle-cell hemoglobin S
(Hbs; BGglu—Val) heterozygosity confers protection against
severe malaria [1,43]. Current evidence suggests that the
sickle-cell mutation has arisen at least twice, once in India or
the Middle East and once in Africa, although it is possible
that the mutation may have arisen more than once in Africa
[43]. Analyses of the B-globin gene haplotypes associated
with a sickle-cell mutation in Africa suggest that it is recent
in origin, perhaps no more than 2000 years [22,89].A hemo-
globin C (HbC; B6Glu—Lys) mutation seems to have arisen
in Africa equally recently, or even more recently than hemo-
globin S. HbC is associated with a 29% reduction in risk of
clinical malaria in heterozygotes (HbCA) and of 93% reduc-
tion in HbCC homozygotes, which exhibit limited pathol-
ogy compared to the severely disadvantaged HbSS ([64]; see
also [34]).

Do we know whence in Africa P falciparum emerged and
dispersed throughout the world? A likely conjecture has been
put forward by René Dubos [26, pp. 187—189]. Living species
are rarely completely wiped out by epidemics, however viru-
lent the parasite, because on the long-term host—parasite evo-
lutionary dynamics yield some sort of equilibrium that per-
mits the survival of both [32,51]. Over 90% of the Bush
Negroes who live in the former Dutch Guinea become
infected with P, falciparum shortly after birth, but, in contrast to
what happens elsewhere in Sub-Saharan Africa, the infection
causes little mortality among them. Nearly all adults harbor
the parasite in their blood, but the intensity of parasitemia
declines with advancing age. Splenomegaly decreases from
more than 80% in infants to less than 15% in adults. The con-
trast with other African Negroes suggests, according to Dubos
[26, p. 189], that the Bush Negroes have been in contact with
P, falciparum for a much longer span of time. Only after the
advent of slash-and-burn agriculture, and the evolution of
effective anthropophilic Anopheles vectors, would P falciparum
have spread to other regions of Africa and elsewhere.

11.7 CONCLUDING REMARKS

The studies reported earlier in the chapter concern the
population genetics and evolutionary relationships of Plasmo-
dium parasites. In addition to their scientific import, these
investigations are of great interest for public health. As point-
ed out earlier, malaria’s toll in human lives and human suf-
fering is enormous: yearly more than 11 million infant
deaths and some 500 million adult clinical cases, as pointed
out earlier. The economic consequences are also staggering.
According to the World Bank, malaria slows economic
growth in African countries by 1.3% per year, with an eco-
nomic cost of about $3 billion per year and $100 billion over
30 years [59].

The Director General of the World Health Organization
(WHO) announced in 1998 the Roll Back Malaria (RBM)
campaign led by the United Nations with a goal of halving
malaria deaths by the year 2010. The accomplishments are
grossly inconsistent with that goal. According to WHO’s own
statistics, by 2004 malarial deaths have increased by nearly
20%, rather than decreased by 30% as anticipated by RBM
[3]. WHO has estimated that in 2002 the total investment
available for malaria control worldwide was approximately
$200 million [91]. Yet, according to RBM, Africa needs
$1 billion annually for malaria control. The United States and
other rich countries have promised increasing investments in
malaria control. In mid-2004, the Global Fund to Fight
AIDS, Tuberculosis, and Malaria pledged $895 million over 2
years. This falls short of RBM’s perceived needs, but it is a
considerable improvement over current investments, if it
indeed comes to pass. Another promising development comes
from new donors, such as the Bill & Melinda Gates
Foundation, which is injecting hundreds of millions of US
dollars in malaria research.
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The focus on economic investment, important as it is, often
distracts from an essential component of control efforts: the
human resources needed for implementing control measures in
Africa and other developing regions [39]. The full benefits of
scientific research accomplishments and increased investment
in control measures cannot be achieved without well-trained
and well-paid workers, who are distressfully in short supply in
countries where malignant malaria is endemic.

One can only hope that increased awareness in rich coun-
tries of malaria’s toll will yield the economic commitments and
personnel investments that might one day, within less than one
human generation, lead to the total (or near) eradication of
malaria throughout the world, as smallpox, measles, and other
scourges have been eradicated, or nearly so. Few if any other
investments could do as much for humankind’s welfare.
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GLOSSARY

Apical complex: A cell organelle characteristic of all protozoa
of the phylum Apicomplexa.

Apicomplexa: A large group of protozoa, characterized by the
presence of an apical complex at some point in their life cycle.

Clade: A group of biological taxa or species that share features
inherited from a common ancestor.

Digenetic parasite: A parasite that passes through two different
kinds of hosts in order to complete its life cycle; it reproduces
sexually in one of the hosts, asexually in the other.

DNA amplification: Multiplication of copies of a DNA
sequence that allows analyzing the sequence.

Genetic distance: A measure of genetic differentiation between
homologous (sharing a common ancestor) genes from differ-
ent organisms; or of genetic differentiation between organisms.

Host transfer and/or host switch: A “horizontal” shift of a para-
site from one host species to another, distantly related host
species.

Monogenetic parasite: A parasite that lives throughout its entire
life cycle on a single kind of host.

Polymerase chair reaction (PCR): A molecular biological tech-
nique for amplifying (creating multiple copies of) DNA
without using a living organism.

Phylum:The major taxonomic category of animals, plants and
other organisms; contains classes.

Sporogony: Reproduction by spores; in Plasmodium, formation
of spores typically containing sporozoites that results from the
encystment and subsequent division of a zygote.
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121 INTRODUCTION

It nowadays often comes as a
surprise to the non-specialist
that ecology and infectious
diseases can be integrated in an
area of study. The irony is that
they have a common origin
and only came to exist as sep-
arate fields with scientific
development and the advent of
reductionism.

The dissociation of natural

science into subfields such as
immunology, pathology, molec-

ular biology, and genetics has
led to key scientific breakthroughs some of which make up
the foundations of modern infectious disease epidemiology. In
particular, scientific evidence of the mechanism of contagion
presented epidemiologists with fundamental answers and led to
reformulating central questions in the field. Another conse-
quence of our improved understanding of disease transmission
is that mathematics began to be used as an explanatory [27]
and, more recently, predictive tool [2,17,31] in the study of
infectious disease epidemiology.

Interestingly, the host—parasite interactions captured in epi-
demic and demographic data are part of the study matter of
population ecologists. As a result (cf. Section 12.1), ecology has

Encyclopedia of Infectious Diseases: Modern Methodologies, by M. Tibayrenc
Copyright © 2007 John Wiley & Sons, Inc.

lent useful concepts to epidemiology, and finds in the latter a
fruitful test-bed for its theoretical developments. Moreover,
changes in social habits (e.g., increasing frequency and range of
travel), demography, habitat structure (e.g., urbanization) and
the environment (e.g., deforestation, temperature) are responsi-
ble for recent, unexpected increase in the importance of infec-
tious diseases as causes of mortality in an increasingly complex
ecosystem [12,34]. In this context, humans cannot be consid-
ered as “particular case” or a “particular host” for pathogens.
Emerging or re-emerging diseases affect many animal and plant
species and, as such, humans should not be considered as a spe-
cial host; from an evolutionary perspective, humans might even
be a “bad” host in many cases.

In fact, the study of human infections must be linked with
“ecosystem health” putting in light the strong relation between
biodiversity and human health [5,41]. Thus, in order to face up
to the challenge presently posed to epidemiology, it will be
necessary to reinforce its links with ecology, and also seek to
understand how pathogens evolve.

The ecological study of infectious diseases [22] places the
individual within a population in a given environment, there-
by analyzing the spread of diseases over different scales of time
and space. Its goal is a global understanding of the development
(emergence, spread, etc.) and persistence of a disease in a host
population that integrates the biology of the host—pathogen
association (pathogen life history, host demography, social
habits, etc.) and the influence of environmental factors (e.g.,
precipitation, temperature).

189
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The present wealth of scientific knowledge might make it
impossible for modern scientists to apprehend all what once
was the realm of natural historians, but interdisciplinary col-
laboration can (and should!) be used to bring together areas
of knowledge that relate to present problems.

In this chapter, we will first present some of the main con-
cepts and methods currently used in the study of infectious
diseases. In the second and last section, we will illustrate how
these tools are implemented using results obtained by our
groups in the study of pertussis and measles epidemiology.

122 CONCEPTS AND METHODS
1221 Mathematics—Modeling

The first use of mathematics in epidemiology is generally
attributed to the Englishman John Graunt, who in the seven-
teenth century proposed that greatest progress would be made
in the battle to understand the causes of human mortality by
quantifying their rate through time. Although this effort was
largely descriptive [19], it was of paramount importance
because it laid the basis for quantitative reasoning and the col-
lation and comparative analysis of public health data. Modern
techniques of time series analysis and the development of
computers have made it possible to capture essential informa-
tion that was formerly lost in statistical studies [10,20].

With the development of germ theory came the first math-
ematical models that incorporated assumptions on the mecha-
nism of contagion.The mechanistic approach was used to try to
explain patterns found in epidemic data [27]. It has produced
fundamental theoretical progress and remains highly productive.

The initial attempts to predict epidemic spread using extant
data were hindered by the lack of detailed epidemiological
and demographic information, the computing demands of
the models and gaps in the knowledge of disease transmis-
sion. However, recent ventures have concluded with success
[2,17,31], highlighting the role that mathematics can play in
modern epidemiology. One of its main applications is the
prospective study of alternative control strategies.

More details are given in Chapter 23 (M. Choisy, J.E
Guégan, P. Rohani)

12.2.2 Population Ecology
As mentioned in Section 12.1, the link between population
ecology and epidemiology is rather natural, because the former
seeks to understand what causes temporal and spatial changes
in population abundance and how these changes relate to envi-
ronmental factors and to those intrinsic to ecological interac-
tions — and the latter focuses on host—pathogen dynamics.
Population ecologists rarely have access to data of the
spatio-temporal span and resolution that can characterize
disease records. Furthermore, host demography, social
habits, and environment are often well documented in par-
allel to pathogen dynamics, particularly in the case of
human populations. As a result, important parameters of
the two central populations are known. Exceptional data

sets even contain information from various host and
pathogen populations, thus providing the opportunity for
comparative studies. Lastly, the impact of large-scale per-
turbations, such as sudden demographic changes or the
start of mass-vaccination, is reflected in some data sets.
These perturbations equate to environmental changes
(e.g., habitat fragmentation) that would be questionable
interventions in other ecological systems, therefore provid-
ing invaluable information to conservationists.

