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INFECTIOUS DISEASE AND HOST-PATHOGEN EVOLUTION

It has long been recognized that an important factor in human evolution is the
struggle against infectious disease, and more recently, it has been revealed that
complex genetic polymorphisms are the direct result of that struggle. As molecu-
lar biological techniques become more sophisticated, a number of breakthroughs
in the area of host-pathogen evolution have led to an increased interest in this
field.

From the historical beginnings of J. B. S. Haldane’s original hypothesis to
current research, this book strives to evaluate infectious diseases from an evo-
lutionary perspective. It provides a survey of the latest information regarding
host—-pathogen evolution related to major infectious diseases and parasitic infec-
tions, including malaria, influenza, and leishmaniasis.

Written by leading authorities in the field, and edited by a former pupil of
Haldane, Infectious Disease and Host-Pathogen Evolution will be a valuable reference
for those working in related areas of microbiology, parasitology, immunology,
and infectious disease medicine, as well as genetics, evolutionary biology, and
epidemiology.

Krishna R. Dronamraju is currently the President of the Foundation for Genetic
Research in Houston, Texas. He has authored or edited 13 books and has authored
over 200 research papers in the field of genetics. A former student of J. B. S.
Haldane, whose pioneering work in epidemiologic research he cites as the basis
for this book, Dronamraju holds several distinguished honorary positions in both
the United States and Europe.
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To my friend Sir Arthur C. Clarke

“Likewise it absorbed a whole microcosmos of living creatures — the
bacteria and viruses which, upon an older planet, had evolved into a
thousand deadly strains.

“Even as the Morning Star set course for her distant home, Venus
was dying. The films and photographs and specimens that Hutchins
was carrying in triumph were more precious even than he knew. They
were the only record that would ever exist of life’s third attempt to
gain a foothold in the solar system. Beneath the clouds of Venus, the
story of Creation was ended.”

From Before Eden, by Arthur C. Clarke (1961)
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Introduction

Krishna R. Dronamraju

The subject of infectious disease has never before been so intricately linked
to our daily lives as it is today. Recent political and social events have un-
derscored the importance of understanding the forces that have shaped,
and continue to shape, the evolution of infectious diseases and their un-
derlying genetic basis. The following chapters discuss infectious disease
from an evolutionary perspective within the context of the occurrence of
genetic polymorphisms in human populations. It was my mentor, J. B. S.
Haldane (1949a,b), who first drew attention to the significant role infec-
tious diseases have played in shaping our own evolution.

Haldane’s idea was the culmination of long years of investigation into
the fundamental nature of evolutionary forces that have shaped the biol-
ogy of all species on this planet (Haldane 1924, 1932). He was one of the
great trio of founding fathers of population genetics, the two others being
R. A. Fisher and S. Wright. Haldane and Fisher were also pioneers in hu-
man genetics. Haldane contributed quite profoundly to pedigree analysis
and gene mapping, as well as to the estimation of mutation rates, selection
effects and other branches of human population genetics, and the impact
of genetic knowledge on our ethical outlook (Dronamraju 1990, 1995).

In his often-quoted paper, entitled “Disease and Evolution,” Haldane
(1949b) wrote: “...the struggle against disease, and particularly infectious
disease, has been a very important evolutionary agent, and that some of
its results have been rather unlike those of the struggle against natural
forces, hunger, and predators, or with members of the same species.” Hal-
dane further pointed out that a disease may be an advantage in certain
instances, suggesting that “Europeans have used their genetic resistance
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to such viruses as that of measles as a weapon against primitive peoples as
effective as fire-arms.” He suggested further that, in certain circumstances,
parasitism will be a factor promoting polymorphism and may even tend
to encourage speciation. Haldane (1949b) has been often credited with
the idea that the very high frequency of thalassemia that is found in
the Mediterranean region might reflect heterozygote advantage against
malaria. However, Haldane’s (1949b) reference to the greater resistance of
thalassemia heterozygotes to malaria does not appear in the text of that
paper but in the discussion footnotes where the Italian biologist Giuseppe
Montalenti acknowledges (in Italian) Haldane’s idea as a personal com-
munication. Consequently, some English-language readers appear to be
confused about the precise nature of Haldane’s contribution to this im-
portant subject.

In his contribution, Weatherall (p. 19) has drawn attention to a slightly
earlier publication of Haldane’s (1949a), in which Haldane stated his idea
clearly and explicitly. Haldane (1949a) wrote: “...the possibility that the
heterozygote is fitter than the normal must be seriously considered. .. The
corpuscles of the anaemic heterozygotes are smaller than normal and more
resistant to hypotonic solutions, . . . more resistant to attacks by the sporo-
zoa which cause malaria, a disease prevalent in Italy, Sicily and Greece,
where the gene is frequent.” Haldane’s comments were made while dis-
cussing Neel and Valentine’s (1947) estimate for the mutation rate for
thalassemia major (Cooley’s anemia). Haldane (1949a) wrote: “Neel and
Valentine believe that the heterozygote is less fit than normal, and think
that the mutation rate is above 4 x 10~* rather than below it. I believe
that the possibility that the heterozygote is fitter than the normal must be
seriously considered. Such increased fitness is found in the case of several
lethal and sublethal genes in Drosophila and Zea.” Haldane (1949a) noted
that if the heterozygote had an increased fitness of only 2%, this would
account for the incidence without invoking any mutation at all. Earlier,
in his classic, The Causes of Evolution, Haldane (1932) wrote that a study
of the causes of death in man, animals, and plants clearly indicates that
one of the principal agents of survival during the course of evolution is
immunity to disease.

In a review of Haldane’s paper of 1949b,! Lederberg (1999) cited previ-
ous work on host resistance genes against rust fungi in wheat. However, no
previous author before Haldane (1949a,b) had suggested the evolutionary

1 Although Haldane’s (1949b) paper in Ricerca Scientifica is often quoted, his hypothesis
about thalassemia and malaria was more directly and clearly stated in his address to the
Eighth International Congress of Genetics in Stockholm, in July 1948 (Haldane 1949a).
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role of resistance against infectious disease with special reference to het-
erozygosity in human populations. By drawing attention to Haldane’s
(1949a) earlier paper, where Haldane made a direct reference to the greater
fitness of thalassemia heterozygotes, Weatherall (2004) has cleared up the
matter of priority on this subject. Crow has briefly reviewed Haldane’s
ideas with special reference to disease and evolution in his introductory
essay.

INFECTIOUS DISEASES

Much of the general information about infectious diseases can be easily
accessed from such sources as the World Health Organization (WHO) and
Centers for Disease Control (CDC) websites on the internet. Infectious
diseases are responsible for almost half of the mortality in developing
countries. AIDS, malaria, and tuberculosis cause much of the mortality.
Population movements and lack of even the most basic measures of public
hygiene complicate the picture. The emergence of drug resistance and the
absence of effective vaccines are worsening the situation. Current scientific
and medical tools are far from satisfactory, partly because the methodolo-
gies employed are cumbersome and expensive and are not designed to
yield immediate results. Meanwhile, pathogens are evolving ever more
rapidly. Research has been compartmentalized to such an extent that it
has hampered an integrated approach to the study of the coevolution of
host-pathogen vectors (Tibayrenc 2001, 2004). Research described in the
following pages emphasizes the need to study host-pathogen coevolution.

MALARIA
Several papers are devoted to malaria. Almost three million malaria-related
deaths are estimated to occur each year, largely in sub-Saharan Africa. More
than 40% of the world’s population lives in countries where the disease
is endemic. In view of the enormity of this problem, it is encouraging
that the genome sequences of the major mosquito vector Anopheles gam-
biae and of the parasite Plasmodium falciparum were recently published.
The availability of these sequence data and that of the human host will
accelerate further research aimed at solving a number of puzzles, such as
the identification of potential vaccine antigens and the manipulation of
genomes to block transmission of disease. Future progress will depend on
close collaboration among many participants worldwide, especially those
in malaria-endemic countries.

Haldane’s idea opened up a whole new field of evolutionary epidemi-
ology. This subject is reviewed by Weatherall. The first evidence in support
of Haldane’s hypothesis came in the mid-1960’s, when it was found that
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heterozygotes for the sickle cell gene might be protected against Plasmod-
ium falciparum malaria. More recently it has been found that the heterozy-
gous state for Hb S offers approximately 80% protection against cerebral
malaria or the profound anemia of malaria.

Genetic diversity of the malarial parasite Plasmodium falciparum has
rightly received the most attention. However, the development of an-
timalarial vaccines has been hampered by the extensive polymorphism
observed in Plasmodium’s proteins. Among the several studies that have
taken place, Escalante et al. (1998) studied the genetic polymorphism at
ten Plasmodium falciparum loci that are considered potential targets for
specific antimalarial vaccines. They concluded that at five of the loci
there is definite evidence for positive selection and that even moderate
or low host immune activity generates sufficient selective pressure to be
detectable in the parasite’s polymorphism. The study of genetic diversity
of P. falciparum is hampered by certain limitations. The number of gene
loci studied remains small. Malaria research has focused upon immuno-
logically relevant protein parts. The polymorphism of the gene cannot be
assessed completely. In the present volume, Escalante and Lal review the
current status of molecular evolutionary and population genetic research
of malarial parasites, emphasizing the need for longitudinal studies that
link population-based information with clinical end points. Another as-
pect, molecular variation at the G6PD locus in relation to resistance against
malarial infection, is reviewed by Tishkoff and Verelli in this volume.

The antiquity of these polymorphisms is of much interest. Rich and
Ayala (2000) have proposed that P. falciparum is derived from a single para-
site during the past 5,000 to 50,000 years. In the following pages, Rich and
Ayala have suggested that the extant world populations of P. falciparum
have evolved from a single strain within the past several thousand years.
Their estimate is in sharp contrast with that of Hughes and colleagues
(Hughes 1993; Hughes and Hughes 1995; Hughes and Verra 2001), who
proposed a model that requires that variants of genes encoding P. falci-
parum surface proteins may be older than the species itself. Their original
estimates of the ages of the most divergent alleles (of Msp-1 and Csp) are
35 million and 2.1 million years, respectively. However, on the basis of
an analysis of introns, Volkman et al. (2001) have estimated the age of
the most recent common ancestor of all extant P. falciparum to be be-
tween 3,200 and 7,700 years. Population genetic studies of P. falciparum
have produced conflicting results. Some have suggested that today’s pop-
ulation includes multiple ancient lineages predating human speciation,
whereas others suggest it includes one or a small number of these ancient
lineages.
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Zimmerman investigated the relationship between Duffy blood group
and resistance to Plasmodium vivax. Two central issues are: Does P. vivax im-
pose a selective burden on human survival? Did the heterozygous Duffy-
negative condition increase fitness sufficiently to explain the dramatic fix-
ation of this trait in human populations living in malaria-endemic Africa?

Evolutionary considerations of other parasites include the dynamics
of Daphnia and their microparasites by Little and Ebert, susceptibility to
visceral leishmaniasis and to schistosomiasis by Dessein et al., and the
evolution of influenza viruses by Bush and Cox.

GENETIC AND EVOLUTIONARY CONSIDERATIONS

In their paper “Infection and the Diversity of Regulatory DNA,” Cowell
et al. pose a number of intriguing questions, such as “Can regulatory DNA
be identified from its sequence properties?,” and “Can we detect a pattern
in the appearence of nucleotide substitutions in the promoter region, or
do they occur at random?,” etc. Whether it is regulatory DNA discussed by
these authors, or linkage disequilibrium discussed by Morton, or Cavalli-
Sforza on cultural evolution, these authors are concerned with aspects
of infectious disease that have so far not received adequate attention. A
different perspective is presented by Cochran and Cochran who argue in
favor of the infectious etiology of diabetes.

VIRULENCE

Read et al. discuss the evolution of pathogen virulence in response to pub-
lic health intervention, utilizing a model with the following assumptions:
there is genetic variation in parasite virulence; vaccination is imperfect;
there is a positive genetic correlation between virulence and transmission;
and the cost of virulence is host death.

The evolution of virulence can be affected in rapidly evolving
pathogens when only a few individual pathogens are transmitted from
one infected host to another in the process of initiating a new infection.
Bergstrom et al. (1999) observed that such bottlenecks are likely to drive
down the virulence of a pathogen because of stochastic loss of the most
virulent pathogens, through a process analogous to Muller’s ratchet. These
authors argued that the patterns of accumulation of deleterious mutation
may explain differing levels of virulence in vertically and horizontally
transmitted diseases. Furthermore, it has been suggested that virulence
should be low in vertically transmitted diseases, because high virulence
reduces the number of offspring produced, resulting in a reduction of the
available pool of new infections (Ewald 1994). On the other hand, viru-
lence can be higher in horizontally transmitted pathogens, because their
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survival is not solely dependent on the host’s descendants. There is rea-
son to believe that under horizontal transfer more virulent strains are able
to transfer their abundance to other hosts and that natural selection will
maintain high virulence in horizontally transmitted pathogens.

FURTHER RESEARCH

These are rapidly changing fields. Advances within each of these disci-
plines may soon render the accounts presented here obsolete. Meanwhile,
I hope these accounts will have served a purpose as stepping stones in
aiding that eventuality. Some key areas for further research on the evo-
lutionary aspects of the host-pathogen relationship are outlined in the
following summary.

(1) Causes and sources of infectious diseases:

(a) genetic variation and structure of pathogen populations and the
genetic relationships between pathogenic members of closely re-
lated taxa;

(b) population analyses of the contributions and sources of transfer of
genes and accessory elements coding for virulence determinants,
host range and specificity, and drug resistance; and

(c) genetic factors (pathogen, host, or vector) responsible for geo-
graphic and temporal variations in disease frequency and severity.

(2) Biology of pathogens:

(a) genetic and evolutionary history of host-pathogen range;

(b) model systems exploring the molecular biology of host barriers
encountered by pathogens; and

(c) exploration of molecular and pathogen models involving the ex-
tension of the host range of pathogens.

(3) Interactions between hosts and pathogens:

(a) contribution of population dynamic and evolutionary processes to
the pathogenesis and virulence of infecting organisms; and

(b) exploration of model systems to investigate the relationship be-
tween the evolution of pathogenic organisms and factors affecting
host susceptibility.

(4) Consequences of intervention:

(a) in the host, reversion to virulence of live vaccines and evolution
of resistance following vaccination;

(b) exploration of model systems to predict the genetic and evolu-
tionary consequences of vaccination, antimicrobial drug therapy,
and other intervention strategies on host, pathogen, and vector
populations;
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(c) mechanisms and consequences of antibiotic action;

(d) investigation of new resistance mechanisms and evolutionary
strategies to aid drug development; and

(e) exploration of genetic, physiological, and environmental vari-
ables that are involved in generating and maintaining variation
in pathogen, host, and vector populations.
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J. B. S. Haldane (1892-1964) arriving in India, 1957 (photo courtesy of Indian
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Haldane’s Ideas in Biology with Special Reference
to Disease and Evolution

James F. Crow

I don't know who first had the idea that disease is a very potent agent
of natural selection. I do know, however, that one of the first was J. B. S.
Haldane. In The Causes of Evolution (Haldane 1932), he wrote: “A study
of the causes of death in man, animals, and plants leaves no doubt that
one of the principal characters possessing survival value is immunity to
disease. Unfortunately, this is not a very permanent acquisition, because
the agents of disease also evolve, and on the whole more rapidly than
their victims.” Insightful as it was, this statement seems to have had little
impact on evolutionary thought at the time (Sarkar 1992).

A further development of the subject came a few years later in a now-
famous paper “Disease and evolution” (Haldane 1949b). Recognizing that
density is often a limiting factor in population growth, he argued that
the most important density-dependent limiting factor is a parasite. Over-
crowding favors the parasite by, among other things, weakening the hosts
and facilitating transmission among them. As an example, he discussed
the detailed causes of death at various times in the life cycle of the gall
insect, Urophora jaceana, and its various parasitoids. He noted that genetic
diversity is much greater for disease resistance than, for example, resis-
tance to predators. When a variety of wheat has been exposed to rust, a
new resistant strain soon appears, followed by a new parasite strain that
attacks the resistant host, and so on. Again he emphasized that the para-
site can change faster than the host. He speculated that genes conferring
resistance to specific strains of parasites might be especially mutable. He
noted that variability could also be induced by recombination, although
it would be years before such mechanisms, both germinal and somatic,
were demonstrated in immunoglobins.

11
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Haldane suggested that sometimes heterosis is a diversifying factor,
but he thought that more often diversification is brought about by a rare
type being at a selective advantage. Either mechanism leads to a stable
polymorphism. I might note that it is not possible from gene frequency
studies alone to distinguish between heterosis and rarity-advantage
(Denniston and Crow 1990). Haldane (1949b) went on to suggest that
selection of rare biochemical genotypes might also be an important agent
for speciation. In this article, he developed a mathematical model for si-
multaneous host-parasite evolution. He noted that evolution of resistance
is an antisocial agency, because diseases spread more readily in large, dense
populations. There were many other ideas: the paper was far ahead of its
time.

It is now generally known that Haldane was responsible for the idea
that superior resistance to malaria in the heterozygote is the reason for
the high incidence of thalassemia and sickle cell anemia. The beginning
of this theory was remarkably inauspicious. The high incidence of the
trait despite the fact that homozygotes have a fitness of essentially zero
was a widely recognized puzzle. Neel and Valentine (1947) thought that
a high mutation rate was the reason. They noted that the frequency of
thalassemia homozyotes is about 4 x 10~%. Assuming, naively, that there
is no selection in heterozygotes, they estimated the mutation rate to be as
high as 4 x 10~%. Haldane (1949a) regarded this as improbably high and
noted that if heterozygotes had an increased fitness of only 2 percent, this
would account for the incidence without invoking any mutation at all.
Haldane went on to suggest a specific mechanism for the greater fitness of
heterozygotes. In his words, “The corpuscles of the anaemic heterozygotes
are smaller than normal, and more resistant to hypotonic solutions. It is at
least conceivable that they are also more resistant to attacks by the sporo-
zoa which cause malaria, a disease prevalent in Italy, Sicily, and Greece,
where the gene is frequent.” Haldane went on to say that the fitness of
heterozygotes might be quite different in countries such as the United
States, where malaria is relatively rare.

Curiously, the “Disease and Evolution” paper (Haldane 1949b) has
nothing about malaria in the main text, but in the later discussion Montal-
enti refers to the fact that Haldane had pointed out in a personal commu-
nication that thalassemia heterozygotes may be more resistant to malaria.
Haldane, always one to consider more than one possibility, noted that
these heterozygotes might also have an advantage in an iron-deficient diet.
He suggested an analogy to a vermilion-eyed Drosophila. In a tryptophan-
deficient diet, by not using tryptophan for eye pigment, the mutant fly
conserves this scarce commodity for more vital uses.
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The actual demonstration of malaria resistance came later. Allison
(1954) found that young children with the sickle cell trait had signifi-
cantly fewer Plasmodium falciparum parasites than normal homozygotes.
He also found correlations between the frequency of hemoglobin S and
the incidence of malaria, the incidence of heterozygotes being as high
as 40 percent in some highly malarious areas. At the time, Allison did
not know of Haldane’s earlier suggestion regarding thalassemia, but they
eventually got together (Allison 1968; Lederberg 1999). The interest of
population geneticists was aroused by Allison’s paper at the Cold Spring
Harbor Symposium of 1955. Sickle cell anemia has become the standard
example of heterozygote advantage and appears in numerous textbooks.
Its very popularity attests to the rarity of other good examples.

Although Haldane wrote little about this subject in later years, it was
never absent from his thoughts. One example is a clever paper (Haldane
and Jayakar 1963) showing that a stable polymorphism can arise when,
for example, a genotype is favored most of the time but is susceptible to
a rare epidemic disease. The condition for stability is that the arithmetic
mean is greater than unity while the geometric mean is less than unity.
This example shows not only Haldane’s interest in disease but also his
knack for finding clever selection schemes.

Haldane did not take the next step, to ask the source of the variation
on which disease-resistance mechanisms depend (Sarkar 1992). This field
was developed mainly by Hamilton (1990), who argued that resistance
to parasites was the major reason for the maintenance of sexual repro-
duction. Hamilton devoted many years to the baffling question of why
sexual reproduction is so common when it is obviously not very efficient
qua reproduction and typically entails a two-fold fitness cost. His search
for an explanation and the development of the idea that parasitism is a
major factor are discussed in his recent book (Hamilton 2001). This vol-
ume not only reprints all of his papers on this subject but also includes
introductory comments for each one. In these, Hamilton recounts in a
charmingly personal and informal way the circumstances under which
each article was written. Among other difficulties, he had more than his
share of problems with publishers, which is surprising in view of his high
standing in the field. This should be comforting to other young authors
confronting similar problems.

A further idea in the realm of genetics and disease is found in the work
of Cochran, Ewald, and Cochran (2000). They argue that any harmful trait
that is too frequent to be easily explained by recurrent mutation or bal-
anced polymorphism is probably due to infection. They cite peptic ulcer as
an example. This was traditionally attributed to gastric acidity, smoking,
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alcohol, stress, and of course genetic susceptibility. Recently Helicobacter
pylori has been shown to be a major causative factor. Cochran et al. believe
that there may be many more instances to be found. Not all their exam-
ples are convincing, but the idea is certainly worth a much more careful
exploration than it has had.

Haldane’s writing on disease and evolution is but a tiny fraction of
his enormous output. He wrote 23 books, some 70 book reviews in The
Journal of Genetics, and more than 400 scientific papers. He not only did
great science, but he was one of the best popular science writers. He could
simplify without introducing distortions. Among his “popular” writings
are 345 articles for the Daily Worker during his communist period.

This is not the place to attempt a summary of Haldane’s many accom-
plishments. Their sheer number would likely thwart any such attempt. But
to give a bit of a flavor of his work, here are some of the subjects that he
wrote about. Many of these are taken from my foreword to Dronamraju’s
(1990) collection of Haldane articles and a centennial appreciation (Crow
1992).

Haldane’s early work on regulation of blood alkalinity is now textbook
material. He pioneered the theory of enzyme kinetics and wrote a classical
book on the subject. He discovered the first case of genetic linkage in mam-
mals. He derived the first gene-mapping function and coined the terms
“morgan” and “centimorgan” for recombination units. He instigated pi-
oneer work on the biochemistry of flower pigments. He was the first to
measure the mutation rate of a human gene, in this case hemophilia, and
he showed that it is an order of magnitude higher in males than in females.
He derived the equilibrium relationship between mutation and selection
and used this, among other things, to measure mutation rates. He pointed
out that the Rhesus blood group factor is not in stable equilibrium and
suggested that this implies a hybrid origin for the European population.
He was the first to estimate the selective advantage of a gene in a natural
population, the change in melanin pigmentation in the peppered moth
in smoke-polluted industrial England. He was the first to compute the
probability of fixation of a new, selectively favored mutation, a formula
refined by Kimura (1983) and used extensively in developing the neutral
theory of molecular evolution. Haldane introduced the ideas of genetic
load and the cost of a gene substitution and found a surprising simplifi-
cation in each case. He found a new theory for the origin of the universe.
He developed a number of statistical techniques. One example is an un-
biased estimate of the frequency of rare types, such as eosinophil white
blood cells. He suggested sampling until a fixed number of eosinophils
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have been counted, then estimating the proportion by omitting the last
observation. He developed the inventive idea of partial sex linkage and
ways this could be used for chromosome mapping (alas, it has not stood
up). He produced his own theory for the origin of dominance, generally
more acceptable than that of Fisher. He constructed the first gene map in
humans; it involved X-linked loci. He coined the unit, the “darwin” as
a measure of morphological evolution rate. He tried several experiments
in non-violent animal research, in the spirit of his newly adopted coun-
try, India. As early as 1924 he propounded the heterotrophic theory of
the origin of life, now fully accepted. He pioneered in the theory of poly-
ploid segregation. During World War II, experimenting on himself and
colleagues, he developed methods for rescuing people from sunken sub-
marines. His best known work is a series of papers in the 1920s and early
1930s on the mathematical theory of natural and artificial selection. To-
gether with Sewall Wright and R. A. Fisher he founded the mathematical
theory of evolution in Mendelian populations. And I could go on.

I will mention two books among many that I found of interest. One
is New Paths in Genetics (Haldane 1941). In this he first introduced the
words cis and trans in a genetic context. He gave a coherent account of
the ornithine cycle and the genes involved, based on human recessive
diseases. This book made an enormous impression on me at a time when
I was first beginning an academic career.

The other book, What is Life (Haldane 1947), is an example of Haldane
at his best and worst. This is a series of essays written for the Daily Worker,
often scribbled while he was riding on a commuter train. Haldane’s prodi-
gious memory meant that he did not need to have references at hand.
These are excellent popular science writings with characteristic Haldane
simplicity and clarity, and they often display his vast erudition. At the
same time, they are annoying in that they almost always include a Marx-
ist sermon, although I couldn’t help admiring his inventiveness in finding
such a twist to almost any scientific finding.

According to M. J. D. White (1965), Haldane was “probably the most
erudite biologist of his generation, and perhaps of the century.” As I have
already emphasized, his contributions were legion. Yet his name is now
regularly associated with only two phenomena. One is “Haldane’s Rule,”
the observation that in hybrids, sterile or inviable individuals are usu-
ally the heterogametic sex, a topic of much recent research. The other
is the Briggs-Haldane equation for enzyme Kkinetics, which gave real-
ism and specificity to the Michaelis-Menton equation. I think Haldane’s
name is not associated with other theories or observations because of his
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eclecticism and open-mindedness. He was generous toward the work of
others, with which he was sure to be acquainted because he read so widely.
Being egotistical and supremely self-assured, he felt no need to worry about
rivals.

Several years ago, I expressed the hope that some publisher would
reprint Haldane’s entire output. Henry Bennett (1971-4) has collected and
reprinted all of Fisher’s papers, and the collection of five large volumes is
a godsend. Reprinting all of Haldane's writings would be a herculean task,
both because they are so numerous and because they were published in
all sorts of places. But if reprinting is impractical, putting them on a web
site would not be so daunting and I very much hope it happens.
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J. B. S. Haldane and the Malaria Hypothesis

D. J. Weatherall

In 1948, J. B. S. Haldane proposed that the selective agent for maintain-
ing the high frequency of thalassemia in the Mediterranean races might
be malaria. Thus was born what, in the human hemoglobin field at least,
later became known as the malaria hypothesis. In this short essay, I exam-
ine the origins of this hypothesis, ask how it has stood the test of time,
and summarize the broader field of research which it has spawned and
which attempts to understand the genetic basis of variability in individ-
ual susceptibility to infection in general. Many of these issues have been
reviewed in detail over recent years and are only summarized here.

THE MALARIA HYPOTHESIS

Although the first clinical descriptions of the thalassemias appeared in the
19207’s, it only became apparent that these conditions follow a Mendelian
recessive or co-dominant pattern of inheritance in the period immedi-
ately preceding World War II. At this time relatively simple methods for
carrier screening became available and hence it was possible to carry out
population studies to attempt to determine gene frequencies.

The extraordinarily high frequency of the genes for thalassemia puz-
zled population geneticists, particularly those who had become interested
in mutation rates as a result of their studies of the survivors of the atomic
bombs that had been dropped on Hiroshima and Nagasaki. Extensive stud-
ies of gene frequencies of thalassemia were carried out quite independently
in the 1940’s by workers in the United States and Italy (Neel and Valentine,
1947; Silvestroni and Bianco, 1947), but because of lack of communica-
tion during the war and its aftermath it was not until the early 1950’s that
this broad body of work could be integrated and assessed. Assuming that
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the fitness of a thalassemia homozygote is zero and that the heterozygote
is selectively neutral, Neel and Valentine calculated a mutation rate for
thalassemia of 1 in 2,500. An even higher rate was proposed by Silvestroni
(1949), who also suggested that some form of positive selection could be
operating to maintain the high frequency of thalassemia heterozygotes.
These issues were discussed at the 8th International Congress of Genet-
ics in Stockholm in 1948 and Haldane spoke as follows (Haldane, 1949a):

Neel and Valentine believed that the thalassemia heterozygote is
less fit than normal, and think that the mutation rate is above
4 x 10~* rather than below it. I believe that the possibility that the
heterozygote is fitter than normal must be seriously considered.
Such increased fitness is found in the case of several lethal and
sub-lethal genes in Drosophila and Zea. A possible mechanism is as
follows. The corpuscles of the anaemic heterozygotes are smaller
than normal, and are more resistant to hypotonic solutions. It is at
least conceivable that they are also more resistant to attacks by the
sporozoa which cause malaria, a disease prevalent in Italy, Sicily
and Greece where the gene is frequent...Until more is known
about the physiology of this gene in various environments I doubt
if we can accept the hypothesis that it arises very frequently by
mutation in a small section of the human species.

Considering that at the time Haldane proposed this hypothesis it was
thought that thalassemia was restricted to Mediterranean populations, and
virtually nothing was known about the heterogeneity of the thalassemias
or that there were other common inherited disorders of hemoglobin, Hal-
dane’s insights seem all the more remarkable. This view was not held by
Lederberg in a recent review of Haldane’s contribution however (Leder-
berg, 1999). He suggested that the concept of genetic resistance to infec-
tion was already known by the time Haldane proposed this mechanism for
the high frequency of thalassemia. In this discussion he does not refer to
the paper just quoted but to a paper published in the same year based on
a lecture given by Haldane at the Symposium on Ecological and Genetic
Factors in Speciation among Animals, held in Milan (Haldane, 1949b).
Haldane certainly does not mention thalassemia or malaria in this paper
and it is possible that the geneticist Montalenti could have brought his at-
tention to the work of Silvestroni and colleagues in Italy at this meeting.
However, in a footnote recording the discussion, Montalenti acknowledges
an earlier verbal communication from Haldane to the effect that carriers of
thalassemia may be more resistant to malaria. Haldane is also recorded as
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suggesting that they may also be advantaged in an environment in which
iron deficiency is common. Since the Milan meeting actually followed the
one in Stockholm, it is clear that Haldane had already formulated his ideas
on heterozygote advantage before these discussions. Certainly his paper
in Stockholm was the first clear exposition of this concept — one that was
to become central to our understanding of the population genetics of the
hemoglobin disorders. But for a variety of reasons which will become ap-
parent in the sections that follow, it has taken close to 50 years to put
the Haldane hypothesis onto a solid experimental footing. In fact, he has
turned out to be right about the general mechanisms involved in main-
taining the high frequency of the thalassemia mutations, although he
was almost certainly wrong in his suggestion of the specific mechanisms
involved!

INHERITED DISORDERS OF HEMOGLOBIN

Since Haldane's short sorti into the human hemoglobin field, a great deal
has been learnt about the inherited disorders of hemoglobin which, col-
lectively, are the commonest monogenic diseases in man. They comprise
the structural hemoglobin variants and the thalassemias, a heterogeneous
collection of inherited defects in the synthesis of the alpha or beta chains
of human adult hemoglobin.

Although many hundreds of structural hemoglobin (Hb) variants have
been identified, only three — Hbs S, C, and E - reach polymorphic frequen-
cies (Weatherall and Clegg, 2001a, 2001b). The gene for Hb S is distributed
broadly throughout sub-Saharan Africa, the Middle East, and parts of the
Indian subcontinent, where heterozygote frequencies range from 5-40%
or more of the population. Hemoglobin C is restricted to West and North
Africa, where it occurs at slightly lower frequencies than Hb S. Hemoglobin
E, the commonest hemoglobin variant, is found in the eastern half of the
Indian subcontinent and throughout Southeast Asia, where, in some parts,
heterozygote rates may exceed 60-70% of the population.

Thalassemias occur at a high frequency in a broad band extending
from parts of sub-Saharan Africa and the Mediterranean basin, throughout
the Middle East, the Indian subcontinent, and Southeast Asia, to Melane-
sia and the Pacific Islands. The gene frequency for the thalassemias is
extremely patchy, even within closely related geographical regions (see
Weatherall and Clegg, 2001a, 2001b). Overall, the carrier frequencies for
B thalassemia in these areas range from 1-20%, though rarely higher,
whereas those for the milder forms of @ thalassemia range from 10-20% in
parts of sub-Saharan Africa, through 40% or more in some Middle Eastern
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and Indian populations, to as high as 70% or more in northern Papua New
Guinea and isolated populations in northern India.

Studies of the hemoglobin disorders at the molecular level have pro-
vided invaluable information about their population genetics and hetero-
geneity (Weatherall and Clegg, 2001a). Analyses of globin—gene haplo-
types, that is, the patterns of restriction-fragment-length polymorphisms
(RFLPs) in the « or B globin gene clusters associated with these conditions
have been of particular importance in studies of their evolution. For ex-
ample, they indicate that the sickle-cell mutation may have occurred at
least twice, once in Africa and once in either the Middle East or India.
Similar data have been interpreted as suggesting multiple origins of the
genes for Hb S and Hb E in Africa and Asia, respectively. These latter con-
clusions have to be interpreted with caution, however. A more convincing
explanation for a great deal of the haplotype diversity found with these
variants is that it reflects redistribution on different backgrounds by gene
conversion and recombination (Flint et al., 1998).

Over 200 different mutations have been found to underlie g tha-
lassemia and each high-frequency population has its own particular mu-
tations. The situation is more complex in the case of « thalassemia, largely
because the « globin genes are duplicated. There are two main groups of
« thalassemias: «° thalassemias, in which both « globin genes are deleted
or otherwise inactivated, and o* thalassemias, in which one of the pair
of linked genes is deleted or inactivated to a variable degree by a point
mutation. The homozygous states for the deletion forms of « thalassemia
are represented as --/-- and —«/—«. These conditions are extremely hetero-
geneous at the molecular level and many different sized deletions have
been found to cause both ot and «° thalassemia (Weatherall and Clegg,
2001b). Similarly, the « globin genes may also be inactivated by a wide
range of different point mutations. And, as in the case of g thalassemia,
all the high-frequency areas for « thalassemia have different sets of
mutations.

EARLY ATTEMPTS TO TEST THE MALARIA HYPOTHESIS

Interestingly, it was work in the sickle-cell-anemia field rather than
thalassemia which first suggested that Haldane’s view that protection
against malaria might be a factor in maintaining the high frequency of
hemoglobin disorders was shown to be more or less correct. The extensive
evidence that indicated that the sickle-cell trait offers protection against
Plasmodium falciparum malaria has been reviewed extensively elsewhere
(Allison, 1965). But although this work provided reasonably solid evidence
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in support of the malaria hypothesis, studies in the thalassemia field
turned out to be less conclusive.

The early attempts to relate the distribution of thalassemia to the fre-
quency of malaria, either at the present time or in the past, are reviewed
in detail elsewhere (Weatherall and Clegg, 2001b). Although suggestive
evidence for the association between B thalassemia and endemic malaria
was obtained from population studies in Sardinia, when such correlations
were sought in other parts of the world they were simply not found. In
retrospect, perhaps this should not surprise us. These studies were often
carried out using inefficient carrier-detection systems and before the ex-
traordinary heterogeneity of the thalassemias was appreciated, against a
background of some futile, if colorful, hypotheses about how the tha-
lassemia genes had arisen and how they had become distributed among
the world’s populations. But without knowledge of their molecular pathol-
ogy it was almost impossible to distinguish between selection, drift, mi-
gration, and founder effects as the basis for the population distribution of
the thalassemias. It was only with the tools of the molecular era that it
became possible to tackle some of these difficult questions.

RECENT INVESTIGATIONS OF THE MALARIA HYPOTHESIS
Over recent years, case control studies in Africa using strict World Health
Organization (WHO) criteria for the severity of malaria have provided
stronger numerical data regarding the protective effect of the sickle-cell
trait against P. falciparum malaria. It turns out that sickle-cell carriers en-
joy almost 80% protection against the severe complications of malaria,
notably cerebral malaria and profound anemia (Hill et al., 1991). Work in
West Africa suggests also that the relatively high frequencies of Hb C have
been maintained by resistance to P. falciparum (Modiano et al., 2001). In
this case there is evidence for both heterozygote and homozygote pro-
tection and the authors suggest that, unlike the sickle-cell mutation, this
could be an example of a transient polymorphism, based, presumably, on
the perceived lack of clinical or hematological changes in Hb C homozy-
gotes. However, if this is so, it is hard to understand why the frequency of
Hb Cis not higher in African populations. Furthermore, it is not absolutely
clear whether Hb C homozygotes are completely unaffected by the con-
dition, and further work is required to pursue this interesting suggestion.
Work carried out over recent years in the southwest Pacific has pro-
vided strong evidence that the high frequency of the milder varieties
of « thalassemia, the o™ thalassemias, is related to protection against P.
falciparum malaria. The work on which this conclusion is based, which
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includes both population and case control studies, has been reviewed in
detail recently (Weatherall and Clegg, 2002). In short, the frequency of
o™ thalassemia in this region follows a clinal distribution from north/west
to south/east, with the highest frequencies in the north coastal region
of Papua New Guinea and the lowest in New Caledonia. This distri-
bution is strongly correlated with malaria endemicity, but there is no
similar geographical correlation with other polymorphic markers (Flint
et al., 1986). The possibility that the « thalassemias had been introduced
from mainland populations of Southeast Asia was excluded by finding that
the molecular forms of « thalassemia in Melanesia and Papua New Guinea
are different from those of the mainland and are set in different « globin
gene haplotypes. Further studies along these lines have provided strong
evidence that the occurrence of @ thalassemia in other parts of this region,
where malaria has never been recorded, is the result of population migra-
tions (O’Shaughnessy et al., 1990; Flint et al., 1993). These findings were
strengthened by a prospective case-control study which provided strong
evidence of protection of both o™ thalassemia homozygotes and heterozy-
gotes against P. falciparum; the risk of contracting severe malaria as defined
by the strictest WHO guidelines was 0.4 for «* thalassemia homozygotes
and 0.66 for o* thalassemia heterozygotes (Allen et al., 1997).

Although they are less extensive, molecular analyses of the g globin
genes in thalassemic and non-thalassemic persons in different popula-
tions have provided some indirect evidence that the high-frequency of
B thalassemia also reflects heterozygote protection against malaria. Every
high-frequency population that has been studied has a completely dif-
ferent set of g thalassemia mutations. The arrangement of RFLPs in the
B globin gene complex, or haplotype, is divided into two regions, the 3’
and 5’ sub-haplotypes, which are separated by a recombination hotspot
(Chakravarti et al., 1984). Surprisingly perhaps, particular g thalassemia
mutations are always closely associated with specific 8 globin gene hap-
lotypes, most strongly with the 3’ sub-haplotype which contains the g
globin gene but also with the 5’ sub-haplotype, despite the presence of
the hotspot (Weatherall and Clegg, 2001b). These findings suggest that a
recent, thatis in evolutionary terms, cause is responsible for the expansion
of the g thalassemia mutations. It appears that migration has not yet had
sufficient time to disperse them unlike the normal g globin gene back-
ground haplotypes, nor has recombination yet had time to disrupt these
linkages. As judged by the population distribution of the g thalassemias,
it seems likely that the various genes involved have been amplified by
protection against P. falciparum malaria fairly recently so that none of the



24 D. J. Weatherall

other population forces — migrations, recombination, and drift, for exam-
ple - have had sufficient time to bring them into genetic equilibrium with
the haplotype backgrounds.

However, although these observations provide strong circumstantial
evidence that the high frequency of g thalassemia reflects heterozygote
advantage against malaria, this conclusion will only be proved to be cor-
rect beyond a doubt by the application of the kind of case control studies
that have been so successful in the case of the sickle-cell and « thalassemia
genes.

HOW DO THE HEMOGLOBIN DISORDERS PROTECT AGAINST
MALARIA INFECTION?

Despite all the evidence that Haldane'’s original proposal was correct in
principle, when we come to consider the mechanisms of protection it is
becoming increasingly clear that Haldane’s proposal was overly simplistic.
Considering the state of knowledge at the time, it was not unreasonable
for Haldane to suggest that it might be the smaller, less hemoglobinized
red cells of thalassemia heterozygotes, and the less friendly environment
that these cells might offer malarial parasites, that is the basic mechanism
for protection. Although it has been extremely difficult to test this part of
the hypothesis, the bulk of the evidence now suggests that this is not the
case.

Once it became possible to carry out in vitro culture of malarial para-
sites, many groups started to analyze the rates of invasion and growth
of parasites in normal as compared with thalassemic red cells. At the
same time, similar studies were initiated in the red cells of carriers of
hemoglobins S and C. The results of these studies have been summarized
recently (Nagel, 2001; Weatherall and Clegg, 2001b) and are only outlined
here.

One of the main problems in work of this type is comparing like with
like. For although it has been known for some time that P. vivax only in-
vades very young red cells, or reticulocytes, it was thought for a long time
that P. falciparum was less selective. However, once it became possible to
carry out in vitro invasion studies it was found that P. falciparum undoubt-
edly has a predilection for younger red cells (Pasvol et al., 1980). Because
there are subtle differences in the turnover rates even between the red
cells of those with the thalassemia trait and normal individuals, these ob-
servations have to be taken into account when assessing the results of in
vitro invasion assays. Overall, some abnormalities of invasion and growth
have been found in the red cells in the more severe forms of thalassemia.
But in the milder forms, which would have to have come under selection
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to maintain high gene frequencies, no consistent abnormalities have been
reported. Attempts to monitor parasite growth over a number of cycles
have also given inconsistent results. More reproducible findings have been
found in the case of red cells from individuals with the sickle-cell trait.
Here there appears to be a consistent reduction in parasite development
provided these cells are subjected to hypoxic conditions (Friedman, 1978;
Pasvol et al., 1978; Roth et al., 1978).

There is increasing evidence that the mechanisms of protection, at
least in the case of « thalassemia, against severe malaria may be much
more subtle. A number of studies have implicated specific changes in the
P. falciparum-infected thalassemic red blood cell membrane in this process.
For example, after incubation in malaria-immune serum, « thalassemic red
cells have been found to bind significantly more antibody than control
cells, suggesting that they may be more easily recognized immunologi-
cally, thus leading to slower disease progression and to protection against
more severe forms of malaria (Luzzi et al., 1991; Williams et al., 2002).
Similarly, infected « thalassemic red cells are more susceptible to phago-
cytosis in vitro (Bunyaratvej et al., 1986; Yuthavong et al., 1988) and are
less able than normal to form rosettes, phenomenon that have been cor-
related with severe malaria (Udomsangpetch et al., 1993; Carlson et al.,
1994). Recent studies hint that some of these phenomena may be related
to altered red-cell-membrane band 3 protein which may be a target for
enhanced antibody binding in « thalassemic red cells and hence could be
involved in protection against malaria (Williams et al., 2002).

These in vitro observations are backed up to some degree by in vivo find-
ings. For example, in a cohort study in an island with holoendemic malaria
in Vanuatu it was found that the incidence of uncomplicated malaria and
enlargement of the spleen, an index of malaria infection, were significantly
higher in young children with « thalassemia than in normal children. The
effect was most marked in the youngest children and, surprisingly, with
the non-lethal parasite P. vivax. It was suggested that early susceptibility
to P. vivax may be acting as a natural vaccine by inducing cross-species
protection against P. falciparum (Williams et al., 1996).

Surprisingly, in the case control studies that showed clear evidence that
« thalassemia protects against severe malaria, it was found that protec-
tion is also mediated against other infectious diseases (Allen et al., 1997).
Whether this reflects a secondary effect mediated through improving the
general health of children in highly malarious areas by protecting them
against malaria, or whether it results from a more specific mechanism is
not yet clear. But these observations underline the remarkable effects on
the health of populations, particularly children, that have been and are
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being mediated by the hemoglobin disorders in modifying susceptibility
to infective agents.

There are, therefore, now extensive data in support of Haldane’s hy-
pothesis, although it is quite clear that the mechanisms involved are far
more complex than those that he proposed. It is now clear that this is not
simply a reflection of the properties of small red cells but, rather, a much
more complicated train of events, at least some of which may have an
immunological basis.

EXTENDING THE MALARIA HYPOTHESIS

The hemoglobin variants are not the only red cell polymorphisms that
have been maintained by exposure of human populations to malaria. For
example, the high frequency of persons in parts of Africa who do not
carry the Duffy blood group antigen reflects the protective effect of this
genotype against infection with P. vivax (Miller et al., 1976). It is now
known that this effect is mediated because this particular genetic variant
disrupts the Duffy antigen/chemokine receptor (DARC promoter) and so
alters a GATA-1-binding site, which inhibits DARC expression on red cells
and therefore prevents DARC-mediated entry of P. vivax (Tournamille et al.,
1995). A variety of other associations between blood group antigens and
susceptibility to malaria have been reported.

The extraordinarily high frequency of glucose-6-phosphate-dehydro-
genase (G6PD) among tropical populations, an X-linked disorder that
causes hemolytic reactions in response to certain drugs or other oxi-
dants, is also a reflection of protection against P. falciparum. As in the
case of thalassemia, several hundred different mutations are responsible
for their condition, and their pattern varies between different populations
(Luzzatto et al., 2001). Both hemizygous males and heterozygous females
appear to be protected against malaria, in both East and West Africa
(Ruwende et al., 1995). Distribution studies in Vanuatu have shown a
strong correlation with malaria (Ganczakowski et al., 1995). The most
likely protective mechanisms appear to be impaired parasite growth or
more efficient phagocytosis of parasitized red cells at early stages of para-
site maturation.

Another important example of malaria-related balanced polymor-
phism involves mutations in the red-cell membrane protein, band 3, that
cause the Melanesian form of ovalocytosis, that is, oval-shaped red cells
(Mgone et al., 1996). The homozygous state for this condition appears to
be lethal, but it is clear that heterozygotes are protected against malaria
though in a particularly interesting and unusual fashion. They appear to
be fully susceptible to malaria infection and yet have almost complete
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protection against the development of cerebral malaria (Genton et al.,
1995; Allen et al., 1999). This finding suggests that the defect in the red
cell membrane must also alter the infected red cell’s interaction with vas-
cular endothelium, the nature of which remains to be characterized.

But the relationship between varying susceptibility to malaria and ge-
netic polymorphisms is not confined to the red cell. There is now a broad
body of evidence for associations between both HLA Class I and II alleles
of the human histocompatibility complex and susceptibility to malaria
(Hill et al., 1992). It appears that certain cytokines have similar properties.
Tumor necrosis factor-o (TNF-«), a cytokine that is produced by white
blood cells and has widespread effects on the immune system, has been
analyzed in a number of studies. Several different polymorphisms in the
promoter regions of the gene for TNF-« have been identified and have been
associated with particularly severe forms of malaria, at least one of which
may cause increased expression of TNF-o (McGuire et al., 1994; Wilson
et al., 1997; Knight et al., 1999). Polymorphisms of proteins that are in-
volved in the adhesion of parasitized red cells to the vascular endothelium
have also been implicated. For example, CD36, an important molecule of
this kind, is quite polymorphic, and certain polymorphisms have been
found to be associated with growth susceptibility and resistance to severe
forms of malaria (Aitman et al., 2000; Pain et al., 2001). Similarly, a variant
of the intracellular adhesion molecule 1 (ICAM-1) has been found more
commonly in Kenyan children with severe malaria (Fernandez-Reyes et al.,
1997), although it is not associated with severe disease in West Africans
(Bellamy et al., 1998).

There are other data derived from population genetics studies that
suggest that there may be so far unidentified immune mechanisms re-
sponsible for variations in individual response to P. falciparum malaria.
For example, analyses of sympatric ethnic groups with very similar expo-
sure to malaria have shown remarkable differences in infection rates, the
severity of malaria, and the prevalence and levels of antibodies to a variety
of malaria antigens. Associated investigations of these populations showed
no differences in the use of protective measures or any other socio-cultural
or environmental factors which might be involved in these modified re-
sponses (Modiano et al., 1996).

Most recently, following the partial sequencing of the human genome
and considerable progress towards completing the sequence of the mouse
genome, several “whole-genome” studies have been carried out in an at-
tempt to define additional factors that may modify the clinical course of
malaria. There is growing evidence that analyses of murine malaria of this
type may be of considerable value in the future for clarifying the genes
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involved in human response to the disease (Foote et al., 1997; Fortin et al.,
1997).

Although no human malaria resistance genes have been found by
genome searches, there have already been successes derived from similar
studies of murine malaria models, notably P. chabaudi. Using this approach
a number of chromosomal regions have been pinpointed as being likely to
contain resistance loci for murine malaria. Once these have been defined
further and the particular genes involved have been isolated, this approach
could be used to search for possible associations of the corresponding hu-
man syntenic chromosomal regions with susceptibility to and/or severity
of disease in areas endemic for malaria.

BEYOND MALARIA

After the successes in defining increasing numbers of malaria-related poly-
morphisms it is not surprising that the attention of this field was directed
towards other infectious agents. There is now a rapidly expanding litera-
ture covering the associations between a wide range of viruses, bacteria,
and other parasites and resistance or susceptibility to infections associated
with these agents and different genetic polymorphisms. It is beyond the
scope of this essay to cover this field in detail and it has been the subject
of several recent reviews (Cooke and Hill, 2001; Weatherall and Clegg,
2002).

Not surprisingly, the human HLA/DR gene complex was one of the
first to be explored. There is now clear evidence that different alleles of
this complex are involved in variable susceptibility or resistance to a wide
range of infectious diseases, including tuberculosis, HIV/AIDS, hepatitis B
and C, typhoid fever, and leprosy. Similarly, there is a growing list of poly-
morphisms involving cytokines and immune effectors that are involved
in variable susceptibility to infectious agents.

Another important principle that has been raised by these studies is
the value of analyzing potential polymorphisms of receptors for particular
organisms in relationship to susceptibility to infection. For example, there
is a variant of the promoter of the chemokine receptor 5 (CCRS5) that con-
fers protection in homozygotes against HIV infection (Dean et al., 1996).
Furthermore, heterozygotes have a delay in the progression to AIDS, an
observation that has been confirmed in several studies. A variety of other
common CCRS polymorphisms have also been analyzed and a number of
other susceptibility associations for HIV/AIDS have been demonstrated.

These examples of variation in genetic response to infection have
stemmed mainly from studies of particular candidate genes. As in the case
of malaria there is increasing interest in searching for susceptibility genes
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by using whole-genome linkage analysis. Already, promising results have
been obtained in the cases of leprosy, tuberculosis, and chronic hepati-
tis. Similarly, using unrelated sib-pair analysis, a susceptibility locus for
Schistosoma mansoni has been defined on chromosome 5 in a region that
contains a number of immune-related candidate genes, including those
for several cytokines (Marquet et al., 1999).

EVOLUTIONARY IMPLICATIONS

The concept that the genetic make-up of human populations may have
been shaped by exposure to a wide variety of infectious agents in the
past is certainly not new. It was an explanation commonly proposed as a
mechanism for the diversity of human blood group antigens in different
populations, although there was little evidence at the time to support it.
But the introduction of the technology of molecular biology has started
to provide more definitive answers to some of these questions.

It is clear that a recurrent pattern has emerged regarding the distri-
bution and molecular pathology of the human malaria-related polymor-
phisms. Despite the high level of protection afforded to heterozygotes for
the sickle-cell gene against malaria, and the very high frequency of this
variant throughout Africa, the Middle East, and India, remarkably it has
never been found further east than India. Similarly, although Hb E reaches
extremely high frequencies throughout Southeast Asia it is not seen fur-
ther west than the eastern side of the Indian subcontinent (Weatherall and
Clegg, 2001a). Analyses of the 8 globin gene haplotypes associated with
a particular sickle-cell mutation in Africa have suggested that it is recent
(45-70 generations) in origin (Currat et al., 2002).

The « and 8 thalassemias occur throughout the tropical climes, with
the exception of Central and South America, yet in each of the high-
frequency populations there are different sets of mutations. The fact that
there has been no homogenization of mutations within human popula-
tions, together with their relationships to the haplotypes of the g globin
gene discussed above, suggests that, as in the case of the sickle mutation,
the expansion of the g thalassemia must have occurred fairly recently.

Studies of haplotype diversity and linkage disequilibrium at the hu-
man G6PD locus provide further evidence of the recent origin of alleles
that confirm malarial resistance. For example, in an analysis of two G6PD
haplotypes it was found that two common variants appeared to have
evolved independently between 3,000 and 11,000 years ago (Tishkoff et al.,
2001).

These observations on the fairly recent, at least in evolutionary terms,
appearance of genetic polymorphisms that confer resistance to malaria
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are in keeping with estimations of the spread of P. falciparum derived
from studies of polymorphic systems of the parasite. For example, in one
analysis, involving 25 intron sequences and encompassing both general
metabolic and housekeeping genes, there were very few nucleotide poly-
morphisms, suggesting that the parasite originated in something like its
present form between 9,000 and 20,000 years ago (Volkman et al., 2001).
These data are in general agreement with other studies of polymorphic
genes of P. falciparum (Rich and Ayala, 2000). This time scale is in keeping
with the idea that it was the development of agriculture somewhere be-
tween 5,000 and 10,000 years ago that provided the conditions necessary
for the effective spread of malaria in human populations. Of course, P.
falciparum may be very much older than this, and other genetic studies
suggest that this is the case and that today’s population includes multiple
ancient lineages pre-dating human speciation (Hartl et al., 2002). What
its natural host might have been is, of course, unknown, but from the
human and genetic data summarized earlier, it seems likely that it became
the unstable parasite that it is today in human populations quite recently.

The picture that has emerged, therefore, is that during our relatively
short exposure to severe forms of malaria we have utilized a wide range of
different genetic polymorphisms in order to modify our response to this
lethal disease. Undoubtedly, this has had a profound effect on the genetic
constitution of human populations. And, as evidenced by the hemoglobin
disorders and G6PD deficiency, it has left in its wake some extremely com-
mon monogenic diseases. On the other hand, it may well have changed
the capacity of populations to respond to other infections, often in a pro-
tective way. Clearly, we have only uncovered a small fraction of the re-
markable genetic variation that exposure to malaria has left behind.

It is almost certain that other parasitic, bacterial, and viral infections
have, depending on their virulence and length of exposure to human pop-
ulations, played a major role in modifying our genetic make-up. We have
already seen how this may be happening in the case of HIV in sub-Saharan
Africa. Of course, given the changing virulence of different infectious or-
ganisms with time it may not always be possible to relate current pat-
terns of polymorphisms directly to varying genetic response to infectious
agents. For example, there are some puzzling features about the almost to-
tal absence of the Duffy group antigen in certain African populations. As
mentioned above, this genotype is associated with almost complete pro-
tection against P. vivax malaria. However, this is a milder form of malaria,
at least at the present time, and unless it was more severe in the past there
may be another explanation for the high prevalence of those who do not
carry the Duffy antigen in African populations.
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CONCLUSION

Although there has been rapid progress towards a better understanding
of the genetic mechanisms involved in the varying susceptibility to infec-
tious agents, it is likely that we have only seen the tip of the iceberg so far.
Furthermore, despite having identified many of the genes involved, the
precise cellular mechanisms that mediate these variable responses have,
overall, remained elusive. As well as their being of considerable biological
interest, the further exploration of these mechanisms may have practi-
cal importance. For example, the elucidation of the mechanism whereby
variation in the HLA/DR alleles provides protection against P. falciparum
malaria in some African populations has already led to a promising ap-
proach to developing malaria vaccines. A better understanding of our in-
herent mechanisms for combating infection may provide other avenues
for the control of infectious disease.

Research in this field may have other important practical implications.
For example, as we move towards the development of vaccines for malaria
and other communicable diseases, and if the aim is attenuation rather
than complete protection, it is vital to know ahead of time whether certain
individuals in particular populations in which the efficacy of such vaccines
is being explored already have some resistance to particular pathogens.
If malaria vaccines were to be tested in African populations with a high
frequency of the sickle-cell trait, or in Papuan populations with an equally
high frequency of « thalassemia, large numbers of the population would
already have a very considerable degree of inherent protection against the
parasite. Lack of knowledge of this likelihood ahead of time will make the
design of vaccine trials extremely difficult.

It is doubtful whether Haldane could have had any idea of the large
industry that his short paper of 1948 has spawned. Indeed, it is only in the
past few years that the genetics of susceptibility to infection has become
a topic of major interest to human geneticists. Although there is a long
way to go, enough has been learnt to suggest that the malaria hypothesis
is no longer a hypothesis and that the further exploration of this field
is likely to yield extraordinarily important information, not only about
human evolution and the reasons for the genetic variability of different
ethnic groups, but also about how to approach the ever present problem
of infectious disease in human communities.
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Evolutionary Genetics of Plasmodium falciparum,
the Agent of Malignant Malaria

Stephen M. Rich and Francisco J. Ayala

We have investigated the population structure of P. falciparum by analyzing
several genes and conclude that the extant world populations of this par-
asite have evolved from a single strain within the past several thousand
years. The evidence is based on a lack of synonymous polymorphisms
among nuclear antigenic and nonantigenic genes; among introns; and
among mitochondrial loci. Coalescence calculations for silent nucleotide
variation converge in each case into a single ancestral allele. The extensive
polymorphisms observed in the highly repetitive central region of the Csp
gene, as well as the apparently very divergent two classes of alleles at the
Msp-1 gene, are consistent with this conclusion.

Understanding the population structure and evolution of Plasmodium
has important implications for the control of human malaria.

The human toll of malaria is stunning, perhaps the greatest of all hu-
man afflictions (Sherman, 1998). Malaria is caused by species of Plasmod-
ium, a parasitic protozoan. Four species of Plasmodium are parasitic to hu-
mans: P. falciparum, P. malariae, P. ovale, and P. vivax. P. falciparum is the
most pervasive and malignant human malarial parasite. It causes yearly
300 million to 500 million cases of clinical illness and 1.5 million to 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 (Trigg and
Kondrachine, 1998).

The genus Plasmodium consists of nearly 200 named species that para-
sitize reptiles, birds, and mammals. Plasmodium belongs to the Apicom-
plexa, alarge and complex phylum with about 5,000 known species and as
many as 60,000 yet to be described (Levine, 1988, pp. 1-21; Vivier and De-
sportes, 1989; Corliss, 1994; Escalante and Ayala, 1995). The Apicomplexa
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Figure 3.1. Evolutionary relationships of the phyla Apicomplexa, Dinozoa, and Cil-
iophora. The age of the Apicomplexa phylum (node 2) is thought to be about 1,000
million years, or nearly as old as the origin of the multicellular phyla of plants, an-
imals, and fungi. The radiation of the Plasmodium genus (node 1) is likely to be
older than 100 million years.

are all parasites, characterized by the eponym structure, the apical com-
plex. The taxonomy and phylogeny of the phylum have been the subject
of controversy and frequent revision. One issue is whether Plasmodium
evolved directly from monogenetic parasites of the ancient marine inverte-
brates from which the chordates evolved or whether they originated by lat-
eral transfer from other, already digenetic, vertebrate parasites (Huff, 1938;
Manwell, 1955; Mattingly, 1965; Garnham, 1966; Barta, 1989). There is no
fossil record of apicomplexans (Margulis et al., 1993), but molecular inves-
tigations indicate that the phylum is very ancient, perhaps as old as the
multicellular kingdoms of plants, fungi, and animals, and thus somewhat
older than one billion years (Escalante and Ayala, 1995; Ayala et al., 1998)
(Figure 3.1).

The origin of the genus Plasmodium is dated to more than 100 million
years ago, and it may be as old as 500 million years (Ayala et al., 1999).
The phylogeny of the genus has been considerably elucidated through
molecular studies (e.g., Barta et al., 1991; Van de Peer et al., 1996; Morrison
and Ellis, 1997), including our own investigations of three genes, the small
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Figure 3.2. Phylogeny of 12 Plasmodium species (32 strains) inferred from Csp
gene sequences. When several strains have identical sequences, only one is rep-
resented. (Modified from Ayala et al., 1998.)

subunit ribosomal RNA gene (SSUrRNA; Escalante and Ayala, 1994, 1995)
and those coding for the circumsporozoite protein (Csp; Escalante et al.,
1995) and the mitochondrial cytochrome b (Escalante et al., 1998a). Figure
3.2 is a phylogenetic tree of Plasmodium species derived from Csp gene
sequences. Table 3.1 lists the Plasmodium species and provides information
about their geographic distributions and hosts.

Three general conclusions can be derived from the Csp phylogenetic
results:

1. The human parasites P. falciparum, P. malariae, and P. vivax are remotely
related to one another, so that the evolutionary divergence of these
three human parasites greatly predates the origin of the hominids
and even the primates. It follows that their parasitic associations with
humans are phylogenetically independent; that is, at least three of
these species have been laterally transmitted to the human ancestral
lineage from other, nonprimate hosts. This conclusion is consistent
with the diversity of physiological and epidemiological characteris-
tics of the four Plasmodium species (Coatney, 1976; Lopez-Antufiano
and Schumunis, 1993). Phylogenies obtained with other genes, such
as the small subunit ribosomal RNA gene (SSUrRNA; Escalante and
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Table 3.1. Plasmodium species investigated with the Csp sequences

Number
Species of Strains Host Geographic Distribution
P. falciparum 8 human tropics worldwide
P. malariae 2 human tropics worldwide
P. vivax 4 human tropics worldwide
P. vivax-like 2 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

Ayala, 1994, 1995) and the mitochondrial gene coding from cyto-
chrome B (Escalante et al., 1998a), also show that evolutionary di-
vergence of the four human parasites greatly predates the origin of
the hominids. Host-shifts appear to have been a common occurrence
among avian and reptilian malaria parasites (Bensch et al., 2000; Rick-
lefs and Fallon, 2002).

Plasmodium falciparum is more closely related to P. reichenowi, the chim-
panzee 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 roughly consistent with the time
of divergence between the two host species, human and chimpanzee
(Escalante and Ayala, 1994, 1995). A parsimonious interpretation of
this state of affairs is that P. falciparum is an ancient human parasite,
associated with our ancestors at least since the divergence of the ho-
minids from the great apes, and that the divergence of P. falciparum and
P. reichenowi is associated with the divergence of their host species, hu-
mans and chimps. This conclusion is also corroborated by the phyloge-
nies derived from SSUrRNA gene sequences (Escalante and Ayala, 1994,
1995).

Some authors (McCutchan et al., 1996) failed to separate unam-
biguously P. falciparum and P. reichenowi when they analyzed amino
acid rather than nucleotide sequences. This ambiguity can be at-
tributed to the difficulty of aligning, for several Plasmodium species,
amino acid sequences that are quite different and variable in length
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(Escalante et al., 1995; see also Rich et al., 1997), with the consequence
that only the more conserved amino acids can be reliably aligned.
When the comparison is made between DNA sequences of P. reichenowi
and P. falciparum, the difference between the two species is unambigu-
ous (see below for the distinct composition of the central Csp repeat
region).

3. The highly divergent human parasites P. malariae and P. vivax are ge-
netically indistinguishable from two primate counterparts, the New
World monkey parasites P. brasilianum and P. simium, respectively. We
infer that a lateral transfer between hosts has occurred in recent times,
either from monkeys to humans or vice versa. The Csp genetic distance
between P. malariae and P. brasilianum is 0.002 + 0.002, not greater
than the distance among the various isolates of P. malariae (n = 2),
P. vivax (n = 4), or P. falciparum (n = 8) (Table 3.2; Ayala et al., 1998).
This suggests that P. malariae (isolated from humans) and P. brasilianum
(isolated from New World monkeys) have not long been divergent
from one another and might be considered a single species exhibit-
ing “host polymorphism” (Escalante and Ayala, 1994), i.e., the ability
to parasitize more than one host species. A similar hypothesis might
be put forth with respect to P. vivax and P. simium, because these two
are also genetically indistinguishable (genetic distance, 0.004 & 0.001;
Table 3.2).

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 nomenclat-
ural convenience and hence is not biologically substantive. What is more
important is the conclusion that two of the four known human malaria
parasites have nearly identical platyrrhine (New World monkey) parasite
relatives. This is a strong indication that a host-switch has occurred in
recent times (or even continues to occur). A host-switch is defined as a
horizontal shift of a parasite from one host species to another distantly re-
lated host species. This is in stark contrast to the observed relationship of
P. falciparum and P. reichenowi that has evolved vertically (i.e., from a com-
mon 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 to understanding the evolution of the genus
and the origin of disease. Humans and platyrrhine monkeys are distantly
related and have only been geographically associated at a time after the
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first human colonization of the Americas, which occurred within the past
15,000 years. Indeed, the host-switch may have occurred following the
second influx of humans, when Europeans began to colonize America in
the sixteenth century. Whether 500 or 15,000 years have passed since the
host-switch, either would be a mere moment in evolutionary time and so
it is not surprising that the human and platyrrhine parasites are geneti-
cally so little diverged. Both P. simium and P. brasilianum are known to be
infectious to humans (Gilles and Warrell, 1993). Epidemiological serosur-
veys of humans and monkeys in French Guiana indicate that platyrrhines
may actually serve as zoonotic reservoirs for human disease (Fandeur et al.,
2000), thus lending support to the host-polymorphism hypothesis.

Unlike the Old World primate parasite, P. reichenowi, which thrives
exclusively in chimpanzees, the platyrrhine malaria parasites are quite
capacious in their host preference, and so these New World parasites ap-
pear quite susceptible to host-switches. P. simium infects at least three, and
P. brasilianum has been identified in as many as 26 species of New World
monkeys (Gysin, 1998). We have argued in the past, on the grounds of
evolutionary parsimony, that the host-switches observed in vivax/simium
and malariae/brasilianum were most likely to have occurred from primates
to humans (Escalante and Ayala, 1995; Ayala et al., 1998). Based on the
observed host distribution, the alternative explanation of a switch from
humans to primates seems less plausible because it would require that
multiple independent switches have occurred. For example, in the case of
the malariae-brasilianum host-switch, it is improbable that no less than 26
human to platyrrhine (or platyrrhine to platyrrhine) host-switches would
have occurred in the 15,000-year history of human habitation of South
America.

P. vivax and P. malariae have widespread global distributions, whereas
the complementary P. simium and P. brasilianum are restricted to South
America. This is not inconsistent with a host-switch of the platyrrhine
parasites to human hosts because humans have been remarkably vagile
in the past several centuries and could have carried their parasites
wherever they may have traveled. For example, a survey of ribosomal
DNA sequences has revealed the occurrence of a P. brasilianum isolate in
Myanmar (Kawamoto et al., 2002). The most plausible explanation for
New World monkey malaria in Southeast Asia is that an infected human
carried it there. This pattern of host transmission may become more evi-
dent as additional molecular genotypes of malaria isolates collected from
around the globe become available.

Geographical distribution records are somewhat ambiguous with re-
spect to determining the direction of host-switch in the case of P. vivax and
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P. simium. P. vivax is the most cosmopolitan of the human malarias, but
it is notably absent from sub-Saharan Africa. Absence of vivax-malaria in
the region has been attributed to the widespread occurrence of a genetic
mutation of the Duffy blood group proteins in indigenous sub-Saharan
peoples. Duffy proteins are expressed on the surface of erythrocytes and
are necessary for receptor-ligand mediated invasion of P. vivax into red
blood cells (Miller et al., 1976). Duffy receptors do not play a role in infec-
tion by the main African malaria parasite P. falciparum. Individuals with an
Fy3~P~ mutation do not express the Duffy receptor, suggesting an adaptive
response for resistance to P. vivax. This adaptation is found primarily in
particular parts of Africa, and its occurrence is inconsistent with a recent
introduction of vivax-malaria to humans, suggesting that the occurrence
of this human mutation was in response to an ancient exposure to P. vivax,
which has since been nearly extirpated from the continent. The possibil-
ity that the Duffy mutation may have arisen in response to some other
selection pressure cannot be eliminated. Indeed, Duffy-negative individu-
als are resistant to P. knowlesi (Mason et al., 1977), which is an Old World
monkey parasite and hence one with which human ancestors have shared
a common geographical range for millions of years. The Duffy mutations
may have reached a high frequency in sub-Saharan Africa as a counter re-
sponse to risk of exposure to this zoonotic malaria known to be infectious
to humans lacking the Duffy-negative genotype.

Historical documentation of nonmalignant (i.e., non-P. falciparum)
malaria in humans is similarly equivocal. Firstly, there is no record of quar-
tan malaria in South America prior to European colonization. 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 colo-
nizers and their African slaves. The weakness of this argument is that it
relies on negative evidence, particularly unreliable when there are few
records or studies that would have likely manifested the presence of
malaria in the New World before the year 1,500, even if it had indeed been
present.

In the Old World, historical records are more complete. Chinese med-
ical writings (dated 2,700 B.c.), cuneiform clay tablets from Mesopotamia
(~2,000 B.c.), the Ebere Egyptian Papyrus (ca. 1,570 B.c.), and Vedic-
period Indian writings (1,500-800 B.c.) mention severe periodic fevers,
spleen enlargement, and other symptoms suggestive of malaria (Sherman,
1998). Spleen enlargement and the malaria antigen have been detected in
Egyptian mummies more than 3,000 years old (Miller et al., 1994; Sher-
man, 1998). Hippocrates’ (460-370 B.c.) discussion of tertian and quartan
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fevers “leaves little doubt that by the fifth century s.c. Plasmodium malar-
iae and P. vivax were present in Greece” (Sherman, 1998, p. 3). If this
interpretation is correct, the association of malariae and vivax with hu-
mans could not be attributed to a host-switch from monkeys to humans
that would have occurred after the European colonization of the Amer-
icas. This would be definitive evidence, so long as one accepts the in-
terpretation that the fevers described by Hippocrates were indeed caused
by the two particular species P. vivax and P. malariae (rather than, say,
P. ovale).

The matter will be resolved by comparing the genetic diversity of the
human and primate parasites. Genetic diversity will be greater in the donor
host than in the recipient host of the switch. If the transfer has been from
human to monkeys, the amount of genetic diversity, particularly at 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 (includ-
ing in each comparison the polymorphisms present in the various mon-
key host species). A transfer from monkey to humans should yield much
lower polymorphism in the human than in the monkey parasites. Due to
their lesser role in human mortality and morbidity, these malaria species
have not garnered the attention that has been lavished on P. falciparum,
and so very little genetic diversity data are available for P. vivax and
P. malariae and far, far less for P. brasilianum and P. simium. Acquisition
of this kind of data will be of great benefit in evaluating the origins of
human malaria and in determining whether animals may serve as disease
IeServoirs.

Another chasm in our understanding of malaria parasite evolution is
in regard to its shared evolution with the definitive host, the mosquito.
Not only are the diverse human malaria parasites all associated with hu-
man disease, they also share the commonality of having an Anopheles
mosquito as their primary vector. A great deal of information about these
mosquitoes has been collected in recent years, including the now complete
sequence of the Anopheles gambiae (Holt et al., 2002). Chromosomal inver-
sions, allozymes, and microsatellites have all proven useful in determining
phylogeny and population structure of several anopheline species (Powell
et al., 1999; Walton et al., 2000; Coluzzi et al., 2002; della Torre et al.,
2002; Krzywinski and Besansky, 2002; Sharakhov et al., 2002). Certainly,
the phylogeny and population structure of malaria parasites will be linked
to that of their vectors, but to date little work has been done in this re-
gard. A complete understanding of the evolution of malaria will require
that this gap be filled.
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GENETIC POLYMORPHISMS IN P. FALCIPARUM: RECENT
GEOGRAPHIC EXPANSION OF MALIGNANT MALARIA

P. falciparum is the most consequential of the human malarias. We have
established that P. falciparum (or, more precisely, its immediate ancestors)
has been a parasite of the human lineage since before the divergence of
humans and chimpanzees. Now, we want to examine the extant genetic
variation in the global P. falciparum. It is well known that P. falciparum
populations are highly polymorphic with respect to antigenic determi-
nants, drug resistance, allozymes, and chromosome sizes (e.g., Sinnis and
Wellems, 1988; Creasey et al., 1990; Kemp and Cowman, 1990; McConkey
et al., 1990; Babiker and Walliker, 1997). Investigation of DNA sequence
variation has focused on genes coding for antigenic determinants, where
amino acid polymorphisms (nonsynonymous nucleotide substitutions)
are common (Hughes, 1992; Hughes and Hughes, 1995). Antigenic and
drug resistance polymorphisms respond to natural selection, which is most
effective in large populations — millions of humans are infected by P. falci-
parum and one single patient may harbor 10'° parasites (McConkey et al.,
1990). The replacement of one allele by another, or the rise of a poly-
morphism with two or more alleles at high frequency, may occur even in
one generation. If the selection pressure is strong enough, all individuals
exposed to the selective agent may die, except those carrying a resistant
mutation. With populations as large as those of P. falciparum, any partic-
ular mutation is expected to arise in any one generation; and the same
mutation may arise — and rise to high frequency - independently in sepa-
rate populations.

On the contrary, silent (i.e., synonymous) nucleotide polymorphisms
are often adaptively neutral (or very nearly so) and not directly subject to
natural selection. Thus, silent nucleotide polymorphisms reflect the mu-
tation rate and the time elapsed since their divergence from a common
ancestor. The population structure of P. falciparum is, consequently, best
investigated by examining the incidence of synonymous polymorphisms.
The comparison between synonymous and nonsynonymous polymor-
phisms may provide, in addition, insights into the population dynam-
ics of the parasite. Table 3.3 summarizes the relevant data for 10 genes
for which several sequences are available (Rich et al., 1998). The gene se-
quences analyzed derive from isolates of P. falciparum representative of the
global malaria endemic regions (see Table 3.1 in Rich et al., 1998; for the
Csp gene, see Rich et al., 1997).

Five possible hypotheses that can account for the absence of silent
polymorphisms in P. falciparum are (Ayala et al., 1998):
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Table 3.3. Polymorphisms in 10 loci of P. falciparum

Number of

Chromosome Synonymous Sites
Gene Location Length (op) nf Dj DI 4fold 2-fold
Dhfr 4 609 32 4 0 2,144 4,128
Ts 4 1,215 10 0 0 1,250 2,640
Dhps 8 1,269 12 5 0 1,536 2,724
Mdri 5 4,758 3 1 0 1,350 2,088
Rapl - 2,349 9 8 0 1,092 1,668
Calm 14 441 7 0O O 364 602
G6pd 14 2,205 3 9 0 726 1,404
Hsp86 7 2,241 2 0 O 532 910
Tpi - 597 2 0 O 180 262
Cspl 5’end 3 387 25 7 0 688 2,010
Cspl 3’end 3 378 25 17 O 1,050 1,625
Total - - - 51 0 10,912 20,061

* n; is the number of sequences.
t D, and Ds are the observed number of nonsynonymous and synonymous polymorphisms,
respectively.

(a) persistent low effective population size,

(b) low rates of spontaneous mutation,

(c) strong selective constraints on silent variation,

(d) one or more recent selective sweeps affecting the genome as a whole,
or most of it, and

(e) a demographic sweep, i.e., a recent population bottleneck, so that ex-
tant world populations of P. falciparum would have recently derived
from a single common ancestor.

Hypothesis (a) can readily be excluded for the present, given that
P. falciparum occurs in many millions of infected humans. If the effec-
tive worldwide population of P. falciparum had been very small (tens or at
most hundreds of individuals) for very many generations until not long
ago, this would effectively amount to a population bottleneck (as in hy-
pothesis e).

There seems to be no reason to suspect that spontaneous mutation
rates are exceptional in P. falciparum (hypothesis b), and there are two
arguments against it. One is the high incidence of polymorphisms at anti-
genic and drug-sensitivity sites, both in worldwide samples (Kemp et al.,
1987; Bickle et al., 1993; Qari et al., 1994; Escalante et al., 1998b) and
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in laboratory selection experiments with mice (Cowman and Lew, 1989).
The other argument is that there is divergence, in synonymous as well as
nonsynonymous sites, between P. falciparum and other Plasmodium species
(Hughes, 1993; Escalante and Ayala, 1994; Escalante et al., 1995).

Similarly, hypothesis (c), namely selective constraints due to codon
bias and high AT content, cannot account for the total absence of silent
variation in P. falciparum (Escalante et al., 1998b; Rich and Ayala, 1998,
1999). Two lines of evidence suggest that the paucity of synonymous poly-
morphisms cannot be attributed entirely to codon bias. Firstly, in the case
of 4-fold redundant codons, the bias is for codons with either A or T in the
third position (at the cost of G and C) (see Table 3.5 in Ayala et al., 1999).
This bias reflects the overall 71.6% AT richness of the falciparum genome
(61.1, 70.1, and 83.5 for first, second, and third positions, respectively).
The fact that the mean ratio of A/T in the third position of 4-fold codons
(Leu, Ile, Val, Ser, Pro, Thr, Ala, Arg, and Gly) is 1.1, suggests that, while A/T
< C/C changes may be restricted, A <> T changes seem not to be, because
there is no evidence of one base being favored over the other. Secondly,
levels of codon bias found in several species of Plasmodium are similar to
those in falciparum (see Table 3.6 in Ayala et al., 1999). Presumably, these
species would, therefore, have the same constraint on synonymous sub-
stitutions in 4-fold sites as P. falciparum. Yet synonymous polymorphisms
occur in these other species, as well as among them and between them and
falciparum, suggesting that high codon bias does not preclude synonymous
substitutions. It is interesting to note that in P. vivax, the first, second, and
third position GC content (47.2, 60.1, and 47.8%, respectively) is more
homogenous than it is in P. falciparum.

Comparisons between P. falciparum and P. reichenowi, at each of five
genes for which data are available in both species, indicate high num-
bers of synonymous substitutions (average K; = 0.072 and K,, = 0.046, for
synonymous and nonsynonymous substitutions, respectively, calculated
from Escalante et al., 1998a, Table 3.7). Synonymous substitutions have
accumulated between these two lineages over the 8 million years since
their divergence, AT richness notwithstanding.

Hypothesis (d) proposes that natural selection may account for the
rapid spread of a favored genotype throughout populations, particularly
when the population is large and/or the selection is strong. The repeated
appearance throughout global malaria endemic regions of drug-resistant
phenotypes, determined by nonsynonymous substitutions at the Dhff,
Dhps, and other loci, is most likely due to natural selection. Selection
sweeps are known in other organisms, such as Drosophila melanogaster
(Hudson et al., 1997; Saez et al., 2003). Natural selection can account for
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Figure 3.3. Schematic representation of a star phylogeny. t represents the time
elapsed between the population bottleneck (cenancestor) and the present.

the absence of synonymous variation at any one of the 10 loci shown in
Table 3.3, if the particular gene itself (or a gene with which it is linked)
has been subject to a recent worldwide selective sweep, without sufficient
time for the accumulation of new synonymous mutations. However, the
10 genes are located on, at least, 6 different chromosomes, and thus 6 in-
dependent selective sweeps would need to have occurred more or less con-
currently, which seems unlikely. A selective sweep simultaneously af-
fecting all chromosomes could happen if the population structure of
P. falciparum were predominantly clonal, rather than sexual (see Rich et al.,
1997).

We shall now consider hypothesis (e), namely that the absence of silent
polymorphism is a consequence of a recent population bottleneck (or de-
mographic sweep) so that the extant world populations of P. falciparum
can be traced to a single recent common ancestor. If a population grows
to a large size after a bottleneck, it is reasonable to assume that the ge-
nealogy of a sample of multiple strains collected from widely distributed
localities would be a star-like phylogeny with their last common ancestor
(“cenancestor”) at the vertex of the star (Figure 3.3; Slatkin and Hudson,
1991). Under this assumption, and ignoring the possibility of multiple
hits at individual sites, the number of neutral polymorphisms that we
observe in a sample of multiple strains will be Poisson-distributed with a
mean that depends on the neutral mutation rate, the time elapsed, and the
number of lineages examined. The expected number of polymorphisms is
A= pat Y mli + ppt > nim;, where p, and p;, are the neutral mutation rates
at the third position of 4-fold and 2-fold degenerate codons, respectively;
t is the time since the bottleneck; n; is the number of lineages sampled
at the ith locus; and I; and m; are, respectively, the number of 4-fold and
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Table 3.4. Estimated upper-boundary times (s and ts, in years) to the
cenancestor of the world populations of P. falciparum

Estimated Mutation Rate x 10~°

(12a) (1p) los 5o
7.12 2.22 24,511 5,670
3.03 0.95 57,481 13,296

Note: The tg5 and ts5p are the upper boundaries of the confidence intervals. Thus, in the first
row the cenancestor lived less than 24,511 years ago with a 95% probability, and less than
5,670 years ago with a 50% probability. The mutation rates in the top row assume that the
Plasmodium radiation occurred 55 Myr ago; in the bottom row, 129 Myr ago. Based on these
two assumptions, ug and u, are the estimated neutral mutation rates of 4-fold and 2-fold
degenerate codons, respectively.

Source: Table adapted from Ayala et al., 1998.

2-fold synonymous sites examined at the ith locus. This expression sug-
gests an estimator of the time of the bottleneck, obtained by solving for t
and replacing 2 (the expected number of polymorphisms) by S (the observed
number of polymorphisms):

S
ta 2l + pp Y mm;”

In the present sample, S = 0, so t = 0. Because $ has a Poisson distri-
bution, we can estimate confidence intervals by using appropriate val-
ues of the distribution in place of S. Estimates of the neutral mutation
rates, u, and up, may be obtained by comparing species for which the
time of divergence is known: the number of neutral substitutions be-
tween species divided by the time elapsed is an estimator of the mutation
rate. We have obtained four estimates of neutral mutation rates, based
on two comparisons: P. falciparum with P. berghei and P. falciparum with
P. reichenowi (Rich et al., 1998). A summary of the results is shown in
Table 3.4. We estimate the 95% confidence interval for the falciparum bot-
tleneck as 0-24,511 or 0-57,481 years. We also give in Table 3.4 the f59
values, which represent the time such that, if the bottleneck had been
older, there is a probability greater than 50% that we would have observed
greater neutral variation than has actually been observed (which is zero).
We have referred to the conclusion that the extant world populations of
P. falciparum are of recent origin as the Malaria’s Eve hypothesis.

In the few years following our first proposal of Malaria’s Eve (Rich et al.,
1998), the issue has been the subject of contentious debate. In 1998, the
amount of sequence data available for the species was rather limited, but

f:
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since that time this data set has grown substantially, culminating in the
complete genome sequence of P. falciparum published in 2002 (Gardner
et al., 2002). Other investigators have, accordingly, sought to carefully
scrutinize the Malaria’s Eve hypothesis.

One of these studies entailed a large-scale sequencing survey of 25
introns located on the second chromosome in eight P. falciparum isolates
collected from global sites (Volkman et al., 2001). The findings of this
study confirmed our previous result: 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. (2001) found only
three silent single nucleotide polymorphisms (SNPs) and concluded that
the age of Malaria’s Eve was somewhere between 3,200 and 7,700 years.

Conway et al. (2000) have presented further evidence in support of
Malaria’s Eve based on analysis of the P. falciparum mitochondrial genome.
They examined the entire mitochondrial DNA (mtDNA) sequence of
P. falciparum isolates originating from Africa (NF54), Brazil (7G8), and
Thailand (K1 and T9/96), as well as the chimpanzee parasite P. reichenowi.
Alignment of the four complete mtDNA sequences (5,965 bp) showed
that 139 sites contain fixed differences between falciparum and reichenowi,
whereas only 4 sites were polymorphic within falciparum. The corre-
sponding estimates of divergence (K, between P. reichenowi and P. fal-
ciparum) and diversity (x, within P. falciparum strains) are 0.1201 and
0.0004, respectively. In short, 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 the divergence time between P. falciparum and P. reichenowi, then
the estimated origin of the P. falciparum mtDNA lineages is 26,667 years
(i.e., 8 million/300), which corresponds quite well with our estimate based
on 10 nuclear genes (Rich et al., 1998). In a subsequent survey of a total
of 104 isolates from Africa (n = 73), Southeast Asia (n=11), and South
America (n = 20), Conway et al. (2000) determined that the extant global
population of P. falciparum is derived from three mitochondrial lineages
that started in Africa and migrated subsequently (and independently) to
South America and Southeast Asia. Each mitochondrial lineage is identi-
fied by a unique arrangement of the four polymorphic mtDNA nucleotide
sites.

Arguments against the Malaria’s Eve hypothesis come in two forms.
The first argument is that the loci chosen in the studies described above
are a biased sample and do not reflect the levels of polymorphism in
the genome as a whole. The second counterargument concedes that nu-
cleotide polymorphisms are scarce, however this is not attributable to
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recent origin, but rather to strong selection pressure against the occur-
rence of synonymous nucleotide substitutions.

One study that reports an “ancient” origin of a P. falciparum is based on
a survey of sequences available from the GenBank database (Hughes and
Verra, 2001). As with the data in our original paper (Rich et al., 1998), these
GenBank sequences are compiled from a variety of sources and many of the
entries may contain sequencing errors associated with tag misincorpora-
tion during the PCR amplification of alleles. Moreover, some sequences in-
cluded in the Hughes and Verra (2001) paper were not carefully examined,
and the comparisons include multiple nucleotide sequences from a sin-
gle clone derived in different laboratories. For example, GenBank entries
AF239801 and AF282975 are both falcipain-2 sequences from P. falciparum
clone W2. Regardless of possible errors, the overwhelming message from
their compiled data is that there is indeed a dearth of polymorphism. In
fact, among the 23 loci examined, which comprised over 10,000 codons,
only six contained synonymous substitutions in 4-fold degenerate codons.
Nonetheless, Hughes and Verra (2001) concluded that the time to the most
recent common ancestry of P. falciparum must be 300,000-400,000 years.

A most ambitious effort to quantify polymorphism in P. falciparum in-
volved a survey of >200 kb from the completely sequenced chromosome 3
(Mu et al., 2002). The authors reported 31 and 62 polymorphisms among
80,415 noncoding and 192,400 synonymous nucleotide sites, respectively.
Using the equation and mutation rates from our paper (Rich et al., 1998),
Mu et al. (2002) estimated the common ancestor to be between 102,000
and 177,000 years old. At this level of polymorphism, i.e., 62 of 192,400 (or
0.03%), the possible error rate (in PCR amplification and sequencing) be-
comes relevant and bears great impact on estimates of recent ancestry. Mu
et al. (2002) reamplified and resequenced 56 of the regions containing sin-
gle nucleotide polymorphisms (both synonymous and nonsynonymous)
and in this second pass found that two of the polymorphisms were in
error (an error rate of ~4.0%). It is because of a possibly high error rate
that the previously described paper by Volkman et al. (2001) incorporated
a highly redundant approach to assure integrity of the data. Their methods
involved meticulous bidirectional sequencing of three clones from each of
three independent DNA amplifications, or an 18-fold redundancy (Hartl
et al., 2002).

Another concern about calculation of the age of Malaria’s Eve pertains
to the estimation of mutation rates. The estimates used by Mu et al. (2002)
are from a comparison of a very small number of nucleotides (708 bp) be-
tween the rhoptry-associated protein gene of P. falciparum and P. reichenowi
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(Rich et al., 1998). The neutral mutation rate may vary among chromo-
somal regions, and its estimation is subject to sampling error. Even slight
perturbations in its calculation will have exponential effects on estima-
tion of age of the common ancestor. Reliable estimates of the mean age of
Malaria’s Eve are in the range of 4,000 to 180,000 years. Although at first
glance this range of nearly two orders of magnitude appears unsatisfac-
tory, the differences are in fact quite small in light of the 6-8 million year
age of the species, dating back to its split from the chimpanzee parasite.
This means that the global, extant distribution of P. falciparum, with its
abundant diversity of antigens and drug resistance factors, originated in
only a small fraction (at most ~3%) of the time since the origin of the
species. This finding contrasts greatly with the previous estimates of some
antigenic variation as being 35 million years old (Hughes and Hughes,
1995; see Rich et al., 2000).

Despite discrepancies in the estimation of age of the Malaria’s Eve
common ancestry, it is clear that nucleotide polymorphisms are scarce
in many portions of the P. falciparum genome (Conway and Baum, 2002;
Hartl et al., 2002). A second criticism of the recent origin hypothesis con-
cedes the paucity of synonymous site polymorphism but attributes this
to constraints on the genome itself. One proposition is that the extreme
AT content of the P. falciparum genome suggests that some constraint is
acting upon mutations that lead to unfavorable codon sequences (Saul
and Battistutta, 1988; Arnot, 1991; Saul, 1999). As we have argued above,
this does not seem to be the case, because in spite of AT content as high as
84% in third positions, there appears to be an equal proportion of A and
T nucleotides in third positions of 4-fold degenerate codons (Rich and
Ayala, 1999, 2000). Moreover, the fact that synonymous substitutions
are in evidence in the divergence between P. falciparum and P. reichenowi
(which has a similarly extreme AT content) indicates that mutations can
and do occur (Rich and Ayala, 1999).

Hartl et al. (2002) have pointed out that genomic constraints seem
unlikely given the variability of microsatellite markers among introns, in-
tergenic regions and, in some cases, coding sequences (Su and Wellems,
1996; Anderson et al., 1999, 2000; Volkman et al., 2001). Nonetheless, Fors-
dyke (2002) has argued that the extreme conditions of the P. falciparum
genome present a situation where selection for genomic composition ex-
ceeds the selection on the proteins encoded by these genes. The argument
is leveled not so much against the Malaria’s Eve hypothesis in particular,
but rather the author attempts to refute the notion that neutral evolution
is even possible. This warrants further discussion.
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In an attempt to assign adaptive significance to the occurrence of a
simple-repetitive sequence element (the Epstein-Barr nuclear antigen-1,
EBNA-1) in the genome of the Epstein-Barr virus (EBV), Forsdyke (2002)
argues that the selective pressure for particular genomic content and/or
arrangement supersedes the selection acting on encoded proteins (phe-
notype). The EBNA-1 can be removed from the genome without any loss
of function in the virus. Because EBV, like most viruses, tends to lose ex-
traneous genetic elements nonessential to its survival, Forsdyke (2002)
maintains that the EBNA-1 must have a function other than that typically
assigned to genes, i.e., to encode messages. To establish this fact, he has
developed several descriptive parameters that are based on the nucleotide
composition and secondary-folding potential of nucleotide sequences.
These parameters are termed potential “pressures” acting on the genome
to maintain a particular configuration and/or composition. Forsdyke
(2002) tested whether the region in question has extraordinary values
for the pressure parameters and found that in the EBNA-1 region there
is an excessive skew in purine content (A and G), which would limit the
potential for folding of the molecule and hence reduce recombination.
The potential benefit of this situation is not explained and its biological
relevance remains unclear.

The analysis of the EBV provided the analytical basis of Forsdyke’s
claim that P. falciparum is under pressure for reduced nucleotide poly-
morphism. He chose to examine the individual sequence content of two
P. falciparum genes coding for surface antigens, Csp and Msp-2 (merozoite
surface protein-2). As with the EBNA-1, he found that there was a high
bias toward purines (primarily A in this case) and a strong potential for
secondary folding within the repetitive regions of both Msp-2 and Csp.
The only conclusion drawn from this was that the high folding potential
might enhance recombination in the repeat regions of both genes. The
model is neither predictive nor explanatory and does not even offer much
in the way of descriptive value. If it were demonstrated that these extraor-
dinary pressure regions had significantly less (or greater) synonymous site
polymorphism and that pressure was predictive of this polymorphism,
the author’s claim might bear some relevancy. However, neither of these
claims can be made, particularly because the author chose to examine
two of the most highly polymorphic loci known in P. falciparum. What is
clear is that silent-site polymorphisms are in evidence in non-falciparum
malaria species and that synonymous substitutions have occurred in the
evolution of P. falciparum and P. reichenowi. On this basis, we maintain that
although substitutions may be constrained due to nucleotide composition
and/or codon usage bias, these constraints do not explain the paucity of
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P. falciparum synonymous-site variation. Therefore, the Malaria’s Eve hy-
pothesis remains the most likely explanation for this state of affairs.

In addition to the analyses of genetic polymorphism data, there is inde-
pendent information in support of the Malaria’s Eve hypothesis. Sherman
(1998) notes the late introduction and low incidence of falciparum malaria
in the Mediterranean region. Hippocrates (460-370 B.c.) describes quar-
tan and tertian fevers, but there is no mention of severe malignant tertian
fevers, which suggests that P. falciparum infections had not yet occurred in
classical Greece, as recently as 2,400 years ago. Interestingly, Tishkoff et al.
(2001) traced the origin of malaria-resistant G-6pd genotypes in humans
to the spread of agricultural societies some 5,000 years ago. The recent
origin of this mutation in humans suggests a similarly recent association
with widespread exposure to the malaria parasite.

How can we account for a recent demographic sweep of P. falciparum
across the globe, given its long-term association with the hominid lineage?
One likely hypothesis is that human parasitism by P. falciparum has long
been highly restricted geographically and has dispersed throughout the
Old World continents only within the past several thousand years, perhaps
within the past 10,000 years, after the Neolithic revolution (Coluzzi, 1994,
1997, 1999). Three possible scenarios may explain this historically recent
dispersion:

(1) changes in human societies,

(2) genetic changes in the host-parasite—vector association that have al-
tered their compatibility, and

(3) climatic changes that entailed demographic changes (migration, den-
sity, etc.) in the human host, the mosquito vectors, and/or the parasite.

One factor that may have impacted the widespread distribution of
P. falciparum in human populations from a limited original focus, proba-
bly in tropical Africa, is changes in human living patterns, particularly the
development of agricultural societies and urban centers that increased hu-
man population density (Livingston, 1958; Weisenfeld, 1967; de Zulueta
et al., 1973; de Zulueta, 1994; Coluzzi, 1997, 1999; Sherman, 1998). Ge-
netic changes that have increased the affinity within the parasite-vector—
host system are also a possible explanation for a recent expansion, not
mutually exclusive with the previous one. Coluzzi (1997, 1999) has co-
gently argued that the worldwide distribution of P. falciparum is recent
and has come about, in part, as a consequence of a recent dramatic rise in
vectorial capacity due to repeated speciation events in Africa of the most
anthropophilic members of the species complexes of the Anopheles gam-
biae and A. funestus mosquito vectors. Biological processes implied by this
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account may have been associated with, and even dependent on, the on-
set of agricultural societies in Africa (scenario 1) and climatic changes (sce-
nario 3), specifically, a gradual increase in ambient temperatures after the
Wiirm glaciation, so that about 6,000 years ago climatic conditions in the
Mediterranean region and the Middle East made the spread of P. falciparum
and its vectors beyond tropical Africa possible (de Zulueta et al., 1973;
de Zulueta, 1994; Coluzzi, 1997, 1999). The three scenarios are likely in-
terrelated. Once demographic and climatic conditions became suitable for
propagation of P. falciparum, natural selection would have facilitated evo-
lution of Anopheles species that were highly anthropophilic and effective
falciparum vectors (de Zulueta et al., 1973; Coluzzi, 1997, 1999).

NATURAL SELECTION AND THE EVOLUTION OF

ANTIGENIC GENES

There is an apparent contradiction between the paucity of synonymous
polymorphisms and the abundance of replacement changes observed in
antigenic loci. Natural selection may offer an explanation because strong
positive selection, particularly where immune evasion is at stake, can very
likely fix even rare mutations. However, Hughes and colleagues proposed
a model that requires that variants of genes encoding P. falciparum sur-
face proteins be as old or much older than the species itself (Hughes et al.,
1983; Hughes, 1993; Hughes and Hughes, 1995). They originally estimated
that the ages of the most divergent alleles of Msp-1 and Csp alleles are 35
and 2.1 million years, respectively. It must first be noted that the polymor-
phisms in these antigenic genes, whether or not they are of ancient origin,
do not contradict the recent origin of P. falciparum current world popu-
lations. As with the misinterpretation of the Mitochondrial Eve model of
human origins, it should be noted that the hypothetical Malarial Eve does
not represent a single ancestral individual but rather current populations
derive from few individuals at some point in the past. Ancient polymor-
phisms at certain loci under strong balancing (diversifying) selection can
be maintained through a severe constriction in population numbers, or
even through a number of generations with small populations that would
lead to the virtual complete elimination of neutral allelic polymorphisms,
as noted above to account for the scarcity of silent polymorphisms. For
example, although the mitochondrial lineage of modern humans is only
100,000-200,000 years old, natural selection has maintained extensive
polymorphisms among human MHC molecules (involved in the immune
response against invading foreign substances), some of which predate the
split between humans and chimpanzees (Ayala, 1995). The P. falciparum
antigenic genes are under strong diversifying selection for evasion of
human immune response (McCutchan and Waters, 1990; Miller et al.,
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1993; Escalante et al., 1998b), and so they too could be maintained despite
a demographic bottleneck. The lack of silent-site differentiation among di-
morphic forms of several of these antigenic determinants further supports
this hypothesis.

In order to understand the evolutionary history of the antigenic al-
leles in P. falciparum, it is imperative to utilize a model that incorporates
all biologically relevant information. A high level of amino acid poly-
morphism is evident in several antigenic genes that have been examined.
Most of these amino acid changes have been mapped directly to B and T
cell epitopes (Anders et al., 1993). At the nucleotide level, the dispropor-
tionate number of nonsynonymous substitutions relative to synonymous
substitutions indicates that these regions are under positive diversifying
selection (Escalante et al., 1998b). The requisite assumption of this model
is that point mutations are equally likely to occur at any site but only
those that favorably alter phenotype (amino acid) will be selected and
hence be maintained, whereas the neutral sites (nonselected) will be lost
or fixed at random. When deleterious mutations occur, negative selection
will remove them, and the amino acid sequence will be conserved. This is
the basic model of molecular evolution and, with various corrections for
multiple nucleotide substitutions at individual sites, its validity has been
confirmed in innumerable protein-coding genes in the great diversity of
living species (Li, 1997).

However, not all DNA sequences adhere to this model. Consider, for
example, the DNA repeat regions that make up micro- and minisatellite
loci in various plant and animal species, including humans. Most of the
variation within these repeats originates by a slipped-strand process that
yields duplication and/or deletion of the repeated units. This process leads
to rapid differentiation of alleles, wherein an individual mutational event
can change several nucleotides at once, with greater impact on sequence
divergence than the typical single-nucleotide mutation process. Moreover,
these mutations occur at rates that are orders of magnitude greater than
that of single nucleotide substitutions (for a review, see Hancock, 1999).
For this reason, even closely related individuals in a population, which
may be identical in their coding DNA at most loci, may show marked
differentiation at microsatellite loci. That these loci are so highly poly-
morphic reflects the fact that repetitive elements are susceptible to fre-
quent slipped-strand mutations. The diversification of DNA satellite se-
quences typically takes place in the absence of selection, because the
loci themselves do not encode a protein product. For example, among
the 27,336 bp of intronic sequence examined by Volkman et al. (2001),
there was only one nucleotide substitution, but several mutations were de-
tected in microsatellite repeats. The authors concluded that microsatellite
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Figure 3.4. Structure of the P. falciparum Csp gene. Two nonrepeat regions (5’ NR
and 3’ NR) brace a central region (CR, hatched) made up of a variable number of
tandem repeats encoding 4-amino-acid-long motifs. The light gray boxes represent
B-cell epitopes; the dark boxes represent T-cell epitopes.

mutations occur at rates that are much higher than that of single nu-
cleotide substitutions.

A notable feature of P. falciparum surface proteins is the presence of cer-
tain repeating nucleotide sequences, which encode short iterative amino
acid sequences (Dame et al., 1984; Anders et al., 1988). These antigenic
repeat regions are highly polymorphic, yet the repeat regions are known
to be in many instances under immune selection. This presents a novel
situation to the molecular evolutionist, in that these loci behave as one
would expect satellite DNA to behave with respect to the rapid mutation
process and the generation of variable-length sequences, whereas the re-
peat portions encode part of the functional protein and so are subject to
selection pressure.

The Csp gene has been extensively investigated in P. falciparum because
it encodes the antigenic circumsporozoite protein, considered a likely tar-
get for vaccine development (Gramzinski et al., 1997; Zevering et al., 1998).
The gene consists of two end-regions that are not repetitive (5’ NR and 3’
NR) but embrace a central region made up of a variable number (typically,
between 40 and 50) of tandem repeats, each encoding one of two 4-amino-
acid-long motifs (Figure 3.4). We have shown in Table 3.3 that there are
not silent polymorphisms in the 5" NR and 3’ NR regions and have used
this evidence to infer the origin of P. falciparum populations from a single
individual strain within the past several thousand years. The polymor-
phisms found in the B-cell and T-cell epitope regions can be attributed to
antigenic natural selection (Rich et al., 1998).