12.2.2.1 DPersistence and spread of infectious diseases—
metapopulation concept Population ecology is concerned
with infectious dynamics at spatial and temporal scales that
differ from those used in other disciplines studying infec-
tious diseases. At the largest scale, it seeks to understand dis-
ease behavior in the population of an entire geographic
region.The aim is to answer different basic questions that are
relevant because they reflect what affects disease incidence: Is
the disease predictably periodic? Do epidemics occur everywhere at
the same time? Can the disease persist over time, or does it go
extinct? How does disease spread between geographically isolated
host populations? Is disease transmission the same today as it was
50 years ago?

Population ecology looks in particular at the spatial struc-
ture of communities and its consequences on the persistence and
geographic distribution of species [42]. A concept from population
ecology that is now highly developed for the study of infec-
tious diseases is the concept of metapopulation [28,33]. A
metapopulation is loosely defined as a population of subpopu-
lations interconnected by immigration (see Box 12.1). For a

BOX 12.1: METAPOPULATION CONCEPT

A metapopulation (Fig. A) is defined in ecology as a
population of subpopulations (gray circles) intercon-
nected by immigration (black arrows) [28]. The
dynamics of the entire metapopulation will depend
on the extinction and recolonisation of its constituent
subpopulations (or habitat patches). Metapopulation
dynamics will depend mainly on (i) local dynamics
(which at a fundamental level depend on the size of
the subpopulation) and (ii) population flux between
patches, with the proviso that migration rates are suf-
ficiently low so as not to affect local dynamics per se.
An interesting metapopulation configuration is the
“source-sink’ structure, where only one direction of
population flux is relevant to local and global popu-
lation dynamics (cf. Fig. B). In this case, the dynam-
ics of big populations (called “sources,” in black)
shapes abundance patterns in small populations
(called “sinks,” in gray) and therefore defines
metapopulation dynamics.
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given species, we can thus study the global dynamics of the
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Applied to infectious diseases, habitat patches are Community Size (CCS) (see Box 12.2). The CCS [6,7] is

human groups that can be defined at many different defined as the population size below which the disease can-

spatial scales, from, for example, families or neigh- not persist.Vaccination strategies are expected to decrease dis-
borhoods (local scale) to countries or continents ease transmission and increase the CCS.

(global scale). Another issue that can be studied within this framework

is the detailed spatio-temporal dynamics of the pathogen

BOX 12.2: CRITICAL COMMUNITY SIZE (CCS)

One way to estimate the CCS for a given disease is to plot the mean duration of disease extinction (i.e., fade-out)
in relation to population size. A fade-out is defined based on the average time that a patient takes to recover from
infection counted from the moment in which transmission occurred. Only during this time can the patient him/her-
self transmit the infection. In the case of measles, for example, this is approximately 2 weeks. Therefore, when no
new cases are reported in 3 weeks or more, it is safe to assume that the chain of transmission is broken and that
the pathogen has gone extinct in that host population.

Let us illustrate the CCS with an example (see figure below) extracted from Rohani et al. [38], who studied per-
tussis times series in 60 cities in England and Wales during the vaccination era (1957-1974). Graph (A) represents
the mean duration of fade-outs (in weeks) in relation with the population size of each locality. As you can see, the
bigger the locality, the shorter the period of disease extinction. To determine the CCS, we focused on the threshold
of 3 weeks for pertussis (if a new case is reported in the locality more than 3 weeks after the last one, it cannot be
due to transmission within the locality and must be the result of an infectious contact with someone from outside
the locality) represented by the blue dot line. Below this threshold, the disease persists and above it, goes extinct.

The CCS will correspond to the population size at the intersection between this threshold and the fade-out dura-
tion curve (see dot arrow), here around 250,000 inhabitants. For localities with a population size below this CCS,
the disease goes extinct (see (B) and (C) as examples), whereas there is no extinction of the disease in the localities
with a population size above CCS (see (D) as example).
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metapopulation. One question is as follows: Does the disease
spread between all communities without any direction or does the dis-
ease spread in a special direction? This question is important for
the control of infectious diseases, because it can help to iden-
tify potential sources of infection. Here, the mainland—island
paradigm of ecology [28] finds a counterpart in the “city—
village” concept proposed by Anderson et al. [3]. They sug-
gested that diseases spread from big cities to small villages,
which corresponds to a particular metapopulation structure,
namely the “source—sink” paradigm (see Box 1). Analyses of
ecological time series have shown that measles and pertussis
indeed spread following a size-hierarchy, both in England and
Wales and in a small rural area of Senegal (¢ Section 12.3)
[8,21,25].

12.2.2.2  Periodicity and synchrony of epidemics—
times series analyses The temporal dynamics of infection
are studied using various methods of time series analyses of
disease cases. A time series is defined as a series of observa-
tions ordered in time, for instance, the monthly number of
new cases for a given disease in a given host population.
Different methods can be used to investigate the periodicity
of epidemics and the study of the synchrony with which
they occur in different subpopulations. In ecology, time
series analyses have been used to determine the degree of
coherence in oscillations in abundance of separate animal pop-
ulations [29,30] and to study the periodicity of these fluctua-
tions population in relation to geographical gradients [32]. A
direct application of this approach concerns conservation
biology [28]. Indeed, for a given species, synchrony of differ-
ent populations in different geographical locations (i.e., pop-
ulations in the same dynamical state simultaneously) implies
an increase in the risk of extinction. In contrast, if popula-
tion dynamics are not synchronized, then the extinction of
one local population can be balanced by recolonization from
a neighboring population. This is termed the rescue effect in
ecology, and effectively enhances the overall chances of per-
sistence of the species.

The same rationale can be applied to pathogen popula-
tions. Using infectious disease data of unique temporal span
and spatial resolution, various studies [3,16,20,38] have char-
acterized the periodicity and synchrony of measles and
whooping cough epidemics before and after the start of mass
vaccination. When epidemics are incoherent, disease extinc-
tion in one population is only temporary, because disease is
later reintroduced through contact with infectious individu-
als from other populations.

Thus, this new approach to epidemiological issues is pri-
mordial for better understanding the patterns of disease
spread in space and time, and naturally inspects issues that are
relevant to disease control. In the second part of this chapter,
we will illustrate this approach with studies of pertussis and
measles dynamics at two different spatial scales and in differ-
ent environments. To obtain an integrated picture of disease
spread, it is crucial to compare different environmental and
demographic conditions.

1223 Comparative Approach—The Search for
Emerging Themes?

Although major research developments have recently come
about in other fields of life science, that is, population dynam-
ics, community ecology, and macroecology [32], often through
the use of a comparative research perspective, epidemiology
continues to suffer from a lack of comparative studies.

With recent evidence of the impact of large-scale phe-
nomena, for example, climatic change, on infectious disease
patterns [34], the recognition of the importance of regional
or even global processes interacting with microbe population
dynamics in local human communities has become evident.
Modern epidemiology is now confronted with the problem
of how to identify the spatio-temporal and organizational
scales that might be relevant in explaining disease patterns
and processes. Many investigations on childhood diseases
have provided clear evidence of how large-scale studies are of
substantial interest for public health [4,21,38].There is now a
growing scientific tendency, under the impetus of population
biologists, to provide a broader perspective on epidemiolog-
ical systems in order that only the important disease general-
ities or patterns remain. This approach is called comparative
analysis, and it consists of the comparison, on a broad spatial
scale, of long-term data for a given disease across different
localities. The main focus of comparative analysis in general is
to contrast data acquired at a smaller spatial scale and to con-
sider that emerging patterns may exist at a larger scale
encompassing the total data set under study. The basic role of
comparative analyses in epidemiology is to describe the dif-
ferent spatio-temporal patterns that may be at work on the
different hierarchical scales under scrutiny, and then to
explore the corresponding processes responsible for the
observed patterns.

Comparative studies of pathogen population dynamics are
thus a promising way to explore public health issues, offering
a much broader perspective on health and a more quantitative
approach with which similarities and specificities in the
behavior of infectious diseases can be distinguished. Such
studies, based on an ecological understanding of infectious
diseases, should help us to improve and adapt the means for
controlling these infections (using vaccination, for example)
on a global scale.

123 AN EXAMPLE WITH TWO DIRECTLY
TRANSMITTED DISEASES: MEASLES AND
PERTUSSIS DYNAMICS

12.3.1 Pertussis and Measles: Two Vaccine
Preventable Diseases

Pertussis and measles are two ubiquitous vaccine-preventable diseases
of humans. Both are highly infectious and are transmitted in
aerosol droplets following contact between infected and sus-
ceptible individuals. Pertussis (also called “whooping cough”) is
a respiratory disease caused by Gram-negative bacteria of the
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Fig. 12.1. World maps showing vaccination coverage against measles (left panel) and pertussis (right
panel). These maps were extracted from the WHO website http://www.who.int.

species Bordetella pertussis. Individuals infected with pertussis
become infectious after an incubation period of approximately
8 days, during which the bacterium spreads and proliferates in
the host. They are then infectious for approximately 14-21 days.
Measles is due to a paramyxovirus (see chapter 9 for classifica-
tion). In this case, an incubation period of 8 days on average is
followed by approximately 5 days during which patients remain
infectious. Active immunity results from either recovery to nat-
ural infection, or vaccination.

In developed countries, large-scale vaccination programs
against both infections started between 40 and 60 years ago. In
many developing countries, however, systematic vaccination
was initiated only recently (1974) via the Expanded
Programme on Immunisation, which has been implemented in
Africa since the mid-1980s (Fig. 12.1). Global incidence of both
infections has been dramatically reduced as a result of vaccination,
but measles and pertussis remain an important public health problem
in developing countries [43,44]. Furthermore, in several developed
countries a resurgence in whooping cough has been detected in the last
decades [13,14], despite high vaccine coverage [15,26].