The variable number of repeats and the nucleotide variation among
the repeats are difficult challenges when seeking the alignment of the
repetitive central region (CR). We have sought to accomplish this and,
more importantly, to understand the organization and evolution of the CR
region, by proceeding in two steps: we align, first, the amino acid motifs
and, second, the nucleotide variation within each motif. The two amino
acid motifs in the Csp CR of P. falciparum are NANP and NVDP, represented
by 1 and 2, respectively, in Table 3.5, which shows the organization of the
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Table 3.6. Amino acid and nucleotide sequences of the repeat allotypes
(RAT) and their incidences

Motif falciparum reichenowi

RAT Amino Acid Nucleotide % Number % Number
A NANP aatgcaaaccca 55.1 566 385 10

B NANP . t..t 16.1 165 30.8 8

C NANP L. t... 7.6 78 - -

D NANP ... c..t..a 6.2 64 3.8 1

E NANP oL C 6.2 64 - -

F NANP LG C 5.1 52 - -

G NANP ... [ 3.1 32 1.7 2

H NANP oL t 0.3 3 - -

| NANP LoC 0.2 2 3.8 1

J NANP ... [ C 0.1 1 - -

z NANP . L t..c - - 15.4 4
M NVDP t.g.t ... 52.3 46 20.0 1

N NVDP ....t.g.t..c 3138 28 40.0 2
O NVDP ..c.t.g.t ..t 14.8 13 - -
P NVDP t.g.t ..t 1.1 1 20.0

X NVNP t t..c - - 100.0 4

region in 25 Csp sequences of P. falciparum and one of P. reichenowi. A pat-
simonious interpretation of these arrangements is that length variation
originates by duplication of the motif doublet 1-2 or simply of motif 1.
We have introduced the concept of repeat allotype (RAT) to refer to partic-
ular 12-nucleotide-long sequences coding for a given amino acid motif. In
P. falciparum there are 10 different RATs (A-J) coding for motif 1 and there
are 4 RATs coding for motif 2 (Table 3.6). The distribution of RATs, even
within a given motif, is very uneven. One particular RAT has an incidence
greater than 50% over the whole set, whereas some RATs are present only
once or a few times. Ayala et al. (1999) have shown a possible alignment
of the P. falciparum RATS.

Which genetic mechanisms account for the variation in the number
of RATs? As noted above, we have analyzed recombination in the Csp gene
and inferred that variation in the CR region arises by mitotic intragenic re-
combination (Rich et al., 1997). The model that we propose for RAT evolu-
tion in Figure 3.5 is simply an instance of the general slipped-strand model
for generating length variation in repetitive DNA regions, such as the
multiple repeats of short-length sequences characteristic of microsatellite



Time

Evolutionary Genetics of Plasmodium falciparum

allelel
allele2?
allele3
allele4

A ——  Ancestral sequence (no repeats)

Motif (solid circle) is duplicated
by replication slipped-strand mutation (SSM).

After many generations, the descendents
C ——  accumulate polymorphisms in the number of
repeats by the SSM.

63

i

[ 00000 [ 000 | [ 0000 |

In addition to the SSM mutations,
point mutations may occur within
arepeat (open circle), or new motifs may
be duplicated (gray triangles).

Newly created repeat motifs
proliferate by the same SSM
E ———  mechanisms as before; in some
cases they may replace the

[ @00 1 [ @t

/N

|

original motif.
’ o000 1 |

0000

allelel

Mis-aligned sequences
[ @000 |
[ 0000 ]

C_AAAAAA ]
[ 00 |

allele2?

L " J[ e® = |

allele3

alleled

Appropriate alignment of homologous regions

3
3
[ 00

£ 1
&
7YYV VYRR
i3 £3 £

Figure 3.5. (a) Model of nucleotide-repeat evolution. Rectangles represent the en-
tire gene, which has a finite length such that proliferation of a repeating unit leads
to loss of other repeats or loss of single-copy, nonrepeat regions. Three distinct
repeat sequences, which differ from one another by at least one nucleotide, are
shown as solid circles, open circles, and triangles. An arbitrary time scale is shown
on the left. (b) An alignment of the four alleles from time-point E.

loci. New RATs can arise in this model by one of two processes:

(1) replacement or silent substitutions in a codon, and
(2) theslippage mechanism that leads to RAT proliferation. The two amino
acid motifs and the different RAT types have arisen by the first process.
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The variation in the number of RATs arises by the second process.
As pointed out above and as observed in noncoding, satellite DNA
(Schug et al., 1998), process (2) occurs with a frequency several orders
of magnitude greater than process (1).

How much of the variation now present in the Csp CR region of fal-
ciparum may have arisen by process (2)? Notice that only two amino acid
motifs are present in the whole set of 25 Csp sequences and that both
motifs are present in every one of the sequences (Table 3.5). Thus, there is
no evidence that any replacement substitution has occurred in the recent
evolution of P. falciparum, which we are proposing has evolved from one
single strain. Notice also that the single P. reichenowi sequence available
contains three amino acid motifs, including the same two motifs found in
all P. falciparum strains.

The 25 falciparum CR sequences listed in Table 3.5 have a total of 14
different RATs distributed among two amino acid motifs (Table 3.6). The
only reichenowi sequence available, although shorter than the falciparum
sequences (35 vs. 40-51 repeats), consists of 10 different RATs and three
amino acid motifs. Thus, even if we do not take into account new sub-
stitutions (process 1, which may actually have occurred in RATs H, I, ],
and P), it is not unreasonable to assume that all CR variation observed in
falciparum might have arisen by process (2) from a single ancestral strain,
if this were about as heterogeneous as the extant reichenowi sequence.

As asecond example, let us consider the alleles of a known P. falciparum
antigen encoding gene: the merozoite surface protein-1 (Msp-1) locus.
Tanabe and colleagues subdivided the protein into 17 blocks, which were
labeled as “conserved,” “semi-conserved,” and “variable,” based on the
degree of polymorphism among various Plasmodium strains (Tanabe et al.,
1987). By examining the polymorphic blocks, i.e., the semi-conserved
and variable blocks, Tanabe identified clear dimorphism that distingu-
ished two groups, which we refer to herein as Group I and Group II. We
examined numerous Msp-1 sequences of Group I and Group II strains
from the GenBank database to determine the distribution of polymor-
phisms within each block. Our findings are summarized in Table 3.7.
We looked at the number of synonymous and nonsynonymous polymor-
phisms. It is clear from this analysis that the amount of nucleotide poly-
morphism is not uniform across the length of the molecule, and so we
conclude that the different blocks may have quite distinct evolutionary
histories.

For nearly every block, the degree of intragroup polymorphism is less
than 0.05, and most are less than 0.01. The exceptional case is block 2,
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which shows markedly higher intra- and intergroup differences than any
other block. This can be attributed to the tripeptide repeats in block 2,
which create particular difficulty in determining appropriate alignment
and therefore render these deceptively high values of d; and d,,. Nucleotide
repeats, and hence their corresponding peptide motifs, are susceptible
to mutational mechanisms that occur at much greater frequency than
singular point mutations. To discern the evolutionary history of regions
containing these repeats, e.g., Msp-1 block 2, we must consider the most
likely model by which mutations accumulate. In Figure 3.5a, we have
presented just such a model. Note that in the hypothetical ancestor, no
repeats are present. Repeats arise first by duplication of a short sequence
following mutation during replication of the DNA strand. In subsequent
generations, additional copies of the repeat accumulate in some alleles
by slipped-strand mutation (SSM), so that in a few generations various
length polymorphisms may arise among the alleles (the same SSM pro-
cess can lead to loss of a repeat copy; see Levinson and Gutman, 1987 for
details of the SSM process). Novel repeats may also arise by either substitu-
tions within the ancestral repeat (as with the open circles) or, alternatively,
by precisely the means of the original repeat birth (shown here as gray tri-
angles). This model is not particularly novel, because an analogous process
is invoked to explain evolution of microsatellite loci. However, spurious
conclusions arise when aligning the set of alleles that result from this pro-
cess. This is demonstrated in Figure 3.5b, where we show the alignment of
the four sequences from time-point E. Note that in the alignment on the
left (Figure 3.5b), the various repeat motifs are aligned according to their
position, but as we show in Figure 3.5a, these repeats are not homologous.
In fact, the most likely homologue of a given repeat is an adjacent repeat
from the same allele. The alignment on the right of Figure 3.5b shows how
certain regions of individuals’ alleles may lack areas of homology in other
alleles due to the duplication and replacement of repeat units. It is exactly
this kind of alignment artifact that explains the extraordinary intragroup
polymorphism in block 2. We have shown similar patterns in nucleotide
repeat regions of other antigenic genes as well, including Csp and Msp-2
(Rich et al., 1997, 2000; Rich and Ayala, 2000).

With very few exceptions, the degree of difference between Group I
and Group II far exceeds the amount of polymorphism within either group
for both synonymous and nonsynonymous changes. As we have stated
above, the remaining 16 blocks (i.e., other than block 2) of the Msp-1
show very little within-group polymorphism. However, between groups,
there is considerably more nucleotide polymorphism, both synonymous
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and nonsynonymous. Hughes (1992) has argued that polymorphisms ob-
served between the two groups have been maintained within the species
for millions of years by balancing selection.

For Hughes’ model to be correct, one must invoke extraordinarily
high rates of recombination and extreme selection coefficients. Given the
biology of the parasite, and the likelihood of past and recurrent bottle-
necks, we conjectured that this seemed rather implausible. This led us
to propose that it is rate of evolution and not the age of these blocks
that is so vastly different. We hypothesized that the SSM processes that
caused the extreme polymorphism and inflated estimates of nonsynony-
mous nucleotide diversity (d,) in block 2 may also have occurred elsewhere
in the molecule. Our suspicions were confirmed when we identified re-
peats within several of the most polymorphic Msa-1 blocks, in particular,
blocks 4, 8, and 14, which were previously characterized as nonrepeat
blocks.

Consider block 8, which is the block identified by Tanabe et al. (1987)
as showing the lowest amino acid similarity between groups (10%), and
which in our analysis is the most polymorphic in terms of nonsynony-
mous nucleotide diversity (d, = 0.711). We have identified three group-
specific repeats within this block (see Rich et al., 2000). One 9-bp repeat
(R2a) is present in all Group II alleles; and two repeats, of 6-bp (R1a) and 7-
bp (R1b), are present in all Group I alleles. We have hypothesized that the
occurrence of these repeats within this very short stretch of DNA is a highly
significant departure from chance. To test this hypothesis, we searched
the recently completed genomic sequences of P. falciparum chromosomes
2 and 3. The nucleotide sequences of repeats Rla, R1b, and R2a appear
25,116, and 11 times, respectively, within the 947 kbp of chromosome 2.
Within the 1,060 kbp of chromosome 3, the R1a, R1b, and R2a are present
39, 52, and 7 times, respectively. None of the three nucleotide repeats
ever appears in tandem on either chromosome 2 or 3. Moreover, the aver-
age distance between each occurrence on these chromosomes is >20 kb,
demonstrating that their repeated occurrence in the short 147-bp seg-
ment of Msp-1 block 8 strongly departs from random expectation. It would
therefore appear that, like block 2, this region has undergone rapid differ-
entiation, driven by the SSM process outlined in Figure 3.5a. This rapid
differentiation is the mechanism by which the parasite is able to generate
such great antigenic diversity even in the face of recurrent demographic
sweeps. The widespread occurrence of similar genomic regions of high
mutability among potential vaccine targets will surely have some bearing
on predicting the probability of success of protective vaccines.
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Evolutionary Biology of Malarial Parasites

Ananias A. Escalante and Altaf A. Lal

INTRODUCTION

Analysis of Plasmodium spp. genome sequences would allow for the dis-
covery of thousands of new genes and proteins, providing a unique op-
portunity for understanding the complex biology of malarial parasites.
However, the identification of these new genes will be followed by the
same old questions that researchers have faced for nearly three decades:
how variable are the newly identified genes? How is such variation gener-
ated and maintained? How can this diversity affect intervention efforts?

Understanding the origin and extent of malarial parasites’ genetic di-
versity, and the implications of these on the development of new in-
tervention strategies, requires a close collaboration between biomedical
researchers and evolutionary biologists. In the case of malaria research,
as is the case in the study of many other infectious diseases, biomedical
researchers/public health professionals and evolutionary biologists have
traditionally worked in isolation.

Biomedical researchers and public health managers often seek answers
to the following questions: What are the specific clinical end points in
malaria? What level of efficacy can be expected from a multivalent vac-
cine? How does drug-resistance emerge? How quickly do drug-resistant
parasites disperse? What is the impact of transmission pressure on the dis-
persal of drug-resistant parasites? Is it better to use one drug at a time or to
use a “cocktail” before any of the drugs become ineffective? What is the
impact of bed-nets on the selection of parasite lines?

Evolutionary biologists, who are interested in similar issues, would
interpret these questions as follows: How does natural selection favor the
fixation of a given mutation? What is the gene flow among populations?
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What is the population genetic structure of the parasite? What are the
dynamics between the genetic diversities of the parasite and the host? Do
the intra-host dynamics relate to virulence? Do the transmission dynamics
affect the recombination rate in the parasite population? Is a gene under
positive selection or is the variation observed neutral?

These two perspectives cannot be reduced to semantic discrepancies.
On the other hand, a joint approach offers fertile ground for finding an-
swers to longstanding problems.

In recent years only a few studies have integrated molecular popula-
tion genetics and evolutionary biology of human malaria parasites with
end points of public health importance. For example, there are relatively
few studies on parasite genetic diversity incriminating the host immune
response as positive selective pressure maintaining the observed polymor-
phism (Conway 1997; Conway et al. 2000; Hughes and Hughes 1995;
Escalante et al. 1998a, 2001, 2002a,b; Polley and Conway 2001). Even more
noticeable is the fact that none of the field molecular epidemiologic studies
on the origin of drug resistance includes any consideration of parasite pop-
ulation structure or effective population size, two concepts that are essen-
tial to understanding the probability of fixation and dispersion of a gene.

In this chapter, we review the current status of molecular evolution-
ary and population genetics research of malarial parasites. First, we review
information on molecular systematic studies and discuss their implica-
tions for understanding the origin and phenotypic plasticity of malarial
parasites. Second, we review population genetics studies, especially those
aimed at understanding the parasite population structure and its genetic
diversity. Finally, we discuss what we believe should be the research agenda
of molecular evolutionary studies in malaria from a public health perspec-
tive, specifically, the need for longitudinal studies that link population-
based information with clinical end points.

MOLECULAR PHYLOGENETIC STUDIES ON PLASMODIUM

Plasmodial parasites infect a wide variety of vertebrate hosts, including
reptiles, birds, and mammals. Plasmodium life cycles in mammals are char-
acterized by an invasive haploid stage, the sporozoite, which is inocu-
lated into the vertebrate host by the bite of an infected female anopheline
mosquito during its blood meal. These sporozoites are carried to the liver,
where they become hepnozoites and further develop into liver merozoites,
which start the erythrocytic life stage. Some merozoites differentiate into
gametocytes, which may be taken up with the mosquito’s blood meal. The
zygote is formed in the mosquito where it develops into the ookinete and
further differentiates into the oocyst, the only diploid stage of the parasite
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life cycle. Meiosis takes place in the oocyst, resulting in the formation of
haploid sporozoites (Coatney et al. 1971).

Four recognized Plasmodium species are parasitic to humans: P. falci-
parum, P. malariae, P. ovale, and P. vivax. Of the four species, P. falciparum
and P. vivax cause almost all of the disease, with P. falciparum causing the
most severe clinical manifestations (WHO 1997). A potential fifth species
termed P. vivax-like has been identified on the basis of molecular evidence
(Qari et al. 1993a,b). The circumsporozoite protein of P. vivax-like is
identical to that of P. simiovale, a parasite from a nonhuman primate.

Understanding the origin of human malaria and the study of plas-
modial parasites in animal models motivated early taxonomic investi-
gations (Coatney et al. 1971). However, formal molecular phylogenetic
studies did not appear until the early 1990s when a substantial amount of
genetic data on housekeeping and antigen genes became available.

The question we need to ask is why do we need to infer the phylogeny
of malarial parasites. Phylogenetic information provides the basis for mod-
ern comparative studies, as well as for the identification of potential new
pathogens and the development of animal models. In the specific case of
malarial parasites, molecular phylogenies have shown that host switching
is possible on a time scale that may have public health implications (Qari
et al. 1993a; Escalante et al. 1995).

Comparative genetic studies led to the discovery of a P. vivax-like par-
asite showing that the entity actually called P. vivax could be more than
a single species (Coatney et al. 1971; Qari et al. 1993a,b; Escalante et al.
1995). In addition, comparative studies have allowed for a better under-
standing of the genetic diversity of human malarial parasites (Escalante
et al. 1998a, 2001, 2002a).

Despite significant progress in phylogenetic studies of malarial para-
sites and other Apicomplexa, our knowledge is still incomplete. Informa-
tion on several species has not progressed beyond their original descrip-
tion, lacking data on host range and other basic biological characteristics.
Remarkable interest in biodiversity during the past two decades has gen-
erated several fauna surveys, but they seldom included parasitic protozoa
or parasites of any kind. The lack of coordination between veterinarians
working with wildlife and biomedical researchers has not allowed the sam-
pling of valuable specimens that could be helpful in understanding the ori-
gin of human malaria, as well as the general evolutionary history of this
important group of parasites (Wolfe et al. 1998). In addition, the expertise
to properly identify and describe species is affected by the limited number
of trained protozoologists. All these limitations have negative impacts on
evolutionary studies of malaria.
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The better known groups are the malarial parasites of mammals, even
though there are complete groups for which we do not have basic informa-
tion, such as Plasmodium from gibbons and lemurs. Molecular and biologic
data from avian and lizard parasites are becoming available, providing
valuable information for better understanding the evolution of malarial
parasites (McCutchan et al. 1996; Bensch et al. 2000; Perkins 2000; Ricklefs
and Fallon 2002).

Initial phylogenetic investigations focused on the origin of P. falci-
parum (Waters et al. 1991; Escalante and Ayala 1994; Escalante et al. 1995,
1997; Qari et al. 1996; McCutchan et al. 1996). The two genes originally
used for such studies were the 18S small subunit ribosomal RNA (18S SSU
rRNA), expressed in the asexual stage, and the circumsporozoite protein
(CSP) gene. Phylogenetic trees obtained with these genes were congruent
(Escalante and Ayala 1994, 1995; Escalante et al. 1995; McCutchan et al.
1996); however, no appropriate outgroup was included in initial analy-
ses (Siddall and Barta 1992; Escalante and Ayala 1994). The basic lesson
learned from these early phylogenetic studies is that the four Plasmodium
species parasitic to humans arose independently as human pathogens.
Independent origin is clear even for parasites such as P. falciparum and
P. vivax, whereas early literature suggested that P. ovale could have been
derived from P. vivax; this hypothesis was completely ruled out by the
molecular data (Qari et al. 1996).

One concern in the use of the 18S SSU rRNA is the complex pattern of
expression of this gene in Plasmodium (McCutchan et al. 1995). Report of
partial gene conversion among the 18S SSU rRNA genes expressed during
different parasite stages (Corredor and Enea 1993) raised doubts regard-
ing phylogenetic trees derived from this gene. Nonhomologous copies of
genes, which are subjected to low levels of conversion, can provide mis-
leading phylogenetic results (Escalante et al. 1997).

The CSP, a polymorphic and immunogenic surface protein expressed
at the sporozoite stage, is considered to be under selective pressure to
accumulate polymorphism (Hughes 1991; Escalante et al. 2002b). Because
natural selection could affect the observed phylogeny, this gene is not
appropriate for phylogenetic studies. In addition, its tandem repeat motifs
do not allow for the alignment of the full-length CSP gene (Escalante et al.
1995; McCutchan et al. 1996), and homologous genes for the CSP have
not been identified in other Apicomplexa, making it difficult to investigate
the relationships of Plasmodium with other genera.

There are several genes from which phylogenetic information can be
derived, such as the genes encoding the caseinolutic protease ClpC from
the plastid (Rathore et al. 2001) and the adenylosuccinate lyase (Ked-
zierski et al. 2002). However, they have essentially reproduced the results
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Figure 4.1. Phylogenetic tree inferred from the gene encoding cytochrome b. The
tree was estimated using the neighbor-joining (NJ) method on a Tamura distance
matrix using only v. The numbers on the nodes of the tree are percentages of
bootstrap values based on 1,000 pseudo-replications.

obtained from the CSP and the SSU rRNA given the limited number of
species from which data are currently available.

Cytochrome b has several advantages over antigens such as CSP or
genes with a complex pattern of evolution such as the SSU rRNA. First,
most of the substitutions observed are synonymous, suggesting that this
gene is not under positive selection (Escalante et al. 1998b). Second, cy-
tochrome b has approximately the same A + T content across several Plas-
modium species, reducing the risk of potential artifacts due to convergence
in base composition given differences in A + T content among the nuclear
genomes of Plasmodium lineages. Finally, there are homologous genes in
other Apicomplexa, making it a suitable target for phylogenetic studies.

The phylogeny of cytochrome b is depicted in Figure 4.1. The phy-
logeny was estimated using the neighbor-joining (NJ) method on a Tamura
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distance matrix using only transversions. The bootstrap values were calcu-
lated using 1,000 pseudo-replicates. Biologic characteristics of the species
are described in Table 4.1. This phylogeny includes not only primate
malarial parasites but also rodent and a sample of lemur parasites.

The Southeast Asian parasites form a monophyletic group, together
with P. vivax and P. simium. These species form a sister group of two pri-
mate parasite, species from Africa, P. gonderi and a Plasmodium isolated
from a mandrill. The group of rodent parasites also form a monophyletic
group, including the species P. atheruri from porcupine. Finally, a Plasmod-
ium species obtained from lemurs forms a clade with the other primate
parasites, making a monophyletic group, the only exception being the
P. falciparum-P. reichenowi lineage, which diverged early on in the evolu-
tion of the genus. Avian parasites were used as the root in the phylogeny.
Even though this phylogeny is relatively simple, it is very informative
regarding the evolutionary history of this genus.

Traditionally, the origin of primate malarial parasites, with the excep-
tion of P. falciparum, has been placed in Southeast Asia, given the high
diversity of malarial parasites found in that region. In the case of P. vi-
vax generally, it had been accepted that this parasite originated in Asia
(Garnham 1966; Coatney et al. 1971). However, this conclusion was con-
troversial given the high frequency in Africa of a Duffy blood group allele
that does not allow for invasion of erythrocytes by P. vivax (Livingstone
1984). Assuming that the Duffy blood group was selected by P. vivax, the
high frequency suggests a long association of the African human popula-
tion with this parasite.

Our phylogenetic analysis solves this apparent controversy. First, our
results suggest an African origin for primate malarial parasites. The find-
ing of common ancestors for Southeast Asian primate parasites in African
primate parasites may explain why the Duffy polymorphism has been
maintained in African primates, including man (Palatnik and Rowe 1984).
Parasites similar to P. vivax may have been associated with African primates
before the lineage leading to P. vivax was introduced into Southeast Asia.
That is, the observation of ancestors of the lineage leading to P. vivax in
Africa does not reject the origin of P. vivax as a human-infecting parasite in
Asia. The lineage of P. vivax could have been introduced into Asia by any of
the primates that also had their origin in Africa (Shoshani et al. 1996) be-
fore the host switch from nonhuman primates to humans in Asia. Indeed,
our most recent investigation includes two species of Orangutan para-
sites, P. selvaticum and P. pitheci, as part of this radiation event (Wolfe et al.
submitted personal communication). Our data indicate that the lineage
that originated as P. vivax was part of the parasite speciation process that
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took place in the region over the past 2-3 million years (Escalante et al.
1998Db).

Another important finding derived from the cytochrome b phylogeny
is that disease characteristics, such as periodicity and virulence, have lit-
tle value in drawing evolutionary inferences about the phylogenetic rela-
tionships of malarial parasites. For instance, the length of periodicity is
a convergent characteristic. The quartan parasites P. inui and P. malariae
do not form a monophyletic group; P. knowlesi, the only quotidian pri-
mate parasite (24-hour erythrocytic cycle) shares this characteristic with
several species parasitic to birds (Hewitt 1940). Another example is the
capacity for relapse. Parasites that share this characteristic do not form a
monophyletic group.

The original evolutionary inferences regarding the origin of P. falci-
parum malaria considered its high virulence to be evidence of its recent ori-
gin as a human parasite (Boyd 1949). Our phylogenetic analysis shows no
evidence in malaria that indicates an evolutionary trend toward reduced
virulence with age of the host-parasite relationship. There is evidence of
host switching between humans and monkeys, as is the case with P. sim-
ium/P. vivax and P. malariae/P. brasilianum (Escalante et al. 1995, 1997), but
no differences in severity of disease have been observed (Coatney et al.
1971). Virulence is the result of genetic and ecological interactions be-
tween the host and the parasite, and in the case of malaria, an important
factor is the intra-host dynamics of a genetically diverse parasite popula-
tion (Ewald 1994; Ebert and Herre 1996; Gupta and Hill 1995; Read and
Taylor 2001).

Regarding overall phylogenetic relationships among the different
malarial parasites, our phylogenetic analysis allowed us to conclude that
rodent parasites are a monophyletic group but they are not related to the
lemur parasites as the classical taxonomy suggested. On the contrary, the
location in the phylogeny of the lemur sequence suggests that all primate
parasites, with the exception of P. falciparum and P. reichenowi, derived
from a common ancestor. However, lack of information on parasites from
lemurs does not allow us to be more conclusive about this statement.

Our analysis also suggests that the lineage of P. falciparum-P. reichenowi
is ancient in the evolutionary history of this parasite. This result is consis-
tent with the analysis of partial sequences with the inclusion of a broader
sample of avian malarial parasites. Ricklefs and Fallon (2002) found mam-
malian parasites to be a monophyletic group. This group included Plas-
modium spp and at least one species of the genus Hepatocystis. This find-
ing suggests that the genus is paraphyletic, which is in agreement with
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Environment

Figure 4.2. Diagram of the host-parasite interaction: a definition of disease based
on the concepts of phenotype and genotype.

our findings, although we lacked an appropriate outgroup for rooting the
tree in our analyses. The analysis made by Ricklefs and Fallon (2002) also
showed an early divergence of the lineage leading to P. falciparum and P. rei-
chenowi in the group of Plasmodium parasitic to mammals. This ancient ori-
gin of the P. falciparum lineage could partially explain some “avian-like”
characteristics in this lineage as primitive characteristics in the group.

The fact that P. falciparum diverged early in the evolution of mam-
malian parasites makes it difficult to extrapolate and apply information
derived from animal models to the understanding of human falciparum
malaria. Malaria, as with any disease, can be seen as a complex pheno-
type that is the product of a genetically diverse population of parasites
interacting with a genetically diverse population of hosts in a given en-
vironment (Figure 4.2). If we keep this schema in mind, we can correlate
the plasticity in life histories observed in Plasmodium, as evidenced by our
phylogenetic analysis (Escalante et al. 1998b), with the available biologic
information (Coatney et al. 1971). This kind of comparison allows us to
see that some clinical manifestations of disease are convergent phenotypes
that may have very different genetic and immunologic bases. This conver-
gence affects the notion of a “laboratory model” for malaria, especially in
the case of P. falciparum which has no closely related species of Plasmod-
ium parasitic to closely related hosts. In the case of P. vivax, because several
closely related species of Plasmodium are natural parasites of hosts closely
related to humans, such as primates, the issue is still a valid concern that
needs to be evaluated. Comparative immunology and parasite biology will
allow us to assess the extent to which information derived from animal
models can be used to understand human malaria.

POPULATION GENETIC STUDIES OF PLASMODIUM
Studies of genetic diversity at the molecular level have focused mostly on
P. falciparum. Two approaches have been followed:
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(a) understanding the stability of strains, whether they are defined as
multi-locus association of genetic markers or phenotypic entities with
distinctive biological and immunological characteristics; and

(b) assessing the diversity of genes that encode vaccine antigens and those
involved in drug resistance.

Studies focusing on genes provide information about how alleles are
generated and maintained in the population. The “strain” approach usu-
ally relates to the issue of parasite genetic structure: it quantifies how
overall genetic diversity is organized at the population level. These two
approaches answer key questions related to the development and deploy-
ment of intervention strategies in malaria control programs. The term
“strain,” however, has been used in several contexts with very fuzzy
boundaries, making it difficult to distinguish among isolates, strains, and
alleles.

Specifically, in terms of the parasite population structure, the term
“strain” refers to a population subdivided into units that have some tem-
poral and spatial stability, usually identified as multi-locus genotypes
(Tibayrenc et al. 1990; Tibayrenc and Ayala 2002). The term “strain” is
also used in the context of a phenotype whose transmissibility can be
measured (Gupta et al. 1994). These two concepts of “strain” are not ex-
changeable even when they can be related due to the action of natural
selection (Gupta et al. 1996).

A population subdivided into genetically stable entities will be effec-
tively clonal from a population genetic point of view. This clonal popula-
tion structure does not imply lack of genetic sex, only that it is not enough
to break the stability of these genetic lineages. The original notion of a
clonal population structure for malarial parasites was highly controversial
(Tibayrenc and Ayala 2002) and, as we discuss below, has turned into a
sophisticated conceptual model in which transmission dynamics and in-
breeding are taken into account (Awadalla et al. 2001). Nevertheless, the
idea of detecting multi-locus associations motivated several molecular epi-
demiologic studies, changing our perspective of malarial parasites, genetic
diversity, and population dynamics.

The currently held opinion is that, given the fact that meiosis takes
place in the vector as part of the Plasmodium life cycle, the rate of genetic
recombination and the effective population size are linked to transmission
intensity. Studies carried out on P. falciparum have shown high genetic di-
versity and have failed to detect multi-locus associations in Africa, which
has a high transmission rate. On the other hand, researchers have found
low genetic diversity and strong linkage disequilibria in areas with low
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transmission, probably due to high inbreeding (Paul et al. 1995; Babiker
and Walliker 1997; Arez et al. 1999; Anderson et al. 2000; Urdaneta et al.
2001; Tami et al. 2002). These geographic differences in heterozygocity can
be observed in gene-encoding antigens (Escalante et al. 2001, 2002a,b).

An alternative explanation for differences in heterozygocity found in
natural populations is that P. falciparum most likely originated in Africa
(Escalante et al. 1998b), so the derived populations in Southeast Asia and
the Americas may exhibit less genetic diversity due to bottlenecks during
the colonization process. Geographic distribution of transmission inten-
sities correlates with the historical process of malaria dispersion through-
out the world; thus both scenarios make the same predictions. Neverthe-
less, the issue from a public health perspective, no matter which factor is
more important, is that African populations exhibit overall more genetic
diversity and this variability needs to be taken into account in vaccine
development and testing. However, there are some exceptions, which we
discuss later in this chapter (Escalante et al. 2002b).

Our perspective on what a malaria infection [is] has also changed in
the past decade. Malaria infections are most often a mixture of different
genetic types of Plasmodium parasites. It is widely accepted that complex
intra-host dynamics cannot be reduced to a measure of parasitemia, and
understanding these dynamics is considered essential in investigating the
origin of drug-resistant parasites (Hastings and Mackinnon 1998; Hastings
and D’Alessandro 2000; Hastings et al. 2002), in unveiling the interaction
of the host immune system with parasite genetic variants (Ekala et al.
2002a,b; Eisen et al. 1998; Branch et al. 2001; Read and Taylor 2001),
and in understanding the role played by the parasite genetic diversity in
malarial parasites’ virulence and disease manifestations (Read and Taylor
2001).

In terms of assessing nucleotide diversity at specific genes, informa-
tion is limited for P. falciparum. Early studies on genetic diversity lacked
formal population genetic analyses and included samples with a strong
geographic bias, with a poor representation of isolates from Africa where
most of the P. falciparum-associated mortality takes place. Even with lim-
ited sample size, it was obvious from these early investigations that P. falci-
parum exhibits an extensive amount of genetic diversity (McCutchan et al.
1988). Our own investigation of 10 loci from P. falciparum suggests that
loci encoding proteins expressed at the surface of the sporozoite and mero-
zoite are more diverse than those expressed during sexual stages or inside
the parasite (Escalante et al. 1998a). These results agree with the general
observation that stage-specific surface proteins will show high polymor-
phism when compared with internal antigens (McCutchan et al. 1988).



Evolutionary Biology of Malarial Parasites 87

However, in terms of vaccine effectiveness, the most important issue is
whether the vaccine-elicited immune response will be equally effective
against all genetic variants found in nature. The first step in answering
this question is to assess the nature and extent of the genetic variation
in order to explore the factors involved in its maintenance. These kinds
of studies demand the use of concepts and tools developed in population
genetics.

High levels of genetic diversity observed in vaccine candidate anti-
gens have been attributed to the action of natural selection imposed by
the host immune system (Anders and Saul 1994). The logic behind this
premise is as follows: Given that these genes encode antigenic proteins
that elicit an immune response, the observed high levels of heterozygos-
ity and rates of evolution can be accounted for by the accumulation of
suitable mutations that allows the parasite to escape host immune recog-
nition. Paradoxically, this widely accepted premise did not translate into
an extensive literature of formal analyses using the neutral theory as the
null hypothesis (Hughes 1991, 1992; Hughes and Hughes 1995; Conway
1997; Escalante et al. 1998a).

The neutral model states that genetic polymorphism is the result of
random accumulation of mutations with minimal or no effect on the fit-
ness of organisms (Kimura 1983). The neutral model makes several predic-
tions, among them a faster random accumulation of synonymous substi-
tutions if they are not under any constraint (Kimura 1983). Synonymous
substitutions are likely to be neutral, or nearly so, whereas nonsynony-
mous substitutions may be functionally constrained and thus subject to
negative natural selection and elimination from the population (Kimura
1977). An excess of nonsynonymous substitutions can be taken as evi-
dence that these mutations may confer an adaptive advantage; therefore
they are maintained by natural selection.

The bottom line is that selection acts on phenotypes so, in the absence
of any other constraint, only mutations that change the protein can be
the target of positive or negative selection. This link between selection
and a phenotype is not a trivial matter when we try to explain how a
given polymorphism is under positive natural selection in the context of
vaccine development; appropriate immunologic information is available
for a very limited number of antigens. Even though there is a paucity of
immunologic evidence, natural selection is often considered the driving
force behind the extensive polymorphism observed in some regions of the
genome of malarial parasites. This premise has gained acceptance due to
the limited number of polymorphic sites in other regions of the genome
that do not encode antigens (Rich et al. 1998; Hartl et al. 2002; Mu et al.
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2002), opening up the possibility of exploring patterns using genome-wide
analysis of polymorphism that could detect the presence of proteins in-
volved in the host-parasite immunologic interplay (Wootton et al. 2002).
One way to validate the available tools used to incriminate the immune
response as the driving selective force maintaining a given polymorphism
is to investigate polymorphisms from which immunologic information is
available so that we can establish the methodology necessary to identify
variants of immunologic interest.

The ratio of synonymous to nonsynonymous substitutions is the most
widely used criterion in malarial parasites for detecting positive natural se-
lection. The nonsynonymous to synonymous substitution ratio has been
used in Drosophila and other organisms for testing neutrality (Kreitman
and Akashi 1995; Endo et al. 1996; Otha 1996). In the specific case of P. fal-
ciparum, a complication is that synonymous substitutions appear to be un-
der selection by the strong codon bias and A + T richness of its genome
(Escalante et al. 1998a). However, from comparative analysis with P. re-
ichenowi, we can see how this constraint cannot account for the observed
paucity of synonymous substitutions in P. falciparum antigens as we dis-
cuss below.

In addition to the synonymous to nonsynonymous substitution ratio,
there are a variety of tests for detecting departures from neutrality that
are less conservative (Kreitman and Akashi 1995). It is important to note
that each test has its own assumptions and power limitations. The use of
tests for detecting departure from neutrality needs to be done carefully be-
cause several alternative scenarios, that may not have any immunologic
meaning, can reject the null hypothesis of neutrality. These tests could
be sensitive to strong overdominance (heterozygous advantage), selective
sweeps (favorable mutations sweep through the population and reach fix-
ation), and the hitchhiking effect (during a selective sweep of a favorable
allele any linked neutral allele goes along), as well as confounding factors
such as population structure and population growth. Given these limita-
tions, we believe that it is important to correlate the observed pattern of
heterozygocity with immunologic information whenever possible. That
is, we need to go back to the basics and use immunologic evidence to
identify the potential phenotype on which selection is acting.

We discuss evidence for positive natural selection on P. falciparum anti-
gens. Specifically, we present our studies on the P. falciparum genes encod-
ing the apical membrane antigen 1 (AMA-1), the circumsporozoite pro-
tein (CSP), and the major surface protein 1 (MSP-1). The finding that
immunologic and genetic evidence correlates across several genes vali-
dates the use of population genetics tools to study heterozygocity patterns
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that may be associated with eliciting a host immune response, a basic
premise of genome-wide analysis directed at detecting new targets for vac-
cine development.

The Apical Membrane Antigen 1 (AMA-1)

The AMA-1, also known as PF83, is a protein of 622 residues and a molecu-
lar weight of 83 KDa, with three major domains defined by eight disulfide
bonds (Deans et al. 1988; Hodder et al. 1996). This antigen first appears
in the apical complex and then migrates to the merozoite’s surface. Data
from animal models suggest that this protein elicits protective immune
responses (Deans et al. 1988; Kocken et al. 1999).

Table 4.2 presents estimates of genetic diversity in the predicted and
naturally immunogenic T and B cell epitopes of AMA-1 from a sample of
44 sequences from around the globe (Escalante et al. 2001). All epitopes are
polymorphic and have more nonsynonymous than synonymous substi-
tutions, the only exception being the epitope located within the residues
571-588 in the cytoplasmic tail, which exhibits more synonymous than
nonsynonymous replacements. The observation that there are more non-
synonymous than synonymous substitutions may be suggestive of posi-
tive natural selection acting on these epitopes; however, this observation
alone is not a formal test of neutrality, at least until statistical analyses are
performed using the neutral theory as the null hypothesis.

We compare the rate of synonymous (Ks) versus nonsynonymous sub-
stitutions (Kn). Under neutrality, it is expected that Ks/Kn will be equal
to or higher than 1. This test is not affected by population structure or
population growth. Table 4.3 presents estimates of synonymous and non-
synonymous substitutions per site across AMA-1 domains and compares
them with P. reichenowi. Overall, the number of nonsynonymous substi-
tutions is almost three times the number of synonymous substitutions
within P. falciparum, a difference that is statistically significant (p < 0.05
for a Z test as suggested by Kumar and Nei 2000); that is, Ks/Kn < 1 (Table
4.3). However, the slow accumulation of synonymous substitutions could
be the result of strong codon bias in the P. falciparum genome (Escalante
et al. 1998a); that is, the rejection of the null hypothesis of Ks/Kn > 1
expected under neutrality may be a measure of selective constraints im-
posed by the genome on silent substitutions rather than positive selection
of polymorphisms leading to amino acid changes. In order to explore if
the paucity of synonymous substitutions can be accounted for by codon
bias, a comparison with P. reichenowi was performed.

Contrary to the pattern observed within P. falciparum, the divergence
of the human parasite alleles from P. reichenowi exhibits, overall, more
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Table 4.3. Polymorphism found on different regions of the AMA-1 gene in
P. falciparum

Region Residues Ks Kn Ks(Pre) Kn(Pre)
Extracellular 1-546 0.00546 0.01926 0.07121 0.06250
Domain | 149-302 0.00505 0.03184 0.05469 0.05528
Domain Il 320-420 0.00157 0.00916 0.01802 0.02238
Domain Il 443490 0.00000 0.01111 0.03912 0.03944
Transmembrane 547-567 0.00000 0.00000 0.00000 0.04800
Cytoplasmic Tail 568-622 0.01977 0.01596 0.05851 0.04897
Variable Region 1 160-210 0.00884  0.06026 0.05856 0.08225
All AMA-1 1-622 0.00463 0.01668 0.05774 0.04989

Note: Ks and Kn are the number of synonymous and nonsynonymous substitutions, respec-
tively, estimated using the Nei & Gojobori method with the Jukes & Cantor correction. Ks(Pre)
and Kn(Pre) are the synonymous and nonsynonymous divergence, respectively, from P. re-
ichenowi using the Jukes & Cantor correction.

synonymous than nonsynonymous substitutions (Table 4.3). Because
P. reichenowi has a G + C content and codon bias similar to P. falciparum
(Escalante et al. 1998a), the fact that its divergence accumulates more syn-
onymous than nonsynonymous substitutions can be taken as evidence
that codon bias is not a significant constraint that can account for the
slow accumulation of synonymous substitutions within P. falciparum, sup-
porting the theory that positive natural selection is indeed acting on the
observed polymorphism.

Second, we applied the D* and F* tests developed by Fu and Li (1993).
They rejected the null hypothesis that the observed polymorphism can be
explained by the neutral model. The D* test was significant, with a value
of —2.42814 (p < 0.05), and the F* test was very close to significance with
a value of —2.00450 with 0.10 > p > 0.05. These tests are sensitive to a
selective sweep in the population, that is, they could be detecting favor-
able mutations sweeping through the population and reaching fixation.
However, they are also sensitive to population growth. To determine if
there were specific regions of the gene that showed significant departure
from neutrality, a sliding window analysis was performed using the D*
test (Figure 4.3). The value of the statistic D* was calculated on a window
of 120 basepairs, moving it in steps of 30 sites. D* values were plotted
against the midpoint of the window. The polymorphism shows signifi-
cant departures from neutrality in three major regions, between sites 61
and 180, 335 and 544, and between sites 875 and 1174. The regions be-
tween sites 61 and 180, and between sites 875 and 1174 include seven of
the nine epitopes reported for AMA-1 (Lal et al. 1996), making evident
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Figure 4.3. Sliding window analysis of the test D* (Fu and Li 1993) gene using a
window length of 120 basepairs and a step size of 30 basepairs. D* tests the
hypothesis that all mutations are selectively neutral, using P. reichenowi as an
outgroup.

that regions involved in the rejection of the null hypothesis are those that
elicit a strong immune response (Escalante et al. 2001).

In summary, the analysis presented on the AMA-1 allowed for the iden-
tification of extensive polymorphism in its B and T cell epitopes. We also
found that the polymorphisms observed in seven of the nine epitopes are
maintained by positive natural selection, as indicated by the D* sliding
window analysis (Figure 4.3), an observation corroborated by the compar-
ison of the synonymous-nonsynonymous substitution rate. In the latter
test, the possibility that synonymous substitutions could be under con-
straint was ruled out by comparison with P. reichenowi.

The Circumsporosoite Protein (CSP)
The CSP is the predominant protein found on the surface of the circum-
sporozoite; it has approximately 420 residues and a molecular weight of
58 KDa. The CSP can be subdivided into two nonrepetitive regions (5’
and 3’ ends) and a variable central region consisting of multiple repeats
of four-residue-long motifs (McCutchan et al. 1988). There is substantial
point mutation polymorphism in the 3’ region of the protein where T cell
epitopes have been identified (Aidoo and Udhayakumar 2000); this poly-
morphism has been explained as a consequence of positive natural selec-
tion by the host immune system (Hughes 1991; Escalante et al. 2002b).
Polymorphism in the CS protein is also observed in the number of tandem
repeats in the central region.

We studied the genetic diversity of 75 complete and 174 partial se-
quences of the CS protein, excluding the repetitive region because it could
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not be unambiguously aligned. We did not detect synonymous single nu-
cleotide polymorphisms (Escalante et al. 2002b); however, the rate of syn-
onymous substitutions per synonymous site is not zero using the Nei &
Gojobori method, as previously reported (Hughes 1991; Escalante et al.
1998a). Overall, the gene encoding the CSP showed a significantly higher
rate of nonsynonymous substitutions per nonsynonymous site than the
rate of synonymous substitutions per synonymous site when the complete
sequences were studied (Kn = 0.01191 and Ks = 0.00431 for 75 complete
sequences with p < 0.05 for a Z test, as suggested by Kumar and Nei 2000).
This pattern is consistent with previous reports with smaller sample sizes
(Hughes 1991; Escalante et al. 1998b).

The relationship between synonymous and nonsynonymous was not
homogeneous across the gene. The 5" end has a higher rate of synony-
mous substitutions per synonymous sites when compared with the rate
of nonsynonymous substitutions (Ks = 0.0074 and Kn = 0.0046, respec-
tively); however, this difference is not significant. This trend shifted at
the 3’ end, where the rate of nonsynonymous substitutions was almost
ten times higher than the rate of synonymous substitutions (Ks = 0.00192
and Kn = 0.01823, respectively; statistically significant with p < 0.01), and
with the Th2R and Th3R epitopes are located. A similar result was found
using all the partial 3’ end sequences, with Ks = 0.00534 and Kn = 0.05024
(significant with p < 0.01). This first comparison suggests that there is ac-
celeration in the rate of nonsynonymous over synonymous substitutions
in the region of the gene where epitopes are located when compared with
the 5’ end. This comparison alone indicates that selection is operating dif-
ferently in the two parts of the gene. The 5’ region appears to be neutral
or under purifying selection (Ks/Kn < 1), whereas the 3’ region is under
positive natural selection (Ks/Kn < 1).

In order to understand the polymorphism observed in the CSP, we
studied the pattern of linkage and recombination events across the gene.
First we estimated the Rm, which measures the minimum number of re-
combination events on the sample of 75 sequences. We found eight puta-
tive recombination events, seven of which took place within sites in the 3’
end and one of which was between the 5’ end and the 3’ end. The linkage
among sites, the correlation between pairs of polymorphic sites, was also
estimated using the statistic R2. The results were similar to those found
for the recombination events: most of the linked sites were found in the
3" end.

The observation that recombination events and linked sites appeared
in a very narrow fragment of the gene is primarily due to the fact that most
of the polymorphic sites are restricted to the Th2R and Th3R epitopes. In
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Figure 4.4. Linkage and recombination events between the Th2R and Th3R epi-
topes in the CS protein. The sequence of the 7G8 clone from Brazil is used as a ref-
erence for numbering the amino acid residues. Residues 329 to 342 and residues
367 to 378 correspond to epitopes Th2R and Th3R, respectively. Linkage was
measured with the R2 statistic using the Fisher exact test for significance, and re-
combination is detected using the Rm statistic. The solid lines show the putative
recombining residues and the dotted lines show the linked residues.

Figure 4.4, we plotted the recombinant and linked sites using the sequence
of the clone 7G8 from Brazil as a reference. We found that recombination
events interchange with linked sites, a pattern that is better explained
by selection fixing convergent mutations than by a recombination event.
Several putative recombination events are very close to each other in the
sequence, as close as between two contiguous residues, as is the case with
residue 371 (D in the sequence used in the figure) which “recombines”
with position 372 of the Th3R epitope. The residue at position 332 in the
epitope Th2R (E in Figure 4.4) appears linked with residues at positions
339 and 340 of the Th2R epitope and residues 367, 369, and 371 of the
Th3R. This observation of convergent mutations due to selection that are
taken as recombination events was made early using phylogenetic analy-
sis (McCutchan et al. 1992). Direct evidence for intragenic recombination
in a gene under selection depends on the observation of such events us-
ing synonymous substitutions (Escalante et al. 1998a); unfortunately, the
lack of synonymous substitutions in the P. falciparum genome makes such
observation difficult (Escalante et al. 2001, 2002a,b).

We have shown by comparing the rates of synonymous and nonsyn-
onymous substitutions that the CS polymorphism at the 3’ end is main-
tained by positive natural selection. In addition, we have discussed how
the complex pattern of linkage and putative recombination events in the
3’ end of the gene is better explained by positive natural selection even
when this observation is not a formal test of the neutral model.
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Table 4.4. Nucleotide diversity at the Th2R and Th3R epitopes in different

geographic locations

Th2R Th3R
Locality n I I
Kenya 51 0.09772(0.00525) 0.07442(0.00687)
Gambia 17 0.08789(0.01110) 0.06454(0.01207)
Senegal 11 0.07446(0.01010) 0.03939(0.00544)
Cameroon 9 0.07143(0.01063) 0.04321(0.001926)
Brazil 9 0.02646(0.01979) 0.00(0.00)
Venezuela 10 0.08466(0.00898) 0.08025(0.01204)
India 12 0.01840(0.00686) 0.01305(0.00517)
Thailand 24 0.03990(0.00873) 0.04680(0.00742)
All 174* 0.07855(0.00326) 50 0.06110(0.00332)

Note: n, number of sequences sampled per locality; II, nucleotide diversity. The standard
deviation of II is within parentheses.
* All sequences included.

As stated previously, overall, African malaria populations are more di-
verse than other populations around the globe. However, the CS protein
appears to be an exception. Table 4.4 shows estimates of genetic diversity
in the Th2R and Th3R epitopes. A total of 174 sequences of the 3’ end were
included in this analysis. A first observation derived from Table 4.4 is that
the uneven geographic distribution of the CSP alleles may jeopardize the
deployment of vaccines directed to a specific locus because local variants
may not be taken into account in the vaccine design.

Higher genetic diversity in the Th3R and Th2R epitopes is found in
Kenyan isolates, # = 0.09772 and = = 0.07442, respectively, a level of
diversity also evidenced by the haplotype diversity and the number of al-
leles. African populations appear to be more polymorphic when sequences
from Kenya, Senegal, Gambia, and Cameroon are considered. Southeast
Asian populations (India and Thailand) are less diverse, with just 50%
of the diversity reported for African populations (Escalante et al. 2002b).
Results from South America were contradictory. Contrary to information
derived from other genes encoding antigens, such as the Pfs48/45 and the
AMA-1 (Escalante et al. 2001, 2002a), a Venezuelan population showed as
much diversity as an African population with a # = 0.08466, and a com-
parable sample from Brazil shows a very low genetic diversity, comparable
to samples from Southeast Asia.