The unrelenting toll of life taken by these infections has
motivated the collection of records of morbidity and mortal-
ity in numerous human populations around the globe. In par-
ticular, disease reporting has rendered detailed incidence
reports that date back to the years preceding the start of vac-
cination campaigns from regions in two countries of disparate
social, demographic, and economic conditions: the Niakhar in
Senegal® [8,9].[c1] (Fig. 12.2), and England and Wales in the
United Kingdom [37]. Each of these data sets is made up by
weekly reports from geographically separate human popula-
tions that are linked epidemiologically by human travel.

Niakhar is a small rural area located around 150 km east of
Dakar in Senegal. It is constituted by 30 localities with popu-

'The Institute of Research for the Development (IRD) performed the
demographic (since 1963) and epidemiological (since 1983) survey in the
Niakhar population, a small rural area in Senegal.

lation sizes ranging from 50 to 3000 inhabitants (see Figs. 12.3
and 12.4). Pertussis and measles cases have been reported since
1983, and vaccination started at the end of 1986. Data for
England and Wales originate from the largest 60 towns and
cities in the area. Sizes range from 20,000 inhabitants in
Teignmouth to over 3 million in London. British data span
from 1944 to 1994, and mass vaccination started in 1957.

In what follows, we present studies of the spatio-temporal
dynamics and persistence of pertussis in each area. These
analyses draw parallels between the two regions, comparing
the manner in which immunization programs altered disease
dynamics in each case. Study methods have a strong base in
ecological studies. We hope they make apparent the fruitful
interchange of ideas between ecology and epidemiology that was
outlined in the first part of this chapter.

12.3.2 Persistence—CCS and Impact of
Vaccination

As detailed before (cf. Box 2), the CCS of an infection can be
estimated by counting the number of weeks in which no
cases are reported in a given host population and noting how
the duration of disease fade-outs relates to population size.
Figure 12.5 shows results obtained for pertussis in England
and Wales [38] and in Niakhar, Senegal [9].

Visual inspection of these figures shows two important
similarities between British and Senegalese data. The first of
them concerns the general shape of the relation. In both
cases, the larger the host population, the shorter the duration
of its disease fade-outs. Indeed, the disease persists better in large
populations, where the number of individuals susceptible to
infection 1s large enough to maintain the chain of transmis-
sion. A second point that is evident from these figures is that
fade-outs are longer after the start of immunisation cam-
paigns (black vs. gray curves). Thus, vaccination effectively reduced
disease persistence in both England and Wales and in Niakhar.

It is important to remark that the largest towns in Niakhar
are roughly an order of magnitude smaller than the smallest
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Fig. 12.2. Location and map of the Niakhar area in Senegal. Gray areas correspond to backwaters dur-
ing the rainy season.Villages are delimited by the black lines. Black dots represent compounds — groups
of houses — and thus exhibit the geographical distribution of human populations within Niakhar.

Fig. 12.3. Picture of the Niakhar area, Senegal, in dry season. The
area is constituted by 30 villages. Each village is divided into ham- Fig. 12.4. Picture of inhabitants of a big compound in Niakhar,
lets, themselves composed of “compounds.” The compound, repre- Senegal (photo: H. Broutin).

senting the smallest structure of the zone, corresponds to a group of

houses where extended families live, occupying one, or several,

households (photo: H. Broutin).
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Fig. 12.5. Mean duration of fade-out (in weeks) in relation to community size for pertussis in
England and Wales (left graph) before vaccination (1944-1957, in gray), and after vaccination
(1957-1974, in black) and in Niakhar, Senegal (right graph), before vaccination, that is, 1983-1986 (in
gray) and in vaccine era, that is, 1987—2000 (in black). It is important to notice differences in scales

between the two graphs.

populations found in the British records analyzed here.
Interestingly, fade-out duration in populations in Niakhar
appears to extend the results obtained for England and Wales.
The range of population sizes represented in British data
includes places where the disease does not fade-out and so
allows for a direct estimate of the CCS of pertussis before and
after the start of immunization [38]. In contrast, the much
smaller population of Niakhar means that there are periods in
which pertussis is absent from the entire region (Fig. 12.6).
Thus, its recurrence after a fade-out depends on contacts
with infected individuals from outside Niakhar.

Thus, the reduction in transmission brought about by vaccination
can be observed at very different spatial scales and in communities of
very different socioeconomic and demographic characteristics.

Epidemiological information from all the communities in
a geographical region (Niakhar) permitted an unprecedented
study of the spatial spread of pertussis [8,9]. This is presented
in the next section, along with an analogous study of measles
dynamics in England and Wales [21].

1233 “CITY-VILLAGE" SPREAD

Based on theoretical studies, Anderson et al. [3] first proposed
that infections spread following a size hierarchy from cities to

Number of cases

1990
Time

Fig. 12.6. Weekly cases of pertussis in all of Niakhar (Senegal,
1984-1999). Black dots at the top show weeks in which no cases
were recorded.

villages (the “city—village” paradigm). This was later con-
firmed by different empirical studies of measles cases in the
British Isles and the United States [11,20,21], which showed
that infection progressively diffuses from urban centers to the
surrounding rural areas, and at regional and large scales. The
phenomenon of infectious disease diftusion from big cities to
smaller localities could be quite important in terms of infec-
tious disease control. Indeed, the identification of “sources” of
infection could be used to target vaccination efforts. For this
reason, it is very important to study the spatio-temporal
dynamics of infectious diseases in different contexts.

Measles diftusion in England and Wales was analyzed using
morbidity reports from 845 towns and cities and 457 rural
districts [21]. In this analysis, only the 60 largest cities are
classed as “urban” populations. The remaining time series are
then aggregated in a “rural total” The proportion of total
cases reported in each “urban” population was then com-
pared to the proportion of total cases found in the rural total
time series. Their relation was characterized by their Pearson
correlation coefficient, and negative correlations correspond
to populations in which epidemics take-off before they do in
the rural total.

Correlation coefficients are plotted in relation to popula-
tion size in Figure 12.3A. Correlation coeflicients between
the rural total and time series from large populations (as
proportions of the total cases) are usually negative, showing
that measles spreads from the largest cities (e.g., London or
Birmingham, which correspond to the two largest green
disks in Fig. 12.7) to the surrounding area. Populations above
the CCS serve as “reservoirs” from which measles spreads to
rural settlements.

Similar analyses were performed in the small area (220 km?)
of Niakhar in Senegal for pertussis [8] to test the idea that the
“cities and villages” model might also be relevant on a finer
spatial scale. As before, we defined a rural total, made up of all
but the two largest cities in Niakhar (Toukar and Diohine).
Our study suggested that disease progresses from the largest
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Fig. 12.7. Ilustration of the comparison of infectious disease spread at two different spatial scales. The
left part (A) describes the spread of measles in England and Wales (¢f. [21]). The right part (B) shows
pertussis spread in the rural area of Niakhar, in Senegal (cf. [8,9]). In the latter, orange (respectively,
green) denotes negative correlations between measles in a population (as proportion of total cases) and
measles in a “rural” aggregate (see text for details). For each part, the top graph provides on the y-axis
the correlation between the “rural” aggregate and the time series in individual populations (845 local-
ities in A and 30 in B), in relation with the population size (on the x-axis). A negative correlation
describes a delay between rural cases and epidemic increase in the study population. The bottom maps
are a spatial representation of the upper graphs. More analyses (not shown here) confirm that cases
appeared first in the biggest localities and then in rural populations (black arrows symbolize disease

diffusion). See color plates.

town (Toukar) to the rural surroundings (see Fig. 12.7B).
Indeed, negative correlations between “urban” populations and
the rural aggregate are indicative of an urban—rural hierarchy
in pertussis epidemics in Niakhar after vaccination. Epidemics
in “urban” populations (which have markets, bus stations, and
health centers) begin and reach their peak between 10 and 15
weeks before “rural” epidemics, in conformity with results
obtained for measles in England and Wales [21].

As noted before (Section 12.3.2), whooping cough cannot
persist in Niakhar without external input of new cases (see
Fig. 12.5 the CCS is not reached in Niakhar). We can now
add a new fact to this mechanism: cases arrive initially in the
biggest villages, Toukar, before spreading to the surrounding
areas. Even though this pattern of disease spread can explain
the spatio-temporal dynamics of pertussis in the studied area,
it must be noted that other mechanisms (e.g., pertussis arriv-
ing directly in the small villages from an external source) can-
not be ruled out. Thus, a size hierarchy could potentially
determine the spatio-temporal dynamics of an infection even
in effectively rural areas from which the infection fades out
after epidemics.

This type of approach needs to be completed by other stud-
ies, because it could be helpful for adapting vaccination strate-
gies. If spread of disease from urban centers to rural counties
can be generalized, then this mechanism could imply new
strategies for vaccinations, with less expanded but more precise
programs that would be more realistic in the field, particularly
in developing countries. This new type of research should lead
to better control of disease using targeted vaccination.

124 CONCLUSION

The example in Section 12.3 illustrates how the interchange
of ideas between ecologists and epidemiologists has con-
tributed to our understanding of pathogen population
dynamics. Some of the theoretical developments derived
from this approach have in fact led to concrete suggestions
aimed at improving vaccination strategies [1,35]. Other stud-
ies with a similar perspective have shown that ecological
interactions between pathogens might also have consequences
on disease dynamics [36,39].This suggests that the interaction
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between a pathogen and its host need not be the only one
relevant to epidemiologists.