The Venezuelan population was more diverse than the sample from
Cameroon on complete sequences and had polymorphisms comparable
to other African populations when only the Th2R and Th3R epitopes were
considered (Escalante et al. 2002b). The Venezuelan results contrast with
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previous studies from Brazil where low polymorphism had been system-
atically observed (Yoshida et al. 1990; Shi et al. 1992); however, they are
consistent with results previously reported using Random Amplified Poly-
morphic DNA (RAPDs) markers (Urdaneta et al. 2001).

A possible explanation for this pattern is that the Venezuelan sample
was collected from two different locations, so it is possible that the high
genetic polymorphism is due to the combination of differentiated subpop-
ulations. Our results suggest that low endemic areas need to be sampled
extensively because low genetic diversity may be a local phenomenon
due to an epidemic expansion of a few parental isolates. It is possible that
several differentiated subpopulations coexist in a malaria-endemic area
defined by a malaria control program.

The Merozoite Surface Protein 1 (MSP-1)

Among the antigens currently under consideration for incorporation in an
antimalaria vaccine, the major merozoite surface protein 1 (MSP-1) is one
of the most promising (Branch et al. 1998, 2000; Shi et al. 1999; Conway
et al. 2000; Genton et al. 2002).

P. falciparum MSP-1 antigen is expressed as a large protein of 190-
200 KDa on the parasite surface. This precursor undergoes two steps of
proteolytic cleavage during merozoite maturation. First, it is cleaved into
four major fragments of 83, 30, 38, and 42 KDa. Prior to erythrocyte inva-
sion, the 42-KDa fragment undergoes a second cleavage, resulting in the
generation of 33- and 19-KDa fragments. Tanabe and coworkers identified
two major allele groups, MAD-20 and K1 (Tanabe et al. 1987). Further stud-
ies revealed the presence of new allele families based on tandem repeats
of the 83-KDa fragment. First, a new repeatless allele family was identified
and named RO33 (Certa et al. 1987). We have identified a recombinant of
MAD20 and RO33 that we have termed the MR allele (Takala et al. 2002).

We analyzed a total of 24 complete MSP-1 sequences and 108 partial
sequences including only the 42-KDa fragment (Escalante et al. submit-
ted). We studied the effect of natural selection using D* statistics on the
alignment of full-length sequences (Fu and Li 1993). The estimated value
for D* was 1.56234, which is statistically significant with p < 0.02. The re-
sult of the D* indicated that the gene is under positive selection, which is
in agreement with previous investigations (Hughes 1992). We explored
positive natural selection by comparing the rates of synonymous and
nonsynonymous substitutions (Table 4.5). The numbers of synonymous
and nonsynonymous substitutions per site were estimated by the Nei &
Gojobori modified method with the Jukes & Cantor correction (Kumar
and Nei 2000). This method uses the estimated transition/transversion
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ratio, R, for the nucleotides under consideration. The 83-, 30-, and 38-
KDa fragments showed more synonymous than nonsynonymous substi-
tutions. The differences between the synonymous and nonsynonymous
rates were not significant using a Z test (Kumar and Nei 2000).

The 42-KDa fragment had more nonsynonymous than synonymous
substitutions, but this difference was not significant. The 33- and 19-KDa
fragments of the 42-KDa secondary cleavage were further studied sepa-
rately because they play different roles in parasite invasion of the red
blood cell. The number of nonsynonymous substitutions was higher than
the number of synonymous substitutions in the 19-KDa fragment, but this
difference was not significant (0.05 < p < 0.10). A p value between 0.05
and 0.10 could indicate the limited statistical power of the tests used for
detecting selection. The only way to circumvent this problem would be
to increase the sample size, something that we could do on the 42-KDa
fragment by using the sample of 108 sequences.

In the expanded sample of 42-KDa sequences, the number of synony-
mous substitutions per site exceeded the number of nonsynonymous, with
Ds = 0.0658 + 0.0087 and Dn = 0.0585 &+ 0.0057, but the difference was
still not significant. However, the Ds and Dn values for the 33-KDa frag-
ment were 0.0887 £+ 0.0088 and 0.0614 + 0.0042, respectively, where Ds
was significantly higher than Dn (p < 0.05). The opposite took place in
the 19-KDa fragment, where the Ds and Dn values were 0.0009 + 0.0005
and 0.0110 + 0.0040, respectively, with Dn significantly higher than Ds
(p < 0.005). These results suggest that while the 19-KDa fragment is under
positive selection, the 33-KDa fragment is under purifying selection; that
is, natural selection favors the maintenance of amino acid polymorphism
in the 19-KDa fragment, whereas it maintains relatively low amino acid
polymorphism in the 33-KDa fragment when compared with the overall
accumulated diversity that can be accounted for by the random accumu-
lation of neutral mutations. This finding supports the assertion that these
two fragments play different roles in the immune response elicited by the
MSP-1.

The comparison of the 33-KDa and the 19-KDa fragments is even more
interesting in the context of vaccine development, where the issue of ge-
netic diversity is of great concern. This study supports prior observations
of limited genetic diversity in the 19-KDa fragment; as an example, it is
clearly less polymorphic than the 33-KDa fragment (x = 0.00860 com-
pared with = = 0.06697, respectively, on 108 sequences). However, our
analysis points out that positive natural selection is operating on the more
“conserved” fragment. This observation demonstrates that the extent of
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Figure 4.5. Neighbor-joining tree of the MSP-1 alleles using a Tamura three-
parameter distance. The numbers on the nodes of the tree are percentages of boot-
strap values based on 1,000 pseudo-replications. The sequences of P. reichenowi
are used as an outgroup.

polymorphism alone is not an indicator of positive selection associated
with the host immune response.

In order to further investigate the long-term evolution of the P. falci-
parum MSP-1, the repetitive region of the 83-KDa and the complete 42-KDa
fragments were compared with a homologous sequence of P. reichenowi.
Figure 4.5 shows a NJ tree using a Tamura three-parameter model. The
P. reichenowi sequence was closer but outside the polymorphisms of the
K1. The polymorphisms within MAD-20 and K1 for the aligned regions are
0.01435 and 0.08070, and the divergences with P. reichenowi were 0.21274
and 0.08646, respectively. This phylogenetic analysis suggested that the
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divergence of the two major allele groups took place before the divergence
of the two species.

This result has important implications in the ongoing debate on the
recent bottleneck proposed for P. falciparum populations. It has been ar-
gued that MSP-1 is one of the oldest polymorphisms found (Hughes 1992),
a scenario that generates conflicts with the proposed bottleneck and/or re-
cent population expansion of P. falciparum populations (Hughes and Verra
2001; Hartl et al. 2002). In order to explain the origin of the allele fam-
ilies, two hypotheses have been proposed. First, it has been argued that
divergence can be explained by the fast evolution and rapid divergence of
tandem repeats. Evidence for fast-evolving repeats can be found in other
genes, such as the circumsporozoite protein in the primate malarias from
Southeast Asia (Escalante et al. 1995); however, although this process of
fast-evolving repeats can account for the divergence in block 2 and other
repetitive sequences, it does not explain the extensive divergence in non-
repetitive regions (Hartl et al. 2002).

The second hypothesis implies that the two major groups evolved sep-
arately as paralogous genes after gene duplication from a homologous
common ancestor, then a reciprocal loss of one of the copies took place,
reverting the homology and generating two lineages with highly divergent
alleles (Hartl et al. 2002). No evidence of gene duplication in the MSP-1
has been reported in several Plasmodium species where homologous genes
have been identified. The data presented here suggest that if such an event
took place, it happened before the P. reichenowi-P. falciparum divergence.
The data from P. reichenowi, together with the evidence of positive natural
selection, argue in favor of considering the MSP-1 to be an old polymor-
phism (Hughes 1992).

MOLECULAR EPIDEMIOLOGIC STUDIES IN MALARIAL PARASITES
The use of molecular tools to explore relationships between pathogens
and clinical manifestations of illness is appealing, as evidenced by the ex-
tensive literature in this area of malaria research. Molecular markers allow
testing of hypotheses and scenarios that otherwise could not be explored
by descriptive epidemiologic investigations.

Molecular epidemiologic studies involve the investigation of pheno-
types using appropriate molecular markers. The use of the term pheno-
type instead of “clinical manifestation of disease” allows us to underline
the potential complex interactions that originate the wide range of char-
acteristics observed in malaria. It is important to note that phenotypes
are usually observed and defined in the host (ineffective drug, clinical
end points, or immunity) but the genetic bases of such phenotypes are
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investigated in the parasite. This approach in malaria research makes the
implicit assumption that the host genetic diversity, usually ignored due
to logistic and technical limitations, is not playing a major role. The host
population is considered the environment where the parasites’ genotypes
express their phenotypic differences. Following the argument, the parasite
genotypes compete and exploit resources in a changing environment of
hosts and vectors.

The conceptual framework discussed above provides valuable infor-
mation in cases such as drug resistance where it is reasonable to assume
that host diversity plays a secondary role if any. However, this framework
faces major problems whenever the host immune response is involved,
because this response is related to the host genetic background. There are
several factors that need to be taken into account whenever a molecular
epidemiologic study is designed.

First, a genetic marker needs a clearly defined phenotype, which in epi-
demiological terms means an appropriate case definition. For example, we
could study the effect of parasite diversity on severe anemia due to malaria
but the study might fail without a clear definition of severe anemia.

Second, we need to understand the genetic bases of the phenotype. In
the specific case of drug resistance, for example, we could use as potential
markers those mutations found in the gene encoding the protein thatis the
drug target (Kublin et al. 1998, 2002; Djimde et al. 2001). The phenotype
“drug resistance” can be clearly defined in epidemiologic terms and the
genetic basis of such resistance can potentially be identified. This is not
the case for “strain-specific immunity” or the complexity of infection. In
these cases, genetic diversity is measured in the parasite to identify the
strain or level of diversity of the infection, and the phenotype is observed
in the host population where the host’s genetic diversity could be playing
a determinant role in the immune response elicited by parasite genotypes
(Farnert et al. 1999; Branch et al. 2000).

Third, the biologic characteristics and evolutionary processes involved
in the diversity observed in the genetic marker need to be understood.
Using microsatellites or SNPs is not equivalent to using the tandem repeat
region of an antigen because the latter may be under selection by the host
immune system. In addition, a microsatellite or SNP could be linked to
a gene under selection, something that can be very useful in discovering
genes linked to a specific gene under selection but can be misleading if we
want to use the same marker for measuring gene flow.

Finally, the use of patterns of genetic diversity requires a good un-
derstanding of the analytical tools needed to answer a specific question.
For example, an investigation aiming to separate a new infection from a
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recrudescent one needs markers as variable as possible because the molec-
ular tools are needed to identify the parasite’s origin. However, that is
not the case for measuring gene flow or genetic structure because the use
of highly variable markers presents a problem of inaccurate estimation
of several low allelic frequencies, leading to the detection of population
structure by chance, which is meaningless in the context of public health.

A major practical consequence of the parasite population and intra-
host dynamics is that they hamper our capacity to use and develop ge-
netic markers for molecular epidemiologic studies. In a population with
a panmictic population structure and high genetic diversity, two isolates
showing the same pattern at a given set of markers could be considered
part of a common infection. These tools can be used to separate a recrude-
scent infection from a new infection, allowing the identification of drug
resistance cases (Basco and Ringwald 2000a). A cautionary note, however,
is that specific criteria about the degree of similarity between two samples
need to be discussed because independent infections may share alleles by
chance. The studies performed so far have not paid much attention to this
issue because they focus mostly on high-transmission areas. This problem
will be especially critical in low-transmission areas. We propose that the
probability of matches in genetic profiles by chance increases in inverse
proportion to the local parasite diversity and transmission dynamics. If
this is the case, it may be difficult to establish whether two isolates with
similar genetic profiles are part of two independent infections or of re-
crudescence of a previous one in a population with low diversity, where
pseudo-clonal population expansions may take place, as has been the case
in some areas of South America (Haddad et al. 1999; Urdaneta et al. 2001;
Tami et al. 2002). The situation could be even more dramatic if some alleles
are hard to reproduce due to technical limitations of the PCR.

Low-transmission areas or seasons may generate additional complica-
tions if we try to identify genetic markers linked with a phenotype, such as
drug resistance, or a specific clinical end point, such as severe cases. Spuri-
ous linkage between markers and the phenotype can be obtained simply
due to inbreeding. In such cases, linkage needs to be established between
the genetic marker (alleles at a given locus) and the phenotype using dif-
ferent parasite populations, because populations rather than individuals
should be used as the unit of observation.

Currently, only genes involved in drug resistance have been tested
in different populations worldwide (Basco and Ringwald 2000b; Biswas
et al. 2000; Cortese et al. 2002; Kublin et al. 2002) and they provide
the strongest evidence available today of genes linked to phenotypes
that are of public health relevance. An appropriate example is a study of
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alleles of the gene encoding the digestive vacuole transmembrane protein
(pfcrt), which has been linked to choloroquine resistance. The first inter-
esting result of these investigations was that the alleles involved in the Old
and New World are different, consistent with the independent origin sug-
gested by epidemiologic information (Fidock et al. 2000; Mehlotra et al.
2001). In addition, molecular population studies have also revealed the
independent origin of chloroquine resistance, showing linkage disequi-
librium consistent with independent selective sweeps in the pfcrt region
(Wootton et al. 2002). This convergent phenotype from different genetic
backgrounds provides additional support incriminating these genes with
chloroquine resistance, providing a gold standard for the identification
of genes linked with drug resistance/effectiveness, where samples from
different geographic populations are used as the unit of observation.

A limitation of this approach is that the application of these criteria
can be complicated if the phenotype involves several loci. The relative
contribution of each locus may change locally, so a clear pattern demands
enormous sample sizes and very likely such phenotypes will be almost
impossible to track using simple molecular markers.

Another factor that has practical consequences in the use of molecular
markers is intra-host diversity. Most studies including molecular markers
rely on the extensive use of qualitative PCR. A PCR amplification provides
evidence only that a given allele is present, not quantitative evidence of
its proportion. A mutation can be present at low frequency so it may not
have any relevant clinical effect. This problem may account in part for the
lack of association between certain mutations and clinical drug failure.

An additional problem is that PCR amplification does not allow for
a clear description of the alleles involved in an infection. For example,
the presence of triple mutants in the DHFR loci and double mutants in
the DHPS loci has been associated with antifolate resistance. However, the
possibility that a mixed infection of double mutants may be erroneously
taken as a triple mutant needs to be considered, especially in areas where
infections by multiple genotypes are common.

An important effect of the intra-host and transmission dynamics on
epidemiologic studies is the use of linkage disequilibrium to identify
“strains” or genetic variants associated with specific clinical end points.
Linkage in low-transmission areas or seasons may be the result of a small
effective population size, generating spurious associations among loci and
a clinical end point. The simple observation of linkage disequilibrium does
not imply anything without a mechanistic explanation. For example, evi-
dence of stable multi-locus associations has been observed linked to severe
malaria cases in French Guiana (Ariey et al. 2001). The result appears to
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be robust but, the authors properly pointed out that the data only show
the over representation of a parasite lineage and do not clearly implicate
the genes used as markers in the study (a var allele and MSP-1) as virulent
factors.
“Strains,

”

in terms of multi-locus associations generated by genetic
drift due to small population sizes, can be mistakenly considered the mech-
anistic explanation behind a given clinical end point rather than a natural
consequence of the local transmission dynamics. The observation of sta-
ble genetic entities may increase if bed-nets are widely used to reduce
transmission, so careful epidemiologic designs are needed to distinguish
the effect of “strains” due to small population sizes from that of “strains”
generated by selection due to their interaction with the host population
generating a specific clinical end point.

The same logic can be applied to studies trying to observe strain-
specific immunity because most of them lack appropriate controls to sep-
arately measure linkage due to an immune response (strain-specific im-
munity) and linkage due to genetic drift. Even when evidence for allele-
specific immunity is available (Branch et al. 1998, 2000; Conway et al.
1999, 2000; Gupta et al. 1994, 1996; Aidoo and Udhayakumar 2000; Ekala
et al. 2002a,b), a strain necessarily implies some genetic cohesion due to
selection by host immune pressure and/or groups of alleles without cross
immunity that are independently transmitted (Gupta et al. 1994; Gupta
and Hill 1995). Studies based on linkage across several antigens (Eisen et al.
2002) can have explanations that do not claim that linkage is maintained
by the host immune response. As explained above, it is likely that linkage
across genes without any immunological implication will be found.

In this context, longitudinal studies are very valuable because they can
allow the study of linkage due to chance and separate such linkages from
groups of loci linked due to selection by the host immune response. Unfor-
tunately, longitudinal data are scarce, and more likely, several populations
have to be studied in order to unveil the effect of selection by the host
immune response on the maintenance of linkage across several antigens.
This is a task that can only be accomplished by coordinating the results
obtained from different malaria settings and maintaining strong field pro-
grams for long periods of time. For the investigation of strain immunity,
studies in animal models can provide valuable information on the role
played by the host immune system in the maintenance of multi-locus as-
sociations and/or in the effect of parasite diversity (Read and Taylor 2001).

Changes in transmission will decrease exposure of the human popu-
lation, and such a decrease can by itself modify clinical manifestations of
disease (Gupta et al. 1996; Snow et al. 1997). Control measures that target
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specific age groups could have a similar effect because severity of clinical
manifestations appears to be affected by age. Such control measures would
affect the intra-host dynamics, changing the parasite composition by re-
ducing the probability of infection by a given genotype, and they would
also change the susceptibility of the risk group, modifying the environ-
ment in which human and parasite populations collide.

Evaluating the consequences of control measures in the parasite and
human populations is a task that demands proficient knowledge of popu-
lation biology and a clear understanding of the epidemiology and clin-
ical and immunological characteristics of malaria. Predicting the con-
sequences of a new intervention, as part of control programs, requires
longitudinal studies planned by multidisciplinary groups in which clinical
manifestations of disease are treated as the result of interactions between
genetically diverse populations of hosts and parasites in an environment
that will change with public health policies and interventions. Compar-
ison of several epidemiologic settings may appear unrealistic given the
amount of resources involved and the careful coordination needed. How-
ever, evolutionary biologists need to establish a common agenda with pro-
fessionals involved in control programs, as well as with colleagues working
on immunologic and epidemiologic investigations. Establishing this com-
munication is our best chance for improving data and sample collections,
allowing us to evaluate policies and strategies that may change the emer-
gence of phenotypes as complex as severe malaria.
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G6PD Deficiency and Malarial Resistance in Humans:
Insights from Evolutionary Genetic Analyses

Sarah A. Tishkoff and Brian C. Verrelli

THE ROLE OF G6PD IN MALARIA RESISTANCE

Malaria, resulting from infection by the Plasmodium falciparum and Plas-
modium vivax parasites, is the leading cause of death in the global human
population. Each year 500 million people suffer from malaria, resulting in
approximately 2 million deaths annually. During the course of human evo-
lution in regions where malaria is prevalent, naturally occurring genetic
defense mechanisms have evolved for resisting infection by the Plasmod-
ium parasite. Most of the human genes that are thought to provide resis-
tance against malarial infection are expressed in red blood cells or play a
role in the immune system (Hill, 2001). These loci include: HLA, «- and
B-globins, Duffy factor (FY), tumor necrosis factor (TNF), and glucose-6-
phosphate dehydrogenase (G6PD).

G6PD is an important “housekeeping” enzyme in the glycolytic path-
way for glucose metabolism. G6PD also plays a critical role in maintain-
ing the balance of NADPH, a necessary cofactor for cell detoxification.
Although several enzymes can recycle this essential cofactor, G6PD is the
sole generator of NADPH in the red blood cells and alone may prevent
oxidative damage and severe anemia. Because of its role in preventing ox-
idative stress within the cell, G6PD may also play a role in longevity (Ho
et al., 2000).

G6PD deficiency is the most common enzymopathy of humans, affect-
ing an estimated 400 million people worldwide (Vulliamy et al., 1992).
G6PD enzyme deficiency has been associated with many clinical disor-
ders, such as neonatal jaundice, hemolytic anemia, granulomatous dis-
ease, and several cardiovascular diseases, often triggered by certain drugs
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Figure 5.1. Diagram showing the proximity of G6PD to several genes of interest
near the telomere of the X chromosome in region Xq28 (adapted from Vulliamy
et al., 1992). HPRT, hypertension; F9, factor 9; FRAX, fragile X.

(particularly the antimalarial drug primaquine), foods, or infection, which
cause oxidative stress to red blood cells (Vulliamy et al., 1992; Beutler,
1994; Ruwende and Hill, 1998). For example, digestion of fava beans by
individuals with the common Mediterranean (Med) deficiency variant can
trigger severe hemolytic anemia and death, causing the disease commonly
referred to as “favism” (Vulliamy et al., 1992; Beutler, 1993). It is thought
that Pythagoras was so distressed by this disorder that he was unwilling
to cross a bean field while being attacked by an invading army, resulting
in his death (Delwiche, 1978).

G6PD deficiency is a genetic disorder resulting from mutations within
the G6PD gene, located on the telomeric region of the long arm of the
X chromosome (Xq28) and flanked approximately 300 kb on either side
by the factor VIII and red/green eye photopigment genes (Figure 5.1) that
have been widely studied for their association with hemophilia (Toole
et al.,, 1986; Jacquemin et al., 2000) and color-blindness, respectively
(Nathans et al., 1986; Deeb et al., 1992). Nearly 400 G6PD variants have
been identified to date based on electrophoretic and biochemical prop-
erties, and they have been grouped into classes based on the degree of
enzyme deficiency and clinical symptoms (see reviews by Vulliamy et al.,
1992; Beutler, 1993, 1994; Ruwende and Hill, 1998). The normal activity
G6PD B variant is present worldwide, but other variants, particularly those
resulting in enzyme deficiency, are restricted to specific geographic regions
(Table 5.1), although they may occur at low frequency in regions where
there has been recent gene flow (Vulliamy et al., 1992; Beutler, 1994; Ver-
relli et al., 2002). Many of the variants that were characterized as distinct at
the biochemical level have turned out to be identical at the molecular level
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Table 5.1. Several common G6PD deficiency mutations

Nucleotide Amino Acid

Allele Change? Change? Global Distribution
A A/ G (376) Asn / Asp (126) Africa
A- A/ G (376) Asn / Asp (126) Africa
G /A (202) Val / Met (68)
Med C/ G (563) Ser / Phe (188) Middle East/Mediterranean
Seattle G/ C (844) Asp / His (282) Mediterranean
Mahidol G /A (487) Gly / Ser (160) Southeast Asia
Union C/T(360) Arg / Cys (454) Mediterranean/Southeast Asia

2 Number in parentheses designates the nucleotide coding position.
b Number in parentheses designates the amino acid residue.
Source: adapted from Beutler (1994).

and vice versa (Beutler, 1993, 1994). At the molecular level, more than 130
different mutations have been identified in the G6PD gene that result in
enzyme deficiency, nearly all of which are single-base substitutions in the
coding sequence that cause a single amino acid substitution (Table 5.1;
Beutler, 1994; Luzzatto et al., 2001). In addition, G6PD mutations that
completely abolish the function of the protein are usually lethal (Vulliamy
et al., 1993).

The distribution and frequency of G6PD deficiency are highly cor-
related with regions where malaria is currently (or previously has been)
endemic (Figure 5.2). This observation has led to the widely accepted
hypothesis that G6PD deficiency confers resistance to infection by the

O <05% [ 7.0-9.9%
O os5-29% O 10-149%
O z0-69% W 15-26%

Figure 5.2. Global distribution and frequency of G6PD deficiency (adapted from
Vulliamy et al., 1992) with the location of common G6PD alleles. See color section.
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Plasmodium parasite (Allison, 1960; Allison and Clyde, 1961; Motulsky,
1961; Siniscalco et al., 1961; Luzatto et al., 1969). This correlation be-
tween allele frequency and incidence of malaria has been observed both
on a global scale and on a micro-geographic scale. It has been noted that
populations living at lower altitude, an environment more conducive for
survival of the Anopheles mosquito vector that carries the malarial parasite,
have a higher frequency of G6PD deficiency compared to high-altitude
populations (Siniscalco et al., 1961; Ganczakowski et al., 1995). The hy-
pothesis that mutations at G6PD confer resistance to malaria is supported
by the observations that patients with G6PD deficiency have lower P. fal-
ciparum parasite loads than controls (e.g., Gilles et al., 1967) and that
in heterozygotes for G6PD deficiency, more parasites are present in cells
with normal enzyme activity than in cells with deficient enzyme activity
(Luzzatto et al., 1969). In vitro culture studies demonstrate that parasite
growth is inhibited in the first few cycles of infection in G6PD-deficient
cells (Roth et al., 1983; Usanga and Luzzatto, 1985; Luzzatto et al., 1986).
Additionally, a large case-control study of more than 2000 African chil-
dren demonstrated that the most common form of G6PD deficiency in
Africa (G6PD A-) is associated with a 46-58% reduction in risk of severe
malaria for both female heterozygotes and male hemizygotes, although
males may be more susceptible to hemopathologies (Ruwende et al., 1995).
Thus, the selective advantage of the female heterozygote may be particu-
larly strong because they are not as likely to suffer from disease caused by
enzyme deficiency (Roth et al., 1983). The precise mechanism by which
G6PD deficiency causes resistance to malaria remains unknown, although
Friedman and Trager (1981) suggest that red cells deficient in G6PD may
be placed under increased oxidative stress. Regardless of the mechanism,
this oxidative stress may create a toxic environment for the Plasmodium
parasites that cause malaria (Miller, 1994). Additionally, Cappadoro et al.
(1998) observed that red blood cells that are deficient in G6PD enzyme
and contain parasites at the ring stage of infection have a greatly impaired
antioxidant defense and are more likely to undergo phagocytosis, thus
decreasing the number of red cells containing mature parasites. Although
G6PD enzyme deficiency may have detrimental effects, the benefit it pro-
vides in the presence of malaria suggests that G6PD deficiency may be
maintained by balancing selection (Ruwende et al., 1995). Thus, the vari-
ability at the G6PD locus may be an example of a balanced polymorphism
similar to the classic example of sickle cell anemia and thalassemia first
described by Haldane (1949).

The G6PD gene spans approximately 18 kb and has 13 exons (Figure
5.3), coding for a protein consisting of 531 amino acids (Martini et al.,
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Figure 5.3. Diagram of G6PD gene structure showing the location of reported
RFLPs and microsatellites (adapted from Tishkoff et al., 2001). Exons are shown
as solid boxes. RFLPs that result in the three common deficiencies are shown, as
well as six others (shown below gene) that result in silent SNPs. Exons 2 and 3 are
separated by a 10-kb intron.

1986; Takizawa et al., 1986; Chen et al., 1991). The B variant, which pos-
sesses normal enzyme activity and dominates in frequency worldwide, is
predicted to be the ancestral state by comparison with chimpanzee G6PD
(Beutler et al., 1989; Kay et al., 1992; Verrelli et al., 2002). The two most
common G6PD deficiency variants in Africa are G6PD A and G6PD A-
(Table 5.1). The A variant has an 85% normal enzyme activity level and is
not thought to confer resistance to malaria (Beutler et al., 1989; Ruwende
et al., 1995). The A- deficiency was initially characterized by biochemi-
cal and electrophoretic analyses; however, recent studies have shown that
this class of alleles is actually comprised of several different changes at
the nucleotide sequence level (Beutler, 1994). The most common G6PD
A- variant in Africa shares the mutation at nucleotide 376 that gives rise to
the A allele, but it also has a mutation at nucleotide 202 (Table 5.1; Beutler
etal., 1989; Beutler, 1994; Hirono et al., 2002). The two less common G6PD
A- variants also share the mutation at nucleotide 376, but one has a T to
C transition at nucleotide 968 and the other has a G to T transversion at
nucleotide 680 (Beutler, 1994; Hirono et al., 2002). Throughout this re-
view, we refer only to the most common G6PD A- variant as “G6PD A-.”
This G6PD A- variant has 12% of normal enzyme activity and is thought
to provide resistance to malarial infection (Beutler et al., 1989; Ruwende
etal., 1995). For G6PD B, frequencies range from 60-80%, for G6PD A from
15-40%, and for G6PD A- from 0-25% in sub-Saharan Africa, although fre-
quencies of A and A- variants rarely reach more than 1-5%, respectively,
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Table 5.2. RFLP identified at the G6PD locus

RFLP Location Nucleotide Change
Nialll exon 49 G/A(A-)

Fokl exon 59 A/G (A, A)

Pvull intron 5 C/G

Mboll exon 69 C/T (Med)

Scal intron 7 C/T

BspHI intron 8 C/T

Pstl exon 10/nt 1116° G/A

Bcll exon 11/nt 1311° C/T

Nialll intron 11 C/T

4 SNPs that change the amino acid sequence.
b SNPs at silent nucleotide sites in coding regions.

outside of Africa (Beutler, 1994; Ruwende et al., 1995; Ruwende and Hill,
1998). The G6PD Med variant has 3% normal enzyme activity and usu-
ally ranges in frequency from 2-20% but is as high as 70% among Kurdish
Jews (Table 5.1; Oppenheim et al., 1993; Beutler, 1994). The A, A-, and Med
variants can all be detected by RFLP analysis to distinguish these variants
from the common G6PD B allele (Table 5.2).

MOLECULAR SIGNATURES OF NATURAL SELECTION

Although there are countless examples in the literature that document
mutations in natural populations and their functional consequences, there
is a great deal of information that this simple association does not convey.
In many cases, we wish to know the age of this mutation or within what
population it may have originated, and simply characterizing the presence
or absence of a mutation in a collection of individuals is not sufficient.
In fact, to understand something about the history or function of a gene
mutation, it is also necessary to examine patterns of genetic variation in
that gene in uninfected individuals to determine the impact of selection
on the population as a whole. However, natural selection for an adaptive
mutation can create many different patterns of nucleotide variability that
differ from a simple neutral model of molecular evolution (Kimura, 1983;
Hudson, 1990).

A general model of balancing selection predicts that no one single vari-
ant is functionally superior across all environments, and therefore we may
discover more genetic variation at a locus than expected under neutral-
ity. For example, if allelic diversity has been maintained in the popula-
tion for an extended period of time, neutral variation can accumulate and
“hitchhike” along with the selected variant (Kaplan et al., 1989; Hudson,
1990; Braverman et al., 1995). A classic example is the relatively ancient
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age of variants found at several MHC loci (e.g., Ayala et al., 1994). However,
balancing selection need not imply that lineages are “old.” If selection for
functional diversity is relatively recent, then we may not find an excess of
silent variation associated with the targeted balanced polymorphism sim-
ply because not enough time has passed. On the other hand, instead of
preserving functional diversity at a locus, directional selection will effec-
tively remove variation at a locus (Hudson, 1990; Akashi, 1999; Fay et al.,
2001). This is often due to a mutation that rapidly reaches high frequency
and replaces all other variants (i.e., becomes “fixed”) because it is more
adaptive in function. Only after there has been sufficient time will new
mutations start to accumulate as “singletons” (i.e., found only once), and
therefore the coalescence of all lineages in the gene genealogy will ap-
pear to be very recent. A definitive pattern associated with genes under
recent directional selection is significant linkage disequilibrium (LD) due
to the insufficient time for recombination to decay the association among
variants (Braverman et al., 1995; PrzeworsKi et al., 2000).

In a perfect scenario, selection events occur over very discrete time
intervals in which we could easily detect the location and impact of adap-
tive mutations in the genome. However, a more realistic view considers
that selection is operating on many genes and, in fact, different modes of
selection may be operating at the same time; that is, even a single gene
may have recently undergone both directional and balancing selection.
In addition, we would like to be able to distinguish between patterns of
variation that are the result of selection and those that are simply due to
demographic processes. We expect that a demographic process may affect
the genome as a whole, whereas selection is expected to impact only spe-
cific regions of the genome. Therefore, detecting the effects of a single se-
lection event can be an arduous task and will rely on factors including the
gene-specific mutation rate, long-term population size, and the strength
of selection. Characterizing patterns of nucleotide sequence variation in
human populations has just begun and it is unclear whether balancing or
directional selection has played a larger role (Przeworski et al., 2000; Wall
and Przeworski, 2000; Nachman, 2001), and several studies show no clear
“signature” of selection (Harding et al., 1997; Aquadro et al., 2001). In the
following discussion we present how different molecular approaches have
been used to investigate the potential impact of selection at the G6PD
locus.

RFLP HAPLOTYPE ANALYSIS AT G6PD

Although the G6PD locus has been the subject of active investigation
among medical geneticists for the past 40 years and hundreds of variants
causing enzyme deficiency have been identified in clinical cases, until very
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recently, relatively little was known about levels and patterns of molec-
ular variation in non-coding regions of the gene. Analyses of patterns of
genetic variation in both coding and non-coding regions of the G6PD
gene are informative for reconstructing the evolutionary forces, such as
mutation, migration, genetic drift, and selection resulting in the global
distribution of G6PD deficiency mutations. Only six “silent” restriction
fragment length polymorphisms (RFLPs) were identified prior to 2001, lo-
cated either in introns or as synonymous substitutions in exons of the
gene (Figure 5.3; Table 5.2).

These bi-allelic polymorphic sites have been studied as haplotypes to
reconstruct the evolutionary history of mutation at the G6PD locus. Vul-
liamy et al. (1991) analyzed the Nlalll and FokI sites that distinguish the
B, A, and A- variants, in addition to the Pvull, Scal, BspHI, Pstl, and Bcll
polymorphisms in 54 men of African origin. Because G6PD is located on
the X chromosome, it is possible to unambiguously determine the order
of alleles along the chromosome (e.g., haplotype phase) in men. Vulliamy
et al. (1991) identified only 7 RFLP haplotypes: 3 associated with B chro-
mosomes, 3 associated with A chromosomes, and only 1 associated with
A- chromosomes. They conclude that the A- allele arose only once on an
A chromosome and that all A- mutations can be traced back to a single
ancestral chromosome in Africa. This conclusion has been supported by
additional RFLP haplotype analyses (Coetzee et al., 1992; Kay et al., 1992;
Tishkoff et al., 2001). Based on the number of estimated recombination
events between RFLP sites, Kay et al. (1992) estimated that the A- muta-
tion arose within the past 80,000 years but could have been considerably
more recent. Beutler et al. (1989) proposed that the mutation giving rise
to the A variant preceded the three A- mutations (at (nt) 202, nt 680, and
nt 968) and that the A allele may have been more prevalent at the time
that the A- mutations arose. Thus, they suggest that the A variant may
have had an unknown selective advantage in an ancestral environment.
In the majority of Mediterranean and Middle Eastern populations, a T is
present at nt 1311 that is detected by a “Bcll” restriction site (Bcll+) us-
ing mismatched primers (Table 5.2), whereas in the Indian subcontinent,
as well as in some Mediterranean populations, a C is present at nt 1311
(Bcll-) (Beutler and Kuhl, 1990; Filosa et al., 1993; Cittadella et al., 1997).
It was hypothesized that the presence of the Med mutation on two haplo-
type backgrounds could be due either to recurrent independent mutation
in different populations or to a historic recombination event (Beutler and
Kuhl, 1990; Filosa et al., 1993; Beutler, 1994). Interestingly, Filosa et al.
(1993) observed a high frequency of the rare Med/BclI- haplotype in a pop-
ulation in southern Italy where it is always associated with color-blindness
caused by mutation in a gene located over 300 kb away from G6PD. This
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strong association is likely the result of a founding event in this population
but also indicates high levels of LD over an extended distance near G6PD.
High levels of long-range LD in the region near G6PD have also been
observed in recent studies by Saunders et al. (2002) and Sabeti et al.
(2002).

MICROSATELLITE HAPLOTYPE ANALYSIS AT G6PD

Because of the low heterozygosity levels of the RFLPs identified at the G6PD
locus and the strong LD between markers located within a 3-kb region of
the gene (Vulliamy et al., 1991), the few RFLP haplotypes identified were
not able to provide detailed resolution of the evolutionary history of G6PD.
Additionally, because only one RFLP is polymorphic outside of Africa,
RFLP haplotype analyses were not very informative for reconstructing the
evolutionary history of the G6PD gene in non-African populations. The
analysis of haplotypes consisting of both fast-evolving microsatellites as
well as more slowly evolving markers, such as RFLPs, SNPs, and insertion/
deletion (In/Del) polymorphisms, can be particularly informative for
reconstructing recent evolutionary history. Microsatellites have moder-
ate to high mutation rates (on average .001 per meiosis) and are thought
to mutate via the stepwise gain or loss of a repeat unit. The instability
of microsatellites results in the formation of many alleles, and the sta-
bile flanking markers allow greater certainty in tracing the lineage of each
haplotype. For example, for two microsatellite markers, each with 10 al-
leles, there are (10)? possible haplotypes. Thus, if identical G6PD variants
exist on a similar haplotype background, this would indicate that they
descend from a common ancestral chromosome. By contrast, if identical
G6PD variants exist on distinct haplotype backgrounds, this would indi-
cate that they arose through recurrent mutation and had independent
origins. The increased variability of haplotypes containing STRPs makes
them particularly informative for reconstructing evolutionary events that
have occurred on a recent time scale, such as the origin of mutations that
provide resistance to malaria infection. After a mutation arises on a unique
haplotype background, it will initially be in complete association (linkage
disequilibrium) with flanking SNP and microsatellite markers. Linkage dis-
equilibrium is expected to decay over time at a rate proportional to the
rate of mutation at the microsatellite and recombination between the sites.
Given an estimated mutation and recombination rate, LD can be used to
estimate the time of origin of mutation events. Similar analyses (Slatkin
and Rannala, 2000) have been used to estimate the time of origin of an
Alu insertion polymorphism at the CD4 locus in non-African populations
(Tishkoff et al., 1996), to estimate the age of the delta32 deletion at CCRS
in European populations that has been associated with resistance to HIV
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AC/AT/CTT haplotypes

Figure 5.4. Relative frequencies of AC/AT/CTT microsatellite haplotypes on B chro-
mosomes (n = 183), A chromosomes (n = 90), A- chromosomes (n = 42), Norm/
Bcll(—=) chromosomes (n = 188), Norm/Bcll(+) chromosomes (n = 17), Med/
Bcll(+) chromosomes (n = 63), and Med/Bcll(—) chromosomes (n = 8). Haplo-
types are ordered by size of the AC, then the AT, then the CTT (data from Tishkoff
et al., 2001). See color section.

(Stephens et al., 1998), and to estimate the age of the deltaF508 deletion
that causes cystic fibrosis (Morral et al., 1994).

In order to obtain a more accurate estimate of the age of the ma-
jor G6PD deficiency mutations in Africa (A-) and the Middle East and
Mediterranean regions (Med), Tishkoff et al. (2001) identified three mi-
crosatellites within 19 kb downstream of the G6PD gene that could be
used for microsatellite/RFLP haplotype analysis. The three microsatellite
repeats (shown in Figure 5.3), referred to as “AC,” “AT,” and “CTT,” were
observed to have 10, 26, and 8 alleles, respectively, making them highly
informative for reconstructing the evolutionary history of G6PD defi-
ciency mutations. The “AC” repeat located 4.28 kb downstream of G6PD
is a highly compound repeat consisting of the sequence (TA)s(AA)1(TA)s
(CA)6(CT)1(CA)1(TA)1(CA)1o. PCR amplification using primers designed to
flank the microsatellite repeat produces a product ranging from 164 to 188
bpinsize. The (AT), repeat, located 11.07 kb downstream from G6PD, con-
sists of a perfect (AT);4 repeat with alleles ranging from 125 to 179 bp in
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Table 5.3. Microsatellite heterozygosity values for
G6PD haplotypes

Haplotype? Global Distribution Heterozygosity?
B African 0.96 £+ 0.02
A African 0.92 £+ 0.04
Norm/Bcll(+) non-African 0.91 £0.10
Norm/Bcll(—) non-African 0.83 £ 0.03
A- African 0.74 £ 0.08
Med/Bcll(—) Mediterranean 0.43 £ 0.17
Med/Bcll(+) Mediterranean 0.18 £ 0.04

@ Bcll designates the restriction site variant at the nucleotide coding posi-
tion 1311.

b Mean =+ standard error.

Source: adapted from Tishkoff et al. (2001).

size. The (CTT), repeat, located 18.61 kb downstream from G6PD, is a
compound repeat consisting of the sequence (CTT);;(ATT); with alleles
ranging from 195 to 216 bp in size. Analysis of these microsatellites in a
sample of 591 chromosomes originating from a worldwide global sample
identified 149 AC/AT/CTT haplotypes (Tishkoff et al., 2001).
Microsatellite haplotype diversity was examined on chromosomes
with normal enzyme activity (B chromosomes) as well as on chromo-
somes containing the A, A-, and Med deficiency mutations. B chromo-
somes outside of Africa (referred to as “norm” to distinguish them from
B chromosomes in Africa) and Med chromosomes were further character-
ized by the presence (+) or absence (—) of the “Bcll” site. The frequen-
cies of AC/AT/CTT haplotypes on chromosomes with distinct G6PD alle-
les are shown in Figure 5.4. The pattern of haplotype variation and LD is
strikingly different on chromosomes containing the deficiency mutations;
there is reduced microsatellite haplotype diversity on chromosomes con-
taining the Med and A- deficiency alleles (Table 5.3), and these alleles
are associated with only a limited number of microsatellite haplotypes.
Additionally, the microsatellite haplotype background is very distinct on
deficiency versus normal chromosomes (Figure 5.4). The A- mutation ap-
pears to have derived from an A chromosome and is always associated
with a 166-bp AC allele and a 195-bp CTT allele. A- mutations are asso-
ciated with a broader range of large-sized AT alleles (which likely have a
higher mutation rate), which are quite rare on other chromosomes. The
majority of G6PD Med alleles are associated with the BclI(+) allele, and
57 out of 63 Med/Bcll(+) chromosomes are associated with a 182/151/210
haplotype. Of the six chromosomes that do not have this association, five
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differ only by a single AC or AT repeat, and one (182/151/198) appears to
be a recombinant at the CTT site. This haplotype background is very rare
in the global sample and was observed on only two chromosomes from
Cyprus and Italy.

EVOLUTIONARY HISTORY OF G6PD MICROSATELLITE
HAPLOTYPES

All 90 A chromosomes reported by Tishkoff et al. (2001) were associated
with a 166- or 164-bp allele, whereas all but one of the 183 B chromosomes
were associated with a 176-186-bp allele. It is likely that the mutation re-
sulting in a 166- or 164-bp allele occurred on an ancestral A chromosome.
The highly compound AC repeat is expected to be more stable than the
AT and CTT repeats, explaining the maintenance of LD between it and all
G6PD variant alleles. However, there has been enough time to accumu-
late considerable variation at the AT and CTT microsatellites on both B
and A chromosomes. The observation of only one recombinant chromo-
some between G6PD alleles and the AC repeat in Africa is consistent with
previous reports indicating strong LD extending a distance of 350 kb at
the G6PD locus (Filosa et al., 1993) as well as a study indicating regions
of extensive LD on Xq28 (Taillon-Miller et al., 2000). Analysis of RFLP
haplotypes by Tishkoff et al. (2001) identified nine RFLP haplotypes of
moderate frequency that form two distinct clades consisting of A/A- and
B chromosomes. Both the A and B clades have high levels of microsatel-
lite haplotype diversity, supporting the hypothesis that the A variant may
have an ancient origin (Beutler et al., 1989; Kay et al., 1992; Verrelli et al.,
2002).

The A- mutation likely arose only once on an ancestral A chromosome
containing a 164/169/195 haplotype (the most common A- haplotype)
and then spread rapidly across a broad geographic range in Africa, with
time for only a limited amount of variation at the AT repeat to accumulate.
The few A and A- chromosomes observed outside of Africa have patterns
of haplotype variation that are identical to that observed in Africa and
likely originate from recent gene flow from Africa. The “Norm” chromo-
somes outside of Africa may descend from a subset of the B chromosomes
that were carried by a small founding population during the migration of
modern humans out of Africa within the past 100,000 years (Tishkoff and
Williams, 2002). Genetic drift at the time of this founding event may have
resulted in the distinct pattern of haplotype variability observed on normal
chromosomes outside of Africa (Figure 5.4). The Med mutation likely arose
on anormal chromosome with a 182/151/210 haplotype background (pos-
sibly on a Norm/BclI(+) chromosome) and spread rapidly throughout the
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Middle East and Mediterranean region. The fact that Med and A- variants
exist on very distinct microsatellite haplotypes supports the conclusion
that they arose independently.

Coalescence modeling (Tishkoff et al., 2001) was used to determine
whether the pattern of haplotype variability and LD on chromosomes
containing A- and Med alleles is due to selection or neutral processes. This
approach considers a sample of genes examined today and looks back-
wards in time at the pattern of common ancestry of those genes (Hud-
son, 1990). In the analysis by Tishkoff et al. (2001), 10,000 coalescence
trees were simulated, conditional upon generating a gene genealogy that
matched the observed number of B, A, A-, Norm, and Med alleles in the
data set. Comparisons of the summary statistics from trees generated un-
der a model of neutrality (both under an assumption of constant and ex-
panding population size) with the observed data indicated that the high
frequency and broad geographic range of G6PD deficiency mutations, in
the face of low haplotype variability and high LD, are inconsistent with a
model of neutrality. These initial results have been supported by similar
analyses using SNP markers extending approximately 450-kb from G6PD
(Sabeti et al., 2002). These data add support to the hypothesis that the A-
and Med mutations have attained high frequency as a result of selection
at this locus, most likely in response to malarial infection caused by the
Plasmodium parasite.

Given that the ancestral A- mutation likely arose on an A chromosome
containing a 164/169/195 haplotype background, and that the Med muta-
tion likely arose on a normal chromosome with a 182/151/210 haplotype
background, it is possible to estimate the time since the origin of these mu-
tations by estimating the rate of decay of linkage disequilibrium due to
mutations at the three microsatellites and recombination between the
sites (Tishkoff et al., 2001). Tishkoff et al. (2001) simulated this process
using a forward-in-time Poisson branching model, which considers the
fate of a chromosome containing a mutation arising in an ancestral pop-
ulation of effective size 10,000 (the estimated effective population size of
humans) that is rapidly growing. The ages of the A- and Med alleles (see
Table 5.4) were estimated from these simulations that varied the muta-
tion rate of the microsatellites, the rate of recombination between sites,
and the strength of selection. The mean age of the A- allele in the simu-
lated runs was 6,357 years, with a 95% credibility interval extending from
3,840 to 11,760 years. For the Med alleles, the mean age was 3,330 years
with a 95% credibility interval of 1,600 to 6,640 years (Tishkoff et al.,
2001). These age estimates imply a very recent origin for these two defi-
ciency variants, and the narrow confidence intervals reflect the power that
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haplotypes composed of quickly evolving markers can supply in estimat-
ing very recent events in evolutionary time.

NUCLEOTIDE DIVERSITY AT G6PD

By using rapidly evolving microsatellites in combination with G6PD single
nucleotide polymorphisms (SNPs), the LD analysis of Tishkoff et al. (2001)
showed that selection has had a large impact on the frequencies of the A-
and Med deficiencies. However, several questions remained with respect to
other aspects of variation at G6PD. First, most amino acid polymorphism
at this locus had been discovered by biochemical analyses and it was un-
clear whether protein variation exists that would not have been picked up
in functional studies. Second, although selection seems to have recently
favored the A- and Med deficiencies, it is generally unknown what role, if
any, other G6PD amino acid variants play. Therefore, by using a nucleotide
sequencing approach, we can screen for all genetic variation at G6PD in a
large random sample and determine if selection for malarial resistance is
likely to explain patterns of variation associated with the gene genealogy.

To address some of these questions, Verrelli et al. (2002) surveyed G6PD
nucleotide sequence variation from the region encompassing exons 3-13
for a total of 5.2 kb (Figure 5.3) from 216 male individuals from 13 pop-
ulations, and Saunders et al. (2002) have surveyed nucleotide sequence
variation in a 5.1-kb region of G6PD from 41 globally diverse male indi-
viduals (35 B, 2 A, and 4 A-). The sample used by Verrelli et al. (2002),
which consists of 160 Africans (112 B, 32 A, and 16 A-) and 56 individu-
als from groups outside of sub-Saharan Africa (55 B and 1 Med), reflects
the frequencies of the major G6PD alleles in natural populations, which
is important for statistical tests that assume samples are unbiased (Hud-
son et al., 1994). Verrelli et al. (2002) and Saunders et al. (in press) found
that G6PD segregates a typical level of silent site polymorphism when
compared to even other X-linked loci (Przeworski et al., 2000; Nachman,
2001).

There are several statistical tests of neutrality that can be applied to data
sets of nucleotide sequence variation (reviewed by Kreitman, 2000). For
example, if a simple neutral explanation accounts for variation at G6PD,
then we may expect that silent site polymorphism and divergence will
be the same across loci in the human genome. The Hudson, Kreitman,
and Aguade (HKA) test (Hudson et al., 1987) can be applied to G6PD in a
comparison with other X-linked loci because they all share the relatively
same effective population size (i.e., X chromosomes spend a third of their
time hemizygous in males). Verrelli et al. (2002) and Saunders et al. (2002)
also examined the SNP frequency distribution using the test of Tajima
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(1989) to determine whether there is an excess of rare variants (due to
directional selection) or high-frequency alleles (due to balancing selection)
at G6PD. However, neither of these tests can significantly reject the neutral
model for overall patterns of silent site variation at G6PD. A more practical
approach may be to examine the patterns of variation associated with
independent allele “lineages” (i.e., B, A, A-). A simulation test (Hudson,
1990) performed by Verrelli et al. (2002) found that given the overall level
of variation at G6PD, there is proportionately less SNP variation associated
with the A and A- alleles than one would expect by chance alone. This
likely reflects the recent origin and rapid increase in frequency for the A-
allele that was also found by Tishkoff et al. (2001). Because Verrelli et al.
(2002) found low levels of SNP variation associated with the A allele as well,
this allele may have also risen to high frequency recently. Although there
has been little evidence for the adaptive value of this variant in regard to
malarial resistance (Ruwende et al., 1995), the A variant may have had an
adaptive function in response to an unknown selective force during the
evolutionary history of humans in Africa.