Definitively, ecology and epidemiology need to develop stronger
links, both with each other and with more, relevant, disciplines such
immunology and microbiology. Ecology is based on the popula-
tion-level studies of ecosystem dynamics and interactions.
Infectious diseases or pathogen populations suffer the same
ecological and evolutionary laws experienced by other living
beings. Whatever the name (“Medical ecology,”““Eco-epidemi-
ology,” or “Ecology of health”), the coupling of both ecology
and epidemiology is now the necessary way of research to bet-
ter understand and control infectious diseases in this fast evolv-
ing word. In fact, much remains to be done to control pre-
existing infections, and emerging and re-emerging infections
present novel challenges to epidemiologists. The magnitude of
the challenge is enormous. It is therefore essential to maintain
a close collaboration between epidemiologists and ecologists.
Yet it is similarly important to expand interdisciplinary links
and strengthen the relationship with, for example, population
geneticists that can potentially lead to predicting pathogen
evolution and emergence (18,24,40).

The task ahead will also require a coordinated effort to
gather information at different biological levels of organiza-
tion (from molecular scale to ecosystem). Indeed, the lack of
reliable time series constitutes a major brake to the under-
standing of population dynamics in epidemiology. For that,
standardized health surveys that reflect pathogen dynamics and
keep track of host habits and demography will be indispensable.
Population  genetics will be a necessary complement.
Additionally, data on environmental changes and their effect on
species diversity and habitat composition will be needed to
complete the picture. In fact, we need first to observe and under-
stand patterns in order to then discover the processes that shape them.
In the light of the challenges presented by the modern world,
it is of fundamental importance to bring together our efforts
to understand it.
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CHAPTER 13

Influenza tyolution

Robin M. Bush
Department of Ecology and Evolutionary Biology, University of California, Irvine, USA

13.1 INTRODUCTION

The great majority of influenza viruses are slowly evolving
avirulent residents of the intestines of birds. On rare occasion,
an avian influenza virus jumps the species barrier and infects a
human or other animal. The results can be disastrous: approxi-
mately 40 million humans were killed by the 1918 “Spanish
flu” Even the best public health care systems today are not
prepared to deal with mortality on this scale [95].

We are currently witnessing what many people fear is the
start of the next pandemic. Influenza A viruses of the H5N1
subtype began causing widespread outbreaks of disease in
poultry in 1997 in Southeast Asia. Direct contact with infect-
ed birds has resulted in the deaths of at least 54 people. Prior
to 1997, many people thought that avian influenza viruses
could not directly infect humans. This is clearly not the case.

An understanding of influenza evolution is critical if we
wish to cope with this potential crisis. For example, we know
that we must anticipate the emergence of resistant strains if’
we try to stop a pandemic with antiviral drugs. Despite this
knowledge, adamantadines, the most accessible class of anti-
influenza drugs, have apparently been added to poultry
drinking water in China for years. These drugs are now con-
sidered useless for pandemic control should the H5N1 strain
begin to spread.

Lacking a H5N1 vaccine and adequate access to effective
antiviral drugs, we are currently quite defenseless against this
strain. Fortunately, HSN1 viruses have not yet evolved a way
to effectively transmit between humans. We do not know the
exact mechanisms that would allow such transmission, or
how to prevent it from happening.

This is particularly humbling given that there have been
major breakthroughs in recent years in many areas of influen-
za research. Past pandemic strains have been sequenced,
including the 1918 “Spanish flu.” Reverse genetics have been
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used to create influenza viruses de novo, allowing direct exam-
ination of the contributions of various genes and mutations
to virulence and host receptor specificity. Yet when the ques-
tion arises as to whether we are seeing the evolution of the
next human influenza pandemic strain, the answer 1s that we
simply do not know.

My goal for this chapter is to introduce the basics of
influenza evolution. I first describe the influenza virus and
its genome. I then discuss evolution within birds, the pri-
mary host of influenza. I briefly cover influenza in swine and
horses, species that, like humans, carry a limited number of
avian-derived influenza strains. I delve most deeply into the
evolution of influenza in humans. I cover not only those
topics that are necessary to understand potentially devastat-
ing evolutionary events such as pandemics but also those
relating to the more familiar face of epidemic influenza —
which we all know from being reinfected continually
throughout our lifetimes. I end with a discussion of how
evolution impacts influenza intervention, with particular
application to the current H5N1 avian influenza epidemic
in Southeast Asia.

132 THE INFLUENZA VIRUS

The influenza viruses comprise three genera in the family
Orthomyxoviridae. The genera are commonly referred to as
influenza “types” A, B, and C. Influenza A and B viruses cause
winter epidemics in humans. Influenza C viruses cause spo-
radic local outbreaks of relatively mild respiratory disease in
children.

Influenza A viruses infect a wide variety of birds, primari-
ly waterfowl, shorebirds, and gulls. Avian influenza A viruses
are thought to be the ancestors of influenza A strains cur-
rently circulating in swine, horses, and humans. The origins of
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influenza types B and C, which infect only humans, are
unknown. Types B and C are clearly related to type A virus-
es. They may be the descendents of avian viruses transferred
to humans in the distant past. The influenza viruses are cer-
tainly more closely related to one another than to the two
other genera in the Orthomyxoviridae; the tick-borne
Thogoto-like viruses [55] and Isavirus, the infectious salmon
anemia virus [67].

Two physical characters of the influenza genome allow for
incredible evolutionary flexibility. First, the influenza virus
has a segmented genome, bearing one or two genes per seg-
ment. This allows reassortment, or the mixing of segments,
when two viruses infect a single host cell. Second, because
influenza is an RINA virus, there is no proofreading mecha-
nism to correct errors of replication. Reassortment and fre-
quent mutation alone do not guarantee rapid evolution, but
they do allow for rapid response to selection. I come back to
the response to selection after first describing the influenza
genome and the distribution of genetic variation among
these viruses in nature.

13.2.1 Influenza Genome

The influenza genome, about 14kb in size, is composed of
10 genes carried on eight single-stranded negative-sense
RNA segments (seven segments in influenza C).The influen-
za A genome encodes three polymerase proteins (PB1, PB2,
and PA); two major surface glycoproteins, hemagglutinin
(HA) and neuraminidase (NA); three structural proteins (NP,
M1, and M2); and two nonstructural proteins involved in
nuclear export (NS1 and NS2) [69]. The matrix genes differ
somewhat between types A, B, and C. An eleventh open read-
ing frame within the PB1 gene of some influenza A viruses
codes for a protein apparently involved in host cell apoptosis
[17,46]. The hemagglurinin esterase (HE) in influenza C
assumes the functions of both the HA and NA. A number of
good general reviews of influenza genetics and biology are
available [25,70,155].

13.2.2 The Diversity of Influenza A Subtypes

A large amount of diversity exists among avian influenza A
viruses [145]. This variation is categorized based on antibody
recognition of the two surface glycoproteins. HA is involved
in binding to host cell surface receptors. NA is an enzyme
necessary for release of daughter virions from host cells.
These proteins protrude from the viral envelope and are
exposed to host immune defenses. Although HA is the pri-
mary target for neutralizing antibodies, antibodies against NA
also may reduce occurrence and severity of illness, and possi-
bly prevent infection if present at high titer. These rapidly
evolving glycoproteins, particularly the HA, have been the
object of most evolutionary studies of influenza.

To date, influenza viruses bearing 16 HA alleles and nine
NA alleles have been isolated from birds (see references in
[37]).Viral “subtypes” are classified according to the particu-
lar HA and NA alleles they carry, for example, subtype
H3N2. A very limited number of HA and NA alleles circu-
late in humans, swine, and horses, as discussed below.

13.3 ANTIGENIC SHIFT AND ANTIGENIC DRIFT

On occasion, influenza A viruses carrying either intact avian
influenza genomes, or genomes produced by genetic reassort-
ment with avian viruses, infect humans. These viruses can cause
severe and widespread global outbreaks of disease called pan-
demics if they contain a HA allele to which humans have little
or no immunity, and if the viruses are easily transmitted from
person to person. The most famous pandemic, the 1918
“Spanish flu,” was responsible for approximately 40 million
human deaths [133].Two less dramatic pandemics resulting from
the introduction of viruses carrying avian influenza A virus
genes into humans occurred in 1957 and 1968, as described in
more detail below. An evolutionary event involving the intro-
duction of a completely novel antigen into a new host is
referred to as an “antigenic shift.” The limited host range of
influenza B and C viruses apparently prevents their involvement
in antigenic shift because they normally infect only humans, and
thus limited opportunity exists for cross-species transfer.

A slower, more continuous evolutionary process called
“antigenic drift” occurs in influenza lineages once they
become established in a new host. The RNA polymerase
complex makes errors during replication of viral genes; one
estimate is 1075 mutations/site/replication [147]. Because
RNA viruses lack a proofreading mechanism, mutations
accumulate [97]. Over time, the accumulated replacements
alter the shape and the electric charge of viral surface anti-
gens, particularly on the exposed distal surface and around
the receptor binding site of the HA [24]. These cumulative
changes, many of which occur in known antibody binding
sites [152], eventually allow escape from antibodies raised by
prior infection or vaccination [7,89,151].

Reassortment among viruses within subtypes may also con-
tribute to antigenic drift by producing viruses whose fitness
varies for reasons other than antibody recognition of surface
proteins. Reassortment has been observed within and between
influenza A subtypes, and within influenza types B and C
[3,4,75,102,112,156]. There is no evidence of intra-typic reas-
sortment or recombination between types A, B, and C.

Recombination has not been thought to play a major role
in influenza evolution. However, co-circulating influenza
viruses are typically very closely related to one another, and
thus it might be difficult to recognize recombination unless
it resulted in fitness effects with epidemiological conse-
quences. Recombination was recently implicated as a factor
in the emergence of several highly pathogenic H7N3 avian
strains in Chile and Canada [98,128]. It has been suggested
that the HA gene of 1918 pandemic strain originated
through recombination [47], but this was more likely a reflec-
tion of error in phylogenetic reconstruction [154].

13.4 HOST SPECIFICITY

Farmers in Southeast Asia have long been reported to carry
antibodies to a number of avian influenza subtypes not known
to circulate in humans, including the H5 allele currently



involved in outbreaks of human illness in Southeast Asia [115].
However, prior to the deaths of six humans in Hong Kong in
1997 from avian influenza, many had thought that the direct
infection of humans by avian viruses was highly restricted.
This belief was based on laboratory experiments which sug-
gested that avian viruses show preferential binding to sialic
acid molecules linked to galactose via a2,3-glycosidic bonds.
These molecules are found on cells in the avian intestine.
Human tracheal epithelia have a2,3 linked galactosidases
[61,118].