Using all silent site variation at G6PD, a coalescent analysis can also
be used to estimate the age of both the silent SNPs and the amino acid
variants. Three approaches for dating the age of the A- variant gave con-
sistent estimates for the age of this allele. Tishkoff et al. (2001) used LD
analyses with flanking microsatellite alleles, and Saunders et al. (2002) as
well as Sabeti et al. (2002), used LD analyses with SNPs identified in re-
gions up to 556 kb from G6PD to estimate the ages of deficiency mutations
(Table 5.4). In contrast, Verrelli et al. (2002) and Saunders et al. (in press)
used the level of SNP variation associated with the different deficiency
alleles in a maximume-likelihood approach that assumed complete neu-
trality (Figure 5.5; Griffiths and Tavare, 1997). Table 5.4 shows that the
age of the A- variant estimated using all approaches is quite recent. How-
ever, the confidence intervals for the estimates based on SNP diversity are
much larger, reflecting the high variance that is associated with recently
derived SNP variants. Although the simulation “lineage” test (described
above) found significantly less SNP variation associated with the A allele,
the maximum-likelihood coalescent analysis of Verrelli et al. (2002) found
that this variant may not be recent in origin.

Because G6PD enzyme deficiencies have both negative and positive
(i.e., resistance to the parasite causing malaria) effects in the individu-
als who possess these alleles, allelic diversity at this locus is likely main-
tained in the population because no one phenotype is superior in all
environments. The work of Ruwende et al. (1995) suggested that G6PD
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Figure 5.5. Coalescent tree of G6PD nucleotide variability from a sample of 158
Africans for a 5.2-kb region (data from Verrelli et al., 2002). Various silent mutation
age estimates are labeled along the branches where they occur, and haplotype
frequencies are shown.

amino acid variation was maintained by balancing selection because of the
advantage it bestowed upon both males and females in the heterozygous
state. To test this hypothesis, Verrelli et al. (2002) compared G6PD varia-
tion in human populations with chimpanzee (Pan troglodytes) G6PD. The
use of a closely related outgroup for interspecific comparisons can tell us
something about how variation has accumulated since species divergence.
A McDonald-Kreitman (1991) test compares the ratio of silent and amino
acid polymorphism within humans to the ratio of silent and amino acid
fixed differences between humans and chimpanzees. Under neutrality we
expect these ratios to be relatively equal. However, Verrelli et al. (2002)
found a significant excess of amino acid polymorphism segregating within
both African and non-African populations. There were no fixed amino
acid differences between chimpanzees and humans, indicating functional
constraint on the G6PD protein over the past 5-6 million years. Therefore,
the excess of G6PD amino acid variation within humans is surprising and
is likely a recent phenomenon. This result suggests a recent change in
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selection pressure favoring amino acid variation in humans and is consis-
tent with balancing selection across many different geographic regions.

IMPLICATIONS FOR THE ORIGINS OF MALARIAL RESISTANCE

To summarize, studies of nucleotide diversity and microsatellite/RFLP hap-
lotype diversity indicate low levels of genetic diversity on chromosomes
containing A- and Med G6PD deficiency mutations, high levels of LD on
these chromosomes, and an association of deficiency mutations with dis-
tinct haplotype backgrounds. Comparison of sequence diversity at G6PD
in humans and chimpanzees indicates an excess of amino acid variation in
humans relative to that expected based on levels of silent site variation and
divergence. The pattern of genetic variation at G6PD is not consistent with
a neutral model of evolution. Rather, it is most consistent with a model of
balancing polymorphism whereby deficiency mutations are maintained at
high frequency due to protection they provide against malarial infection
but do not sweep to fixation because of their potentially serious negative
effects, including severe anemia resulting in death.

Although the A- variant in Africa, which has a 12% enzyme activity lev-
els, usually does not cause a severe phenotype, serious disease can be trig-
gered by factors such as diet and infectious disease, the latter of which has
historically been highly prevalent in African populations (Beutler, 1993,
1994). Additionally, because G6PD deficiency is an X-linked disease, there
is a possibility that selection is acting differently in males and females.
Females, who are usually heterozygous for the disorder, will have a mo-
saic of cells with normal and deficient enzyme activity due to the random
nature of X-inactivation. The severity of disease in females will depend
on the number of cells expressing deficiency alleles. Males, who are hem-
izygous, may be more likely to suffer the negative consequences of G6PD
deficiency because all cells will have deficient enzyme activity levels. Al-
though earlier reports indicated that only females heterozygous for G6PD
deficiency were protected from malarial infection (Bienzle et al., 1975),
later studies did not support these results and it seems likely that hemizy-
gous males are also protected (Beutler, 1994; Ruwende et al., 1995). It is
possible, however, that the more severe negative effects in males prevent
G6PD deficiency alleles from reaching high frequency.

Coalescence analysis of nucleotide variability at the G6PD locus in
Africans indicates that the A allele may not be recent in origin and may
have risen in frequency after the divergence of modern human popula-
tions approximately 100,000 years ago (Verrelli et al., 2002; Saunders et al.,
in press). Interestingly, the age of the A allele predates the estimated age
at which severe malaria likely had a major impact in humans. Although
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it may not be recent in age, it is likely that the A allele has recently at-
tained a higher frequency in Africa and this may explain the absence of
this variant in non-African populations. Functional studies suggested this
variant has no association with malarial resistance; however, nucleotide
analyses indicate that the A allele may be adaptive and is likely maintained
by selection. Like the CCR5-A32 polymorphism that is not recent in ori-
gin, but is strongly associated with resistance to HIV infection (Martin
et al., 1998), the A variant may have been historically maintained by an
unknown selective pressure in African populations.

Studies of microsatellite/RFLP haplotypes (Tishkoff et al., 2001) and
nucleotide diversity (Verrelli et al., 2002; Saunders et al., in press) indicate
that G6PD deficiency mutations associated with resistance to malaria have
originated and risen to high frequency very recently in human evolution-
ary history. Microsatellite haplotype analysis of A- and Med mutations
indicates that they arose independently on chromosomes with distinct
haplotype backgrounds (Tishkoff et al., 2001), likely because of a com-
mon selective pressure imposed by malarial infection. Distinct mutations
have arisen in different geographic regions due to the stochastic nature of
the mutation process. The diversity of deficiency variants identified across
the globe suggests that the location of the amino acid substitutions, per
se, may not be as important as their overall effect on enzyme activity level
(Verrelli et al., 2002).

Based on decay of microsatellite haplotype diversity, Tishkoff et al.
(2001) estimate that the A- allele originated in Africa within the past 3,840
to 11,760 years and that the Med mutation originated in the Mediter-
ranean or Middle East within the past 1,600-6,640 years. After these mu-
tations arose, they likely swept to high frequency across very broad ge-
ographic regions in a short period of time, indicating the strength of
selection in response to the malarial parasite. Because of the recency of
this event, the signature of selection cannot be detected by standard neu-
trality tests based on nucleotide diversity such as Tajima’s D. However,
microsatellites, which have a higher mutation rate, are more informative
for reconstructing evolutionary events on such a recent time scale. In ad-
dition, neutrality tests like that of McDonald and Kreitman (1991) that do
not rely solely on intraspecific variation but on interspecific divergence as
well do possess the power to detect deviations from selection.

The estimate that G6PD deficiency mutations rose to high frequency
within the past 12,000 years is consistent with estimates for a very recent
origin of the sickle cell mutation in the g-globin gene within the past
few thousand years, based on allele frequency data in Africa (Durham,
1992). These date estimates are also consistent with archeological evidence
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suggesting that malaria has only had a significant effect on humans in the
past 10,000 years, after the advent of agriculture, animal domestication,
and increased human population densities in the Middle East and Africa
(Livingstone, 1971). Livingstone (1958, 1971) first proposed that there is
a correlation between the prevalence of malaria and the practice of slash
and burn agriculture in West African populations. According to Living-
stone (1958, 1971), the introduction of slash and burn agriculture in West
Africa approximately 2,000 to 4,000 years ago resulted in the clearing
of tropical forests and an increase in sunlit pools of water, the preferred
breeding place for Anopheles gambiae, the major vector for the P. falci-
parum parasite, the Plasmodium species associated with more severe, sta-
ble, hyperendemic malaria (Wiesenfeld, 1967). Additionally, agriculture
enabled increased human population density, facilitating the spread of
malaria and other infectious diseases. However, a number of factors may
have caused malaria to become hyperendemic slightly earlier in Africa,
as the date estimates of Tishkoff et al. (2001) suggest. Africa underwent
an increase in both temperature and humidity between 12,000 and 7,000
years ago, along with a concurrent increase in the number of sunlit lakes
and ponds, conditions that would support the spread and rapid adaptive
speciation of the A. gambiae vector (Coluzzi, 1999). An increase in hu-
man population density likely occurred after the origination of plant and
animal domestication in the Sahara and northeast Africa approximately
8,000-10,000 years ago (Livingstone, 1971; A. S. Brooks, personal com-
munication, 2001), which could facilitate the spread of infectious disease.
Secondly, archeological evidence indicates denser and more permanent
populations around lakeshores due to the spread of fishing industries as
well as to incipient cattle domestication in these regions (Tishkoff et al.,
2001; A. S. Brooks, personal communication, 2001). These population set-
tlements on or near lakeshores and water pools could have served as ade-
quate preconditions for the spread of mosquito-borne pathogens (Tishkoff
et al., 2001; A. S. Brooks, personal communication, 2001).

Estimates of genetic diversity in the mosquito vector Anopheles gambiae
(Donnelly et al., 2001), as well as several genetic studies of the protozoan
parasite Plasmodium falciparum that causes severe malaria (Anderson et al.,
2000; Rich and Ayala, 2000; Volkman et al., 2001), are in accordance with
the predicted recent expansion of human populations and may be due
to the coevolution of these organisms. However, the evolutionary history
of the Plasmodium falciparum genome remains controversial, and several
studies (Verra and Hughes, 2000; Hughes and Verra, 2001; Mu et al., 2002)
indicate that malaria caused by P. falciparum may be a more ancient disease.
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Itis possible that a form of Plasmodium causing less severe malaria has been
infecting humans throughout much of their evolutionary history but that
it did not become endemic until after 10,000 years ago, likely in response
to climatic and/or cultural changes that facilitated population expansion
and diversification of the Anopheles vector, the P. falciparum parasite, and
the human host.

As discussed in Tishkoff et al. (2001), the more recent spread of the Med
allele within the past 1,600-6,640 years is consistent with historical Greek
and Egyptian documents indicating that, despite the earlier presence of
more mild forms of malaria resulting from infection by P. malariae and
P. vivax, the more severe P. falciparum malaria may not have been preva-
lent in the Mediterranean until after 500 B.c. (Sherman,1998). It is possible
that the recent and rapid spread of the Med allele corresponds with the
spread of agriculture during a Neolithic expansion and migration across
Europe from the Middle East 10,000-5,000 years ago (Cavalli-Sforza et al.,
1994). However, the estimate that the mutation arose 1,600-6,640 years
ago suggests that this mutation could have been spread by more recent
migration events, perhaps as a result of the extensive trade routes and col-
onizations of the Greeks into these regions in the first several millennia
B.C. (Tagarelli et al., 1991; Durando, 1997). It is even possible that the Med
mutation was spread throughout this region by the army of Alexander the
Great, which invaded and conquered territories ranging from the Mediter-
ranean, to India, the Middle East, and even North Africa during the fourth
century B.Cc. (Durando, 1997; Tishkoff et al., 2001).

FUTURE DIRECTIONS

Although these recent studies of molecular variation at G6PD have helped
elucidate the evolutionary history of the deficiency-causing A, A-, and
Med mutations, a number of unanswered questions remain. An extensive
analysis of nucleotide variability in a 5.2-kb region of G6PD across ge-
ographically diverse African populations (Verrelli et al., 2002) identified
only one severe deficiency mutation that was common (the A- variant).
By contrast, in Mediterranean and Middle Eastern populations, approxi-
mately 85% of all deficiency alleles are caused by the Med mutation, but
several other variants also occur at moderate frequencies, and in Asian pop-
ulations, there are many deficiency alleles at moderate to high frequency
(Calabro et al., 1998; Beutler, 1994). This observation raises the question
of why more deficiency mutations have not become common in Africa in
the past 10,000 years. It is possible that this reflects a bias due to the fact
that non-African populations have been much more intensively studied,
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with biochemical and molecular screens of thousands of individuals with
G6PD deficiency. Alternatively, does the A- variant have a particular se-
lective advantage in an African environment? Or, is the high frequency
of the A- allele across African regions simply a reflection of high levels of
gene flow, genetic drift, and selection? Studies of haplotype variation in
mtDNA, Y-chromosome, and autosomal loci indicate high levels of pop-
ulation subdivision in Africa (Tishkoff and Williams, 2002), which is not
consistent with the shared pattern of genetic variation observed at G6PD.
It is possible that the A- allele arose in a West African Bantu-speaking pop-
ulation (which first developed slash and burn agriculture) and then swept
through other geographic regions due to the Bantu expansion across west-
ern and southern Africa that occurred within the past 3,000 years (Tishkoff
and Williams, 2002). However, given that other studies do not find evi-
dence for extensive levels of gene flow among African populations, these
results suggest that low levels of gene flow, when combined with mod-
erate to high levels of selection, can cause rapid changes in the genetic
architecture of populations.

An additional question is whether mutations at G6PD interact epistat-
ically with other malarial resistance genes at high frequency in African
populations such as the sickle cell, HbC, and alpha and beta thalassemia
mutations in the globin genes or genes involved in immune function such
as HLA, TNF, and other cytokines. Several studies have observed a positive
association between the frequency of G6PD deficiency and sickle cell ane-
mia (Lewis and Hathorn, 1963; Piomelli et al., 1972; Beutler et al., 1974;
Warsy, 1985; Samuel et al., 1986; Steinberg et al., 1988) whereas others
show that the incidence of hemoglobin S and G6PD deficiency are inde-
pendent (Steinberg and Dreiling, 1974; Bienzle et al., 1975; Bernstein et al.,
1980; Nieuwenhuis et al., 1986; Saad and Costa, 1992). Additional stud-
ies of gene frequencies across loci in multiple ethnically diverse African
populations will be required to adequately answer this question.

Haplotype analyses incorporating additional markers flanking G6PD
will be useful for reconstructing the evolutionary history of many defi-
ciency mutations in globally diverse populations. In particular, the ques-
tion of whether the Med mutation arose independently on a distinct hap-
lotype background or due to an historic recombination event between a
Med and normal chromosome can be addressed by analyzing additional
markers upstream of G6PD. A better understanding of genetic diversity at
G6PD and the evolutionary forces (mutation, migration, drift, and selec-
tion) resulting in the global distribution of G6PD deficiency mutations
will be informative for identifying naturally occurring mechanisms of re-
sistance against malarial infection and for understanding which mutations
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may be most efficient at providing natural resistance. Functional studies
of those variants could be informative for developing new treatments to
prevent the spread of malaria.
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The Enigma of Plasmodium vivax Malaria and
Erythrocyte Duffy Negativity

Peter A. Zimmerman

INTRODUCTION

Humans have been plagued by malarial parasites for centuries and refer-
ence to maladies associated with malaria may be found in antiquities over
the past 5,000 years (1). For much of this time the cause of the intermittent
chills and fevers, splenomegaly, and mortality associated with malaria was
unknown. However, with consistent identification of the brownish black
pigment (hemozoin) found during autopsies of malaria victims from the
early 1700s on, scientific discovery methodically began to dissect malarial
parasites from the various secret hiding places of their complex life cycle.
Alphonse Laveran first observed the tiny ring-stage parasites of the malaria
blood-stage infection in 1880 (1), and Ronald Ross would reveal that the
female anopheline mosquito was responsible for malaria transmission in
1897 (1). During the late 1800s and ending in 1922 individual discoveries
illustrated that malaria in humans was caused by four distinct species of
Plasmodium — P. falciparum, P. vivax, P. malariae, and P. ovale (2), and that
fevers resulting from infection by these parasites would soon find their
way into successful, albeit unorthodox, treatment of neurosyphilis.

The era of malaria therapy, launched in earnest by Julius Wagner von
Jauregg in 1917 (3), paved the way for important advances in malaria
research as observations resulting from thousands of treated patients pro-
vided the opportunity to study early stages of infection, development of
immunity and characteristics of the immune response, and the efficacy of
various antimalarial drugs (4). It was also through malaria therapy trials
that many African American patients were observed to be highly resistant
to infection by P. vivax but not to the other human malarial parasites (5-8).
At the time, the mechanism underlying African American resistance to P.
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vivax was unknown, and relationships between molecules and genes and
between mutation and natural selection were not well understood.

Although important advances were accumulating in the identification
of microbial pathogens through the methods and observations of Pasteur
and Koch, application of the scientific method in the practice of medicine
was still relatively new in the early 1900s. It is also useful to remember
that the scientific community was largely unsettled with regard to Charles
Darwin’s theory that natural selection (9) was the driving force of evolu-
tion until the late 1940s. Ironically, from present-day perspectives, op-
posing factions of biologists argued that the mechanism of evolution was
either mutation or selection. The population biologists Fisher, Haldane,
and Wright were ultimately instrumental in promoting an “evolutionary
synthesis” that came to recognize mutation(s) as the genetic raw material
upon which natural selection was based, and they launched an impor-
tant era that has come to define the gene and its molecular role in cell
to organismal structure and function phenotypes (10,11). The evidence
for, and practical implications of, mutation/selection and human popula-
tion genetic diversity (polymorphism) arose with blood transfusion and
transplantation medicine, which allowed many of the first human genetic
polymorphisms to be identified through serological cross-reactivity recog-
nizing variations in blood group antigens (12,13).

Of these human blood groups, Duffy blood group-negativity and its
relationship with resistance to P. vivax blood-stage malaria has presented
the most interesting puzzles to malariologists and population geneticists,
and now to molecular biologists as well. Although we have come to un-
derstand details of very specific molecular interactions between P. vivax
and the Duffy protein required to establish blood-stage infection, we have
much to learn before we understand how, or if, this parasite has been
involved with selection of a mutation responsible for Duffy negativity ob-
served throughout much of malaria-endemic Africa. More intriguing are
questions arising through identification of a new Duffy-negative allele in
Papua New Guinea (14), where a complex constellation of human ery-
throcyte polymorphisms confront all four human malaria species, often
in the same individual.

HISTORICAL PERSPECTIVE ON PLASMODIUM VIVAX

Many clinical, field, and laboratory observations were made well before
modern biotechnology began to dissect the molecular interactions respon-
sible for P. vivax infection of human erythrocytes. A review of the period
between the 1920s and the 1960s when malaria therapy was performed
for the treatment of neurosyphilis provides background that has shaped
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our present-day perspectives on the likelihood that P. vivax contributed to
the evolution of human erythrocyte polymorphisms.

Malaria Fever Therapy Trials

The United States surgeon general Thomas Parran (Roosevelt administra-
tion, 1936-1948) estimated that syphilis accounted for 10% of the public
drug bill, 1 in 14 mental hospital admissions, 20,000 deaths annually, and
that the causative agent Treponema pallidum infected nearly 1.7 million
Americans in 1937 (15). Treatment for syphilis at this time using combi-
nations of arsenic, bismuth, and mercury was dangerous and questionably
effective, and late-stage syphilis was not responsive to therapy (16,17). A
scientific contemporary to Laveran and Ross, the Viennese psychiatrist
Julius Wagner-Jauregg, believed that fever-inducing strategies would pro-
vide the missing cure for neurosyphilis (also referred to as demential par-
alytica, general paralysis of the insane, or GPI). Wagner-Jauregg experi-
mented with a number of agents including tuberculin, typhoid bacterin,
streptococcal vaccine, typhus vaccine, erysipelas, and malaria (3). As he
reflected on the results of his first malaria therapy experiment during his
Nobel Prize in Medicine Lecture (1927), he observed that “six of the nine
cases of GPI treated with tertian malaria (P. vivax) showed extensive re-
mission, and for three of the cases remission proved enduring,” and these
patients were remarkably able to take up their former occupations (18).
No previous treatment for GPI had ever achieved this success.

Response in the medical community to this breakthrough was dra-
matic and widespread. Malaria therapy became a favorite treatment and
was used by nearly all syphilologists around the world (19). In general,
early malaria therapy treatment strategies for syphilis were performed by
inoculating approximately 2-5 ml of blood from people infected with
malarial parasites, allowing the patient to experience 10-12 cycles of fever
and chills over a number of weeks, and then curing the patient of their
malarial infection by treatment with quinine (4,20). Between the time
when Wagner-Jauregg performed his first experiments in 1917 and the
discovery of effective treatment of syphilis with penicillin in 1943, tens of
thousands of patients were treated with malaria therapy (21). Overall sum-
maries evaluating the efficacy of malaria treatment of GPI suggest that ap-
proximately one-third of treated patients experienced complete remission,
one-third experienced incomplete remission but were able to return to
work, and the remainder required permanent hospitalization; a very small
percentage of patients died as a result of treatment (19,21). J. E. Moore,
a professor at Johns Hopkins University and editor of the American Jour-
nal of Syphilis, evaluated malaria therapy from a different perspective by
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pointing out that when treatment of GPI was initiated within two months
of the onset of symptoms, malaria therapy produced remission in 90% of
cases, but when treatment was initiated after two years following the onset
of symptoms, it resulted in remission for only 10-20% of cases (21).

Beyond the remarkable benefits of malaria therapy experienced by
thousands of neurosyphilis patients, observations contributed from the
many careful analyses performed on patients undergoing treatment (4)
provided the foundation for the accelerating accomplishments in malaria
research today. Advances made through, and in support of, malaria ther-
apy programs have been enumerated by Chernin to include isolation and
identification of the fourth human malarial parasite, P. ovale; isolation,
use, and study of various strains of plasmodia; the extraordinary discov-
ery of the sporozoite-induced exoerythrocytic cycle, which served to ex-
plain the source of relapses and the failure of quinine and certain other
drugs to effect radical cures in P. vivax infections; establishment of the
first laboratory colonies of mosquitoes used in transmission (Anopheles
quadrimaculatas [New World] and Ano. maculipennis [Old World]). These
studies also provide evidence that immunity to malaria develops with time
and that it is mostly strain-specific. These studies also foreshadowed the
frustrating obstacles encountered in subsequent eradication and control
efforts as many strains of malaria were uncovered and observed to exhibit
geographic differences in pathogenicity, drug resistance, and delayed pri-
mary attacks (latency) (4). It is difficult to assess the level to which current
malaria research, which has recently led to completed sequencing of the
P. falciparum (22), Anopheles gambiae (23), and soon-to-be-finished P. vivax
(Jane Carlton, personal communication, 2002) genomes, would have been
delayed without the insights provided through malaria therapy programs.
It is therefore not surprising that these studies strongly influence what we
know today about human malaria.

Exactly how relevant the observations from malaria therapy studies
are to clinical malaria experienced in endemic regions is difficult to know.
It is certain that malarial infections in children battling a variety of other
infections and malnutrition do not receive the same medical attention ex-
perienced by adult patients receiving malaria therapy. As discussed more
completely below, because observations pertaining to P. vivax malaria
pathogenesis are based upon these very different study groups, numer-
ous questions regarding the public health impact and selective burden on
human populations imposed by P. vivax are difficult to answer.

Resistance to Plasmodium vivax
Plasmodium vivax was used most frequently in malaria therapy, although
P. falciparum and P. malariae were available and used in the early 1920s.
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Advantages of P. vivax included observations that the infection did not
become life-threatening (in contrast to P. falciparum), repeated paroxysms
occurred dependably, and the infection was easily treated with quinine.
The only problem encountered with P. vivax was that the parasite was only
weakly infectious to African Americans. Publications providing sketchy
documentation of this phenomenon began to appear in the late 1920s
(24,25). When more carefully controlled studies were performed, details
showed that African Americans and Africans consistently displayed resis-
tance to P. vivax strains regardless of the parasites’ geographic origins and
inoculation dose (8). As African Americans from nonmalarious regions of
the United States were as refractory to P. vivax infection as those from
malarious regions, this resistance was suggested to be natural rather than
acquired (5-8,26). Of further interest, to determine if a P. vivax infection
once established in an African American patient would acquire character-
istics enabling more successful infection of resistant individuals, Young
et al. used two blood samples from a P. vivax-infected African American
containing 108 and 235 million parasites, respectively, to inoculate two
individuals of the same race (8). Neither of the recipients developed blood-
stage parasitemia following these inoculations despite receiving inocula 3
to 7 times higher than those that routinely causing blood-stage infection
of Caucasian patients. From these results it was concluded that the P. vivax
strain causing infection in the donor patient had not been transformed to
acquire characteristics that would enable subsequent infection of resistant
individuals (8).

Plasmodium vivax Malaria
The life cycle of P. vivax resembles that of the other human Plasmodium par-
asites. Following infection of liver cells, sporozoites undergo schizogony,
and infectious merozoites go on to establish blood-stage infection. Unlike
P. falciparum, a proportion of liver-stage P. vivax may not commence asex-
ual reproduction but rather becomes dormant as hypnozoites (27,28). The
latter may remain dormant in the liver for months, enabling the parasite
to sustain infection through relapse. Upon reaching maturity in the liver
(10-14 days), P. vivax merozoites specifically invade reticulocytes (29-31).
Targeting of reticulocytes, which comprise ~1% of circulating erythrocytes
in hematologically normal individuals, is likely to be a factor that limits
the intensity of P. vivax asexual parasitemia. The average parasitemia of
P. vivax is 2 x 10* merozoites/ul of blood, in contrast to parasitemia that
may reach 5 x 10° merozoites/ul of blood for P. falciparum, which has
merozoites able to invade erythrocytes of all ages (20).

From a clinical perspective, P. vivax malaria is generally regarded to be
less severe than P. falciparum malaria, which is considered to be responsible
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for the majority of severe malaria morbidity and mortality throughout the
world. As a consequence, P. vivax is characterized as a “benign,” as opposed
to “malignant,” (P. falciparum) malarial parasite (32). With certainty, how-
ever, P. vivax infection by itself can lead to significant morbidity, including
fever, respiratory distress, and anemia, particularly in nonimmune indi-
viduals. This is illustrated by the course of infection in adults who received
blood-stage P. vivax for malaria therapy (33,34). In these trials, a prodro-
mal period characterized by headache, malaise, and anorexia appeared
approximately 12 days after parasite inoculation. This was followed by
low-grade fever and intermittent “tertian” fevers (every second day) with
parasitemia reaching ~5 x 10*/ul. Fevers of up to 105°F recurred over 35
to 40 days and were followed by gradual remission. In recent studies from
Thailand, P. vivax infection was also reportedly associated with maternal
anemia and an increase in low birth weight in babies born to P. vivax—
infected mothers (35). As low birth weight is associated with increased
infant mortality (36), it is important to acknowledge that P. vivax malaria
may combine with other conditions that contribute significantly toward
infant and childhood mortality in P. vivax-endemic communities.

Although P. vivax is estimated to cause 70-80 million cases of malaria
each year (37), the manner in which disease caused by this parasite is man-
ifested in epidemiological studies conducted in malaria-endemic regions
is not well understood. Factors contributing to this poorly developed un-
derstanding of the community-based impact of P. vivax malaria include
the following. Malaria epidemiology varies among endemic regions be-
cause of transmission seasonality, vector behaviors and competencies, ex-
posure to other human pathogens, nutrition, development of immunity,
and human genetic polymorphism. Because diagnosis of malarial infec-
tion is based primarily on blood smears, there may be significant discrep-
ancies between the reported and actual incidence of P. vivax in particular.
Furthermore, the overlapping distribution patterns of Plasmodium species
in endemic regions make it difficult to study P. vivax in the absence of
other human malarial parasite species.

In light of the well known technical limitations of malaria microscopy
and other diagnostic strategies, it is important to note that there has been
considerable interest in interactions between human malarial parasite
species. Various epidemiological studies involving species co-occurrence
have recorded fewer mixed infections (38-41) and attribute this to in-
nate host factors that regulate parasite density (42), differences in parasite
metabolism, or factors contributing to the acquisition of heterologous (or
cross-species) immunity (43,44). Reports of P. vivax parasitemia following
chemotherapeutic cure of P. falciparum (45), or the converse relationship
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(46), have been used as evidence that one species may suppress infection
of erythrocytes by other Plasmodium species. Of additional interest, other
studies have reported that severe P. falciparum malaria was significantly
reduced when co-infection occurred with P. vivax or P. malariae (47,48).
Implications of these findings are important to the outcome of debates
focused on developing strategies for malarial control in endemic regions.
If interactions in mixed Plasmodium species infections influence clinical
outcomes associated with malarial infections, it would be advisable for
vaccine and drug treatment studies to include safeguards to ensure that
the potential clinical benefits of mixed infections would not be disrupted
thereby increasing the severity of malaria illness in treated communities.
Beyond the practical considerations of malaria control, it may also be im-
portant to understand proposed mixed-species interactions in order to in-
terpret the ongoing co-evolution of malarial parasites and human genetic
polymorphism.

Distribution of P. vivax

P. vivax is endemic throughout much of the tropical world. As might be
expected from the above-mentioned resistance to P. vivax infection in in-
dividuals of African ancestry, transmission of P. vivax is considered to be
very rare or absent in many malaria-endemic regions of West Africa. In-
terestingly, however, it is not uncommon to observe reports of European
travelers to West Africa returning with P. vivax infection (37,49). Outside
of West Africa in regions of eastern and southern Africa and Madagascar,
the prevalence of P. vivax has been observed to be responsible for as high
as 20% of malaria infections; the annual number of P. vivax malaria cases
in all of Africa is estimated to vary between 6 and 15 million (37). The
majority of P. vivax cases are then distributed outside of Africa. Recent
surveys of national statistics reported to the World Health Organization
by Richard Carter estimated the annual number of P. vivax malaria cases
to be 42 million in southeastern Asia and the western Pacific (49% of all
malaria cases), 11 million in the eastern Mediterranean region (80% of all
malaria cases), and 8-10 million in Central and South America (70-80%
of all malaria cases) (37). Relative proportions of P. falciparum to P. vivax
are suggested to vary from an excess prevalence of P. falciparum malaria in
holoendemic and hyperendemic tropical regions to an excess prevalence
of P. vivax malaria in subtropical and temperate regions (37).

Historically, P. vivax is believed to have been distributed over a wider
range than that observed today. This range is known to have included
much of eastern North America into Canada, northern Europe, and
Asia. The noted British malariologist S. P. James concluded that local
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transmission of malaria in England was due entirely to P. vivax (50). In-
terestingly, distribution of P. vivax into isolated regions, or where trans-
mission of the parasite would be interrupted by cold weather, may have
been a factor responsible for geographic isolation and evolution of the
P. vivax subspecies P. vivax multinucleatum, P. vivax hibernans, and P. vivax
collinsi (51,52). In the broader context of host-parasite evolution, it is a
necessary challenge to place P. vivax onto the African continent during the
time frame that might overlap with evolution of resistance to the parasite.
A survey of the evidence describing the evolution of P. vivax as a human
parasite is provided below.

THE DUFFY BLOOD GROUP AND ITS MOLECULAR BIOLOGY
Beginning with the identification of the human ABO blood groups by
Landsteiner in 1901 (53), a large number of erythrocyte membrane poly-
morphisms have been identified. By studying the prevalence and distri-
bution of these blood group polymorphisms, human geneticists gained
some of their first insights regarding genetic similarities and differences
between races and ethnicities. These discoveries accumulated from 1900
to 1965 through observations that the serum of multiparous women and
patients receiving blood transfusions carried antibodies to protein surfaces
that were different from their own. Basic research studies have employed
these cross-reacting antibodies to isolate and purify blood group proteins
and identify their encoding genes. During this time period the Duffy blood
group antigen was identified and found to play a significant role in the pro-
cess whereby malarial parasites infect human erythrocytes in vivo. Through
studies on the Duffy gene, mutations underlying resistance to blood-stage
P. vivax malaria have been identified and insights regarding specific molec-
ular interactions necessary for Plasmodium invasion of red blood cells have
been gained.

Recognition of Duffy Blood Group Polymorphism — Serology

The Duffy blood group antigen (Fy®) was first observed in 1950 on ery-
throcytes using allo-antisera found in a multiply transfused hemophiliac
(from whom the blood group receives its name) in whom a hemolytic
transfusion reaction was observed (54). The expected Fy® antisera was dis-
covered shortly thereafter (55) and surveys of British populations reported
frequencies for the codominantly expressed Fy? and Fy® antigens of 0.41
and 0.59, respectively (56). Upon screening a series of blood samples from
African American donors to the Knickerbocker Blood Bank of New York
City, Sanger et al. observed that 68% of the samples did not react with
either the Fy? or the Fy® antisera (57). Additional analyses performed on
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Table 6.1. General guidelines for Duffy blood group nomenclature

Point of Reference

DNA/gene FY Allele = FY*A, FY*B, FY*Anull | Fy=*pnull
Protein Fy Antigen = Fy?, FyP or Fyb weak

Genotype FY*A/IFY*A FY*AIFY*B FY*B/FY*B
Phenotype Fy(a+b—) Fy(a+b+) Fy(a—b+)

Note: This table follows the Guidelines for Human Gene Nomenclature (2002): http://www.
gene.ucl.ac.uk/nomenclature/guidelines.html#2.%20Gene%20symbols.

Nomenclature recommendations from the International Society of Blood Transfusion (ISBT)
prefer the use of FY*1 for FY*A; FY*2 for FY*B. The ISBT has not addressed further preferred
nomenclature for the erythrocyte null expression alleles (Geoff Daniels, personal communica-
tion, 2002); http://www.iccbba.com/page25.htm.

For these alleles, the former FY*0 designation is obsolete, as identification of the FY*A™/ allele
now mandates further information to specify the genetic basis of a Duffy-negative phenotype.

samples from Nigerian families showed that the null phenotype was in-
herited in Mendelian fashion and provided an opportunity to investigate
Fy® copy number. In an earlier study, Race et al. found that the anti-
serum, Pri, reliably distinguished between single and double donors for
Fy? (58). Results obtained from tests on three African Americans who were
Fy(a+b+) and two who were Fy(a+b—) all suggested that Fy* was observed
to be present in single-dose quantity, as compared to double-dose quan-
tities observed in Fy(a+b—) Europeans (57; Table 6.1 summarizes current
Duffy blood group nomenclature). These observations were interpreted to
suggest that individuals of African ancestry either possessed a different
antigen, Fy©, or they did not express the Duffy antigen and possessed a
Duffy null allele, Fy. Blood group researchers hypothesized that identifica-
tion of a Fy® antigen would be relatively straightforward because of either
anticipated frequent blood transfusion involving African and Caucasian
donor-recipient pairs or attempts to stimulate anti-Fy* reactivity through
injection of Fy(a—b—) red cells into European volunteers (57); resolution
of this hypothesis would ultimately have to await modern biotechnology
and cloning of the. Duffy gene.

Population Surveys - Distribution of Duffy Blood

Group Polymorphism

An extensive collection of human genetic polymorphism survey results
from serology-based agglutination reactions (59) has come to reveal a
very heterogeneous distribution of Duffy phenotypes among African, Cau-
casian, and Asian populations (Figure 6.1). Consistent with earlier studies,
African populations have been characterized as Fy(a—b—); in fact, this
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Figure 6.1. Distribution of FY*A, FY*B, and FY*B™/ alleles. In the regions of Africa
where the FY*B™! allele frequency drops below 80-100%, both FY*A and FY*B
alleles are observed at low frequency. Outside of Africa, in regions where the FY*A
allele frequency is below 80-100%, the FY*B allele is observed at frequencies of
1-FY*A. Adapted from Cavalli-Sforza et al. (59). See color section.

phenotype was observed at fixation in many West African popula-
tions (59). Caucasians expressed Fy(a+b—), Fy(a+b+), and Fy(a—b+)
phenotypes. Furopean and Asian populations were characterized by a
west-to-east allele frequency gradient of decreasing Fy® and increasing
Fy®. Surveys of Duffy blood group serology performed on Malaysian (60),
Melanesian (61-66), and Oceanian populations (61,67,68) show that the
Fy® antigen, with an average frequency of 0.97, has reached fixation in
this region of the world.

Surveys of South American populations now reveal an interesting ad-
mixture of Duffy allele frequencies. Consistent with the movement of
African slaves to the New World, genetic polymorphisms, as well as the
P. vivax-resistant phenotype observed in Africans displaced into North
America, were also observed in South America (69,70). Also, as it is gen-
erally agreed that the original peopling of North and South America oc-
curred as a result of northeastern Asian populations migrating overland
through Beringia between 15,000 and 25,000 years ago, it is not surprising
to observe genetic polymorphisms common to Asian populations in native
North and South Americans (59). A representative survey of Duffy serologi-
cal polymorphism in distinct populations of indigenous Chachi Amerindi-
ans and those of African ancestry living in Esmeraldas Province of north-
west Ecuador reported the following results. The African population was
predominantly Fy(a—b—) (phenotype frequency = 0.760), whereas the in-
digenous Chachi population was predominantly Fy(a+b—) (phenotype
frequency = 0.710) (69). Admixture of the Fy(a—b—) phenotype into
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the Chachi population was observed in 6.4% of individuals surveyed
(4/62) (69).

The Genetic Resistance Factor to P. vivax — The Duffy Blood Group
The impressive distribution of the Fy(a—b—) phenotype in diverse African
populations has historically fascinated population geneticists and malar-
iologists. Based upon the overlapping distribution of the Fy(a—b—) phe-
notype, the very low prevalence of P. vivax in African populations, and
the desire to identify “receptors” used by malarial parasites to invade hu-
man erythrocytes, Louis Miller and colleagues at the National Institutes of
Health performed a series of studies in the mid-1970s that suggested a re-
markable P. vivax invasion pathway involving the Duffy blood group anti-
gen. These studies showed first that the nonhuman primate malaria para-
site P. knowlesi was not able to infect erythrocytes from Fy(a—b—) African
Americans, in vitro (72); parallel studies showed that P. knowlesi easily in-
fected erythrocytes from Fy(a+b—), Fy(a+b+), and Fy(a—b+) donors. A
second study showed that P. vivax was not able to infect erythrocytes from
Fy(a—b—) African Americans, in vivo (71). In this study, consenting subjects
were first characterized for their Duffy blood group phenotype serologi-
cally. P. vivax-infected mosquitoes were then allowed to take blood meals,
first from Fy(a—b—) African Americans, and then following interruption
were allowed to continue feeding on Fy(a+b—), Fy(a+b+), and Fy(a—b+)
Caucasian and African Americans. Results showed that none of the five
Fy(a—b—) study subjects developed blood-stage parasitemia despite eval-
uation of daily blood smears for 90-180 days, whereas all of the Duffy-
positive individuals developed blood-stage infection within 15 days (71).
Although this study showed that P. vivax requires the Duffy blood
group antigen to be present on the erythrocyte surface to invade the cell
successfully and continue its life cycle, little information beyond basic
susceptibility to blood-stage infection was produced on individuals who
were heterozygous for the Duffy-negative allele, expressing a single gene
dose of the Duffy blood group protein.! Knowing the P. vivax susceptibility
of these heterozygous individuals could have provided important insight
toward understanding the selective advantage of the Duffy-negative allele.

! The authors did not indicate what antisera were used to characterize the Duffy blood
group phenotypes so it may not have been possible to categorize individual study
subjects beyond general Duffy positivity and Duffy negativity. If this study had enrolled
Fy(a+b—) subjects preferentially, and the Pri, Fy®-specific antiserum described by R.
Sanger, R. R. Race, and ]J. Jack, in The “Duffy blood groups of the New York Negroes:
the phenotype Fy(a—b—),” British Journal of Haematology 1 (1955): 370-4 (57), had been
used to assess Duffy copy number, it may have been possible to evaluate further the
influence of single gene vs. double gene dosage effects on susceptibility to P. vivax
infection.
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Figure 6.2. Summary of P. knowlesi infections in a cohort of malaria therapy pa-
tients (73). Caucasian (CA) and African American (AA) patients were compared
based on the time to first blood-stage parasitemia, duration of blood-stage posi-
tivity, infectiousness to susceptible rhesus monkeys, and development of immunity
to reinfection. See color section.

Of course assumptions can be made that most of the Duffy-positive African
Americans in the study were heterozygous for the Duffy-negative allele,
and that individuals carrying only one Duffy-positive allele were suscep-
tible to P. vivax blood-stage infection; however, it is not possible to de-
termine if these individuals were equally susceptible to the P. vivax mero-
zoites compared to individuals carrying two Duffy-positive alleles. Data
comparing Duffy-positive Caucasian (assuming two positive alleles) and
African American (assuming one positive allele) study subjects could pro-
vide an estimate of potential Duffy genotype-based differences. The data
from Miller et al. show that the average time to P. vivax blood smear pos-
itivity is 11 days, for the Duffy-positive Caucasians and 13 days (71) for
the Duffy-positive African Americans (Mann-Whitney P-value = 0.118).
Beyond this it is not possible to compare the average parasitemia or the
length of the blood-stage infection. These additional comparisons may
have provided further evidence for decreased susceptibility to P. vivax as-
sociated with Duffy gene dosage.

Interestingly, one study from malaria therapy trials may provide a
glimpse at how data of this nature might look. In a study of susceptibility
to P. knowlesi infection, Milam and Coggeshall found that duration
of blood-stage infection was longer in Caucasian compared to African
American patients (9.5 vs. 6.7 days; Mann-Whitney P-value = 0.02)
(73). Also, results shown in Figure 6.2 illustrate that Caucasian patients
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displayed blood-stage parasitemia sooner than African American patients
(average time to first blood-stage parasitemia: Caucasian = 7.2 days;
African American = 13.6 days; Mann-Whitney P-value < 0.001) and that
a higher percentage of patients were blood-smear positive over the time
period in which parasitemia was observed (73). Consistent with in vitro
findings from Miller et al. (73), three of the African American patients
never became blood-smear positive. Limitations of this single study
are easily recognized. These limitations include a lack of information
on which P. knowlesi strain(s) were used, the method of inoculation,
and the dose of exposure to infectious parasites; as the Duffy blood
group had not been discovered, no Duffy genetic data were available.
Despite these deficiencies, results from this study suggest that there were
differences between Caucasian and African American patients regarding
their susceptiblity to P. knowlesi blood-stage infection.

In an attempt to explain how the frequency of Duffy blood group
negativity had risen to 100% corresponding with the absence of P. vivax
from vast regions of malaria-endemic West Africa, Miller and colleagues
offered two possibilities. First, “Although P. vivax infection rarely causes
death, it may decrease survival in African children with malnutrition and
other endemic diseases” (71). Second, despite observations showing that
Fy(a-b-) individuals were susceptible to all other species of Plasmodium,
the authors suggested that “the Duffy-negative phenotype may reduce the
reproductive potential of P. falciparum and as a result may lower the mortal-
ity from this malignant infection” (71). Both of these hypotheses suggest
that the Duffy-negative phenotype increased the fitness of human popu-
lations against malaria and would have led to the evolution of a human
host population in which P. vivax was not able to reproduce with enough
success to maintain its life cycle. These suggestions have fueled the de-
bate surrounding the relationship between evolution of the Duffy blood
group negative phenotype, its genetic fixation in African populations, the
selective pressure that promoted the dramatic increase in phenotype fre-
quency, and the molecular and cellular factors responsible for this form
of resistance to malaria.

Identification of the Duffy Gene: Molecular Biology

As progress in attempts to identify an Fy® antigen was not forthcoming,
ultimate identification of the complete Duffy blood group antigen sys-
tem would await development of tools and approaches to clone and study
genes. Methodical progress toward cloning the Duffy gene can be observed
in attempts to purify the Duffy protein (74-76) and in the identification
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of a series of Duffy antigens, Fy* (77), Fy* (78), Fy® (79), and Fy® (80), and
their respective antisera. These antisera have been used to illustrate that
the Duffy protein is characterized by a number of antigenic surfaces, all of
which are absent from Fy(a—b—) African individuals. Beginning in 1988,
Asok Chaudhuri and colleagues at the New York Blood Center described a
series of experiments initiated by using the murine anti-Fy® monoclonal
antibody to affinity purify Duffy antigens from solubilized erythrocytes
(76). Chaudhuri et al. further studied these Duffy peptides by amino acid
sequencing following cyanogen bromide/pepsin treatments and synthe-
sis of a DNA probe to be used in screening a cDNA library (81). With
this probe, a clone was identified representing a 338-codon open read-
ing frame (ORF) sequence exhibiting significant sequence homology to
the human interleukin 8 receptor, predicting seven transmembrane seg-
ments, an amino terminal head and three extracellular loop domains,
and three intracellular loop domains and a carboxy-terminal cytoplasmic
tail (Figure 6.3; 81). Further studies on the genomic organization of the
Duffy gene sequence confirmed early predictions that the gene resided
in a pericentromeric region of human chromosome 1 (1q22-23) (82-84);
additional studies produced evidence that it was comprised of two exons
(85). Exon one encodes seven amino acids, MGNCLHR; exon two encodes
338 amino acids. It has been shown that the primary transcript of the
Duffy gene is comprised of codons 1-7 from exon one joined to codons
10-338 from exon two encoding a protein of 336 amino acids. These first
studies characterizing the Duffy gene were also successful in identifying
a single nucleotide polymorphism (SNP) in codon 42 associated with Fy?
(TGG; encodes Gly) and Fy® (TAG; encodes Asp) antigens (86-88). After
acknowledging no additional polymorphism compared to the FY *B allele,
which suggests that Africans carried no important disruption in the Duffy
ORF (86-89), Tournamille et al. identified a T to C SNP 33 nucleotides
upstream from the primary transcription starting position (—33) in the
Duffy gene promoter (originally positioned at nucleotide —46) (89), re-
sulting in a FY*B"™" allele. Duffy-negative Africans were homozygous for
this polymorphism which was shown to occur in a tissue-specific GATA1
transcription factor binding motif. In vitro assays showed that this poly-
morphism blocked gene expression in erythroid lineage cells but did not
block expression in nonerythroid cells. Results of this study therefore pro-
vided the genetic mechanism explaining Duffy negativity and therefore
resistance to blood-stage P. vivax infection.

Following the results of Tournamille et al. (89), our own study
sought to determine if the Duffy gene in Papua New Guineans living in
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Figure 6.3. The Duffy antigen. The diagram illustrates the primary structure of the
236-amino acid, 36-46 kDa Duffy antigen, with seven predicted transmembrane
domains, and extracellular and intracellular domains. Amino acids comprising the
Fy® and Fy3 antibody binding domains are marked by brackets. Amino acid se-
quence polymorphisms are identified at residues 42 (G vs. D; Fy? vs. Fy?), 89 (R
vs. C; FyP vs. FyPweak) 100 (A vs. T), and two premature termination codons (W
vs. X) at residue positions 96 and 134. Glycosylation sites are identified at amino
acid residues N16 and N27. Disulfide bonds occurring between C129 (extracellular
loop 2) and C195 (extracellular loop 3), and between C51 (amino terminal head)
and C276 (extracellular loop 3) are predicted to contribute to further tertiary struc-
ture within the cell membrane as depicted in the inset. Amino acids predicted to
comprise the P. vivax binding region are identified in red (108). See color section.

P. vivax-endemic regions would be characterized by the accumulation of
any functional polymorphism. A survey of the known promoter and ORF
polymorphisms identified previously revealed that the same promoter SNP
identified in African populations on the FY*B allele was observed on the
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FY*A allele (FY*A™"?2 at a frequency of 0.022 (23/1062 chromosomes)
(14). By flow cytometry, comparing phycoerythrin-labeled Fy® (80) an-
tibody binding to erythrocytes from 6 PNG homozygous wild type and
6 PNG heterozygous individuals, we showed that individuals with two
erythroid-functional alleles expressed approximately twice the amount of
the erythrocyte Fy® antigen compared to individuals with one erythroid-
functional allele. Our preliminary field studies suggested that the preva-
lence of P. vivax infection may be reduced in FY*A/FY*A™! compared
to FY*A/FY*A individuals.® Prospective studies will further investigate
the epidemiological significance of the emergence of the FY*A™/ in this
unique study population.

Additional polymorphism in codon 89 is associated with distinguish-
ing between the Fy? (CGC encodes Arg) and Fy® %k (Fy*; TGC encodes
Cys) antigens (93-95). This polymorphism occurs within the first intracel-
lular loop of the Duffy protein and appears to be associated with reduced
cell surface expression of Duffy (93,95). The frequency of the FY*B"* al-
lele is approximately 2% in Caucasians (95,96). Although the Fy(a—b"e)
and Fy(a—b—) phenotypes appear to be similar serologically, relative sus-
ceptibility to P. vivax infection in Fy(a—b"®¥) individuals has not been
adequately tested. The significance of additional FY DNA sequence poly-
morphisms (97) and their relationship to malaria exposure and suscepti-
bility is not clear.

Duffy Expression and Cell Biology

In addition to erythroid cells, Duffy is expressed on endothelial cells of
postcapillary venules (98,99), endothelial and epithelial cells in some non-
erythroid organs (100), and Purkinje cells in the cerebellum (101). Be-
cause sequence analysis suggested significant homology between Duffy
and the chemokine receptor family (alternative gene name: Duffy antigen/

2 Shimizu et al. have described findings in Southeast Asian and Melanesian populations
that may be consistent with identification of the FY*A™# allele. Alternatively, their
findings may suggest the identification of new polymorphism underlying a FY*Av*
allele 90. For further discussion, see (90) Y. Shimizu, M. Kimura, W. Settheetham-Ishida,
P. Duangchang, and T. Ishida, “Serotyping of Duffy blood group in several Thai ethnic
groups,” Southeast Asian Journal of Tropical Medicine and Public Health 28 (1997): 32-5 and
(91). Y. Shimizu et al., “Sero- and molecular typing of Duffy blood group in Southeast
Asians and Oceanians,” Human Biology 72 (2000): 511-8.