Swine lung cells contain both the cell receptors preferred
by avian and human influenza viruses, and as a consequence
swine have been proposed as necessary intermediate hosts or
“mixing vessels” for the transmission of avian viruses to
humans [111]. This hypothesis is consistent with the observa-
tion that many influenza epidemics and pandemics appear to
originate in Southeast Asia, where agricultural practices put
ducks, swine, and humans in close contact [30].

However, there is no evidence that any known human
outbreaks have been caused by swine-adapted influenza.
Even the so-called “swine flu” epidemic in 1976 among mil-
itary personnel at Fort Dix, which prompted a mass vaccina-
tion program in the United States, was ultimately a short-
lived outbreak [31]. Reanalysis of the Scholtissek data [111]
has also failed to convincingly support the hypothesis that pig
served as intermediate hosts in the emergence of the 1918
pandemic strain [10].

Evidence for direct infection of humans by avian viruses
does not prove that swine have never been involved in the
transmission of avian influenza to humans. It suggests, how-
ever, the existence of additional barriers to establishment of
avian viruses in mammals above those imposed by receptor
preference. Dehydration during aerosol transmission among
humans, for example, is a challenge not experienced during
spread in feces and in the aquatic environments of waterfowl.
We know almost nothing about the biology or genetics of
influenza transmission.

In early 2003, a highly pathogenic strain of avian influen-
za A subtype H7N7 caused an outbreak in chickens in the
Netherlands [38]. This virus was subsequently detected in
86 people. Their most common symptom was conjunctivitis.
As several ocular human pathogens bind a2,3-galactosidase, this
observation led to speculation that the human eye might serve
as a site in which avian viruses could begin the process of adap-
tation to the a2,6 receptors in the human lung [94]. Although
the eye could potentially serve as an evolutionary midpoint
between a bird gut and the human lung, it does not seem to be
a necessary one, as conjunctivitis is not a common symptom in
current infections of humans by H5N1 avian viruses.

There are many types of sialic acids. We know very little
about how the subtle differences between these variants
affect viral binding. We also know little about the distribu-
tion of potential receptor molecules among the organs and
tissues of different animals in nature. These are important
areas for future research (for reviews see [83,130,161]) as is
the biology of post-adhesion events such as host cell entry
and membrane fusion [20,117].
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13.5 AVIAN INFLUENZA

The natural hosts of influenza A infections are waterfowl,
gulls, and shorebirds. Infections in these birds are typically
intestinal and asymptomatic. Transmission of avian influenza
into domestic poultry, such as chickens and turkeys, may
result when infected waterfowl visit open-air poultry farms
or are exposed to poultry in the market [148]. A variety of
subtypes and evidence of reassortment among influenza A
strains have been found in fowl sold in the live animal mar-
kets in Southeast Asia [19,78,91]. Most of our knowledge of
genetics and population biology of avian influenza comes
from studies of domestic poultry [60,146].

Symptoms of avian infection in domestic poultry vary by
viral subtype. Most infections, caused by so-called “low-path-
ogenicity” strains, cause symptoms similar to infections in
natural hosts. That is, these viruses are carried asymptomati-
cally and replicate in the cells lining the intestinal tract [62].
A few influenza A subtypes (particularly H5 and H7) may
cause systemic disease with central nervous system involve-
ment and rapid progression to death [155]. These are called
“high-pathogenicity” or “fowl plague” strains.

A key difference between low- and high-pathogenicity
avian influenza viruses is the presence of multiple basic
amino acids at the HA cleavage site [139]. Viral infectivity
depends critically on cleavage of the HA precursor protein
(HAO) into two subunits, the HA1 and HA2 domains.
Cleavage of the HAO by host proteases is necessary for fusion
of the viral envelope with host endosomal membranes [150].
The presence of additional basic residues allows cleavage
by ubiquitous proteases such as furans, which are widely
distributed throughout the bodies of animals. The presence
of these basic residues in the HA cleavage site is correlated
with increased virulence and viral replication in organs and
tissues other than those typically infected in birds. Highly
pathogenic avian influenza strains can evolve from low-
pathogenicity strains by a few point mutations in the HA
gene; the accumulation of such residues in an evolutionary
lineage over time is thus a cause for concern (for reviews see
[2,58,124]).

Despite the importance of avian influenza to public
health, the incidence and frequency of disease caused by
the different A subtypes have not been extensively docu-
mented in wild birds. Stallknecht [122] found influenza A
in 90 species representing 12 orders of birds, primarily
shorebirds and waterfowl [123]. Studies of Canadian ducks
[56] and of ducks and shorebirds in North America [66]
show pronounced geographical and temporal variation in
subtype frequency and overall carriage. Avian infections
were typically asymptomatic, with higher incidence in juve-
niles [66].

Phylogenetic analysis suggests that both geography and
host taxonomy play key roles in generating the observed
patterns of genetic variation in avian strains [145].
Phylogenetic trees depicting the evolution of avian influen-
za differ somewhat depending on the gene employed. For
example, using PB1 sequences it appears that avian viruses



202 © ENCYCLOPEDIA OF INFECTIOUS DISEASES: MODERN METHODOLOGIES

isolated from North American waterfowl are most closely
related to viruses from gulls. In contrast, trees constructed
using the NP, M, and PA genes show a closer relationship
between viruses from North American waterfowl and Old
World waterfowl [49]. More recent studies also show some
evidence of large-scale (continental) geographic structure
but with evidence of reassortment between regions as well
[140,149].The differences between gene trees may be attrib-
utable to genetic reassortment, which occurs frequently
between avian strains, and also from the small number of
sequences used in these analyses.

13.6 SWINE AND EQUINE INFLUENZA

Introductions of both avian and human influenza strains into
swine occur fairly frequently. Influenza viruses cause acute
respiratory disease in swine and are endemic in swine popu-
lations worldwide. The first documented swine influenza epi-
demic occurred concurrently with the 1918 HIN1 pandem-
ic in humans. The descendants of that outbreak, referred to as
“classical” swine HINT1 influenza viruses, are a major source
of disease in swine in North America to this day. In addition
to the classical HIN1 viruses, currently circulating swine
strains include more recently introduced avian H1IN1 strains,
human HIN1 and H3N2 strains, and reassortants among
these strains [9,80,142].

Viruses belonging to influenza A subtypes H3NS8 and
H7N7 have caused both limited and decades-long outbreaks
of acute respiratory disease in horses [81,86]. Only H3N8
circulates today. Although an economic problem, particularly
within the racing industry, equine influenza has not been of
concern with respect to human health.

13.7 HUMAN INFLUENZA

I first discuss the evolution of the human-adapted influenza
strains responsible for the familiar winter epidemics of the
north and south temperate zones. I then turn to pandemic
influenza, a rare and much more serious event.

13.7.1 Epidemic Influenza

Influenza epidemics are widespread outbreaks of highly con-
tagious respiratory disease that appear suddenly, persist for a
few weeks, and then just as suddenly disappear. Symptoms of
infection appear abruptly and can persist for 1-2 weeks. In
adults, viral replication typically peaks at about 48h post
infection, declines slowly thereafter, with little viral shedding
after 6-8 days. Attack rates during influenza epidemics are
generally 10-20%, and are often highest in young children.
Influenza infections range in severity from asymptomatic to
lethal. Death is most common in the elderly or those with
compromised cardiovascular or immune systems, and is
typically associated with a secondary bacterial pneumonia or
exacerbation of underlying health conditions [26].

Influenza is said to be epidemic when the incidence of
influenza-related illness rises above a seasonal baseline. This is
illustrated using data on influenza and pneumonia-related
(P&I) deaths, as in Figure 13.1. Winter outbreaks occur year-
ly in both the north and south temperate zones, but influen-
za can be isolated from humans somewhere in the world year
round [87]. There is substantial temporal and geographic het-
erogeneity in influenza incidence. Thus, Figure 13.1, which
depicts P&I mortality data for the United States, may not
accurately portray influenza deaths worldwide.

It has long been known from immunological studies that
more than one type or subtype of human influenza can
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Fig. 13.1. Influenza mortality. Weekly pneumonia and influenza (P&I) mortality as a percentage of all
deaths in 122 cities — United States, January 3, 1993—April 5, 1977. The epidemic threshold is 1.645
standard deviations above the seasonal baseline. The expected seasonal baseline is projected using a

regression procedure in which a periodic regression model is applied to observed percentages of death
from P&I since 1983. From Morbidity and Mortality Weekly Reports 46(5):327.
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Fig. 13.2. Frequencies of influenza strains. The relative frequencies of influenza B and influenza A sub-

types H3N2 and HIN1 in the United States.

circulate during an influenza season. Figure 13.2 shows the
relative frequency of the three influenza strains currently
circulating in humans (HIN1, H3N2, and B) in the United
States between 1985 and 2001. In many years, one strain is
predominant, but in the 2001-2002 influenza season
(October, 2001 to September 30, 2002), for example, influen-
za A subtype HINT1 and influenza B viruses were reported at
similar frequencies.

Over short intervals of time, there may appear to be a reg-
ular periodicity in the order in which the types or subtypes
predominate, such as during the first 10 years shown in
Figure 13.2. However, on examination of longer periods of
time (looking across Fig. 13.2), these patterns disappear. These
data are again only for the United States; substantial geo-
graphic variation occurs. For example, in the 1985-1986 sea-
son, influenza B was the predominant influenza virus report-
ed in the United States; elsewhere in the world, influenza A
H3N2 viruses were most commonly reported.