In a study from the Brazilian Amazon basin, Eugenio-Cavasini ef al. do not observe that
heterozygosity for the FY *B"™! allele provided significant protection from P. vivax infec-
tion. See (92) C. Eugenio-Cavasini, F. J. Tarelho-Pereira, W. Luidi-Ribeiro, G. Wunderlich,
and M. Urgano-Ferreira, “Duffy blood group genotypes among malaria patients in Ron-
donia, Western Brazilian Amazon,” Revista da Sociedade Brasileira de Medicina Tropical
34 (2001): 591-5.

w
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receptor for chemokines (DARC; 102)), additional analyses have been per-
formed to evaluate the Duffy antigen’s chemokine receptor function. In-
teractions between chemokines and their receptors are shown to induce
rearrangement of the cytoskeleton and expression of adhesion molecules
and to provide traction as cells exhibit tropism toward sites of inflam-
mation and/or infection along chemokine concentration gradients. In
vitro studies have shown that Duffy binds both « and 8 chemokines
but does not appear to communicate intracellularly through G protein-
coupled signal transduction (104).* Ordinarily, chemokine receptors
display faithful segregation in their interactions with either « chemokines
or B chemokines (o/C-X-C chemokines - interleukin 8 [IL-8], melanoma
growth stimulating activity [MGSA]; B/C-C chemokines - monocyte
chemotactic protein-1 [MCP-1], regulated on activation normal T cell ex-
pressed and secreted [RANTES] (104,105)); Duffy is the only chemokine
receptor known to bind members of both chemokine families. Although
these findings make it difficult to understand entirely the biological func-
tion of Dufty, in vitro studies suggest that this “receptor” can internalize lig-
and and have lead to the proposal that Duffy is expressed on erythrocytes
to clear excess chemokines from the blood and peripheral tissues (99).

Regardless of the overall role of Duffy as a chemokine receptor or sink,
it has been shown that P. knowlesi invasion of Duffy-positive human ery-
throcytes in vitro can be blocked by physiological concentrations of both
IL-8 and MGSA (106,107). Further observations from these studies have
identified the binding region within Duffy for both P. knowlesi and P. vivax
(108). These studies have also contributed to identification of the criti-
cal region of the parasite Duffy binding protein needed for erythrocyte
invasion. All of these studies indicate that the interaction between the
parasite and human erythrocytes is susceptible to disruption. Does this
suggest that interactions between erythrocytes expressing reduced levels
of the Duffy antigen decrease the efficiency of parasite invasion?

P. vivax Duffy Binding Protein

Several studies have now described the parasite ligand interacting with
Duffy. The Duffy binding proteins of P. knowlesi (PkDBP; 109,110) and
P. vivax (PvDBP; 111,112) have molecular weights of ~140 kD and are
characterized by two cysteine-rich regions sharing amino acid sequence

4 Because the Duffy protein is observed to lack known signaling function, it is no longer
included in the chemokine receptor nomenclature system. See (103) P. M. Murphy,
“International Union of Pharmacology. XXX. Update on chemokine receptor nomen-
clature,” Pharmacology Review 54 (2002): 227-9.
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homology with other erythrocyte binding proteins encoded by malarial
parasites (113). Recently a portion of DBP region II of ~138 amino acids
has been determined to contain the minimal sequence necessary to en-
able in vitro interaction between transfected COS-7 cells and Fy-positive
human erythrocytes (114,115). The relevance of this molecular interaction
to parasite invasion of human erythrocytes was corroborated by compet-
itively blocking Duffy/DBP binding with MGSA (ECso ~ 1 nM for P. vivax
DBP; ECsp =~ 0.2 nM for P. knowlesi DBP). Additional studies employing
this in vitro binding affinity assay system have shown that erythrocytes
heterozygous for a FY" allele exhibit consistently lower affinity for cells
transfected with the PvDBP (116). Additionally, elevated levels of amino
acid sequence polymorphism in the DBP binding region, as well as anti-
body responses from people living in P. vivax-endemic regions recognizing
DBP, suggest that this molecule may be under selective pressure (117-121)
by the human immune system.

THE ASCENT OF P. VIVAX MALARIA: ORIGINS AND

EVOLUTION OF DUFFY NEGATIVITY

General predictions of population genetics suggest that if an allele is
present at low frequency and contributes nothing to the fitness of the
genome, the allele will disappear as the result of genetic drift. It is as-
sumed that the frequency of Duffy negativity was at low frequency at
some time during human evolution because the phenotype has not been
observed in primate ancestors of Homo sapiens (86). With this in mind,
along with observations describing the inheritance of codominant FY*A,
FY*B, and recessive FY*A™!" and FY*B™" alleles, it would appear reason-
able to hypothesize that at some time point during African human history
the FY*B™I allele was present at a very low frequency and that all individ-
uals carrying this allele were heterozygous. The fact that the FY *B™! allele
has reached genetic fixation in many African populations is evidence that
reproductive fitness was improved for heterozygous carriers.

Origin of the Human Malarial Parasite, P. vivax

As P. vivax is generally considered to have originated in Asia, implicat-
ing P. vivax as the selective agent responsible for the evolution of Duffy
negativity requires that the parasite be placed among ancestral African
populations. Evidence that coparasitism by P. vivax-related parasites of
human and simian species has been possible for at least 20 million years
is observed through homology between host receptors and parasite inva-
sion ligands. The Fy® and Fy?® antigens, detected in Old and New World
monkey species, date the origin of the Duffy antigen to the middle Eocene
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period (40 million years ago [Ma]) (122,123). Parallel observations show
that homologues of the Duffy binding protein have been characterized for
a number of the P. vivax-related parasite species (109,110,124). Moreover,
observations showing that both P. knowlesi and P. cynomolgi are capable of
causing infection of human erythrocytes (125-127) suggest that a Duffy
antigen erythrocyte invasion pathway has been used by these parasites
throughout the course of their evolution.®

Recent studies evaluating phylogenetic relationships among Plasmod-
ium species by comparing DNA sequences of small subunit rRNA (129)
genes, circumsporozoite (130), and cytochome b (131) genes illustrate that
P. vivax and the simian parasites P. knowlesi, P. simiovale, and P. cynomolgi
are very closely related, if not indistinguishable. Phylogenetic analysis of
rRNA gene sequence polymorphism shows that P. cynomolgi clustered with
P. vivax as opposed to other Plasmodium parasite species of macaques (P.
knowlesi and P. fragile) (129). Overall, these studies suggest that divergence
among these and other simian malarial parasites may have occurred up to
as recently as 2-3 million years ago (Ma). These or closely related simian
Plasmodium parasite species may have become human parasites at a time
when ancestral humans and a simian host shared a common geographic
area. The earliest this could have been possible was the early Miocene era
(20 Ma) when the Tethys Sea, which separated terrestrial animals on the
African and Eurasian land masses, disappeared (Richard Carter, personal
communication, 2002; 123). Because these observations suggest that a bio-
logical mechanism for simian Plasmodium parasite species to make a lateral
jump to become human parasites has been available, it is important to de-
termine what time constraints would be imposed on the origin and later
fixation of the FY*B™! allele.

Origins of Duffy Negativity

Recent studies have begun to assemble observations on the diversity of
Duffy gene sequence enabling tests to estimate when the FY *B™/ mutation
event occurred and to determine if evidence consistent with directional
selection can be observed. As shown in the allele frequency data summa-
rized in Figure 6.1, the FY*B™! allele is almost exclusively restricted to
the African continent; FY*B and FY*A alleles are distributed in human

51t is of further interest to note that African Americans displayed resistance to P.
cynomolgi, as observed with P. knowlesi and P. vivax in (128) J. K. Beye, M. E. Getz,
G. R. Coatney, H. A. Elder, and D. E. Eyles, “Simian malaria in man,” American Jour-
nal of Tropical Medicine and Hygiene 10 (1961): 311-16. This suggests that Duffy is the
primary receptor for P. cynomolgi erythrocyte invasion and emphasizes homology with
the P. vivax invasion pathway of human erythrocyte infection.
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populations throughout the rest of the world. This pattern suggests that
fixation of FY*B"™! in African populations occurred after early humans
began migrating out of Africa, approximately 60,000-100,000 years ago.
Microsatellite and DNA sequence polymorphism associated with FY *B"™!
have been used to estimate that fixation of this allele in African pop-
ulations occurred within the past 15,000-30,000 years (with 95% confi-
dence intervals, within approximately the past 5,000-100,000 years) (132-
134). This time frame is consistent with the distribution of FY*A, FY*B,
and FY*B™! alleles in human populations and would have occurred after
P. vivax-related parasites had begun parasitizing humans.

Hamblin et al. have used the DNA sequence data to evaluate further
the evidence that the FY*B"™! allele arose under the influence of natural
selection to confer increased fitness (directional or positive selection) to
ancestral African populations (132,133). Generally, a genetic locus under
directional selection will exhibit lower diversity than a neutral locus be-
cause sequence conservation of the “more fit” allele would be favored. In
their DNA sequence surveys, now inclusive of approximately 34 kb of the
Duffy locus on chromosome 1, Hamblin et al. report a two-to-three-fold
lower level of sequence variation within a 10-kb region of the FY*B"/ allele
compared to the same region in a sample of Italian individuals (132,133).
This observation is unusual given that genetic diversity in African popula-
tions is consistently higher than in non-African populations, as the former
are older and have had greater time to diversify, and provides evidence for
directional selection of FY*B™!,

Considering that fixation of the FY*B"™! allele may have occurred
within the past 60,000-100,000 years, it is useful to consider a number
of models that attempt to predict the rate and time frame over which the
FY*B™I allele frequency rose to fixation (Figure 6.4). By assuming differ-
ences in the relative fitness of FY*B/B, FY*B/B™!, and FY*B"//B™!" geno-
types, fixation could be predicted to occur within 100 generations (135).
The speed with which the FY*B"™/ allele becomes fixed in a population is
influenced more by the fitness of the FY*B/B"! than of the FY*B™! /B!l
genotype. Overall, this model is consistent with a time period of human
history during which the size of populations increased and became more
sedentary resulting from human development of agriculture. These con-
ditions are suggested to have promoted increasing parasitism of humans
by Plasmodium species.

Although it is not possible to determine what conditions led to the
origin of the FY*B™! allele or the absence of P. vivax from vast regions
of Africa, familiar attempts to explain the pre-historic events underlying
these evolutionarily related events include speculations that early strains
of P. vivax were more lethal than modern strains and that some other
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Figure 6.4. Models predicting the time frame over which the FY*B™/ may have
evolved to fixation. For each simulation the initial FY*B™/ allele frequency was
set to 0.00001. Assigned relative fitness scores for the Fy*Bm!ljgnull  py+g/gnull
and FY*B/B genotypes were 0.376, 0.375, and 0.370 (model A, red line); 0.470,
0.375, and 0.370 (model B, blue line); 0.470, 0.400, and 0.370 (model C, green
line); and 0.470, 0.460, and 0.370 (model D, gold line). The number of generations
required to reach a frequency of 0.500 was 934 (model A), 650 (model B), 141
(model C), and 58 (model D). Models were based upon standard Hardy-Weinberg
equilibrium and relative fitness equations (135). See color section.

virulent erythroid pathogen, although not readily forthcoming, may have
been the force of natural selection. If the former hypothesis prevails, Duffy
negativity would have arisen to increase the fitness of ancestral African
populations against P. vivax malaria. As the frequency of the FY *B"™" allele
increased, it became impossible for P. vivax to complete its life cycle and it
was driven out of regions inhabited by Duffy-negative people. If the latter
hypothesis is correct, attempts by P. vivax to establish infection in African
populations have always been thwarted by the very high frequency of
Duffy-negative people living in this region (136).

Emergence and Evolution of FY*A™! in P. vivax-Endemic

Regions of Papua New Guinea

Given the preceding theoretical considerations, we are left to wonder what
course the evolution of Duffy negativity will take in Papua New Guinea.
Despite our observations that the FY*A™! allele reduces the level of ery-
throcyte Duffy antigen expression by 50%, and that it significantly reduces
affinity of the P. vivax Duffy binding protein in heterozygous individuals,
our ongoing studies have yet to identify an individual who is homozygous
for the FY *A™" allele. To explain why our studies have not yet identified an



162 P. A. Zimmerman

FY*Ami/amil individual we must consider at least two possibilities. First,
the allele frequency in the population is not yet high enough to result in
the FY*A/A™! x FY*A/A™" mating pairs necessary to produce FY * A"/ /Amull
offspring. This is likely to be an important factor, as the allele frequency
from our studies in the Wosera region of Papua New Guinea is 0.022. Sec-
ond, Duffy negativity could reduce fitness in Papua New Guinea. With
respect to this second possibility, we are reminded of a recent epidemio-
logical study in Vanuatu suggesting that o *-thalassemia may increase sus-
ceptibility to P. vivax in young children and in turn induce cross-species
protection against subsequent severe P. falciparum malaria (137). Evidence
gathered to support this hypothesis suggests involvement of cross-species
immunity (42,138,139) where increased malarial parasite antigen may be
expressed on infected thalassemic cells (140). However, epidemiological
studies from other sites endemic for P. vivax and P. falciparum malaria have
produced equivocal findings (42,48,138,141). In the Papua New Guinean
populations we are studying, «*-thalassemia is noted to approach fixa-
tion in some communities (14,142-144). These additional studies have
observed an association between «*-thalassemia and protection from se-
vere malaria (142-144). Moreover, if a™-thalassemia were involved in a
complex array of factors that would predispose (137) children to P. vivax
infection to later reduce the severity of P. falciparum malaria as proposed,
in a region where both of these parasites were holoendemic, we would
not expect the FY*A™ allele to arise. Therefore, it is not clear that P. vivax
plays a protective role against P. falciparum malaria or that it has played a
role in shaping the human genome through natural selection. We expect
that the FY *A™! allele and other host genetic factors (145-151) are likely
contributors to a complex network of factors evolving between malarial
parasites and humans in Papua New Guinea.

CONCLUSIONS

P. vivax is an important human pathogen. Despite lacking the dramatic
association with mortality observed for P. falciparum malaria, P. vivax im-
poses significantly on public health in the tropical world. Rather than
classifying P. vivax malaria as a benign form of malaria in the endemic
world, ongoing research must refine strategies to determine how P. vivax
acts as an agent of natural selection on humans.

Although it is certain that Duffy negativity confers resistance to blood-
stage P. vivax infection, much remains unclear in regard to the evolu-
tionary path between the founding mutational event(s), fixation of the
FY+*B™! allele in much of Africa, and the striking absence of this allele
from human populations outside Africa. In vitro studies have shown that
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differences in Duffy expression levels on erythroid cells are associated with
both promoter and ORF genetic polymorphisms. Although many labora-
tories have reported findings of this nature, very little data have been
produced to translate these observations into consistent estimates of sus-
ceptibility to blood-stage P. vivax infection, let alone pathogenesis associ-
ated with P. vivax malaria. Future epidemiologic studies must look carefully
to determine if heterozygosity for the Duffy-negative alleles is associated
with decreased prevalence, parasitemia, duration, or morbidity of P. vivax
infection or with increased intervals between P. vivax infection.

Whereas the evolutionary relationship between P. vivax and Duffy neg-
ativity will continue to promote fascinating academic debate, as devel-
opment of P. vivax—specific vaccines advances, we will soon face malaria
control issues that are closely integrated with the theoretical components
of this discussion focused on human and parasite population biology.
In areas coendemic for P. vivax and P. falciparum it will be important to
determine if reduced P. vivax infection increases severity of P. falciparum
malaria. If P. vivax infection attenuates P. falciparum malaria, the evolution
of Duffy negativity would come at a cost to individual and population
fitness and mandate that P. vivax—specific control measures be used with
caution. Keeping in mind that P. vivax causes significant illness worldwide,
if P. vivax infection does not reduce severity of P. falciparum malaria signifi-
cantly, the evolution of Duffy negativity would not encounter the force of
balancing selection and a gradual rise in Duffy-negative allele frequency
would suggest that P. vivax—specific control measures should be developed
without reservation.
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THE VIRUS

The influenza viruses are classified in three genera of the family Orthomyx-
oviridae. The genera are referred to as “types” A, B, and C. The genome,
about 14 KB in size, has eight single-stranded RNA segments of negative
sense (seven segments in influenza C viruses). The influenza A genome
encodes three polymerase proteins (PB1, PB2, and PA); two major surface
glycoproteins, hemagglutinin (HA) and neuraminidase (NA); three struc-
tural proteins (NP, M1, and M2); and two non-structural proteins involved
in nuclear export (NS1 and NS2) (Lamb, 1989). An eleventh open reading
frame recently discovered within PB1 appears to code for a protein in-
volved in host cell apoptosis (Chen et al., 2001).

Two surface glycoproteins have been the object of most evolutionary
studies of influenza. Hemagglutinin (HA) is involved in binding to host cell
surface receptors. Neuraminidase (NA) is necessary for release of daughter
virions from host cells. These proteins protrude from the viral envelope
and are exposed to host immune defenses. While the HA is the primary
target for neutralizing antibodies, antibodies against NA also may reduce
occurrence and severity of illness, and possibly prevent infection if present
at high titer. The hemagglutinin esterase (HE) in influenza C assumes the
functions of both HA and NA. Broad reviews of influenza biology can be
found in Murphy and Webster (1996) and Glezen and Couch (1997).

SUBTYPES

Considerable genetic diversity exists among avian influenza A viruses
(Webster et al., 1992). This variation has been categorized into “subtypes”
based on antibody recognition of HA and NA. To date, influenza viruses
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bearing fifteen antigenically distinguishable HAs and nine antigenically
distinguishable NAs have been isolated from birds. Viral subtypes are clas-
sified according to the particular HA and NA alleles they carry, e.g., sub-
type H3N2. A very limited number of HA and NA alleles circulate widely
in non-avian hosts.

REASSORTMENT

Simultaneous infection of a host cell by two influenza viruses can produce
viruses with mixtures of segments from both parents. This process is called
genetic reassortment. Reassortment has been observed between influenza
A subtypes and between antigenically distinct strains within both types B
and C. There is no evidence of intra-typic reassortment between types A,
B, and C (Xu et al., 1993; Peng et al., 1994; Scholtissek, 1998).

HOST RANGE

Influenza A viruses naturally infect a wide variety of birds, primarily wa-
terfowl and gulls. These avian viruses are thought to be the ancestors of
strains currently circulating in swine, horses, and humans. Influenza A
and B viruses are responsible for winter epidemics in humans. Influenza
C viruses are generally responsible for sporadic infections and local out-
breaks of relatively mild respiratory disease in children. Influenza viruses
have been isolated from a few other mammals: influenza A in seals, minks,
and whales (Webster et al., 1992), influenza B in seals (Osterhaus et al.,
2000), and influenza C in swine (Guo et al., 1983). 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 lim-
ited opportunity exists for cross-species transfer.

We begin with a review of the natural history and evolution of in-
fluenza in birds, swine, and horses. We then discuss the biological basis
of host specificity. We finish with a survey of human influenza in both its
pandemic and epidemic forms.

AVIAN INFLUENZA

Influenza A viruses infect a taxonomically widespread group of wild birds.
Stallknecht reports findings of influenza A in ninety species representing
twelve orders of birds, primarily shorebirds and waterfowl (Stallknecht,
1997; Stallknecht and Shane, 1988). Despite the importance of avian in-
fluenza to human public health, the incidence and frequency of avian
disease caused by the various subtypes have not been extensively docu-
mented. The best studied group, the ducks, show pronounced geographi-
cal and temporal variation in subtype frequency and overall carriage. These
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infections are typically asymptomatic, with higher incidence in juveniles
(Webster et al., 1992).

Most knowledge of genetics and population biology of avian influenza
comes from studies of domestic poultry. Transmission of influenza viruses
to domestic poultry by infected migratory waterfowl as they encounter
poultry farms is thought to introduce wild strains of avian influenza into
domestic stock (Webster et al., 1997). Symptoms vary by viral subtype.
Most avian viruses are carried asymptomatically and replicate in the cells
lining the intestinal tract (Kawaoka et al., 1988), but a few subtypes (H5
and H7) can cause systemic disease (“fowl plague”) with central nervous
system involvement and rapid progression to death (Murphy and Webster,
1996). These highly pathogenic avian influenza strains can evolve as they
replicate in domestic poultry from avirulent strains by means of a few
point mutations in the HA gene (Horimoto and Kawaoka, 2001).

The evolutionary history of avian influenza can be inferred from phy-
logenetic reconstruction using sequence data. Phylogenetic analysis sug-
gests that geography and host taxonomy play roles in generating the ob-
served patterns of genetic variation in avian strains (Webster et al., 1992).
Phylogenetic trees differ somewhat depending on the gene studied. For
example, PB1 sequences appear to show that avian viruses 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 re-
lationship between viruses from North American waterfowl and Old World
waterfowl (Gorman et al., 1992). The differences between gene trees may
be attributable to genetic reassortment, which occurs frequently between
avian strains, or to the small number of sequences used in these analyses.
One interesting result of these studies is that mutations are fixed into the
influenza genome at a much slower rate in wild birds than in humans
or swine. We return to the topic of evolutionary rates after summarizing
influenza in swine, horses, and humans.

EVOLUTION IN SWINE AND HORSES

Influenza viruses cause acute respiratory disease in swine and are endemic
in swine populations worldwide. The first documented influenza epidemic
in swine occurred concurrently with the 1918 HIN1 pandemic in hu-
mans. The descendants of that outbreak in swine, referred to as “classical”
swine H1N1 influenza viruses, are a major source of disease in swine in
North America to this day. However, introductions of both avian and hu-
man strains into swine occur fairly frequently. In addition to the classical
HINT1 viruses, currently circulating swine strains include more recently
introduced avian H1N1 strains, human H1N1 and H3N2 strains, and
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reassortants among these strains (Murphy and Webster, 1996; Brown,
2000; Webby et al., 2000).

Historical records suggest that influenza has long infected horses,
where it causes acute respiratory disease. In the past century the H3N8 and
H7N7 subtypes have caused both limited and decades-long outbreaks. Out-
breaks of equine influenza do not follow the seasonal patterns observed
in humans; instead, they seem to be triggered by geographic movement
of infected horses. For reviews, see Mumford and Chambers (1998) and
Manuguerra et al. (2000).

HOST SPECIFICITY

Direct transmission of avian viruses to humans has been reported rarely
and was believed to be highly restricted. This is because influenza viruses
from humans and birds preferentially bind to different forms of the sialic
acid receptor on host cells. Swine, which have both the cell receptors pre-
ferred by avian viruses and those preferred by human influenza viruses,
were thus proposed as necessary intermediate hosts for the transmission
of avian viruses to humans (Scholtissek, 1990). This hypothesis is consis-
tent with the observation that many epidemics and pandemics appear to
originate in Southeast Asia, where agricultural practices put ducks, swine,
and humans in close contact (de Jong et al., 2000). However, no known
human epidemics have been caused by swine-adapted influenza (Mur-
phy and Webster, 1996). Even the so-called “swine flu” outbreak in 1976
among military personnel at Fort Dix, which prompted a mass vaccina-
tion program in the U.S., was ultimately a short-lived outbreak (Dowdle,
1997).

Several recent events suggest that receptor specificity may be only one
factor in determining host specificity. In 1997, avian HSN1 viruses infected
at least eighteen humans, six of whom died, in Hong Kong SAR (de Jong
et al., 1997; Shortridge et al., 1998). The H5N1 avian influenza viruses re-
sponsible for this outbreak were reassortants between viruses from geese
and either quail or teal which had been caged in close proximity in live
poultry markets in Hong Kong (Guan et al., 1999). These were the first
confirmed isolations of avian influenza viruses from humans with severe
respiratory disease. These viruses apparently were not capable of trans-
mission between humans (Katz et al., 1999; Bridges et al., 2002), and no
further human H5N1 infections were seen after elimination of infected
local poultry. These findings show that host receptor type is not a strict
barrier to infection of humans by avian influenza viruses.

Evidence for direct infection of humans by avian viruses does not prove
that swine are never involved in the transmission of avian influenza to
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humans. It suggests, however, that a barrier to establishment in mammals
may be the lack of efficient transmission between individuals. Birds gen-
erally harbor influenza viruses in their intestinal tract, not in their lungs.
Thus avian viruses must adapt both to conditions in the mammalian res-
piratory tract and to airborne transmission. Dehydration during aerosol
transmission among humans, for example, is a challenge not experienced
during spread in feces and in the aquatic environments of waterfowl.
The live poultry markets in Southeast Asia constitute a natural setting
for genetic reassortment between avian influenza viruses, and this setting
also provides opportunities for these new strains to infect and adapt to
humans. One fortunate outcome of the HSN1 outbreak has been greatly
increased influenza surveillance in Hong Kong. This has allowed the de-
tection of a number of additional reassortment events between avian in-
fluenza viruses of different subtypes along with studies of their pathogenic-
ity in both poultry and mice, as reviewed by Hatta and Kawaoka (2002).

HUMAN INFLUENZA

Both influenza A and B cause acute, highly contagious respiratory illness
in humans, with epidemics caused by influenza B viruses being less severe.
Symptoms typically appear abruptly and can persist for one to two weeks.
In adults, virus replication typically peaks at about 48 hours post-infection,
declines slowly thereafter, with little viral shedding after six to eight days.
Children may shed influenza virus for longer periods and at higher titers
than adults. 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 sec-
ondary bacterial pneumonia or exacerbation of underlying health condi-
tions. We return to influenza C, which causes neither epidemics nor pan-
demics, when we discuss relative rates of evolution among the different
types of influenza.

Influenza epidemics are widespread outbreaks of disease that appear
suddenly, persist for a few weeks, and then abruptly disappear. Epidemics
are caused by influenza viruses that have evolved through antigenic drift
from strains already circulating in humans. Such epidemics occur nearly
annually and may be caused by one or more of the strains of influenza
circulating in humans at a particular point in time. Attack rates during
influenza epidemics are generally 10-20%, often being highest in young
children (Cox and Subbarao, 2000). Influenza B, and influenza A HIN1
and H3N2, subtype viruses are currently circulating among humans.

Influenza pandemics, in contrast to epidemics, result from antigenic
shift and are characterized by the rapid worldwide spread of a virus
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containing an HA and sometimes an NA to which humans have had no
previous exposure. Pandemics result in high rates of morbidity and mor-
tality, social disruption, and economic loss. After a few years, pandemic
strains evolve to a lower level of virulence and subsequently appear as
typical winter epidemic strains. However, the cumulative morbidity and
mortality during inter-pandemic years due to epidemic influenza actually
exceeds that of pandemics (Cox and Kawaoka, 1998).

We begin our discussion of human influenza by describing the intro-
duction of influenza, through antigenic shift, into the human population
in recent times. We then return to epidemics and trace the history of the
most recent pandemic strains during their evolution within humans.

PANDEMIC INFLUENZA

Historical records describing influenza pandemics go back hundreds of
years (Potter, 2001). There have been only two opportunities (1957 and
1968) to observe pandemics since a human influenza A virus was first
isolated in 1933 (Smith et al., 1933). No pandemic has occurred since
the advent of molecular biology, but sequencing of archived viruses has
allowed us to partially reconstruct the genetic changes associated with the
three most recent pandemics.

1918 HIN1 “Spanish Flu” Pandemic

The 1918 HIN1 pandemic occurred in waves of increasingly virulent dis-
ease starting in the spring of 1918 and continuing through the subsequent
winter. This pandemic resulted in the deaths of between twenty and forty
million people world-wide. Although called “Spanish flu,” the geographic
origin of this virus is controversial. The 1918 pandemic differed from pre-
vious pandemics, according to historical records, and from subsequent
pandemics in two respects. First, it had a much higher per-case mortality
rate, with deaths primarily occurring in young adults rather than among
the elderly and infants. The second difference was the manner in which
deaths occurred. 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 hemorrhagic pulmonary edema (Taubenberger et al., 2000).

The rapid and horrifying manner in which people died in 1918 has
prompted much speculation about how this virus differed from other
influenza strains. This has led Taubenberger, Reid, and colleagues to se-
quence HINT1 viruses preserved in the lung tissue of two army soldiers
and in an Alaskan Inuit woman frozen in permafrost — all victims of
the 1918 pandemic (Taubenberger et al., 1997; Reid et al., 1999). These
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ongoing studies have yet to reveal why this strain was so deadly. The
HA and NA resemble the oldest available classical HIN1 swine influenza
strains (from 1930) but share characteristics with modern avian HIN1
strains as well. Sequences from viruses isolated from waterfowl collected
in 1917 and preserved in alcohol in the American Museum of Natural
History have done little to resolve this mystery (Fanning et al., 2002).

The first known influenza outbreak in swine occurred in 1918, suggest-
ing the hypothesis that swine served as intermediate hosts in the evolution
of the 1918 human pandemic strain. However, influenza can spread from
humans to swine as well (Brown, 2000), thus this swine outbreak could
have originated in humans. The paucity of archived viral isolates from hu-
man, swine, and avian hosts may prevent us from ever determining the
sequence of events resulting in the 1918 pandemic. Unfortunately, almost
as little is known about the avian and swine viruses in circulation at the
time of the subsequent 1957 and 1968 pandemics. This lack of knowledge
speaks for the preservation of existing museum collections from which
viral RNA can be extracted and for expanded surveillance of extant avian
strains.

1957 H2N2 “Asian Flu” and 1968 H3N2

“Hong Kong Flu” Pandemics

The H2N2 pandemic began in February of 1957 in China and by summer
had spread world-wide. A second wave of disease occurred in the winter
of 1958. Total influenza-related excess mortality in the United States was
estimated at about 70,000 (Noble, 1982), much less than the half-million
Americans who died in 1918. The 1957 pandemic strain was a result of
reassortment. An HIN1 strain circulating in humans — a descendant of
the 1918 pandemic — had obtained avian H2, N2, and PB1 genes (Kawaoka
etal., 1989). With the spread of the H2N2 strain, the parental HIN1 lineage
disappeared from circulation in humans.

The H2N2 pandemic strain subsequently circulated as a typical winter
epidemic strain until being displaced itself during 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 (Kawaoka et al.,
1989). This pandemic, which also emerged from Southeast Asia, resulted in
only about half the mortality in the United States of the H2N2 pandemic
(Noble, 1982), perhaps because the human population already had anti-
bodies to the N2 protein.

With the emergence of the H2N2 and H3N2 pandemic strains (in 1957
and 1968, respectively), the previously circulating human influenza A
strains soon became extinct. This serial replacement of one influenza A
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subtype by another suggested that only a single influenza A subtype could
circulate in humans at one time. However, an event in 1997 proved this
not to be so.

REAPPEARANCE OF H1N1

In 1977, twenty years after they had last circulated in humans, human
H1N1 viruses reappeared in northern China (Raymond et al., 1986). These
viruses were almost genetically and antigenically identical to H1N1 viruses
isolated from humans in 1950 (Nakajima et al., 1978) and were most likely
preserved during the intervening decades in a laboratory freezer or possibly
in a frozen state in nature. The reemerged H1N1 strain spread rapidly but
caused relatively mild disease (Cox and Regnery, 1996). Illness occurred
almost exclusively among persons under twenty years of age because older
individuals retained antibodies from previous exposure.

There is some question as to the extent to which pandemic viruses
actually evolve to lower levels of virulence. A decreased severity of disease
over time might also occur because prolonged circulation has resulted in
a host population with antibodies that are broadly protective against the
new subtype. However, evidence suggesting that pandemic strains can
evolve towards milder forms comes from comparing the consequences of
the infection of young adults by the 1918 H1N1 virus, which was often
deadly, with the much milder disease caused by infection by descendants
of that pandemic strain when it reemerged in 1977.

The HIN1 and H3N2 subtypes of influenza A have cocirculated in hu-
mans since 1977. Reassortment between the two subtypes has occurred
repeatedly, but the resulting strains did not persist (Guo et al., 1992). In
the 2001-2 influenza season, a new H1N2 reassortant spread across a wide
geographic area (Gregory et al., 2002). Consistent with previous observa-
tions of reassortment between human-adapted strains (Cox and Bender,
1995), the resulting disease was not particularly severe. Whether this strain
persists or replaces the currently circulating H3N2 and HIN1 strains re-
mains to be seen.

To summarize, sequencing of archived viruses has shown that the three
most recent influenza pandemics involved the cross-species transfer of
either the entire avian influenza genome or the transfer of some avian
influenza genes, including that for the HA, into viruses that infected hu-
mans. During this period (1918 to the present), influenza B has presum-
ably circulated (it was first isolated in 1940) in humans along with either
one or two subtypes of influenza A having HA alleles H1-H3. Surveys of
antibody titers suggest that some of the HA alleles infecting humans in
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this century may have caused pandemics in the last century as well. These
data were obtained by surveying antibodies present in different human
age cohorts, a technique for reconstructing past disease outbreaks called
seroarchaeology.

SEROARCHAEOLOGY

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-specific
and primarily mediated by antibodies against the surface 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 appear to reflect
the dominant antigens of the virus responsible for the childhood infec-
tions of the group. This phenomenon is called “original antigenic sin,”
(Francis, 1953).

In the mid-1900s, older people were screened for antibodies to a num-
ber of HA antigens. The results suggest that the unusually high 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 partially protected by antibodies
presumably produced during exposure to an HIN1 virus in the late 1800s.
Similarly, serum collected before the H2N2 or H3N2 subtypes entered the
human population in 1957 and 1968, respectively, suggests that older hu-
man cohorts had been previously infected by these strains as well.

As summarized by Dowdle (1999), seroarchaeological studies suggest
that the H1 and H3 hemagglutinin alleles (with varying N alleles) have
each been introduced into humans at least twice in the recent past. The
recent circulation of the H2 allele and the apparent recirculation of the
H1 and H3 alleles do not guarantee, however, that viruses carrying other
hemagglutinin subtypes cannot infect humans. Farmers in Southeast Asia
have been reported to carry antibodies to a number of avian influenza sub-
types not known to circulate in humans including the HS allele recently
involved in outbreaks of human illness in Hong Kong (Shortridge et al.,
1998).

Pandemics occur as several waves of disease. The pandemic strains
then evolve and reappear, primarily during winter epidemics. Gene se-
quencing did not become a standard part of the World Health Organi-
zation influenza surveillance program until the mid-1980s. Because there
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has not been a pandemic since 1968, there has been no opportunity to use
molecular markers to study the genetic changes associated with successive
waves of pandemic disease or to study the evolution of a novel strain dur-
ing its initial adaptation to humans. However, over the past two decades,
sequence data have become increasingly used to study antigenic drift,
the ongoing evolution of strains currently causing epidemics in human
populations.

EPIDEMIC INFLUENZA

Influenza is said to be epidemic when the incidence of influenza-related
illness rises above a seasonal baseline. This concept can be illustrated by
looking at the levels of influenza- and pneumonia-related (P & I) deaths
in Figure 7.1. Winter epidemics occur almost yearly in both the north
and south temperate zones, but influenza can be isolated from humans
somewhere in the world year round. There is substantial temporal and
geographic heterogeneity in influenza incidence. Thus Figure 7.1, which
depicts P & I mortality data for the U.S., may not accurately portray in-
fluenza deaths worldwide.

It has long been known from immunological studies that more than
one type or subtype of human influenza can circulate during an influenza
season. Figure 7.2 shows the relative frequency of the three influenza
strains circulating in humans (HIN1, H3N2, and B) in the U.S. since
1985. In many years one strain is predominant, but in the 2001-2 in-
fluenza season (October 1, 2001-September 30, 2002), for example, in-
fluenza A subtype HIN1 and influenza B viruses were reported at similar
frequencies.

During short intervals of time there may appear to be a regular peri-
odicity in the order in which the types or subtypes predominate, such as
during the first 10 years shown in Figure 7.2. However, upon examina-
tion of longer periods of time, these patterns disappear (Figure 7.2). These
data are again only for the U.S.; substantial geographic variation occurs.
For example, during the 1985-6 season, influenza B was the predominant
influenza virus reported in the U.S.; elsewhere in the world influenza A
H3N2 viruses were most commonly reported.

Comparison of Figures 7.1 and 7.2 shows that although there is no
exact correlation between disease severity (Figure 7.1) and the type or
subtype of influenza in circulation (Figure 7.2), there is a correlation be-
tween the predominance of influenza A/H3N1 viruses and the severity of
the season. For example, seasons with the highest peaks of excess P & I
deaths (1993-4 and 1996-7) were those during which influenza A (H3N2)



Percentage

Frequency in US

10,

Actual Proportion
of Deaths

Epidemic
Thresholds

6

4 Seasonal

] Baseline

Fd

Oql/ ] | ] | 1 | ] | 1 | ] | I 1 ] | ]
1993 1994 1995 1996

Week & Year

Figure 7.1. Weekly pneumonia and influenza (P&I) mortality as a percentage of all
deaths in 122 cities in the United States from January 3, 1993 to April 5, 1977.
The epidemic threshold is 1.645 standard deviations above the seasonal baseline.
The expected seasonal baseline is projected using a robust regression procedure
in which a periodic regression model is applied to observed percentages of death
from P&l since 1983. From Morbidity and Mortality Weekly Reports 46(5):327.

1004 I;': q R g AHINT —@—

80 1

704

60 1

501

401

301

201

104

04 — Y - r
1985-6 1988-9 1990-1 1992-3  1994-5 1996-7 1998-9  2000-1

Influenza Season

Figure 7.2. The relative frequencies of influenza B and influenza A subtypes H3N2
and HIN1 in the U.S.

185

\ ’ ‘\ ,II AH3N2 = -0 =
90 1 4 ! B —i—
1




186 R. M. Bush and N. J. Cox

viruses predominated. These figures also show, however, that the num-
ber of P & I deaths cannot be predicted solely from the incidence of a
particular subtype. For instance, the incidence of influenza-related dis-
ease in 1994-5 barely exceeded the seasonal baseline but was at epidemic
levels for over two months during 1996-7 (Figure 7.1). Yet the relative
frequencies of the three strains circulating in the 1994-5 and 1996-7 in-
fluenza seasons were almost identical (Figure 7.2). To explain such varia-
tion both the accumulation of host immunity to the different circulating
strains and the ongoing evolution of those strains must be considered.
In this case, influenza A viruses antigenically similar to the H3N2 ref-
erence strain A/Johannesburg/33/94 circulated during both the 1994-5
and 1995-6 seasons. This presumably resulted in widespread immunity in
the human population. The epidemic of 1996-7 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 refer-
ence strain, were not effectively neutralized by existing antibodies against
A/Johannesburg/33/94. This example illustrates the continual reinfection
of humans by influenza viruses evolving through the process of antigenic
drift.

ANTIGENIC DRIFT

Antigenic drift occurs rapidly in influenza. The RNA polymerase complex
makes errors during replication of viral genes; one estimate is 1075 muta-
tions/site/replication (Webster and Laver, 1980). Because there is no proof-
reading mechanism for RNA viruses, mutations accumulate (Parvin et al.,
1986). Over time, the accumulated replacements alter the shape and the
electric charge of viral surface antigens, particularly on the distal surface
and around the receptor binding site of the HA1 domain of hemagglutinin
(Cox and Bender, 1995). These cumulative changes, many of which occur
in known antibody binding sites (Wilson and Cox, 1990), eventually al-
low escape from antibodies raised by prior infection or vaccination (Wiley
et al., 1981; Both et al., 1983; Nakajima et al., 1983).

Current methods of influenza vaccine production require that selec-
tion of the viral strains for inclusion in the vaccine be made about eight
months prior to the beginning of the next influenza season. The goal of
influenza surveillance is to track the evolution of existing lineages and to
detect the emergence of novel antigenic variants that may cause future
epidemics. In the past two decades, gene sequencing has become a rou-
tine part of influenza surveillance. Phylogenetic trees constructed using
sequence data are a natural way to monitor the genetic changes associ-
ated with antigenic drift. Figure 7.3 shows phylogenies constructed using
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Figure 7.3. Phylogenetic trees showing the evolution of the HA1 of influenza A
subtypes H3N2 (a) and HINT1 (b) and influenza B (c) and of the HE of influenza C
(d). 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. Horizontal branch lengths indicate genetic distance; the length of vertical
branches is simply a function of the number of sequences that need to be fit on
the page. This explains some features of these trees, such as the sharp bend in
the H3N2 tree around the late 1980s, the time at which sequencing became a
standard tool in surveillance. Lines ending in arrows indicate extant lineages.

the HA1 domain of the hemagglutinin gene of human influenza A sub-
types H3N2 (7.3a) and H1N1 (7.3b) and of influenza B (7.3c). Figure 7.3d
was constructed using the HE gene of influenza C. Here we use a com-
parative approach to illustrate evolutionary features held in common by
different strains of influenza and to highlight the ways in which they dif-
fer. These differences may provide insight into the forces shaping influenza
evolution.

The main difference, highlighted by black lines superimposed over the
main lineages in each tree, is variation among the trees in the degree of
branching. With the exception of influenza C (7.3d), the trees are very
similar in having relatively short side branches. These short side branches
give these trees a very slender, linear look, as opposed to the bushy or
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star-shaped trees seen for organisms having numerous long-lived cocircu-
lating lineages, such as HIV.

The phylogenetic tree constructed using the gene sequence of the HA1
domain of H3N2 human influenza (Figure 7.3a) gives the most striking
example of linearity. H3N2 first infected humans in 1968. New lineages of
H3 can be seen to arise continually, and at any time, a number of closely
related lineages may cocirculate. However, all of these lineages except one
become extinct very quickly, on average within one to two years (Fitch
et al.,, 1997).

Figure 7.3b shows the evolution of the human HINT1 tree since its
reappearance in 1977. This tree is similar to the H3N2 tree (Figure 7.3a)
in having a linear shape with the exception of a split in the mid-1980s
and another in the mid-1990s (Cox et al., 1989; Nakajima et al., 2000).
Influenza B (Figure 7.3c) exhibits greater branching still, having diverged
into two lineages, each containing multiple cocirculating sublineages, in
the 1970s (Lindstrom et al., 1999). At the far end of the evolutionary
spectrum is influenza C (Figure 7.3d) which consists of a number of slowly
evolving, cocirculating lineages (Buonagurio et al., 1986; Matsuzaki et al.,
1994). Question marks are used to indicate the root of the influenza B and
C trees, as it is not known when they first infected humans.

It would be a mistake to equate the linear appearance of these trees
with the idea that each subsequent epidemic evolved from the previous
epidemic strain. In many cases epidemic strains evolve from small, linger-
ing populations of strains that are descendants of the ancestors of viruses
causing the most recent epidemic. One example is the A/Singapore/1/86-
like HINT1 viruses that caused the 1986-7 epidemic. These viruses did not
evolve from the previous epidemic strain, the A/Chile/1/83-like viruses,
but rather from an ancestor that had been detected earlier in China. The
emergence of new epidemics from small, isolated populations poses a chal-
lenge to the early detection necessary for vaccine strain selection, which
is based on antigenic, genetic, and epidemiological data.

Figure 7.3 illustrates the recent evolutionary patterns in influenza. The
processes that generate these patterns are not clear. Two factors that often
co-vary with the pattern of branching in phylogenetic trees of influenza
are

(1) the rate at which new mutations become fixed in populations and
(2) the length of time a strain has been evolving in humans.

However, it is not known whether this covariation indicates causal
relationships.
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Published estimates of fixation rates vary depending on the time period
involved, the method used, and the particular data examined. However,
all suggest that H3 changes at about the same rate or possibly a little
more rapidly than H1 (475 x 1073 nucleotide substitutions/site/year). In-
fluenza B HA evolves more slowly (172 x 103 nucleotide substitutions/
site/year) than either H1 or H3 HA (Both et al.,, 1983; Raymond et al.,
1986; Yamashita et al., 1988; Rota et al., 1990; Cox et al., 1993; Fitch et al.,
1997). As can be seen in Figure 7.3d, influenza C HA has undergone com-
paratively little genetic change in recent years.

Several lines of evidence suggest that influenza viruses evolve more
rapidly after introduction into a novel host. The rate in the natural host
of the virus — waterfowl — is much slower than in humans (Webster et al.,
1992). The fixation rate in swine, also a novel host for influenza A, is similar
to the rates seen in humans (Scholtissek et al., 1993). The slower fixation
rates reported for birds may be due to the shorter life span of birds and
the relative lack of immune selection during influenza virus 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 (Garcia et al., 1997).

Many other factors influence influenza evolution and thus may be
responsible for the variation seen among the trees in Figure 7.3. For in-
stance, there may be inherent differences in the underlying mutation rates
of these strains, different levels of cross-immunity among strains, differ-
ences in rates of transmission, or differences in the functional constraints
on the HA. Also, genes other than the HA may influence the patterns of HA
evolution. For example, a virus with a particular HA genotype might out-
compete a cocirculating virus because of differences in a gene other than
the HA. Reassortment with other segments could also affect the evolution
of the HA; this would not be evident from the HA trees. One way to learn
more about the genetic changes resulting in the variation among the trees
in Figure 7.3 would be to look more closely at the association between
particular genetic changes and changes in antigenicity, thus identifying
the targets of selection by the host immune system.

TARGETS OF SELECTION

Influenza surveillance based on HA1 nucleotide sequences provides more
detail on evolutionary change in circulating strains than does traditional
antigenic analysis. However, the usefulness of sequence data for epi-
demic prediction is limited because the relationship between genetic and
antigenic variation is often unclear. For instance, in humans the evolu-
tion of a new “drift variant” appears to require at least four amino acid
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replacements occurring in at least two of the five antigenic sites in the HA1
of the H3N2 strain (Cox and Bender, 1995). 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 HA1 of in-
fluenza A subtype H3N2 have been under selection in the past to repeat-
edly change the amino acid they encode. These codons show an excess of
non-synonymous (amino-acid changing) versus synonymous (silent) nu-
cleotide substitutions, a pattern consistent with the assumption that host
antibody pressure drives change in HA conformation. Analysis of phyloge-
netic trees representing the evolution of the HA1 of human H3N2 viruses
through a short period of time (1987-97) showed that strains with more
mutations in a set of eighteen codons with a history of having excess non-
synonymous substitutions were the progenitors of successful new lineages
in nine of eleven recent influenza seasons (Bush et al., 1999a, 1999b). 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.

If replacements at key amino acid positions truly explain differential
fitness then additional replacements in these positions may also be advan-
tageous in the future. Screening new strains for additional replacements
at these particular sites may provide an early warning of potentially suc-
cessful viral strains and thus prove a useful adjunct to current methods of
influenza surveillance and vaccine strain selection.

BARRIERS TO STUDYING INFLUENZA EVOLUTION

The existing influenza sequence data are among the best available for
studying the evolution of an infectious disease. However, there are prob-
lems with using these data to study influenza evolution and population
biology. One 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 was the standard laboratory prac-
tice for the culture of influenza viruses for many years. Egg-passage is still
required of strains that will be used in the influenza vaccine in the U.S. Un-
fortunately, the HA1 of human influenza viruses evolves rapidly to adapt
to replication in eggs (Robertson, 1993). The resulting sequences may thus
contain replacements that either were 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 (Cox and Bender,
1995).
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It is possible to estimate the proportion of amino acid replacements re-
sulting from egg-passage by contrasting the number of replacements found
in sequences in cell-passaged and egg-passaged isolates (Bush et al., 2000,
2001). In the HA1 domain of influenza A H3, egg-passage was associated
with about 8% of amino acid replacements (Bush et al., 1999b). Unfor-
tunately, in the absence of controls — viruses that have never been pas-
saged — it is impossible to determine which replacements in a data set are
artifacts.

Non-synonymous substitutions due to egg-passage should be elimi-
nated 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 from selec-
tion studies is to discard changes assigned to the terminal branches of the
trees when estimating substitution rates (Bush et al., 1999b, 2000, 2001).
Studies that have failed to exclude egg-passaged replacements routinely
find evidence for selection on codons for which there is no evidence of
a selective advantage in humans (Huelsenbeck et al., 2001; Yang, 2000;
Yang et al., 2000; Nielsen and Huelsenbeck, 2002).

Another barrier to studying selection in influenza is sampling bias. In
the course of influenza surveillance, sequencing efforts are biased in fa-
vor of viruses that are antigenically distinguishable from known reference
strains. Thus there is a strong bias towards sequencing viruses with non-
synonymous substitutions in the HA, as these viruses appear antigenically
novel in laboratory tests. This sampling bias causes error in evolutionary
analyses that assume that an excess of non-synonymous substitutions re-
flects adaptive change accrued in response to host immune pressure. This
bias is reduced if not entirely eliminated by the method described above
for dealing with egg changes. This sampling bias also means that the se-
quences currently available in the public data bases (GenBank and the Los
Alamos Influenza Database) are not representative of the frequencies of
different types of influenza viruses in nature.

EFFECTS OF HUMAN ACTIVITY ON INFLUENZA EVOLUTION
The activities of humans have affected the evolution of influenza, but not
to our advantage. Close confinement of various strains of fowl in live poul-
try markets provides conditions ripe for the formation of new reassortant
viruses and their transmission to humans. In contrast, our intentional ef-
forts to decrease disease burden have yet to affect its evolution; global
vaccination rates are not high enough to exert selective pressure on cur-
rently circulating strains.

Antiviral drug-resistant strains of influenza have not circulated widely;
however, viral strains resistant to adamantanes have been detected in
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individuals who had not been treated with these drugs (Ziegler etal., 1999).
Furthermore, the limited susceptibility of some naturally occurring in-
fluenza viruses to the new class of neuraminidase-inhibiting drugs suggests
that resistance to these compounds also might develop with widespread
use; however, resistance to neuraminidase inhibitors appears to be less of
a problem than resistance to adamantanes (Glezen and Couch, 1997).

UNANSWERED QUESTIONS

Influenza viruses are among the best studied of the causative agents of
human diseases. Nonetheless, much remains to be learned. We do not
understand either the factors limiting the introduction of avian viruses
into humans or the initial stages in the adaptation of these avian viruses to
their new host. Epidemics caused by drift variants account for substantial
morbidity and mortality over time, yet very little is known about the types
and amounts of genetic change needed to produce a new epidemic strain.
Can the same antigenic variant arise simultaneously in more than one
location because of similarities in immune pressure from the host?

Influenza epidemics occur during winters in the north and south
temperate zones. It is not known whether influenza viruses migrate be-
tween the northern and southern hemisphere during respective winters
or whether the viruses are seeded and perpetuated during the summer.
One possible explanation for the seasonality of temperate zone outbreaks
is the increased survival time of the virus in aerosol form with low humid-
ity conditions that exist indoors in winter (Murphy and Webster, 1996;
Glezen and Couch, 1997).

The ever-changing distribution of immunity in the human population
probably contributes to the temporal order in which HIN1, H3N2, and
influenza B have caused recent epidemics, but this remains an untested
hypothesis. Current efforts toward understanding host, immunity in both
humans and birds, along with expanded influenza surveillance in human
and non-human hosts, will surely increase our understanding of antigenic
shift and drift.
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Free-Living to Freewheeling: The Evolution of Vibrio
cholerae from Innocence to Infamy

Rita R. Colwell, Shah M. Faruque, and G. Balakrish Nair

INTRODUCTION

Toxigenic strains of the Gram-negative bacterium Vibrio cholerae cause the
most severe form of dehydrating diarrhea known as cholera and have been
responsible for at least seven distinct pandemics of cholera (Faruque et al.,
1998a). Since the first recorded pandemic, which began in 1817, V. cholerae
strains associated with different pandemics are assumed to have under-
gone phenotypic and genetic changes with time. For example, although
the seventh pandemic was caused by the El Tor biotype of V. cholerae, the
sixth and possibly earlier pandemics were caused by the classical biotype.
The genetic changes in V. cholerae associated with epidemics and pan-
demics, however, were not fully appreciated until the development and
application of molecular techniques to analyze strains.

Recent application of molecular approaches has enabled extraordinary
progress in our understanding of the evolution of V. cholerae. Like other
bacteria, V. cholerae can be assumed to have existed well before human evo-
lution and therefore to have originated primarily as a free-living aquatic
microorganism. The fact that over a period of a million years some clones
(serogroups) of this organism have acquired the ability to colonize tran-
siently the human intestine and become an efficient human pathogen
reflects the progressive acquisition of the genetic capability to become
pathogenic for humans. They could have acquired this capability by em-
bracing another “life style,” albeit accidentally, by carrying out a function
in the human host that it performs either symbiotically or commensally
for its nonhuman host but is, in effect, pathogenic to the human host,
or alternatively, by finding a niche whereby the organism could amplify
and perpetuate itself as effectively or more effectively, than it could in a
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free-living state. Virulence factors encoded on bacteriophages (and other
mobile genetic elements) are known to allow the bacterium to enlarge
its host range and increase its pathogenic potential by promoting eva-
sion of human host immune defenses or providing mechanisms to breach
human host structural barriers (Miao and Miller, 1999). What functions
these genes might have in the natural environment with its nonhuman
host are unknown. Nevertheless, lateral gene transfer has played an inte-
gral role in the evolution of bacterial genomes and in the diversification
and specification of enteric and other bacteria (Ochman et al., 2000).

V. cholerae survives and persists under continuously changing envi-
ronmental conditions in tidal estuaries and is therefore adapted to them.
We know that V. cholerae, including strains of O1 (Colwell et al., 1977;
Colwell, 1996) and 0139 (Cholera Working Group, 1993; Nair et al.,
1994b), exist as autochthonous natural inhabitants of riverine, coastal,
and estuarine ecosystems, yet at the same time is pathogenic for humans.
Here, we attempt to reconstruct salient events, particularly those that may
have led to the evolution of V. cholerae from a free-living state to its free-
wheeling life style and to identify those molecular events that made this
transition possible.

CLASSIFICATION

V. cholerae is a genetically diverse Gram-negative, polar monotrichous, ox-
idase positive, asporogenous species native to coastal ecosystems (Colwell
et al., 1977). The organism is classified by biochemical tests and DNA ho-
mology studies and is further subdivided into serogroups based on the
antigenicity of the somatic O-antigen. The O-antigen is heat-stable and
shows enormous serological diversity. Of approximately 200 currently
known O-antigen serogroups (Yamai et al., 1997), just two serogroups,
O1 and 0139, are associated with epidemic cholera. All strains that are
identified as V. cholerae based on biochemical tests but do not aggluti-
nate with O1 or O139 antisera are collectively referred to as the “non-O1
non-0139” (Nair et al., 1994b) or as the nonepidemic serogroups. Other
formerly used but inaccurate names for this group were “noncholera vib-
rios” (NCVs) and nonagglutinable vibrios (NAGs). In-depth taxonomical
studies, including biochemical and molecular tests and polyphasic nu-
merical taxonomy, have proven that all strains of V. cholerae, independent
of serogroup, are the same species (Citarella and Colwell, 1970; Colwell,
1973). In addition, 16S rRNA gene sequencing has shown no differences
at the species level between V. cholerae O1 El Tor and classical strains or be-
tween serogroups of V. cholerae (Lipp et al., 2002). Although certain of the
nonepidemic serogroups cause sporadic diarrheal disease (Aldova et al.,
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1968; Dakin et al., 1974), most V. cholerae organisms probably do not in-
fect humans. Some strains of V. cholerae have occasionally been isolated
from extra-intestinal infections, including wounds, ear, sputum, urine,
and cerebrospinal fluid (Morris and Black, 1985; Motris, 1990).

The O1 serogroup is divided into two biotypes, classical and El Tor,
which can be differentiated in the laboratory by employing assays for
hemolysis, hemagglutination, phage susceptibility, polymyxin B sensitiv-
ity, and the Voges Proskauer reaction. The more recent approach, however,
is to use biotype-specific genes (such as tcpA and rtxC) to differentiate be-
tween the two biotypes (Nair et al., 2002). Each biotype can be further
subdivided into two major serotypes, “Ogawa” and “Inaba.” Ogawa strains
produce the A and B antigens and a small amount of C antigen, whereas
Inaba strains produce only the A and C antigens (Sakazaki and Donovan,
1984). A third serotype, Hikojima, contains all three antigens but is rare
and unstable (Kelly, 1991).

The classical and El Tor biotypes of V. cholerae are closely related in
their O-antigen biosynthetic genes (Manning et al., 1994; Yamasaki et al.,
1999a), although these two biotypes differ in many other regions of their
genome (Voss and Attridge, 1993; Beltran et al., 1999; Karaolis et al., 2001).
Thus, O1 El Tor strains might have arisen following transfer of O1 anti-
gen biosynthetic genes into a previously unknown environmental strain.
Conversely, 0139 and O1 El Tor strains are closely related in most parts
of their genomes, but they carry different O-antigen genes, suggesting the
transfer of O139-specific genes from an unknown donor into a recipient El
Tor strain (Bik et al., 1995; Stroeher et al., 1995). Similar conclusions con-
cerning transfer of genes have emerged from comparisons of serogroups
and sequences of diagnostic housekeeping genes of nonepidemic isolates
(Beltran et al., 1999). Recently, a new variety of V. cholerae O1, which ap-
pears to be a hybrid of the classical and El Tor biotypes, has been identified
in hospitalized cases of acute diarrhea (Nair et al., 2002).

FREE-LIVING AQUATIC LIFE STYLE

The fact that V. cholerae is a naturally occurring member of the aquatic
microbial community was not appreciated until Colwell et al. (1977) de-
scribed the organism as an autochthonous inhabitant of riverine, estu-
arine, and coastal waters. Physicians and clinical workers who believed
that the presence of V. cholerae in the aquatic environment was coinci-
dental and dependent on contamination by infected individuals initially
viewed this report with skepticism. At that time, it was believed by clin-
ical workers that the endemicity of cholera was maintained by low-level
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continuous transmission through people with asymptomatic infection or
mild disease and therefore transmission was essentially human-to-human.
Now it is clear that V. cholerae has a life cycle consisting of two distinct
phases, one of which includes a pathogenic life style and the other of
which is outside of the human host in aquatic environs. Furthermore,
V. cholerae can be found as free-swimming cells or attached to surfaces
such as those provided by plants, filamentous green algae, copepods, crus-
taceans, and insects (Islam et al., 1994a,b; Colwell, 1996). Biofilm forma-
tion (Watnick and Kolter, 2000; Watnick et al., 2001) and entry into a vi-
able but nonculturable state in response to nutrient deprivation (Xu et al.,
1982; Colwell et al., 1985) are thought to be important in the life cycle
of V. cholerae, facilitating persistence in its native aquatic habitat during
interepidemic periods (Reidl and Klose, 2002). The genomic elements that
the organism possesses to function in association with plankton and to
occupy biofilm, on abiotic surfaces, have not yet been fully characterized.

Although V. cholerae is part of the normal estuarine flora, toxigenic
strains are usually isolated from the environment in those areas where
cholera patients abound. Environmental isolates from areas that are dis-
tant from regions of massive epidemics do not usually harbor the CT
genes (Faruque et al., 1998a). Whether an epidemic or the acquisition
of CT genes occurs first is also unknown. Thus, what is known is only that
V. cholerae can be considered an autochthonous marine bacterium that
colonizes and thrives in the human gut, causing infection, and spends the
time between epidemics in its natural habitat, the estuary.

HUMAN PATHOGENIC LIFE STYLE

Development of the ability to infect and colonize the human gut appar-
ently has provided enormous advantage to V. cholerae, in terms of rapid
multiplication and dissemination, and thus can be considered a signifi-
cant phase of its evolutionary history. In the host, the bacteria are virulent,
whereby the organisms adhere to the intestinal epithelium, replicate, and
cause disease. The acute watery diarrhea characteristic of cholera leads to
rapid spread of the organisms, particularly during an epidemic. In order to
cause disease, the ingested vibrios from contaminated water or food must
pass the gastric acid barrier and colonize the small intestine. Once an in-
fective dose of the bacteria is ingested, colonization of the intestine occurs
with the help of the pilus colonization factor TCP that attaches to receptors
on the gastric mucosa (Taylor et al., 1987). Colonization and multiplica-
tion lead to an increase in the concentration of vibrios on the mucosal
surface as large as 107 to 108 cells per gram. With this large concentration



202 R. R. Colwell, S. M. Faruque, and G. B. Nair

of vibrios closely attached to the mucosa, delivery of enterotoxin becomes
highly efficient.

The pathogenesis of cholera is a complex process and involves a num-
ber of genes encoding virulence factors that aid the pathogen in its pas-
sage to the epithelium of the small intestine and then allow it to colo-
nize the epithelium and produce the cholera toxin (CT), which disrupts
ion transport by the intestinal epithelial cells. The major virulence genes
include the CTX genetic element, which is the genome of a lysogenic
bacteriophage, designated CTX® (Waldor and Mekalanos, 1996), that car-
ries the genes encoding CT, and the TCP pathogenicity island, which
carries genes for toxin-coregulated pilus (TCP). The structural features
of the TCP pathogenicity island suggest that the TCP pathogenicity is-
land may have originated from a bacteriophage which is now defective
(Kovach et al., 1996; Karaolis et al., 1998). Like other phage-derived viru-
lence genetic elements, the TCP pathogenicity island includes groups of
virulence genes, a regulator of virulence genes, a transposase gene, spe-
cific (att-like) attachment sites flanking each end of the island, and an
integrase with homology to a phage integrase gene. Thus, the major vir-
ulence gene clusters in V. cholerae appear to have the ability to propagate
laterally and thereby disperse among different strains. The existence and
role of other factors possibly responsible for colonization have also been
investigated, including mannose—fucose-resistant cell-associated hemag-
glutinin (MFRHA), mannose-sensitive hemagglutinin (MSHA), and some
outer membrane proteins (OMPs) of V. cholerae (Sengupta et al., 1992;
Franzon et al., 1993; Jonson et al., 1994). Although some of these factors,
including MFRHA, MSHA, and OMPs, are suspected to have a role in en-
hancing adhesion and colonization, based on tests in animal models, the
exact role of these factors in the virulence of V. cholerae in humans is still
uncertain. Again, these factors may have significance in the nonhuman
host relationship and not primarily associated with human infection.

The colonized V. cholerae secretes CT into the host small intestine. CT
is an oligomeric protein composed of one A subunit (28 kDa) and five
B subunits (11.5 kDa each) (Finkelstein, 1983). Whereas the A subunit
catalyzes NAD-dependent ADP-ribosylation, the B subunit binds to gan-
glioside GM1, the holotoxin receptor in the gut. The A subunit is trans-
ported into the cell where it activates adrenyl cyclase, which leads to a
marked increase in cyclic AMP. This perpetuates an increase in chloride
secretion in the crypt cells and inhibition of neutral sodium chloride ab-
sorption in the villus cells (Field et al., 1972). These alterations lead to
a massive outpouring of fluid into the small intestine that exceeds the
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normal absorptive capacity of the bowel, resulting in watery diarrhea con-
taining large amounts of sodium, chloride, bicarbonate, and potassium,
but no protein or red or white blood cells. In the nonhuman host, this
activity may well serve to assist in osmoregulation. In the human, how-
ever, the bacteria eventually detach and exit the host via profuse diarrhea.
During the illness, there are high concentrations of V. cholerae in the stool
(up to 10® CFU/s per ml of stool). It has recently been suggested that
human colonization creates a hyperinfectious bacterial state that is main-
tained after dissemination and that may contribute to the epidemic spread
of cholera (Merrell et al., 2002).

EVOLUTION OF PATHOGENIC VIBRIO CHOLERAE
Evolutionary processes that occur over longer periods of time are termed
“macroevolution.” The evolution of some clones of V. cholerae from the
free-living state to a human pathogen might be viewed to be a process
of macroevolution. That is, nontoxigenic strains of V. cholerae O1 and
0139 may be the precursors of this evolutionary process. V. cholerae pro-
duces virulence factors that are directly involved in human infection and
disease by acquiring transmissible elements involving phages and mobile
elements that contribute to the process. In terms of evolution, determi-
nants acquired by horizontal gene transfer from other organisms lead to
evolution in significant leaps. Genetic recombination between divergent
bacterial strains can be advantageous, especially in complex or variable
environments, because it generates new genotypes more efficiently than
does mutation alone (Mukhopadhyay et al., 2001).

There are two critical sequential steps in the evolution of pathogenic
V. cholerae. First, strains have to acquire the genes encoding a pilus col-
onization factor, known as TCP. The TCP genes are part of a larger ge-
netic element, the TCP pathogenicity island, alternatively referred to
as the VPI. Secondly, the TCP positive strains are infected with and
lysogenized by CTX¢ (Waldor and Mekalanos, 1996; Mekalanos et al.,
1997; Faruque et al., 1998b,c). Acquisition of TCP genes is a prerequi-
site for infection by CTX phage because TCP also acts as the receptor
for CTX phage. In animal models, the intestinal milieu has been shown
to be a site where strains can acquire these mobile elements efficiently
(Waldor and Mekalanos, 1996; Lazar and Waldor, 1998). Where this would
occur in the natural environment is not known. Acquisition of the two
gene clusters appears to provide the marine bacterium the ability to col-
onize the human intestine and secrete a potent toxin resulting in severe
diarrhea (Mekalanos, 1983; Taylor et al., 1987; Waldor and Mekalanos,
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1996; Karaolis et al., 1999). Such functions with respect to its nonhuman
host would be interesting to know. These virulence gene clusters are ab-
sent from nonpathogenic strains. Interestingly, the specialized acquired
genetic elements that confer the potential of pathogenicity to V. cholerae
are themselves mosaics of genes from various sources. The potential for
scrambling of functional modules within these elements and their trans-
mission between strains may also speed bacterial adaptation to diverse or
inconstant environments and contribute to the emergence of new, highly
virulent strains of V. cholerae in at-risk human societies (Mukhopadhyay
et al., 2001). Again, what advantage this gives the bacterium in nature
needs to be determined. Therefore, V. cholerae, as well as its acquired ge-
netic elements, is in a perpetual state of co-evolution. Probable events in
the evolution of toxigenic V. cholerae are shown in Figure 8.1.

CTX®

A major transmissible element that V. cholerae has acquired is the fil-
amentous temperate bacteriophage, designated CTX®. The genome of
CTX®, among other genes, contains the ctxAB operon that encodes for
cholera toxin, which essentially is responsible for many of the symptoms
of cholera. CTX® was discovered by Waldor and Mekalanos (1996), who
employed simple but elegant experiments to show that El Tor chromoso-
mal CTX could be transferred to classical strains, where it was recovered
as a plasmid (Waldor and Mekalanos, 1996). The CTX® genome can in-
tegrate into the V. cholerae genome to form a stable prophage, or it can
replicate as a plasmid in isolates lacking an appropriate integration site.
Lysogenic conversion of nontoxigenic strains of V. cholerae to toxigenicity
by CTX® infection is perhaps the single most important event in the evo-
lution of an innocuous strain into a fully pathogenic one (Heilpern and
Waldor, 2000).

The CTX¢ genome is comprised of two functional regions: a 4.6-kb
core region that includes ctxAB and a 2.4-kb region designated as RS2
(Waldor et al., 1997). Besides the genes encoding CT, the core region
contains genes that are thought to encode the coat proteins (Psh, Cep,
OrfU, and Ace) and a protein required for CTX¢ assembly (Zot) (Waldor
and Mekalanos, 1996). The RS2 region encodes genes required for repli-
cation (rstA), integration (rstB), and regulation (rstR) of CTX¢ (Waldor
et al., 1997). In El Tor V. cholerae isolates, the CTX prophage genome is
often flanked by an additional 2.7-kb region, designated RS1 (Goldberg
and Mekalanos, 1986), that is similar to RS2 but contains an additional
gene, rstC (Waldor et al., 1997). CTX® DNA is generally found integrated
at either one (El Tor) or two (classical) loci within the V. cholerae genome
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(Mekalanos, 1983; Pearson et al., 1993; Waldor and Mekalanos, 1996). The
organization of the core-encoded genes and the deduced amino acid se-
quences of their products (with the exception of ctxAB) resemble that of
filamentous phages derived from a variety of bacterial species (Waldor and
Mekalanos, 1996). However, unlike other filamentous phages and similar
to integrating double-stranded DNA bacteriophages, CTX® encodes a re-
pressor and forms lysogens (Kimsey and Waldor, 1998).

Recent studies on the various genes within the genome, of the CTX®
have shown that the ctxAB operon does not constitute an integral part
of the genome but has probably been acquired over the course of time.
The percent GC content of the ctxA and the ctxB genes, 38% and 33%, re-
spectively, is significantly different from that of the rest of the core region
genes, suggesting that these genes evolved separately from the remainder
of the phage genome and were acquired after the emergence of a precursor
form of CTX® that lacked ctxAB (Boyd et al., 2000). Results of studies of
the evolutionary history of CTX® are consistent with the hypothesis that
a CTX® precursor that lacked ctxAB simultaneously acquired the toxin
genes and their regulatory sequences (Boyd et al., 2000). Comparative nu-
cleotide sequence analyses have revealed that CTX® derived from classical
and El Tor V. cholerae isolates comprise two distinct lineages, within other-
wise nearly identical chromosomal backgrounds, indicating that nontoxi-
genic precursors of the two V. cholerae O1 biotypes independently acquired
distinct CTX® (Boyd et al., 2000).

Similarly, among the genes of the RS2 region of the CTX®, the rstR se-
quences in El Tor and classical CTX® are highly diverse, with less than 30%
amino acid sequence similarity (Kimsey and Waldor, 1998; Kimsey et al.,
1998; Davis et al., 1999). CTX® repressors of more than three different
specificities are known, and strains carrying one prophage can often be
infected or lysogenized by CTX® of other repressor specificities (Kimsey
etal., 1998; Davis et al., 1999). Additional putative rstR prophage repressor
genes have been found recently in non-O1 non-0139 strains isolated from
the environment (Mukhopadhyay et al., 2001). The hypervariability of rstR
and its distinct GC content suggest that CTX® variants obtained diverse
rstR cassettes via horizontal gene transfer, followed by recombination, and
reinforce the notion that V. cholerae is extremely diverse genetically.

TCP PATHOGENICITY ISLAND

Besides CTX phage, the other important genetic factor acquired by V. cho-
lerae for conferring epidemic potential to the O1 and O139 serogroups
is the TCP pathogenicity island, alternatively referred to as the Vibrio
pathogenicity island (VPI). The TCP island of the El Tor biotype strain
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N16961 is 41,272 bp and encodes 29 predicted proteins, whereas that
of the classical biotype strain 395 is 41,290 bp (Karaolis et al., 2001).
The structural features of the TCP island include the presence of groups
of virulence genes, a regulator of virulence genes, a transposase gene,
specific (att-like) attachment sites flanking each end of the island, and
an integrase with homology to a phage integrase gene (Kovach et al.,
1996; Karaolis et al., 1999). There are several gene clusters included
within the TCP island. These include the tcpA gene encoding a type IV
pilus known as TCP, an essential colonization factor (Taylor et al., 1987;
Herrington et al., 1988); several genes that encode proteins involved in
the regulation of virulence (DiRita et al., 1991; DiRita, 1992; Hase and
Mekalanos, 1998); and numerous open reading frames with no known
function (Karaolis et al., 2001). As remarkable examples of evolutionary
co-adaptation, the CTX® virion uses TCP as a receptor during infection
(Karaolis et al., 1999). Therefore, the TCP pathogenicity island is one of
the initial genetic factors required for the emergence of epidemic strains of
V. cholerae.

TCP mediates bacterial colonization of the intestine by facilitating mi-
crocolony formation via pilus-mediated bacterial interactions and perhaps
direct attachment to the intestinal brush border (Kirn et al., 2000). The
biogenesis and regulation of TCP production involve at least 15 genes en-
coded in the TCP gene cluster as well as several unlinked genes (Peek and
Taylor, 1992; Kaufman et al., 1993; Manning, 1997; Taylor et al., 1988).
Having established that the TCP island is an essential element for epidemic
and pandemic strains, it has been postulated that the evolution of toxi-
genic from nontoxigenic strains must be a multistep process, the initial
step of which would be the acquisition of the VPI. As with the sequence
variability observed in type IV pili of several bacterial species (Blank et al.,
2000), Boyd and Waldor (2002) have found extensive sequence variability
in TcpA, the major subunit of TCP. Most likely this diversity is a reflec-
tion of diversifying selection in adaptation to the host immune response
or to CTX¢ susceptibility (Boyd and Waldor, 2002). According to Karaolis
et al. (2001), the pool of variation in the central segment of the TCP is-
land (containing the tcp gene cluster encoding proteins) has contributed
to the emergence and evolution of the pathogenic forms by horizontal
gene transfer and recombination exchange.

ENVIRONMENTAL STRAINS CARRYING VARIANTS

OF CTX¢ AND VPI

V. cholerae strains from the environment are more likely not to possess the
CTX¢ and the VPI gene clusters. However, recent studies have revealed
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that environmental strains of V. cholerae belonging to diverse serogroups
sometimes carry virulence genes or their homologues (Chakraborty et al.,
2000; Rivera et al., 2001; Mukhopadhyay et al., 2001). When environ-
mental isolates of V. cholerae were examined for the presence of ctxA, hlyA,
ompU, stn/sto, tcpA, tcpl, toxR, and zot genes, using multiplex PCR, the
toxR, hlyA, and ompU genes were present in 100, 98.6, and 87.01% of the
V. cholerae strains, respectively (Rivera et al., 2001). Three of four non-
toxigenic V. cholerae O1 strains contained fcpA ET. Interestingly, among
the isolates of V. cholerae non-Ol/non-0139, two had tcpA (classical), nine
contained tcpA El Tor, three showed homology with both biotype genes,
and four carried the ctxA gene. The stn/sto genes were present in 28.2%
of the non-Ol/non-0139 strains, in 10.5% of the toxigenic V. cholerae
01, and in 14.3% of the O139 serogroups. The CTX genetic element and
toxin-coregulated pilus El Tor (fcpA ET) gene were present in all toxigenic
V. cholerae O1 and V. cholerae O139 strains examined in this study. Except
for stn/sto genes, all of the genes studied occurred with high frequency
in toxigenic V. cholerae O1 and O139 strains. This study indicated that
surveillance of non-Ol/non-0139 V. cholerae in the aquatic environment,
combined with genotype monitoring using ctxA, stn/sto, and tcpA genes,
will be valuable in human health risk assessment.

Presence of virulence genes in environmental strains of V. cholerae has
also been detected in several other studies (Chakraborty et al., 2000, 2001;
Mukhopadhyay et al., 2001). The function of virulence gene homologues
in the environment, however, is not sufficiently investigated. It has been
suggested that in fresh water systems, the local ionic microenvironment
can be controlled by V. cholerae O1 by use of toxin acting on other living
cells. Some studies have illustrated the ability of V. cholerae to associate
with a variety of aquatic organisms including crustaceans, zooplankton,
phytoplankton, and algae (Islam et al., 1994a,b) (see Figure 8.2). The asso-
ciation prolongs survival and presumably the vibrios gain nutrients from
the host. It appears that possession and conservation of virulence genes
including colonization factors and cholera toxin may play crucial roles
in the symbiotic association between V. cholerae and specific aquatic or-
ganisms. It is worth noting that under in vitro conditions, virulence genes
are known to express more adequately at a lower temperature of 30°C,
as opposed to 37°C, the latter being the physiological temperature of the
mammalian host. Furthermore, the findings that virulence genes or their
homologues are dispersed among environmental strains suggest the exis-
tence of a pool of virulence-associated genes or their homologues in the
environment. This also suggests that virulence genes carried by clinical
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Figure 8.2. Attachment of V. cholerae to copepods. See color section.

V. cholerae derive from environmental genes, and a crucial combination
of different genes may be necessary for the origination of a potentially
pathogenic strain. Selection mediated by aquatic flora or fauna cannot be
ruled out.

COORDINATE REGULATION OF V. CHOLERAE GENES

Expression of several critical virulence genes in V. cholerae is coordinately
regulated so that multiple genes respond in a similar fashion to environ-
mental conditions (DiRita, 1992; Skorupski and Taylor, 1997). ToxR, a 32-
kDa transmembrane protein is the master regulator, which is itself regu-
lated by environmental signals, and initiates the activity of a cascading
system of regulatory factors. The ToxR protein binds to a tandemly re-
peated 7-bp DNA sequence found upstream of the ctxAB, structural genes
and increases transcription of ctxAB, resulting in higher levels of CT ex-
pression. Besides ctxAB genes, ToxR also regulates the expression of at least
17 distinct genes that constitute the ToxR regulon. These include the TCP
colonization factor, the accessory colonization factor, outer membrane
proteins OmpT and OmpU, and three other lipoproteins (Peterson and
Mekalanos, 1988; Parsot et al., 1991; Hughes et al., 1994). Except for the
ctxAB genes, genes in the ToxR, regulon are controlled through another
regulatory factor, called ToxT, a 32-kDa protein, the expression of which is
controlled by ToxR. ToxT encodes a member of the AraC family of bacte-
rial transcription activators. The increased expression of the ToxT protein
leads to activation of other genes in the ToxR regulon. Thus, ToxR, whose
expression is controlled by environmental factors, remains at the top of
the regulatory cascade that controls the expression of a number of other
genes (Skorupski and Taylor, 1997).
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The coordinated regulation of a number of genes through the toxR
regulon demonstrates that the organism has developed a mechanism of
sampling and responding to its environment. Hence, it seems obvious
that V. cholerae is able to activate or inactivate a set of genes including
those encoding colonization factors or toxins as an appropriate response
to changing environmental conditions.

GENETICS OF THE CELL SURFACE LIPOPOLYSACCHARIDES
Different serogroups of V. cholerae carry distinct cell surface lipopolysac-
charide antigens referred to as the O-antigens. The genes responsible for
the synthesis of O-antigen are present in a cluster designated as the wb*
region. Whereas the serotype-specific genetic region of O1 strains is des-
ignated as wbe, that of the O139 strain is designated as wbf, and these
regions comprise a large number of distinct genes or open reading frames.
Genetic changes in the wb regions can lead to serotype conversion, and
this may occur due to deletion or genetic recombination. For example,
a large portion of DNA corresponding to the wbe region of O1 strains
was found to be missing in 0139 strains, and 0139 strains were found to
have acquired a unique DNA region (Bik et al., 1995, 1996; Sozhamannan
et al., 1999). The emergence of the 0139 epidemic strain of V. cholerae
is assumed to have resulted from horizontal transfer of a fragment of
DNA from an unknown donor into the region responsible for O-antigen
biosynthesis of the seventh pandemic V. cholerae O1 El Tor strain (Stroeher
et al., 1995; Bik et al., 1995; Comstock et al., 1996; Yamasaki et al.,
1999b). It was later shown that the serogroup O139 resulted from a precise
22-kb deletion of the wbe (rfb) region of O1, with replacement by a 35-kb
wbf region (WbfA through wbfX) encoding the O139 O-antigen (Com-
stock et al., 1996). Extensive analysis of 0139 O-antigen biosynthesis
genes showed that these genes have homology with that of several non-
O1 serogroups with maximum homology to the 022 serogroup-specific
genes (Dumontier and Berche, 1998; Yamasaki et al., 1999b). This indi-
cated that the genes for O22-specific antigen could be the origin of the
genes responsible for 0139 biosynthesis genes. Molecular epidemiologi-
cal studies support these findings and indicate that the 0139 strains have
genetic backbones very similar to those of the O1 El Tor Asian seventh
pandemic strains (Berche et al., 1994; Johnson et al., 1994; Waldor and
Mekalanos, 1994). However, unlike V. cholerae O1, serogroup 0139 pos-
sesses a capsule distinct from the lipopolysaccharide antigens and has 3,6-
dideoxyhexose (abequose or colitose), quinovosamine and glucosamine,
and traces of tetradecanoic and hexadecanoic fatty acids (Johnson et al.,
1994).
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MICROEVOLUTION IN VIBRIO CHOLERAE

Epidemiological surveillance of cholera necessitated the development of
new typing methods to differentiate among different clones of V. cholerae.
Vibriophages have been used to type strains based on their susceptibility
to different phages. V. cholerae O1 strains of the same biotype and serotype
can be differentiated into 146 phage types using 10 typing phages (Chat-
topadhyay et al., 1993), and a similar phage-typing scheme has been es-
tablished for the 0139 strains (Chakrabarti et al., 2000). However, until
the development of new genetic typing methods, a standardized scheme
for typing strains was limited in practice.

Multilocus enzyme electrophoresis (MEE) can distinguish between
classical and El Tor strains (Wachsmuth et al., 1994; Freitas et al., 2002) and
has grouped the toxigenic El Tor biotype strains of V. cholerae O1 into four
major clonal groups or electrophoretic types (ET) representing broad geo-
graphical areas which include the Australian clone (ET1), the Gulf Coast
clone (ET2), the seventh pandemic clone (ET3), and the Latin American
clone (ET4) (Chen et al., 1991; Salles and Momen, 1991; Wachsmuth et al.,
1993).

More recently, several new genetic typing schemes, based on restric-
tion fragment length polymorphisms of different genes, were developed.
These included conserved rRNA genes as well as genes encoding virulence
factors, e.g., the ctxAB operon. A standardized ribotyping scheme for V.
cholerae O1 (Popovic et al., 1993) and for O139 (Faruque et al., 2000) that
can distinguish seven different ribotypes among classical strains, twenty
ribotypes and subtypes among El Tor strains, and six distinct ribotypes
among 0139 strains has been effectively used to study the molecular epi-
demiology of cholera. Molecular analysis of epidemic isolates of V. cholerae
between 1961 and 1996 in Bangladesh revealed clonal diversity among
strains isolated during different epidemics (Faruque et al., 1995, 1997a).
These studies demonstrated the transient appearance and disappearance
of more than six ribotypes among classical vibrios at least five ribotypes
of El Tor vibrios, and three different ribotypes of V. cholerae 0139. Dif-
ferent ribotypes often showed different CTX genotypes resulting from
differences in copy number of the CTX element and variations in the
integration site of the CTX element in the chromosome (Faruque et al.,
1997a,b).

Multilocus sequence typing (MLST), a method that is based on partial
nucleotide sequences of multiple (usually around seven) housekeeping
genes, has recently been shown to be a powerful technique for bacte-
rial typing (Maiden et al., 1998). Housekeeping genes are preferred over
virulence-associated genes, because an analysis of mutations (most of
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which are usually synonymous, given the strong selection against changes
of the amino acid sequence in genes coding for proteins required for
growth) in such genes is more likely to adequately reflect the phylogeny
of strains. Results of genetic typing of V. cholerae strains indicate that
there must have been continual emergence of new clones of toxigenic
V. cholerae which replaced existing clones, possibly through natural selec-
tion involving unidentified environmental factors and immunity of the
host population.

EVOLUTIONARY SIGNATURES IN THE WHOLE

GENOME SEQUENCE

The complete genome of a representative V. cholerae O1 El Tor biotype
strain N16961 was sequenced recently (Heidelberg et al., 2000). This se-
quence analysis is expected to represent an important step toward the
molecular description of how this free-living environmental organism is
both naturally occurring in the environment and a human pathogen by
horizontal gene transfer. The impact of lateral gene transfer on bacterial
evolution is underscored by the realization that foreign DNA can repre-
sent up to one-fifth of a given bacterial genome (Ochman et al., 2000).
Even the most clonal bacteria, such as E. coli, are chimeras bearing chro-
mosomal genes (DuBose et al., 1988) and portions of genes of different
ancestries (Bowler et al., 1994). Much of the DNA of bacteria classified as
Escherichia coli has been acquired relatively recently: more than 17% of the
open reading frames of the E. coli K-12 genome was acquired in the last
100 or so million years from organisms with G + C ratios and codon usage
patterns distinguishable from those of other strains of E. coli and closely
related Enterobacteriaceae (Lawrence and Ochman, 1998). The genome of
V. cholerae consists of two circular chromosomes (Trucksis et al., 1998), and
the entire genome sequence of a biotype El Tor strain N16961 has recently
been published (Heidelberg et al., 2000). The larger chromosome (chrl)
was found to contain most of the genes involved in cell division, tran-
scription, and translation. The major pathogenicity-associated elements,
such as the VPI and the CTX prophage, were found to be located on this
chromosome. The smaller chromosome has the majority of hypothetical
genes, the functions of which are not yet well understood.

Recently, a distinct type of integron was discovered in the V. cholerae
genome (Mazel et al., 1998). This element spans 126 kb, gathers at least
179 cassettes into a single structure termed a super-integron, and is located
on the smaller chromosome (Rowe-Magnus and Mazel, 1999; Heidelberg
et al., 2000). There are over a hundred reading frames that have duplicate
copies in both the chromosomes.
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Various features of the smaller chromosome led to the proposal that it
could originally have been a megaplasmid captured by an ancestral Vibrio
sp. Phylogenetic analysis shows that a gene near the putative replication
origin of chr II, but not chr I, shows more affinity to plasmid cognates.
Moreover, genes encoding ribosomal RNAs are found in chr I only. These
differences, along with the fact that chr I contains most of the functional
genes, are best explained by the “megaplasmid hypothesis.” However, the
GC content of the two chromosomes is almost the same, and this would
mean that the two plasmids have been cohabitants for a significantly long
evolutionary time. This finding is in conflict with the megaplasmid hy-
pothesis, leading Waldor and RayChaudhuri (2000) to suggest that the
small chromosome arose by excision from a single large ancestral chro-
mosome. The presence of the two chromosomes could be evolutionarily
advantageous for the organism given the fact that it has a complex life style
involving the varied environments of the human gut and the estuarine
habitat. Heidelberg et al. (2000) have also proposed that single chromo-
some cells may be generated in response to environmental signals, such
that metabolic functions would continue but valuable nutrients would
not be used up in replicating the cells. Such metabolically active, replica-
tion defective cells, called “drones,” could aid the normal cells in bacterial
biofilms or may be the viable but nonculturable cells of Vibrio cholerae
described by Colwell and colleagues (Colwell and Grimes, 2000).

CONCLUDING REMARKS

There are still many intriguing questions concerning the evolution of vib-
rios. The number of Vibrio spp. recognized within the genus Vibrio has
currently expanded to 55 (http://www.gbf.de/dsmz/bactnom/bactname.
htm), of which at least 11 are known to be associated with human dis-
ease. From this plethora of vibrios, why was V. cholerae selected by nature
to be both environmentally and clinically significant, becoming an effi-
cient human pathogen? This relates to its genetic background, compared
to other Vibrio spp., and would presumably include the amenability of
V. cholerae to receive and thereby acquire foreign DNA. Only recently have
a few serogroups of another Vibrio, namely V. parahaemolyticus, acquired
pandemic potential, causing a pandemic that included eight countries
(Okuda et al., 1997; Chowdhury et al., 2000; Matsumoto et al., 2000).
As more whole genome sequences of Vibrio spp. are completed, answers
to this and other questions will become available. At the time of writing
this chapter, we are aware that the whole genome sequence of V. para-
haemolyticus has just been completed. The other enigma is why, within
the species V. cholerae, have only certain serogroups acquired the ability
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to cause cholera and to be associated with pandemics of cholera, despite
the fact that, taxonomically, differences at the species level have not been
observed among the serogroups that cause cholera and those that do not
(Citarella and Colwell, 1970; Colwell, 1973). Answers to some of these
perplexing questions will allow us to better understand the evolution of
this enigmatic but fascinating organism.
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Evolutionary Dynamics of Daphnia and
Their Microparasites

Tom Little and Dieter Ebert

INTRODUCTION

Haldane (1949) was one of the first to speculate that the genetic outcome
of parasitic interactions may have profound implications, in particular,
that frequency-dependent selection on host and parasite polymorphisms
can maintain genetic variation and promote sexual reproduction. Much
theoretical work since then has supported his early insights: dynamic ge-
netic polymorphisms or arms races are a common outcome of computer
simulations of host—parasite coevolution. Recent theory now prompts us
to ask precise questions about parasite-associated dynamics: Do host and
parasite alleles cycle with regularity or as bursts followed by long periods of
stasis? Do arms races result from directional selection on mutational input
or does selection maintain alleles to antiquity (Hill et al., 1992; Hughes
and Nei, 1992; Stahl et al., 1999)? The other major line of theory on host-
parasite interactions, also foreshadowed by Haldane, concerns the evolu-
tion of virulence (the damage to the host caused by parasites), and this
work has now developed explicit predictions concerning the conditions
under which parasites ought to evolve towards doing greater or less harm
to their hosts (Anderson and May, 1982; Ewald, 1983).

Probing these questions and predictions will shed light on the evo-
lutionary significance of parasitism as envisioned by Haldane (1949) and
others, because the exact tempo, mode, and outcome of selection matter
if we are to properly evaluate the evolutionary significance of parasitism.
However, empirical evidence lags behind theory, and it remains uncertain
just how widespread and strong is genetic change associated with parasitic
interactions in the wild. Gathering empirical evidence for these issues is
no easy task. Ideally, the natural world would mirror that of theoretical
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studies, and hosts and parasites would possess just one or a few genes rele-
vant for their engagement, and biologists would possess markers for these
genes. Nature not been so permissive, but research using model systems
have nevertheless made great progress (e.g., Burdon, Thrall, and Brown,
1999; Gemmill, Viney, and Read, 1997; Lively, Craddock, and Vrijenhoek,
1990; Schmid-Hempel, 1995).

As a starting point for research on coevolutionary issues, host—parasite
coevolution is usefully defined as reciprocal natural selection on parasite
infectivity and host resistance (Thompson, 1994). Thus, one approach to
the study of coevolution is to look for evidence of natural selection on
these traits, and to simplify the burden, evolutionary parasitologists have
typically probed one-half of the coevolutionary coin at a time. With this
approach, the study of coevolution differs little from the study of natural
selection generally, in that one examines patterns of genetic variation in
space and time to detect evidence of adaptive genetic change. We and our
colleagues have used such a framework with a model system, the plank-
tonic crustacean Daphnia (Cladocera: Crustacea) and its various bacterial,
fungal, and microsporidial parasites. In this chapter we review what we
have learned from empirical work on this system, which encompasses
field studies, laboratory experiments, experimental evolution, and the use
of a variety of genetic markers. We start with an outline of the biologi-
cal features we exploit, and then we provide a summary of recent data,
classified as to whether it illustrates genetic variation among populations,
within populations, or through time.

THE DAPHNIA-MICROPARASITE SYSTEM

Daphnia are small (0.5-4.0 mm) ubiquitous fresh-water crustaceans that
have a generation time of about one week so the evolution of populations
(in the lab or the field) can be observed within practical time frames. The
small size and ease of handling of Daphnia permits the collection of large
samples from the wild and the maintenance of thousands of individuals
in the lab. Thus, Daphnia have proven themselves model organisms in
both the field and the lab and are practical for linking field to lab stud-
ies. Especially useful is the fact that Daphnia may reproduce either clon-
ally or sexually and that this can be controlled by the experimenter. Sex-
ual reproduction permits crossing experiments and studies of inheritance,
and clonal reproduction allows us to replicate genotypes captured in the
field, i.e., to “freeze” the population genetic structure from a given time
point. This latter point is key, because it allows us to capture a living
snapshot and use this in experiments which verify the cause(s) of field
patterns.
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Daphnia are attacked by a wide array of microparasites (sensu Anderson
and May, 1981), with bacterial, fungal, and microsporidial parasites be-
ing particularly common (Green, 1974; Little and Ebert, 1999; Stirnadel
and Ebert, 1997). Many of these parasites are known to affect the fitness
of their victims substantially (Ebert, 1995; Green, 1974; Little and Ebert,
1999; Mangin, Lipsitch, and Ebert, 1995; Schwartz and Cameron, 1993;
Stirnadel, 1994; Stirnadel and Ebert, 1997), with sites of infection includ-
ing the gut, ovaries, fat cells, the muscles that control the swimming
antennae, the epidermis, hemolymph, and the eggs. Parasite biomass
within hosts is often considerable, and because Daphnia have a transpar-
ent carapace, it is possible to detect many infections without dissection
(Ebert and Mangin, 1995; Ebert et al., 1996; Stirnadel and Ebert, 1997),
although this is not possible with some of the parasites that infect the
gut, and for viruses. Laboratory microcosm studies have shown that many
of these parasites can strongly affect population sizes (Ebert, Lipsitch, and
Mangin, 2000), as is generally accepted for most parasite-host interactions
(Tompkins and Begon, 1999). In this chapter we focus on evidence that
parasitic interactions affect population genetic structure.

HOST AND PARASITE GENETIC VARIATION AND

RELATED PHENOMENA

As a starting point for detecting evolutionary dynamics in the Daphnia—
microparasite system, numerous studies have tested for genetic variation
that is related to host and pathogen traits. Genetic variation provides the
fuel for evolutionary change, and all models of host—parasite coevolution
assume its existence in one form or another. For the Daphnia system, tests
for genetic variation have been carried out both among and within pop-
ulations, and in some cases it has been possible to explicitly test if the
variation is adaptive.

Among Population Variation

Analyses of variation among populations have revealed large differences
in rates of parasitic attack (Little and Ebert, 1999; Stirnadel, 1994) and the
presence of genetic variation in both hosts and parasites. For example,
laboratory exposures of hosts and pathogens show that the spore dose
required to establish infections can vary 1,000-fold depending on the
particular host and parasite population studied (Little and Ebert, 2000a).
Variation among populations in Daphnia—parasite interactions is, in some
cases, a result of adaptation. In particular, studies of patterns among pop-
ulations detected a local adaptation of parasites to their hosts using the
host species D. magna and the horizontally transferred microsporidian
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Glucoides intestinalis (formerly called Pleistophora intestinalis) (Ebert, 1994).
Infectivity and virulence were higher in sympatric compared to allopatric
host-parasite combinations, and both traits decreased with increasing geo-
graphic distance between the host and parasite populations, probably due
to genetic isolation with distance (Ebert, 1994). Such local parasite adapta-
tion indicates that parasites have evolved to maximize fitness on the hosts
they commonly encounter and that they have a relative advantage in any
arms race that might be occurring. Among-population studies using an-
other parasite, the bacterium Pasteuria ramosa, of D. magna, did not show
a clear pattern of local adaptation (Ebert, Zschokke-Rohringer, and Carius,
1998). However, in the D. magna—P. ramosa study, genetic variation for
resistance among host genotypes within populations was very high and
likely obscured any among-population pattern of adaptation, i.e., there
was considerably greater specialization within than among populations.

Looking beyond Daphnia, reviews of other host-pathogen systems
(Kaltz and Shykoff, 1998; Lajeunesse and Forbes, 2001) indicate that there
are just as many studies that failed to show local adaptation as did show
it. Undoubtedly, a great many factors can influence the occurrence of lo-
cal adaptation, and the range of outcomes observed in studies of local
adaptation indeed suggests that the biological factors particular to each
system make generalizations about local adaptation difficult. For exam-
ple, depending on the relative migration rates of host and parasite among
populations (or possibly from seed banks (Little and Ebert, 2001)), one
could observe either a pattern of local host adaptation or local parasite
adaptation (Dybdahl and Lively, 1996; Ebert, 1994; Kaltz and Shykoff,
1998; Lively, 1989). Migration rates and gene flow are well studied, though
inconclusive, in Daphnia (De Meester et al., 2002), whereas aspects of par-
asite movement remain unstudied, probably due to a lack of molecular
markers. Alternatively, the occurrence of local adaptation may depend
on the host range of each parasite (Lajeunesse and Forbes, 2001) with
broader host range parasites being less likely than narrow host range par-
asites to show local adaptation to any particular host. Multiple hosts for
Daphnia parasites are not common, and both Daphnia parasites that have
been analyzed for local adaptation are directly horizontally transmitted to
new hosts, although it is not absolutely certain if these interactions are as
species-specific as they appear.

Within Population Variation

From the beginning of the molecular era, field studies of Daphnia popula-
tions have shown that clonal frequencies within populations may fluctu-
ate wildly (Hebert, 1974a,b). The causes of these fluctuations were not
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Figure 9.1. Examples of Daphnia populations for which the frequency of host
genotypes (clones identified with allozymes) differed between the parasitized and
unparasitized class of individuals. Arrows indicate particular host clones that were
showing either very strong resistance or very high susceptibility in the field. (A) A
population of D. longispina infected with Thelohania sp. (B) A population of D. puli-
caria infected with Thelohania sp. (C) A population of D. longispina infected with
microsporidian 1. (D) A population of D. longispina infected with microsporidian 4.
Data are from Little and Ebert (1999).

established, but the dynamics were certainly consistent with parasite-
driven genetic change. Little and Ebert (1999) showed the potential for
these fluctuations to be caused by parasitic interactions by surveying
allozyme variation in a range of Daphnia host and parasite species. In
particular, they detected significant differences between the genotypic
composition of parasitized and healthy Daphnia in 12 populations of 35
populations studied (Figure 9.1). This pattern indicates that the propor-
tion of individuals infected commonly varies among host clones. Using
allozymes to detect genetic variation for resistance within populations is
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possible because, in clonal organisms such as Daphnia, non-random as-
sociations between fitness-related loci and allozymes arise through the
hitchhiking of allozymes with gene complexes that are under selection. A
single bout of sexual reproduction will, however, considerably diminish
these epistatic associations, and thus the utility of using allozymes to de-
tect genetic variation due to parasitism (or any selective agent) depends
critically on levels of sexual recruitment. In many Daphnia populations it
appears that sexual recruitment is too frequent for allozyme studies such
as that by Little and Ebert (1999) to be effective (Little and Ebert, 2000b).
Thus, the overall impression from field studies of Daphnia is that genetic
variation is widespread. Daphnia are not unique in this respect — virtu-
ally all studied host-pathogen associations appear to show considerable
potential for parasite-mediated selection (reviewed in Little, 2002).

One aspect of within-population variation particularly emphasized by
Haldane (1949) and later workers (Dybdahl and Lively, 1995) as a key
mechanism driving frequency-dependent selection is parasite adaptation
to common host clones. Briefly, parasite genotypes infective on the most
common host genotype will be the most successful because they have the
largest population of hosts available to them. Naively, one might predict
that common host clones therefore tend to be over-parasitized. However,
by virtue of being the target of parasite-mediated selection, common geno-
types ought to decline in frequency. Particular host genotypes will thus
oscillate between high and low frequency and also between being under-
parasitized and over-parasitized. These oscillations make it difficult, or
perhaps impossible, to determine if “over-infected” clones tend to be com-
mon ones (Dybdahl and Lively, 1995). Frank (1991) predicted that such
temporal dynamics would generate a spatial pattern in which each popu-
lation is in a different part of the cycle by chance alone. Thus, even in the
presence of substantial clonal variation for infection, averaged over many
populations, the clonal composition of the parasitized class should not
differ from that of the random class. In agreement, Little and Ebert (1999)
found significantly “over-parasitized” allozymic clones of Daphnia to span
a full range of frequencies. Studies on other systems have concluded sim-
ilarly (Dybdahl and Lively, 1995; Kaltz and Shykoff, 1998).

Laboratory studies have largely verified the evidence from molecular-
based field work; under controlled environmental conditions, genetic vari-
ation for resistance within Daphnia populations is high (Ebert et al., 1998;
Little and Ebert, 2000a, 2001). Moreover, studies have successfully linked
laboratory results to field patterns. In particular, for many populations, in-
dividuals who were infected in field samples (but were subsequently cured
with antibiotics and then raised in the laboratory) were more susceptible
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Figure 9.2. Experimental susceptibility of D. magna that were infected at the time
of collection (but were “cured” with antibiotics prior to experimentation) was higher
than that of hosts that were “healthy” at the time of collection. These experiments
were conducted with up to three spore doses of Pasteuria ramosa. Data are from
Little and Ebert (2000a).

than individuals who were healthy in field samples, under controlled con-
ditions (Figure 9.2). Such a pattern unambiguously shows the effect of host
genetic factors on the expression of disease in the wild. Not in all popula-
tions, however, was it clear that genetic factors influenced the expression
of disease, and these deviations from the general pattern indicate the im-
portance of environmental noise or genotype by environment interactions
(Little and Ebert, 2000a).

Genetic variation on the parasite side has also been detected in abun-
dance within populations of D. magna and the bacterium P. ramosa (Carius,
Little, and Ebert, 2001). This parasite strain variation occurs simultane-
ously with host variation, thereby revealing significant host-genotype by
parasite-genotype interactions, i.e., the susceptibility of a particular host
genotype depends on which parasite genotype it encounters, and the in-
fectivity of a particular parasite strain depends on which host genotype it
encounters (see also Wedekind and Ruetschi, 2000). In addition, the range
of specificities present within the populations studied by Carius et al.
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(2001) was limited: there were no host strains resistant to all pathogen
strains, or pathogen strains universally infective on all host strains. These
two patterns - specificity and lack of universality — are both key assump-
tions in models for maintenance of genetic variability through frequency-
dependent selection.