Comparison of Figures 13.1 and 13.2 shows that although
there is no exact correlation between disease severity (Fig.
13.1) and the type or subtype of influenza in circulation
(Fig. 13.2), there 1s a correlation between the predominance
of influenza A subtype H3N2 viruses and the severity of the
season. For example, seasons with the highest peaks of excess
P&T deaths (1993-1994 and 1996-1997) were those in
which H3N2 viruses predominated. These figures also show,
however, that the number of P&I deaths cannot be predicted
solely on the incidence of a particular subtype. For instance,
the incidence of influenza-related disease in 1994—1995 bare-
ly exceeded the seasonal baseline, but was at epidemic levels
for over 2 months in 1996-1997 (Fig. 13.1).Yet the relative
frequencies of the three strains that circulated in the
1994-1995 and 1996-1997 influenza seasons were almost
identical (Fig. 13.2).

The above example provides a nice illustration of why both
the accumulation of host immunity to different circulating

strains and the ongoing evolution of those strains are important
in determining the course of antigenic drift. Influenza A virus-
es antigenically similar to the H3N2 reference strain
A/Johannesburg/33/94 circulated in both the 1994-1995 and
1995-1996 seasons. This presumably resulted in widespread
immunity in the human population. The epidemic of
1996-1997 was caused by an H3N2 virus that had evolved
from an ancestor of the A/Johannesburg/33/94-like strains.
These newly evolved viruses, related to the A/Wuhan/359/95
reference strain, were not effectively neutralized by antibodies
against A/Johannesburg/33/94, leading to increased incidence
of H3N2 in the in the 1996-1997 season.

Antigenic drift occurs in direct response to the changing
antibody profile of a continually reinfected human popula-
tion. Studies of influenza evolution typically focus on genet-
ic change in the virus, essentially ignoring one half of this
coevolutionary system. Unfortunately, there have been few
studies of changing immunity in human populations in
response to antigenic drift (see review in [119]). Thus, we
have little option but to use viral data as our primary source
of information on influenza evolution.

13.7.1.1 Phylogenetics Phylogenetic trees constructed
using influenza sequence data are a natural way to monitor
the genetic changes associated with antigenic drift. The
World Health Organization (WHO) Global Influenza
Surveillance Network has conducted influenza surveillance
worldwide since 1952. Antigenic characterization initially
formed the basis of surveillance; gene sequencing was added
as a surveillance tool in the mid-1980s. These efforts have
produced a wealth of data for evolutionary analysis.

Figure 13.3 shows phylogenies constructed using the HA1
domain of the HA gene of human influenza A subtypes
H3N2 and HIN1 and of influenza B [12]. The slender
“trunk” of the H3 tree in an especially characteristic reflection
of the serial replacement of strains that results from antigenic
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Fig. 13.3. Influenza phylogenies. Phylogenetic trees showing the evolution of the HA1 of influenza A
subtypes H3N2 (a) and HIN1 (b) and influenza B. Dark lines are superimposed to indicate some of
the major genetic lineages. As explained in the text, because of non-random sampling the relative size
of various branches is not an accurate reflection of the frequency of those genetic lineages in nature.
Lines ending in arrows indicate extant lineages.

drift. Although brief co-circulation of closely related H3
lineages is not uncommon, the H3 tree appears linear because
the average survival time of side lineages is only 1.6 years [36].
The H1 tree is similar to that of H3, although recent bifurca-
tion of the main trunk has resulted in several extant lineages.
It remains to be seen whether more than one will persist.

The influenza B virus was first isolated from humans in
1940; its evolutionary history prior to that point in time is
unknown. Although limited sequence data exist prior to the
mid-1980s, phylogenetic analysis show a split into two distinct
B lineages sometime in the early 1970s. One lineage circulat-
ed globally throughout the 1990s; the other lineage was
restricted to Asia. In the last few years, the restricted lineage
has reappeared. Reemergence may have been due to the accu-
mulation of a large cohort of immunologically naive children.
However, genetic change, including between-lineage reassort-
ment, occurred during this time as well [157]. If both influen-
za B lineages persist, it may be necessary to add an additional
influenza B virus to the current vaccine formulation.

The processes responsible for these phylogenetic patterns
are not well understood. Ferguson et al. [35] studied the
interaction between ecological and immunological factors
affecting drift using a mathematical model that incorporated
both realistic epidemiological dynamics and viral evolution at
the sequence level. Matching of model output to phyloge-
netic patterns suggested that short-lived strain-transcending
immunity, such that infection by one strain of influenza pre-
vented reinfection by any strain during the next month or so,
was essential to restrict viral diversity and linearize the tree.
This result is intriguing, but the precise immunological fac-
tors responsible remain to be identified.

It is easy to draw intuitive but incorrect inferences from
quick visual inspection of an influenza tree. For instance, one
might think, given the linear phylogeny of the H3N2 tree,
that each subsequent influenza epidemic evolves from the
previous epidemic strain. This is not always the case. For
example, the A/Singapore/1/86-like HI1N1 viruses that
caused the 1986—1987 epidemic did not evolve from the pre-
vious epidemic strain, the A/Chile/1/83-like viruses. They
belonged to a separate lineage; the ancestor of both strains
was a virus that had circulated much earlier in China.

It is also a mistake to assume that the sizes of the clades
(genetic clusters) on the trees in Figure 13.3 reflect the fre-
quencies of these genotypes in nature, or the severity of the
disease that they caused. Surveillance by the WHO, current-
ly the main source of influenza sequence data, is purposeful-
ly biased toward sequencing viruses that differ antigenically
from the current epidemic strain on the basis of the hemag-
glutination inhibition test. As a result of this intentional sam-
pling bias, HA genotypes at high frequencies in nature may
in fact not be most frequent in GenBank, particularly in
years with few samples. Assuming otherwise [103] will
inevitably lead to erroneous results under current WHO
sampling protocols.

13.7.1.2 Rates of evolution Most studies suggest that
influenza A subtype H3N2 evolves more rapidly than H1NT,
whereas influenza B evolves more slowly than either A sub-
type [23]. Fixation rates calculated recently by [35] for H3N2,
H1NT1, and B were consistent with this at 0.0037,0.0018, and
0.0013 nucleotide substitutions per site per year, respectively.
However, rate estimates vary considerably among studies.



Some of this variation may reflect the short time periods
under study [23,27]. This has been illustrated in some detail
for the H3N2 subtype of influenza A [10].The fixation rate of
influenza A in swine, which like humans are a novel host for
influenza A, is similar to the rates seen in humans [113].

The fixation rate of influenza A in its natural avian host is
much slower than in humans or swine [145].This may be due
to the shorter life span of birds and the relative lack of
immune selection during viral replication in birds. However,
avian influenza viruses introduced into domestic poultry,
which are not natural hosts of influenza, show fixation rates
similar to those seen among human influenza viruses [127].

Phrases such as “evolutionary stasis” and “frozen evolution”
are sometimes used to describe the relatively low rates of
influenza evolution seen in birds and horses [6,144]. Such terms
have no precise meaning and unfortunately give the impression
that evolution does not occur at all in these lineages.

13.7.1.3 Genetic basis of antigenic change Influenza
surveillance based on HAT nucleotide sequences provides
more detail on evolutionary change in circulating strains than
does traditional antigenic analysis. However, the usefulness of
sequence data for epidemic prediction is limited because the
relationship between genetic and antigenic variation is often
unclear. The evolution of a new “drift variant” in humans
appears to require at least four amino acid replacements occur-
ring in at least two of the five antigenic sites in the HA1 of
H3N2 strain [24]. However, there is a great deal of variation in
this pattern from year to year. One way to more directly
address the question of how genetic change relates to antigenic
change is to use evolutionary hypotheses to try to anticipate
the fitness of particular types of new mutant strains.

It has been shown that a small number of codons in the
HAT1 of influenza A subtype H3N2 have been under positive
selection in the past to repeatedly change the amino acid they
encode. These codons show an excess of non-synonymous
(amino-acid changing) versus synonymous (silent) nucleotide
substitutions, a pattern consistent with the assumption that
host antibody pressure drives change in HA conformation.
Analysis of phylogenetic trees representing the evolution of
the HA1 of human H3N2 viruses through a short period of
time (1987—1997) showed that strains with a greater number
of new mutations in a set of 18 codons with a history of
excess non-synonymous substitutions were the progenitors of
successful new lineages in nine of 11 recent influenza seasons
[11,13]. A causal explanation for these results was suggested
by the physical location of these codons in the HA1. Most
occur in or near two important antibody binding sites, and
some surround the receptor-binding pocket as well.

Future progress in this area will most likely come from the
use of plasmid-based reverse genetics. This is a methodology
that allows the generation of influenza viruses entirely from
cloned cDNA [44,90]. Briefly, human embryonic kidney
cells are transfected with eight plasmids, each encoding the
viral RNA of an influenza virus. Transcription of viral genes
by cellular RNA polymerase I produces all eight influenza
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viral RNAs. This process requires a functional ribonucleo-
protein complex because neither genomic viral RNA nor
complementary RNA of negative-sense RNA viruses can
serve as a direct template for protein synthesis. Cotransfection
with protein expression plasmids for the nucleoprotein and
polymerase proteins yields infectious virus.

Smith et al. [120] recently presented an application of this
technology to testing evolutionary hypotheses about influen-
za evolution. They first developed a method for constructing
two-dimensional maps based on antigenic distances between
viruses, as measured by the hemagglutination inhibition assay.
Comparison of antigenic and genetic maps identified a case
in which a single amino acid replacement in the HA separat-
ed two antigenic clusters. Site-directed mutagenesis con-
firmed the effect of this replacement on antigenicity.
Although technically still challenging, reverse genetics will be
increasingly used to directly investigate the effects of genetic
change on viral fitness [108].

13.7.1.4 Challenges in studying drift The existing
influenza sequence data are among the best available for
studying the evolution of an infectious disease. However,
there are problems with using these data to study influenza
evolution and population biology. First, the bias inherent in
the influenza surveillance system toward purposefully
sequencing viruses that differ antigenically from commonly
sampled strains on the basis of the hemagglutination inhibi-
tion test causes an overestimation of positive selection on the
HA gene because only non-synonymous mutations produce
antigenic change [15].

Another problem is the presence of laboratory artifacts in
the sequence data. Although cell culture is increasingly used,
amplification of the virus by passage in embryonated hens’ eggs
has been standard laboratory practice for the culture of influen-
za viruses for many years. Unfortunately, the HA1 of human
influenza viruses evolves rapidly to adapt to replication in eggs
[110]. The resulting sequences may thus contain replacements
that were either not present or were at low frequency in the
original viral sample. These laboratory artifacts often occur at
sites involved in adaptation to humans as well as to eggs [24].

It is possible to estimate the proportion of amino acid
replacements resulting from egg passage by contrasting the
number of replacements found in sequences in cell-passaged
and egg-passaged isolates [14,15]. In the HA1 domain of
influenza A subtype H3N2, egg passage of human strains was
associated with about 8% of amino acid replacements [13].
Unfortunately, in the absence of controls — viruses that have
never been passaged — it is impossible to determine which
replacements in a data set are artifacts.

Non-synonymous substitutions due to egg passage should
be eliminated from analyses seeking evidence of selection by
the human immune system because these changes do not
result from coadaptation with the human host. One way to
minimize error due to these artifacts when doing evolution-
ary studies is to discard changes assigned to the terminal
branches of the trees [13—15]. Studies that have failed to
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exclude egg-passaged replacements routinely find evidence
for selection on codons for which there is no evidence of a
selective advantage in humans [59,92,159, 160].

Much research on the immunological response to influen-
za infection, particularly with respect to vaccine and drug
development, has been done in mice. Mice are not natural
hosts of influenza; viral strains must be serially passaged to
adapt for easy infectivity in mice [116]. Because influenza
viruses are typically identified by their original isolate name
no matter how they were later handled, care must be taken
to differentiate passaged and original isolates. Human
influenza strains are named by type/location/collection
number/year. Thus, A/Chile/1/83 was the first influenza
type A virus isolated in Chile in 1983. Although nomenclature
can be irregular, swine viruses typically begin with A/sw/,
equine viruses with A/eq/, and avian viruses with either
A/avian or the common name of the host bird, that is,
A/chicken/.

13.7.2 Pandemic Influenza
Influenza pandemics are characterized by the rapid world-
wide spread of a virus containing an HA and sometimes a
NA to which humans have had no previous exposure.
Pandemics result in high rates of morbidity and mortality,
social disruption, and economic loss, although the cumulative
morbidity and mortality during inter-pandemic years due to
epidemic influenza actually exceeds that of pandemics [25].
Historical records describing influenza pandemics go back
hundreds of years, but we have documentation for only a few
pandemic events [104]. Pandemics seem to occur as several
waves of severe disease. The causal viruses then apparently
evolve to a lower level of virulence, and subsequently reap-
pear annually as typical winter epidemic strains. There have
been only two opportunities (1957 and 1968) to observe
pandemics since the human influenza A virus was first isolat-
ed in 1933, both occurred prior to the advent of molecular
biology [121]. However, sequencing of archived viruses has
allowed us to partially reconstruct the genetic changes asso-
ciated with the three most recent pandemics.

13.7.2.1 1918 HIN1 “Spanish flu’> The 1918
influenza A subtype HIN1 pandemic occurred in waves of
increasingly virulent disease starting in the spring of 1918
and continuing through the subsequent winter. This pan-
demic resulted in the deaths of approximately 40 million
people worldwide. Although called “Spanish flu,” this virus’
geographic origin is controversial [96]. The transmissibility of
the 1918 pandemic strain may not have been unusually high
[84], however, it had a high per-case mortality rate, and an
unusually high relative rate of death in young adults. The
manner in which many deaths occurred was also unusual.
Influenza-related mortality typically occurs a week or two
post infection, and is associated with a secondary bacterial
pneumonia or other complications. In 1918, many people
died within just a few days from virally induced hemorrhag-
ic pulmonary edema [132].

Recent investigations of the 1918 pandemic strain have
yet to reveal its origin, or why it was so deadly [107].
Taubenberger and colleagues [105,134] have studied the
1918 pandemic strain by sequencing viral genes recovered
from the archived lung tissue of two army soldiers and from
an Alaskan Inuit woman frozen in permafrost, all victims of
the 1918 pandemic. X-ray crystallographic studies of HA
proteins reconstructed from 1918 sequence data suggest that
the binding site of the 1918 human virus is more avian-like
than that of recent human H1NT1 viruses [42,125].

However, phylogenetic analysis suggests that if the 1918
human pandemic strain was avian derived, it must have
evolved undetected in a non-avian host for some time prior
to the 1918 human pandemic [106]. Whether a pig was
involved is unknown. The HA and NA resemble the oldest
available classical HIN1 swine influenza strains (from 1930),
but share characteristics with modern avian HINT1 viruses as
well. Sequences from viruses isolated from waterfowl collect-
ed in 1917 and preserved in alcohol in the American Museum
of Natural History have done little to resolve this mystery
[34,106]. The paucity of archived viral isolates from human,
swine, and avian hosts may prevent us from ever determining
the sequence of events that resulted in the 1918 pandemic.

Reverse genetics has recently been used to investigate the
cause of increased virulence in the 1918 HIN1 pandemic
strain [65]. Human viruses that were otherwise nonpatho-
genic in mice showed enhanced virulence when carrying the
1918 HA. High chemokine and cytokine levels resulted in
infiltration of inflammatory cells and severe hemorrhage
throughout the mouse lung, symptoms similar to those seen
in humans during the 1918 pandemic.

Several studies suggest that the NS1 protein affects
influenza virulence by blocking the interferon response, and
that this effect may have affected virulence of the 1918
HIN1 pandemic strain and recent H5N1 viruses as well
[5,43,45,76,114]. However, other experiments found recom-
binant viruses containing both 1918 HA and NA genes to be
highly lethal in mice, whether or not an NS gene was includ-
ed [136].And in earlier work, the addition of a 1918 NS gene
resulted in the attenuation of a human strain that was other-
wise highly virulent in mice [135].

The lack of consensus among these recent studies of the
effects of NS1 on pathogenicity may only reflect differences
in the animal host and cell types used [76]. This is an excit-
ing area of research, still in its infancy, that should in coming
years reveal much about how the influenza virus functions
and evolves.

13.7.2.2 1957 H2N2 “Asian flu” and 1968 H3N2
“Hong Kong flu”” In 1957, an HIN1 strain circulating in
humans — a descendent of 1918 pandemic strain — obtained
new H2, N2, and PB1 genes through reassortment with an
avian influenza A virus [63]. The resulting H2N2 strains
caused a pandemic that began in February of 1957 in China
and by summer had spread worldwide. A second wave of dis-
ease occurred in the winter of 1958. Total influenza-related



excess mortality in the United States was estimated at 70,000
[93].With the spread of the H2N2 strain, the parental HINT1
lineage disappeared from circulation in humans. After the ini-
tial waves of pandemic disease, H2N2 continued to circulate
as a typical winter epidemic strain until being itself displaced
by the next pandemic.

The 1968 H3N2 “Hong Kong flu” pandemic was caused
by a human-adapted H2N2 virus that obtained avian H3 and
PB1 genes through reassortment [63]. Phylogenetic analysis
of H2N2 viruses isolated between 1957 and 1968 and of
H3N2 viruses from 1968 through 1972 showed that the
establishment of H3N2 viruses in humans resulted after mul-
tiple reassortment events between circulating H2N2 strains
and reassortant viruses carrying the new avian H3 and PB1
alleles [75].

The origin of the 1957 H2N2 pandemic strain may also
have involved multiple reassortment events. Unfortunately,
we have very few humans samples, and virtually no avian and
swine viruses, from that time period. This speaks strongly for
the preservation of existing museum collections from which
viral RNA can be extracted, and for expanded surveillance
and archival of extant avian and swine strains.

The H3N2 pandemic resulted in only about half as much
mortality in the United States as the H2N2 pandemic, per-
haps because the human population already had antibodies to
the N2 allele [93]. The fact that the HA and PB1 genes reas-
sorted together in both 1957 and 1968 suggests some type of
constraint or dependency that we do not understand. Or this
may only have been a coincidence.

13.7.2.3 1977: the reappearance of HIN1 In 1977,
human-adapted H1N1 viruses mysteriously reappeared in
northern China 20 years after they last circulated in humans.
These viruses, virtually identical to HIN1 human viruses
from 1950, were most likely preserved during the interven-
ing decades in a laboratory freezer [88]. The reemerged
H1NT1 strain spread rapidly but caused relatively mild disease
[22]. Illness occurred almost exclusively among persons
under 20 years of age, illustrating that some level of immuni-
ty against the H1N1 strain had persisted for 20 years.

This incident inadvertently shed some light on the ques-
tion of whether pandemic viruses really do evolve to lower
levels of virulence. All documented pandemic strains pro-
duced decreased severity of infection after the first few waves
of disease. This pattern might reflect the accumulation of anti-
bodies in the host population that are broadly protective
against each new subtype. However, symptoms in young
adults infected by the HIN1 virus in 1977 were very mild,
whereas its ancestor, the 1918 HIN1 pandemic strain, had
been deadly. Thus, it may be safe to assume, in at least this case,
that evolution to a lower level of virulence had occurred.

Another interesting aspect of the 1977 HIN1 reemer-
gence was that the influenza A subtype then in circulation,
H3N2, did not subsequently disappear. With the 1918, 1957,
and 1968 pandemics, the introduction of a new influenza A
subtype into humans was in each case quickly followed by
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the extinction of the previously circulating strain. It had thus
been suspected that, for whatever reason, only one subtype of
influenza A could circulate in the human population at any
point in time. Influenza A subtypes HIN1 and H3N2 have
co-circulated in humans for the last 28 years.

Modeling has shown that short-lived nonspecific immuni-
ty might be responsible for limiting the within-subtype diver-
sity of influenza A strains [35]. Such immunity could also be
involved in subtype replacement. If spread of new pandemic
strain into an immunologically naive population inhibits
immediate reinfection by the previously circulating subtype
on a global basis, the previous subtype may lack sufficient
susceptible hosts and become extinct. However, where sub-
type introduction causes a smaller epidemic, as in the reemer-
gence of HINT1 in 1997, coexistence could be possible if the
duration (or effectiveness) of nonspecific immunity is greater
within subtypes than between subtypes, a conclusion for
which there is abundant empirical evidence [48].

Reassortment between the HINT and H3N2 influenza
viruses circulating in humans (and swine) has occurred
repeatedly. Most human H1N2 reassortants have not persist-
ed for very long, and resulting disease was not particularly
severe [24,54]. In the 2001-2002 influenza season, a new
H1N2 reassortant spread across a wide geographical area [51]
and remains in circulation today. The current vaccine con-
tains both the H1 and N2 alleles and thus should provide
adequate protection as long as the HIN2 reassortant does not
drift too far from the H3N2 and H1NT1 strains in the vaccine
[157].

13.7.2.4 Seroarchaeological evidence of historic
pandemics The nature and duration of the human
immune response to influenza is only partially understood. A
variety of immune mechanisms are likely to be involved.
However, immunity appears to be subtype and strain specif-
ic, and primarily mediated by antibodies against the HA and
NA glycoproteins. For unknown reasons, the first variant of
a subtype encountered by an individual typically causes the
strongest antibody response. Subsequent infections with
related variants tend to reinforce the response to the first
variant. Thus, the highest antibody titers in an age group tend
to reflect the dominant antigens of the virus responsible for
the childhood infections of the group. This phenomenon is
called “original antigenic sin,” [40].

In the mid-1900s, older people were screened for anti-
bodies to a number of HA antigens. The results suggest that
what was thought of as an unusually high rate of mortality in
young adults in the 1918 pandemic might be better described
as an unusually low mortality rate among the middle aged
and elderly. Older people in 1918 appeared to be at least par-
tially protected by antibodies, presumably produced in
response to exposure to an H1 allele in the late 1800s.

Serum collected before the H2N2 or H3N2 subtypes
entered the human population in 1957 and 1968, respective-
ly, suggest that older human cohorts had also previously been
exposed to H2 and H3 alleles. Thus, we have evidence that
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the H1, H2, and H3 have all circulated in humans at least
twice in recent history. This does not guarantee, however, that
viruses carrying other HA alleles cannot become established
in humans. For a review of seroarchaeology see [32].

13.8 THE CURRENT AVIAN H5N1 OUTBREAK

Outbreaks of disease caused by avian H5N1 viruses erupted
in populations of both poultry and humans in Hong Kong in
1997. Six of the 18 known humans cases resulted in death
[21,29,129]. These H5N1 viruses appeared to be reassortants
containing a mix of genes from viruses found in goose, teal,
and quail, all birds commonly housed in close proximity in
the live animal markets of Hong Kong [53,57,158].

In response to this outbreak, all domestic poultry in Hong
Kong were killed. The initial optimism over the apparent suc-
cess of this intervention was short lived.Viruses with the exact
genome of the 1997 H5N1 strain have not reappeared, how-
ever, individual genes from this strain have continued to circu-
late and reassort in domestic poultry across Southeast Asia [52].

In early 2003, outbreaks of a new strain of H5N1
occurred in poultry. The HA and NA genes of these viruses,
referred to as the “Z” strain, are descendants of the 1997
H5N1 viruses, but the internal genes are not [74,91,141].
This highly pathogenic strain continues to cause disease in
poultry throughout Southeast Asia. Known human deaths
resulting from contact with H5N1-infected birds currently
stands at 54 [100].

Avian H5N1 strains are being monitored for additional
evidence of reassortment. Also under surveillance are HON2
avian viruses, which contributed some of the RNA segments
to the 1997 H5N1 strain [53]. HON2 influenza viruses circu-
late widely in domestic poultry in Asia, and have caused tran-
sient infections in both humans and pigs [18,101].

An ominous sign in any avian influenza virus is change in
the shape of its receptor-binding pocket that suggests adapta-
tion to humans. Although current H5N1 viruses possess
avian-like binding pockets, their affinity for sialic acids linked
via the a2,6 bonds typical of human cell receptors can be
increased experimentally through a very limited number of
mutations [82].

Another fear is that the H5N1 strains will evolve expand-
ed tissue tropism. There has been little to suggest that H5SN1
viral replication occurs outside of the respiratory tract in
humans despite the presence the avian-like string of basic
residues in the HA cleavage site. However, one recent study
found evidence of H5N1 replication in the intestine of a
child on autopsy [137].The significance of this single finding
is not clear — surprisingly little information is available on the
pathology of avian influenza viruses in humans. Autopsy is
not traditionally practiced in most countries affected by avian
influenza. In addition, diagnosis of avian influenza is often not
made until after death or heavy treatment with antiviral
drugs, both of which make pathological examination of viral
material problematic.

Thus far, there has been very limited evidence suggesting
human-to-human transmission of H5N1 strains [8],
although some think that this may be changing [138]. We
desperately need to learn more about the biology and
mechanics of influenza transmission, but it impossible to
study such a deadly virus in humans. Nonhuman primates
are a possible alternative; macaques infected with avian
H5N1 influenza A develop a necrotizing pneumonia similar
to that seen in humans [109]. However, the expense of
studying transmission with these animals is formidable, and
in some eyes, unethical.

The most common animal models for the study of influen-
za are mice and ferrets. Transmission studies will most likely
proceed in ferrets, in whom symptoms of infection [131],
unlike those of mice [116], are remarkably similar to those seen
in humans. But no matter what the choice of animal model,
there is no guarantee that the results will apply well to humans.

H5NT1 viruses have been involved in several incidental or
induced infections of animals not typically exposed to avian
influenza in nature, including tigers, leopards [64], and
domestic cats [68]. It is not clear that these observations are
of biological and thus epidemiological significance. Much
more worrisome is range expansion of highly pathogenic
H5N1 viruses into populations of wild birds.

There have been several recent reports of H5N1 viruses
infecting wild birds in Southeast Asia including flamingos,
egrets, herons, and wild ducks [33,126]. Although the death
of these birds is in itself a concern, more worrisome with
respect to public health is the potential for migratory wild
birds to transport pathogenic H5SNT1 viruses outside the cur-
rent epidemic area. Surveillance is insufficient to determine
the extent of natural spread by wild birds. In contrast, the
transport and sale of infected domestic stock by humans is
known to be a problem. Eradication of disease from small
backyard poultry flocks in the affected area has proved
impossible because rural families depend on these birds for
income. The best current source of information on the soci-
ological aspects of the avian influenza outbreak is ProMED
(http://www.promedmail.org), an electronic outbreak
reporting system that monitors infectious diseases globally.

13.9 EVOLUTION AND INTERVENTION

Vaccines are currently available for the prevention of human
influenza and also for some subtypes of avian influenza. Two
classes of antiviral drugs, although not widely used, have been
approved for influenza prophylaxis and treatment. [ briefly
describe the impact of influenza evolution on vaccine and
antiviral efficacy, and end by discussing current plans for
intervention should avian H5N1 influenza viruses evolve the
capability to spread among humans.

The most common intervention for human epidemic
influenza is prophylactic vaccination. The human influenza
vaccine, first developed in 1947, is currently a trivalent for-
mulation containing one influenza B virus and one virus



each from influenza A subtypes H3N2 and H1N1. Antigenic
drift requires that vaccine strains be updated almost yearly.
Selection of viral strains for inclusion in the vaccine is based
on antigenic, genetic and epidemiological data, and practical
issues such as the availability of high-growth reassortants suit-
able for vaccine production.

It takes about 8 months to proceed from viral strain selec-
tion to vaccine delivery. The main factor limiting the speed of
production is the requirement that the virus be grown in chick-
en eggs. Reverse genetic and cell culture techniques are now
being applied to the production of an H5N1 vaccine. If suc-
cessful, these methods may eventually be adopted for produc-
tion of the yearly vaccine as well. This would provide greater
flexibility and standardization in vaccine production, and also
allow for a more rapid vaccine response to antigenic drift.

The need for frequent vaccine updates might also be
reduced by the development of a vaccine eliciting protective
antibodies against a more evolutionarily stable part of the
virus than the HA. Constructs containing the conserved
domains of the influenza A M2 matrix protein show promise
in mice but have yet to be tested in humans [28,39]. Rapid
evolution of M2 escape mutants has been seen in vaccinated
mice [162]; however, HA and NA escape mutants also arise
quickly under immune pressure in the laboratory.

Vaccination against influenza is infrequent in developing
nations, and uncommon even in developed countries, where
the target populations for vaccination are the elderly and
infirm. In 2000, about 235 million doses of influenza vaccine
were used. This is enough to cover about 4% of the global
population (http://www.who.int). Although we have no
direct evidence to address this issue, human vaccination at
such low rates probably exerts a negligible selective force on
influenza evolution.

Mass vaccination against human-adapted influenza viruses
has not been recommended; however, were it to be applied,
it might only serve to change the direction of antigenic drift.
Such a response was recently reported in domestic poultry in
Mexico, where vaccination resulted in epidemic levels of a
low-frequency strain that would otherwise probably have
drifted to extinction [72].

Human-adapted influenza is transmitted rapidly, some-
times even before symptoms are apparent. Recent pandemic
strains behaved similarly. We can only guess at the transmis-
sion characteristics of future pandemic strains. But based on
past observations, isolation of infected patients, which effec-
tively stopped the SARS epidemic [1], will not be an effec-
tive option for the control of pandemic influenza.

Epidemiological modeling provides the basis for pandem-
ic planning. Using models, vaccines and antiviral treatment
protocols can be evaluated under a wide variety of conditions
[41,50,79,99]. Planning ahead is always a good idea.
However, if would be nice if we actually had access to the
vaccines and antivirals utilized in these models!

Because of technical difficulties arising from aspects of
viral replication and host range, as well as biosafety and reg-
ulatory issues, the first H5N1 vaccine trial in humans is just
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now underway [153]. Plasmid-based reversed genetics were
used to construct recombinant viruses lacking the string of
basic residues in the H5N1 HA cleavage site. Vaccination
with these viruses has been effective against challe