Moreover, these patterns shed light on the sort of genetic control of
resistance present in this system. Much debate on the genetic control of
interactions has centered on whether “matching allele” models or “gene-
for-gene” systems are prevalent in nature. The patterns from the D. magna/
P. ramosa interaction are more in line with the matching allele model, es-
pecially given the lack of an overall superior genotype on either the host or
parasite side. A matching allele system is more likely than a gene-for gene
system to exhibit frequency-dependent dynamics and lead to the main-
tenance of sexual reproduction (Clay and Kover, 1996; Frank, 1996a,b;
Parker, 1994, 1996). To what extent the results of Carius et al. (2001) can
be generalized remains an important and pressing question, and stud-
ies on other systems are needed to verify whether the requirements for
frequency-dependent dynamics are commonly met in the wild.

The genetic basis of genetic variation for infectivity or resistance has
yet to be fully elucidated in most systems under study. It remains largely
uncertain if resistance is conferred by single genes of large effect, a few
major genes, or is polygenic (Sorci, Moller, and Boulinier, 1997). Are the
genes involved strictly part of the innate immune system? Alternatively,
are there major genes relevant to immunity because, for example, their
constant presence in cell membranes prevents invasion in the first place?
If the basis of resistance is polygenic, it could be due to a general effi-
ciency at parasite clearance from the action of many enzyme pathways
or to a complex behavioral trait. This latter possibility has been shown in
Daphnia, providing the only clear understanding we presently have of the
mechanisms behind resistance. Daphnia magna genotypes differ in their
tendency to occupy the upper or lower portions of the water column.
Those with a predilection for the deeper regions more often encounter
parasite spores, which are abundant in pond sediments (Decaestecker, De
Meester, and Ebert, 2002). Interestingly, however, parasite-mediated selec-
tion in favor of hosts that inhabit the upper regions of the water column is
constrained because the risk of mortality due to visual hunting predators
(mostly fish) is greater higher up. The study of Decaestecker et al. (2002)
therefore provided a clear example of a trade-off encountered when or-
ganisms face multiple enemies.

Further efforts to identify the genetic basis of parasitic interactions in
the Daphnia system are ongoing through the use of breeding experiments
and molecular analyses. Gaps in the understanding of the genetic basis
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of resistance and infectivity (or adaptation generally) are widespread (Orr
and Irving, 1997; Sorci et al., 1997). For example, considering all the ar-
thropoda, it is essentially unknown which immune system genes might be
the targets of diversifying pathogen-mediated selection. By analogy with
plants and vertebrates, genetically diverse immune system genes would
be those involved in the recognition of invading pathogens (Apanius
et al., 1997; Stahl and Bishop, 2000), although in plants it appears that
pathogen-attack molecules (specifially, chitinases) also show very high
rates of diversity due to pathogen-mediated selection (Bishop, Dean, and
Mitchell-Olds, 2000). Population genetic studies of the invertebrate im-
mune system have so far not examined pathogen-recognition molecules.
Genes that have been examined (all in Drosophila) include a number of
cytosolic antimicrobial peptides (molecules in the final phase of the im-
mune response that attack and destroy pathogens) (Clark and Wang, 1997;
Lazzaro and Clark, 2001) and one of their transcription factors (Begun and
Whitley, 2000). Results from these studies have been mixed — some genes
show evidence of rapid evolution; others appear to be under purifying
selection. No invertebrate immune-related gene has yet to reveal evidence
of long-term persistence of alleles as has been observed for both MHC
alleles in vertebrates and r-genes of plants. Clearly, much work needs to be
done identifying genes involved in arthropod host-pathogen arms races,
and we believe Daphnia should play a central role in such studies. The
water flea may not be the host that immediately comes to mind for such
studies; ideally, one would like a species for which extensive information
on the genetic basis of host resistance is available. But obvious candidates
like Drosophila and mosquitoes have a number of disadvantages. Most
importantly, neither they nor any of their parasites can be cloned, and
thus genotypes in the arms race cannot be extracted from the field and
replicated for experimentation. In the case of Drosophila, there really are
no established host-parasite systems, though parasitoids are well studied
(e.g., Kraaijeveld and Godfray, 1999). For mosquitoes, we also lack much
basic information about the ecology of their parasites in the field and, as is
the case for malaria parasites, the parasites do not readily lend themselves
to coevolutionary experiments or field manipulations. The major draw-
back of using Daphnia is of course the lack of knowledge at the molecular
level, but efforts to accelerate Daphnia genomics are ongoing (Couzin,
2002; see also http://cgb.indiana.edu/genomics/projects/daphnia/).

EVOLUTIONARY DYNAMICS AND RELATED PHENOMENA

Showing genetic variation in host-parasite interactions, i.e., the potential
for dynamics, has proven easier than actually showing a response to selec-
tion in almost all systems studied, including Daphnia (Little, 2002). This
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is especially true for field studies, whereas the relatively simplified world
of laboratory-based microcosms has shown more interpretable dynamic
patterns. This is to be expected; the response to selection may be difficult
to detect where genetic variance is small relative to the background of
environmental variance, as is the case in noisy natural environments.

Host Dynamics
The first tests for genetic change over time due to parasites in the Daphnia
system used molecular markers (allozymes) to test whether relatively over-
parasitized host clones tended to decline in frequency whereas relatively
uninfected hosts tended to rise in frequency (Little and Ebert, 1999). In
some populations, gene frequency changes occurred in line with predic-
tions based on genetic variation for resistance, but this was not so in
other populations. However, those populations for which gene frequency
changes did not appear to be caused by parasitism were those with low
parasite prevalence and/or those containing a large number of rare clones
such that statistical power to detect clonal fluctuations was weak. Thus,
the overall impression from allozyme-based field studies was that parasites
were indeed driving (sometimes extremely rapid) gene frequency changes
and shifting populations towards genetic disequilibria (Figure 9.3).

However, testing of representative host population samples in the lab-
oratory indicated that population mean resistance to the bacterium P.
ramosa did not change markedly between (Little and Ebert, 2001) or within
years (S. Mitchell, T. Little, and A. Read, personal communication, 2002),
even though the populations studied possessed abundant genetic varia-
tion. For some populations and for some traits, small but significant in-
creases in host resistance were detected between years, but the impression
was hardly one of a rapid dynamic. Laboratory microcosm work (Capaul
and Ebert, 2002), by contrast, showed strong parasite-mediated gene fre-
quency changes, although this was for infection with two gut-infecting
microsporidians (which reduce both mortality and fecundity by about
20%), and the (seemingly) more virulent P. ramosa, which usually ren-
ders hosts completely sterile, was not tested. The contrast between the
microcosm results for the two microsporidians and the field-based work
on P. ramosa is somewhat typical — the relatively simplified world of the
microcosm yields results that seem meaningful, whereas studies that ac-
commodate the full range of environmental uncertainties associated with
the field yield results that would not have been expected based on naive
interpretation of patterns of genetic variation for resistance.

Studies of a variety of trade-offs have shed light on responses to selec-
tion in the Daphnia system. First, it appears that resistance to one para-
site species does not necessarily confer resistance to another (Capaul and
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Ebert, 2002; Decaestecker et al., 2003), although general resistance to a
range of parasites does account for some hosts variation for resistance.
The lack of strong genetic correlations in resistance indicates that selec-
tion by different parasites is independent, and this ought to provide con-
siderable evolutionary flexibility for hosts faced with multiple enemies.
It also appears that resistance to parasites is not traded-off against other
fitness traits, for example, life-history traits or competitive ability (Capaul
and Ebert, 2002; Little et al., 2001). Clonal organisms such as Daphnia
provide a good opportunity to estimate fitness by measuring competitive
ability. The preservation of genetic backgrounds via clonal reproduction
permits the estimation of fitness in multi-generational competition assays
which account for all relevant life-history variation so that even small fit-
ness differences are amplified and detectable (Bell, 1997). Nevertheless, the
isolates tested by Capaul and Ebert (2002) and by Little and Ebert (2001),
which varied in resistance characteristics, did not differ in competitive
ability in a way that was related to resistance. It may be that artificially
selected (as opposed to the naturally occurring genotypes so far studied
in Daphnia) lines offer the best opportunity to detect costs because their
allocation to defense is sufficiently extreme that the traits against which
resources have been traded-off can be detected.

Parasite Dynamics
One of the populations studied by Little and Ebert (2001) was tested for
a change in the mean infectivity of the parasite (Pasteuria ramosa) popu-
lation between years. As with the hosts in this population, these parasites
had been the target of a study of strain variation for infectivity (Carius
et al., 2001), and the potential for genetic change was also considerable.
However, as with the hosts, there was little evidence of a strong dynamic.
It is, again, possible that environmental noise and/or gene flow swamped
adaptation and genetic change in the parasite population, although other
explanations remain unexplored. For example, the parasite spore solutions
that were used contained a mixture of parasite strains, so it is possible
that interactions between parasite strains, as occurs in malarial infections
(Taylor, Walliker, and Read, 1997), gave the spore solutions infective prop-
erties that did not reflect the natural situation. The incidence and dynam-
ics of mixed infections in Daphnia are unstudied but potentially important
issues. Future studies might investigate natural mixed infections by puri-
fying strains obtained from single wild-caught individuals.

Experimental evolution in microcosms offers a method to test for para-
site evolution over time in laboratory parasite populations without much
of the noise of natural systems while retaining a reasonable measure of
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realism. Experimental evolution differs from selection experiments in at
least two critical ways. Under experimental evolution, the experimenter
does not select the traits of interest. Instead, the experiment imposes con-
ditions upon populations of organisms and allows the organisms to find
a solution by evolving towards a state that is better suited to the imposed
conditions. By imposing particular conditions, one can make clear pre-
dictions about the course of evolution. The predictions used in studies of
experimental evolution of Daphnia parasites are based on conventional
theory regarding the evolution of virulence (Anderson and May, 1982;
Ewald, 1983). Briefly, the theory assumes that a correlation between trans-
mission and host survival (and therefore parasite survival) is based on an
evolutionary trade-off for the parasite. If parasites have a low level of re-
production, this will have little impact on host longevity, but this results
in a low level of transmission and fitness for the parasite. At the other ex-
treme, a high level of parasite reproduction results in high transmission,
but the period of transmission may be brief due to the reduced life span
of the heavily diseased host. The evolutionary optimum for the parasite is
to balance virulence and reproduction such that its fitness (i.e., trans-
mission rate) is maximized over the course of infection. This optimum is
influenced by, among other factors, expected life span of the host, within-
host competition between parasite genotypes, host density, and the effec-
tiveness of the host immune response (which is possibly related to host
genotype).

Ebert and Mangin (1997) used experimental evolution to study the ef-
fect of changes in host demography on the virulence of the microsporidian
G. intestinalis. In particular they predicted that parasite evolution due to
increased host mortality should select for higher virulence and this ought
to be evident as a faster parasite growth rate. Ebert and Mangin (1997)
imposed various levels of extrinsic host mortality on infected host pop-
ulations but culling. They observed, contrary to initial predictions, an
increase in virulence in parasites from host populations with the longest
life span but not in those infecting short-lived hosts. However, Ebert and
Mangin (1997) provided evidence that within-host competition among
parasite genotypes was greater in long-lived hosts. Within-host compe-
tition is thought to drive the evolution of higher virulence (Nowak and
May, 1994), and thus this study of experimental evolution indicates the
strength of parasite competition relative to the effect of host life span. In
addition, this study confirmed that higher levels of parasite reproduction
underpinned greater virulence (for discussion, see Ebert, 1998; Hochberg,
1998).
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CONCLUSIONS AND FUTURE DIRECTIONS
Two major lines of theoretical endeavor into the genetics of host-parasite
coevolution are

(a) modeling of frequency-dependent dynamics, which largely extends
Haldane’s (1949) verbal arguments about the evolutionary aspects of
antagonist interactions, and

(b) modeling of the evolution of virulence, which principally concerns the
trade-off for the parasite between transmission and optimal virulence,
and the conditions under which virulence optima vary.

Empirical works on the Daphnia—microparasite system has principally
tested predictions stemming from these two lines of inquiry.

Revealed is the widespread occurrence of genetic variation for host re-
sistance and parasite infectivity in natural populations. Field studies have
shown that certain genotypes are associated with disease, and laboratory
work has verified that genetic variation is indeed an important determi-
nant of infection. Evolutionary dynamics or a response to selection, be
it in parasites or hosts, has been evident in some studies and under some
conditions but not in others. Why this is so is not yet certain, but elucidat-
ing the tempo and mode of parasite-associated genetic change should be a
priority. For some theories, it can be argued that if dynamics are sufficiently
common and powerful enough to generate the evolutionary phenomena
attributed to them, then rapid fluctuations in gene frequencies should be
observable, both in the field and in real time. In particular, theoretical re-
sults that support the notion that coevolutionary interactions can select
for sexual reproduction (the Red Queen hypothesis) usually require rapid
allele frequency fluctuations (Howard and Lively, 1994; May and Anderson
1983; Peters and Lively, 1999).

We see the need for the following studies on factors which influence
evolutionary dynamics:

(1) Studies of constraints on selection due to environmental factors. How
large is the environmental variance around infection patterns in the
field? How important are genotype (G) by environment (E) interac-
tions? The most obvious environmental factor that could be used to
explore G x E interactions is temperature. Daphnia certainly experi-
ence large temperature fluctuations on a daily and monthly basis, and
the importance of interactions between temperature and infection in
other arthropods has been shown (e.g., Blanford and Thomas, 2001).
“Migration” from host or parasite “seed” banks (Daphnia produce
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resting stages called epphipia, and many of their parasites also have
resting stages) may also have a critical influence on evolutionary
dynamics.

(2) Elucidating the genetic basis of resistance and infectivity should be a
priority. Whether these traits are controlled by one, a few, or many
genes has crucial bearing on the evolutionary significance of para-
sitism. In addition to knowing the number of genes involved, identi-
tying those genes will be important. It is helpful that genome projects
and functional analyses of immune-system genes are elucidating the
genetic basis of arthropod host-pathogen interactions at an astonish-
ing rate. However, it will also be critical to perform population genetic
analyses (e.g., analyses of rates of synonymous to nonsynonymous nu-
cleotide substitution) to establish which genes have been the target of
diversifying pathogen-mediated selection. Variation due to arms races
and other diversifying modes of pathogen-mediated selection under-
pins theory on the evolution of virulence. In particular, variation in
infection rates and disease symptoms is attributable, in part, to genetic
variation arising due to pathogen-mediated diversification. Therefore,
to identify host genetic polymorphism involved in arms races in nat-
ural populations is to identify genes that determine virulence in the
wild.

(3) Most of our ideas about Daphnia epidemiology stem from extrapola-
tions from a particular set of models (Anderson and May, 1982; May
and Anderson, 1983, 1990). We have little data on the factors that
influence the spread of parasites in natural populations. Why do par-
asites disappear from populations despite the continual presence of
susceptible hosts? Does mortality limit the transmission of parasites?
How does competition among hosts and among parasites influence
epidemics? Generally, what governs transmission dynamics? We re-
quire data bearing on these epidemiological questions to fully under-
stand evolutionary dynamics.

In conclusion, although the evolutionary significance of parasitism
remains uncertain, model systems such as the Daphnia-microparasite in-
teraction have supplied a large measure of support for the notion that par-
asites have a strong influence on the genetic structure of host populations
and that hosts in turn rapidly influence parasite adaptation. Much work
remains to be done, but more than 50 years after Haldane first outlined
his theory of disease and evolution, interaction with biological enemies
remains an appealing explanation for the paradox of sexual reproduction
and the maintenance of genetic variation in the wild.
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Human Susceptibility to Visceral Leishmaniasis
(Leishmania donovani) and to Schistosomiasis
(Schistosoma mansoni) Is Controlled by Major
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SUSCEPTIBILITY TO SEVERE DISEASE DURING AN OUTBREAK OF
VISCERAL LEISHMANIASIS IN A SUDANESE VILLAGE

Visceral leishmaniasis (VL) is caused by protozoan parasites of the
Leishmania genus that are transmitted to humans by infected sand-
flies (Figure 10.1a). Parasites rapidly invade host phagocytes and multi-
ply inside phagolysosomes. Clinical disease is primarily due to the un-
controlled multiplication of the parasite in many organs including the
spleen and the liver; clinical symptoms include recurrent fever, consid-
erable splenomegaly, hepatomegaly, and adenopathy (1). Death is cer-
tain if the patient is left untreated. Violent outbreaks of VL have oc-
curred in regions of eastern Africa (2) (Kenya, Sudan) and in India (Bihar).
VL is endemic in South America and in the Mediterranean basin. VL
is caused by three Leishmania species: Leishmania donovani, L. chagasi/
infantum, and L. archibaldi (L. donovani being the most pathogenic) (3).
To identify the principal risk factors in VL, we carried out a five-year lon-
gitudinal study on 1,600 subjects from a village located on the Sudanese-
Ethiopian border. The study was initiated in 1995 when the number of VL
cases had just begun to rise in the village (4). Within five years, 28% of
the population had been affected by VL. Most of these VL patients were
treated and cured. Unfortunately, a small percentage either failed to re-
spond to treatment or were not treated because of the difficulties involved
in reaching them during the rainy season.

The immunological evaluation of one-third of the village population
showed that, although they had not developed VL, healthy subjects had
been exposed to infection, as 80% of them exhibited Leishmania-specific
antibodies (Ab) (5). Individuals of less than 30 years, who were born in the
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village, had to have been exposed to the infection during this epidemic.
The older subjects could have been exposed to VL during a previous out-
break that occurred in the area some 40 years ago or before settling in the
village. As exposure did not differ much according to age or gender, it is
likely that transmission occurred in the village itself and not in the forests
near the village. Consistent with this hypothesis, large numbers of Phle-
botomus orientalis, the vector of Leishmania donovani in Sudan, were found
inside huts in the village (6). We looked for eco-epidemiological factors
that could account for phenotypic heterogeneity (VL, asymptomatic) in
this population: the presence of certain animals near households and cer-
tain types of vegetation were found to increase the risk of VL. The most
important risk factors were the ethnic and family origins (7), which sug-
gests that hereditary factors are important determinants in the develop-
ment of disease. The study population comprised three ethnic groups: the
Aringas, the Haoussas, and the Fellatas. The incidence of VL was higher
in the Aringas than in the two other ethnic groups at all times during
the outbreak (Figure 10.2). Interestingly, the incidence of VL was strongly
age-dependent in the Aringas but not in the other two groups. This
suggests that these ethnic groups harbor specific susceptibility factors as
these tribes live close to each other in the village and probably experi-
enced similar conditions of exposure to infection (7). Furthermore, young
Aringas were especially susceptible, suggesting that children harbor some
specific susceptibility factors. This view is also supported by the observa-
tion that adults developed VL late in the outbreak, whereas almost 20% of

Figure 10.1. (a) Leishmania Life Cycle. When the sandfly feeds, metacyclic pro-
mastigotes (a) are delivered into the vertebrate host where they are phagocytosed
by macrophages. The promastigotes are then converted into amastigotes (b) within
the phagolysosome and undergo multiple rounds of binary fission. The infected
macrophages lyse (c) and release the amastigotes, which are taken up by other
macrophages, thus reinitiating the replication cycle. Infected macrophages are also
ingested by the sandfly (d). Amastigotes are released and convert to promastigotes
in the gut of the sandfly (e) where they replicate by binary fission and migrate to
the foregut. Biochemical changes in the promastigote surface and slight morpho-
logical changes occur as the parasite stops replicating and develops into infective
metacyclic promastigotes. (b) Schistosoma Life Cycle. Infection occurs when cer-
cariae (a) penetrate the skin while the human, the definitive host, is in the water.
The cercaria loses its tail and becomes a schistosomule (b), which moves through
various tissues to the mesenteric veins where it matures into an adult worm (c).
Females release eggs (d), which are eliminated in the feces. When it comes into
contact with water, the egg hatches and liberates a miracidium (e), which infects
the mollusc vector (Biophalaria glabrata).
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Figure 10.2. The incidence of VL during an outbreak in Barbar El Fugara varied
according to ethnic group. Cumulative incidence of VL per age group during the
outbreak period among the population living in the central district of the village:
426, 133, and 101 subjects belonged to the Aringa, Haoussa, and Fellata ethnic
groups, respectively. The cumulative incidence of VL was higher in the Aringas than
among the Haoussas and Fellatas. Among the Aringas, children and teenagers were
the most affected, whereas among the Haoussas and Fellatas, all age groups had
a similar risk of developing the disease.

children and teenagers were infected just two to three years after the start
of the outbreak (Figure 10.3). We shall see that the results of the genetic
analysis also support the view that early and late VL (during the outbreak)
might be due to different susceptibility factors. In addition, some sub-
jects developed VL one or two years after infection had been detected by
serological tests (5).

SUSCEPTIBILITY TO VISCERAL LEISHMANIASIS IS DETERMINED
BY A MAJOR SUSCEPTIBILITY LOCUS
The analysis of the distribution of VL cases in large pedigrees failed to
reveal a Mendelian pattern of segregation, and a segregation analysis per-
formed on these families did not find a simple Mendelian model fitting
the distribution of VL cases (Bucheton et al., unpublished data).
Nevertheless, studies in mice convincingly demonstrated that the sus-
ceptibility of inbred strains of mice to infection by L. donovani is controlled
by the Ish locus (8, 9), which contains Nramp1 (10), in the early phase of
the infection, and by the HLA locus (11) in the later phase. The Nrampl
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Figure 10.3. Younger subjects developed VL early in the outbreak, whereas older
adults developed the disease toward the end of the outbreak. Annual incidence
of VL during the outbreak for the population of the central district of Barbar El
Fugara for subjects aged less than 20 years (396 subjects) and for subjects aged
more than 30 years (165 subjects).

product is a divalent cation transporter found in the membranes of in-
tracellular vesicular compartments (12, 13). It is thought to regulate
microbicidal enzyme activities in phagolysosomes where mycobacteria
and Leishmania multiply (14). Allelic forms of the human orthologue or
NRAMP1 (15) have been shown to be associated with increased suscep-
tibility to human tuberculosis (16) and leprosy (17, 18), and a NRAMP1
promoter polymorphism has been shown to be associated with different
levels of mRNA in vitro (19). This is reviewed in another chapter of this
book.

For these reasons, we tested whether the NRAMPI gene region was
linked to VL in our multicase families. The analysis was carried out for
NRAMP1 together with four other regions containing candidate genes (20).
The results show evidence for linkage (p = 0.01) between VL and the
NRAMP1 region. These data, however, require confirmation in a larger
population sample to increase the statistical significance.

To conduct a more general search for a susceptibility locus, we per-
formed a linkage analysis on affected siblings and screened the whole pa-
tient genome using microsatellite markers providing a 10-20 cM linkage
map. Linkage was tested by the maximum-likelihood binomial method
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that allows the inclusion of more than two affected siblings from the same
family and does not need to decompose sib-ships with more than two af-
fected into constitutive sib-pairs (21). The study was performed in two
steps: first, the genomes of 106 affected siblings belonging to 38 families
were scanned. Three chromosomal regions, including the NRAMP1 gene
region, yielded suggestive lod-scores (lod-score > 0.83, p < 0.025) in this
first scan and were further analyzed in 63 additional siblings (25 families)
using 13 additional markers. The lod-scores of two of these three regions
did not increase after the second analysis, whereas the lod-score of the
third region reached statistical significance (lod-score = 3.5, p =3 x 1075).
Our epidemiological observations suggested that the susceptibility factors
that determine VL early in the outbreak differ from those that determine
late VL cases, thus we repeated the analysis on early VL cases only. This
restricted the study to 52 informative families and increased the lod-score
to 3.9 (p = 107%). Finally, we tested gene—gene interactions between this
susceptibility locus and the two other chromosomal regions with sugges-
tive lod-scores. A conditional analysis (22), assuming negative gene-gene
interactions (i.e., performed on the subgroup of 30 families whose lod-
scores were negative at the susceptibility locus), suggested the existence of
a second susceptibility locus. These data must be confirmed, however, on a
larger patient sample. Thus, the linkage analysis provided strong evidence
for a susceptibility locus and suggested the existence of a second locus
on a distinct chromosome. If we can confirm that genetic heterogeneity
plays a role in the control of VL in this population, this result might ex-
plain why we failed to define a simple Mendelian model by segregation
analysis. Furthermore, as our study was restricted to the most susceptible
ethnic group (the Aringa), it would be interesting to determine whether
either of these two susceptibility loci play a role in susceptibility to VL
in the less susceptible tribes (the Fellata and Haoussa). This will require a
larger sample of subjects belonging to both tribes.

The observation that a strong genetic effect accounts for a large num-
ber of VL cases in Barbar’s outbreak suggests that host genetics play an
important role in outbreaks, determining to a large extent which subjects
are at risk of severe disease. In the absence of treatment, most VL cases die.
Because these are generally children or young teenagers, VL likely exerts a
strong negative selective pressure on the susceptibility alleles in exposed
populations. In this regard, the Haoussa and Fellata tribes had experienced
a VL outbreak before this one and were less affected by the present out-
break than the Aringa, who immigrated to the village more recently. This
observation suggests that previous exposure might have selected resistant
genotypes in Fellata and Haoussa tribes. Comparing susceptibility allele
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frequencies in these populations and in populations from which these
tribes originated could test this hypothesis.

GENETIC CONTROL OF SCHISTOSOMA MANSONI INFECTION
LEVELS BY GENES ON CHROMOSOME 5q31-q33

Schistosomiasis is caused by various species of schistosomes that have dif-
ferent geographical distributions, vectors, and tissue tropisms and cause
different diseases. Schistosoma mekongi, S. japonicum, and S. mansoni have
a tropism for the mesenteric veins and the portal veins and cause intesti-
nal and hepatosplenic diseases; S. hematobium lives in the vessels of the
urinary system and causes diseases of the urinary tract that culminate
in hydronephrosis. All schistosomes can be lethal. The mortality rate as-
sociated with S. hematobium is, however, underestimated, as it often oc-
curs after urinary infections in subjects with advanced hydronephrosis in
both kidneys. Patients with hepatic schistosomiasis often die following
esophageal bleeding and abdominal ascites. Schistosomes are 1-2 cm flat
worms that live in the vascular system of their vertebrate hosts, where the
female worms lay large numbers of eggs. The eggs must find their way out
through the intestinal or bladder walls to reach fresh water, where they
hatch, liberating a swimming larva that infests freshwater snails. The par-
asite multiplies asexually in the snail, producing thousands of cercarial
larvae. Cercariae are emitted into the water, where they swim in search
of the skin of their vertebrate host. They penetrate skin in a few minutes
and then migrate to the vascular system where they develop into adult
schistosomes in 5 to 6 weeks (the Schistosoma life cycle is presented in
Figure 10.1b). Schistosome eggs that remain in the host tissues (intestine,
bladder, ureter, liver) cause inflammation that may lead to severe clini-
cal disease such as hydronephrosis, splenomegaly, portal hypertension,
varices, and ascites in certain subjects (23, 24).

It was long thought that severe infections were mostly due to epidemi-
ological factors, in particular the exposure of the patient to infected waters.
We and others have shown that this is not the case in endemic areas and
that severe infections are in fact due to the individual’s capacity to resist
infection rather than the level of exposure to infective cercariae (25-28).
We and Hagan also demonstrated that resistance to infection is probably
mediated by a Th2-T cell response involving IgE antibodies (29-32). It has
also been demonstrated that protective immunity develops more slowly
with age and that IgG4 antibodies counterbalance the action of IgE, proba-
bly by competing for the same antigenic determinants on the parasite (29,
33, 34). Most interestingly, subjects who are highly susceptible to infection
were found to be clustered in certain families, whereas resistant individuals
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were concentrated in others (28). This suggested that a hereditary fac-
tor, possibly a genetic one, affects significantly the degree of immune re-
sistance to schistosome infection. Thus, we tested the hypothesis that a
single susceptibility locus controls infection levels. This analysis was per-
formed taking into account the effects of other covariables that had pre-
viously been found to affect infection (28). We tested whether a genetic
model with a major gene was better than a sporadic model that included
only environmental factors age, and gender as explanatory variables to
account for the phenotype (infection levels) distribution in families (35).
The whole study required only 400 subjects. The results showed that the
observed data were best explained by the effects of a major codominant
gene (SM1), and the frequency of the susceptibility allele was calculated
to be 0.22. According to this model, 6-8% of study subjects were homozy-
gous susceptible, 32% were heterozygous, and 60-62% were homozygous
resistant (35). The effects of this locus accounted for more than half of the
variation in infection levels, which is considerable. Thus, infection lev-
els are probably under strong genetic control, and this control is simple
because all the heritability components of infection levels could be ac-
counted for by a single major locus. To confirm the existence of this gene,
we mapped it by genotyping 256 genetic markers, evenly distributed on
the human chromosomes, in 153 subjects belonging to 11 families. This
rather small sample of informative families was sufficient to detect a strong
linkage between the major gene and markers of the 5931933 region (36).
Thus, for the first time for an infectious disease, a wide genome scan was
used to map a susceptibility gene. This result was confirmed by Muller-
Myhsok et al. (37) who showed that high rates of infection by S. mansoni
in a Senegalese population was also determined by gene(s) in the 5q31q33
chromosomal region.

The 5931933 region contains a cluster of cytokines that play a cen-
tral role in the immune response including the Th2/Th1 differentiation.
These cytokines include the granulocyte-macrophage colony stimulating
factor (CSF2), several interleukins (IL-13, IL-3, IL-4, IL-5, IL-9, IL-12), the
interferon regulatory factor 1 (IRF1), and the colony stimulating factor-1
receptor (CSF-1R). This cluster also contains gene(s) controlling total serum
IgE levels and familial hypereosinophilia (38-40). Thus, based on the re-
sults of immunological studies on these subjects, we felt confident that the
susceptibility genes were one of those obvious candidates. Nevertheless,
all our attempts to demonstrate this point have failed. This is probably
because the genetic control does not involve only one gene and because
the control at this locus is more complex than expected; our small sample
size is insufficient to resolve this complexity. It was not possible to in-
crease the size of the sample because the implementation of mass control
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programs made it difficult to define the infection phenotypes of a large
sample of additional individuals. We are now studying individuals from
other countries where such studies are feasible, which should make it pos-
sible to re-evaluate this question.

PHENOTYPIC HETEROGENEITY IN PERIPORTAL FIBROSIS IN
SUBJECTS INFECTED BY S. MANSONI

As stated above, the eggs cause the disease associated with schistosome
infections. Eggs trapped in the host tissue secrete a number of substances,
such as proteolytic enzymes that are toxic for the surrounding cells. Dam-
aged endothelial cells release inflammatory substances, as do activated
platelets. These mediators initiate an inflammatory reaction that, in exper-
imental models, is massively infiltrated by eosinophils (41). Macrophages,
T lymphocytes, and B lymphocytes are also present in the inflammation.
This periovular reaction, which persists for several weeks due to the re-
sistance of the egg shell to immune attack, is referred to as a granuloma
(23, 24). The early stage of the granuloma is inflammatory-necrotic. It
then becomes a fibrotic granuloma. These changes are regulated by a va-
riety of cytokines and lipid-derived mediators (42, 43) produced by lo-
cal tissue cells, such as hepatocytes, endothelial cells, and Kupfer cells,
and by inflammatory cells, such as eosinophils, monocytes/macrophages,
T-lymphocytes, and tissue mast cells (44-46).

In mice and humans with acute infections, the granuloma is down-
regulated four to six weeks after the beginning of oviposition. This
down-regulation probably involves the anti-inflammatory cytokine IL-10
(43, 47). The cytokine profile of the periovular cellular reaction is Th1-like
in the early stages and Th2-like in the later stage. At least two impor-
tant regulatory events affect the granuloma; one regulates the progression
from the inflammatory stage to the fibrotic stage, and the other occurs
when the initially acute infection becomes chronic. It is thought that
either one or both of these regulatory mechanisms causes abnormal fibro-
sis. Fibrosis is the abnormal accumulation of extracellular matrix proteins
(ECMP) into a dense and cross-linked network in a tissue. These ECMP
(e.g., laminin, collagen, connectin) are produced by stellate cell (Itocell-
derived) myofibroblasts. Stellate cells are activated by substances such as
PGDF, which are released by damaged hepatocytes, endothelial cells, and
activated platelets. Myofibroblasts are regulated by a variety of cytokines
such as IFN-y, which inhibits their multiplication and the production of
ECMP (48-53). Conversely, IL-13, TGF-8, and IL-4 stimulate fibroblast divi-
sion and ECMP production (54, 55). Thus, IFN-y is anti-fibrogenic, whereas
TGF-g and IL-13 are fibrogenic. Tissue fibrosis results from the excessive
production of ECMP and/or the insufficient turnover of the fibrotic tissue,
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Figure 10.4. Hepatic vascular trees of a liver from a healthy subject who died in
a car accident (left) and of a liver from a subject who died from severe PPF due to
Schistosoma mansoni infection (right). The hepatic vascular tree was injected with
acrylic blue liquid resin. After polymerization, tissues were digested. Courtesy of
Dr. E. Chapadeiro, Faculty of Medicine Uberaba, Brazil.

which depends on the action of metalloprotease (MP)/MP inhibitors
(MPI), the synthesis and activities of which are also regulated by the above-
mentioned cytokines, i.e., [FN-y stimulates the production of MP and in-
hibits the synthesis of MPI (56).

The clinical presentation of schistosome infections in a population
living in an endemic area is heterogeneous; most subjects do not exhibit
marked clinical symptoms, whereas 5-20% of the population infected by
S. mansoni may be affected by a marked hepatosplenomegaly, abdominal
ascites, and bleeding from esophageal varices. These severe clinical symp-
toms usually result in death in countries where patients cannot be treated
properly at the hospital; death is the consequence of an elevated portal
blood hypertension caused by a massive periportal fibrosis (PPF) (Symmers
fibrosis) (57). In these subjects, the fibrosis invades the space of Disse and
the periportal space, occludes many branches of the portal vein, and even-
tually twists major branches of this vein, dramatically reducing the flow
of blood through the portal system (Figure 10.4) (44).

To investigate risk factors in Symmers fibrosis, we conducted a study
on the population of a Sudanese village in the Gezira region. This area is
extensively irrigated and the village is surrounded by a dense network of
water canals that are populated by Biophalaria glabrata snails, a vector of S.
mansoni. This parasite is endemic in the whole province of Gezira. No mass
treatments have been carried out for 30 to 40 years and the prevalence of
infection is greater than 70% in the study village (57). This high prevalence
can be explained by the fact that the domestic water supply is not correctly
treated and by the fact that almost all of the inhabitants of the village
are farmers who work in the irrigated fields where they are frequently in
contact with infected water.
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To evaluate PPF, abdominal ultrasonography was performed on the
whole population (750 subjects). PPF was observed in a large number of
subjects and evidence of severe disease (PPF + portal hypertension) (grade
IIT fibrosis) was recorded in 2.5% of the study population. Twenty-eight
percent exhibited no signs of PPF and 59% had either mild fibrosis or focal
periportal inflammation (grade I disease). Interestingly, advanced PPF was
only observed in adults, whereas grade I disease was observed in subjects of
all ages and in a large number of children (57). This indicates that disease is
not the result of a linear cumulative process and that some critical factors
are probably responsible for the progression of disease to the severe clini-
cal stages. As experimental models of schistosomiasis and fibrosis caused
by other etiological agents showed that certain cytokines regulate the pro-
duction and the degradation of ECMP, we evaluated cytokine production
by the blood mononuclear cells in our study subjects. We studied all of
the cytokines involved in ECMP regulation, except TGF-g. Only IFN-y and
IL-18 were found to be associated with severe fibrosis (PPF with portal hy-
pertension). A multivariate analysis of the cytokine data, including other
epidemiological covariates such as age, gender, and infection level, indi-
cated that IFN-y is the only cytokine strongly associated with disease (58).
The risk of severe PPF was about ten-fold higher in subjects with the low-
est IFN-y levels than in high IFN-y producers (median IFN-y levels were
used as a cutoff value to define low and high producers). These data also
suggested that high TNF-« producers are at higher risk of disease than low
TNEF-a producers (58).

Analysis of the ultrasound data indicated that severe PPF was more
prevalent in certain families. As an example, 30% of the individuals of a
large pedigree presented advanced or severe fibrosis, whereas the preva-
lence of the disease in the whole population was 8%. Furthermore, the
risk of PPF was increased in children born from parents with the disease,
whereas the clinical phenotypes of the parents varied independently of
each other. These observations suggested the existence of a genetic compo-
nent in the control of PPF (57). This hypothesis was tested by segregation
analysis.

SEVERE HEPATIC FIBROSIS IN PATIENTS WITH S. MANSONI
INFECTION IS CONTROLLED BY A MAJOR LOCUS (SM2) THAT

IS CLOSELY LINKED TO THE INTERFERON-v RECEPTOR

(IFNGR1) GENE

Segregation analysis was performed using regressive logistic models (59).
These models specify a regression relationship between the probability of a
person being affected (i.e., having a severe fibrosis) and a set of explanatory
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variables including major genotype, phenotypes of parents, and other co-
variates.

The hypothesis of no familial dependence was rejected. A child with an
affected parent was four-fold more likely to be affected than a child with
an unaffected or an unknown parent. In the presence of parent-offspring
dependence, there was evidence for a codominant major gene (SM2). Both
the recessive and the dominant hypotheses for the major gene effect were
rejected. Parent-offspring dependence residual from the codominant ma-
jor gene was not significant. The frequency of the deleterious allele A was
estimated at 0.162; consequently, the respective proportions of AA, Aa,
and aa subjects were 0.03, 0.27, and 0.70.

To localize SM2, all informative families with multiple cases of severe
fibrosis (8 families including 112 individuals) were genotyped, and linkage
analysis was conducted in four candidate regions:

(1) the 5q31g33 region where SM1 and several candidate genes are located
(see above);

(2) the HLA-TNF region (6p21) containing the HLA locus and the TNF-«
and TNF-B genes;

(3) the 12q15 region including the IFN-y gene and a gene controlling total
serum IgE levels; and

(4) the 6922923 region containing the IFNGR1 gene. No maximum lod-
score (Zmax) values exceeded +1 with any markers of regions 5q31933
and 6p21 and 12q15. In contrast, significant Zmax values were ob-
served in region 622923 with D6S310 (Zmax = +2.81 at § = .0) and
the FA1 intragenic marker (Zmax = +1.80 at 6 = .0) (59).

A combined segregation-linkage analysis was performed with the
D6S310 marker to investigate further our linkage results with the 6q22q23
region. The results of this analysis showed that the hypothesis of no link-
age with D6S310 could be rejected. According to the model accounting
for linkage with D65310, the maximum-likelihood estimate of  was 0.0
and the lod-score was +3.11. The parameters of SM2 (penetrance and al-
lelic frequency) estimated in this combined segregation-linkage analysis
were very close to those estimated in our previous segregation analysis
(described above). Figure 10.5 shows the penetrance with duration of ex-
posure for AA subjects and Aa males as predicted by the model account-
ing for linkage. For AA males the penetrance is almost complete after 12
years, and for AA females the penetrance is almost complete after 17 years,
whereas for Aa males the penetrance is 0.73 after 20 years of exposure. For
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Figure 10.5. Penetrance of genotypes at the SM2 locus in the Al Taweel popu-
lation (A is the high morbidity allele). The genetic model, defined by segregation
analysis, indicates that 50% of the penetrance of the gene is reached after 9.14
years of residence in the area for AA males and after 14 years for AA females.
The penetrance remains low after 20 years of exposure for other subjects (see, for
example, Aa males). Nevertheless, with a sufficiently long period of residence, all
heterozygous males are likely to develop the disease. Consequently, in this popula-
tion, 30% (3% of homozygous and 27% of heterozygous) of males could potentially
develop severe schistosomiasis if left untreated. The estimated penetrance of SM2
strongly depends on gender; the penetrance of fibrosis was lower in females than
in males.

aa males the penetrance reaches 0.02 after 20 years of exposure and is lower
than 0.01 before; for Aa and aa females the penetrance remains lower than
0.001 after 20 years of exposure.

This result shows that the major locus controlling fibrosis is not linked
to chromosome 5q31q33 and maps to another region. It also demonstrates
that anti-disease immunity and anti-infection immunity are controlled by
distinct major genes. Obviously our results do not rule out an interaction
between SM1 and SM2. It is reasonable to postulate that disease develop-
ment is accelerated in SM2 subjects predisposed to high infections. How-
ever, the low and rather uniform levels of infection in our study population
did not allow us to search for SM1 and to evaluate possible interactions be-
tween SM1 and SM2. Our linkage results obtained with two microsatellite
markers of the HLA-TNF region also indicate that the major locus SM2 is
very unlikely to be located within this region, whereas associations have
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been reported between

(1) some HLA class I alleles (A1 and B5) and hepatosplenomegaly in Egypt
(60-62) and

(2) an HLA class IT allele (DQB1*0201) and biopsy-confirmed hepatic schis-
tosomiasis in Brazil (63). However, it should be stressed that these re-
sults do not exclude the possibility that additional polymorphisms
such as specific HLA antigens play a role. Such polymorphisms could
be detected by carrying out an appropriate association study in this
population.

It is too early to speculate on the mechanism of action of SM2. How-
ever, given the results of multipoint linkage analysis which mapped the
susceptibility locus close to the IFNGRI gene, polymorphism(s) in the
IFN-y receptor gene may account for increased susceptibility to severe fib-
rosis. This hypothesis is consistent with various reports showing the strong
anti-fibrogenic activity of IFN-y as discussed above (50, 51).

CONCLUSION

One interesting finding from our studies is that susceptibility to parasites
in humans living in endemic areas or exposed to an epidemic is largely
determined by the genetic make-up of the host, despite the well known
plasticity of parasite genomes that allow genetically different pathogens
to merge and to escape host defenses raised against antigenically different
individuals. Clearly, schistosomes and leishmania do not show the same
genetic variability as trypanosomes and plasmodia, and it remains to be
determined whether this conclusion also applies to these rapidly evolving
pathogens.

Our studies also indicate that infections and diseases caused by para-
sites are controlled by major genetic effects that involve a small number of
genetic loci. The demonstration that severe infection and advanced hep-
atic diseases in schistosome infections segregate in families as a Mendelian
trait is a striking illustration of this fact. This is good news, as it was feared
that genetic control would involve a large number of genes with small
effects that would be difficult to analyze. This conclusion may not apply
to all infected populations, and it is obvious that our choice to reduce
genetic heterogeneity among our study populations as much as possible
has simplified the genetic analysis.

The strong genetic control of schistosome infection was quite unex-
pected. We undertook our study to investigate the factors that accounted
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for the large variance in infection levels, with the idea that most of this
variance was produced by heterogeneous living conditions including ex-
posure to infected water. This was the explanation given by most epidemi-
ologists when we started our study. The surprise came when we observed
that above a certain level of exposure, which was reached by most sub-
jects living in the study area, infections were strongly affected by human
immune susceptibility to this parasite. The same observation was made
by Butterworth et al. (25) and by Hagan et al. (29) working in Africa. This
was a turning point. When we observed clusters of severe infections in
certain families, it was clear that host genetics were probably playing an
important role in the control of schistosome infection.

It would be a mistake to translate control by a major genetic locus into
control by a single gene. Our data do not rule out the existence of more
than one susceptibility gene at each major locus (genetic heterogeneity).
Furthermore, it is even more likely that allelic heterogeneity will be the
rule even if control is exerted by a single gene at the major locus. This
complexity probably explains why we have not yet been able to identify
the susceptibility gene(s) at the SM1 and SM2 loci (Figure 10.6). Indeed,
our study populations have been much too small to make it possible to an-
alyze these loci by SNP mapping. It has not been possible to increase the
size of our study population in Brazil, as discussed above. Finally, these
findings raise the important issue of whether the susceptibility gene(s)
are the same in different populations. On the one hand, one may spec-
ulate that selective pressure will reduce the number of possible “genetic
solutions.” For example, the number of mutations altering the expression
level of the genes encoding Th1/Th2 cytokines is probably limited by the
fact that these cytokines are critical in various infections that often affect
the same individuals: Th2 cytokines are vital for limiting host invasion
by schistosomes, whereas they facilitate infections by Leishmania. Thus,
in populations such as the Sudanese populations in which we conducted
our studies, not all alterations of IL-4, IL-13, or IFN-y genes are possible.
On the other hand, it is clear that mutations in many different genes will
have the same “global” effect. For example, mutations in IFN-y and its
receptor could have the same consequences on fibrosis. This may also (in
part) apply to Stat4, which is the transcription factor that regulates IFN-y
regulated genes. This has been well illustrated in studies on mycobacterial
infections (64). Thus, heterogeneity is certainly the rule in genetic control
of susceptibility to infections, but the presence of many pathogens in the
same populations has probably exerted major constraints on the selection
of resistant/susceptibility alleles.
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Figure 10.6. Summary of the genetic control of susceptibility to human schisto-
somiasis. The disease is initiated by eggs trapped in liver sinusoids and amplified
by antigens released by adult worms. The first stage, perivascular inflammation,
is associated with the deposition of small amounts of ECMP (grade I (FI) accord-
ing to the WHO scale). In some subjects, ECMP accumulates around the secondary
branches of the portal vein as long stretches of fibrosis (stage I1); in some subjects,
ECMP accumulates further and the fibrosis extends to the periphery of the organ,
occludes certain secondary branches, and twists major branches; the gallbladder is
also affected (stage Ill). Portal hypertension (PH), as detected by abnormal portal
and splenic vein diameters, is observed in some Fll subjects and in all Flll sub-
jects. SM2 accelerates the progression from Fll to Flll + PH or to FIl + PH. The
protective role of IFN-+ is indicated by the association between Flll and low IFN-~
production and by various studies showing that IFN-v decreases ECMP produc-
tion and increases ECMP degradation. Other factors important in fibrosis are the
duration of infection, the intensity of infection, and gender (males are more sus-
ceptible than females). The intensity of infection is probably most important during
the early stage of the disease (FlI) and is controlled by SM1, which probably acts
on Thelper-cell differentiation.

Finally, it is quite stimulating that the available genetic tools have
made it possible to analyze the genetic control of complex phenotypes
in multifactorial parasitic diseases. It is particularly striking that the first
successful genome scan to be performed in an infectious disease involved
a parasitic infection (schistosomiasis). Finally, the demonstration of the
strong effect of a major locus in a visceral leishmaniasis outbreak is ex-
tremely encouraging for further studies on the mechanisms of pathogen-
esis and vaccination in this lethal disease. It may also change our way of
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thinking about the key factors involved in the initiation and termination
of outbreaks in epidemics.
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INTRODUCTION

Pathogen evolution poses the critical challenge for infectious disease man-
agement in the twenty-first century. As is already painfully obvious in
many parts of the world, the spread of drug-resistant and vaccine-escape
(epitope) mutants can impair and even debilitate public and animal health
programs. But there may also be another way in which pathogen evo-
lution can erode the effectiveness of medical and veterinary interven-
tions. Virulence- and transmission-related traits are intimately linked to
pathogen fitness and are almost always genetically variable in pathogen
populations. They can therefore evolve. Moreover, virulence and infec-
tiousness are the target of medical and veterinary interventions. Here, we
focus on vaccination and ask whether large-scale immunization programs
might impose selection that results in the evolution of more-virulent
pathogens.

The word virulence is used in a variety of ways in different disciplines.
We take a parasite-centric view as follows. We use “disease severity” (mor-
bidity and/or mortality) to mean the harm to the host following infec-
tion. Disease severity is thus a phenotype measured at the whole-organism
(host) level that is determined by host genes, parasite genes, environmen-
tal effects, and the interaction between those factors. One component of
this is virulence, a phenotypic trait of the pathogen whose expression de-
pends on the host. Thus, virulence is the component of disease severity
that is due to pathogen genes, and it can be measured only on a given host.
We assume no specificity in the interaction between host and pathogen
(more-virulent strains are always more virulent, whatever host they infect).
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In “Malaria Virulence,” we return to that assumption, and the evidence
that there are more-or less-virulent pathogens within species.

We begin by asking how natural selection might shape virulence, and
in light of that, we ask how widespread immunization might alter selec-
tion on virulence. We are deeply skeptical that there will be any simple
generalizations about virulence evolution that will apply across all infec-
tious diseases, and so we ground our argument in the biology of malaria,
with which we are most familiar. Nonetheless, widespread vaccination
has been used for a range of human and animal diseases for much of the
twentieth century and our arguments may apply to some of these. In the
second half of this chapter, we therefore consider infectious diseases other
than malaria.

NATURAL SELECTION ON VIRULENCE
A large number of both host and pathogen genes are responsible for dis-
ease severity, and in almost all cases these genes will be interacting with
each other and a very large number of environmental determinants such
as host age, condition, and previous exposure. Understanding the nature
of selection on genetic determinants of disease severity is clearly a mam-
moth task. But it is certainly possible to understand the evolution of traits
under environmental and polygenic control (for example, body size, life
span, and resistance), so we see no reason in principle why it should not be
possible to make progress analyzing components of disease severity, such
as virulence. In the future, it should become possible to analyze the nat-
ural selection on particular phenotypes contributing to overall virulence,
such as pathogen replication rates and immune evasion. The extent to
which analysis of individual components will be useful will depend on
their contribution to variation in virulence and in turn to disease severity.
There is now a large body of theoretical work examining the evolu-
tion of virulence. The classical framework we use is the best developed
theoretically, but, most importantly, it has the great merit that its as-
sumptions and predictions are empirically testable. Nevertheless, we rec-
ognize that a challenge for the future is to incorporate such complexities
as host genetic diversity and coevolution. The idea is that excessively vir-
ulent pathogen mutants are eliminated by natural selection because they
kill their hosts and therefore themselves. Excessively avirulent mutants
also have low fitness because they are more rapidly cleared from their hosts
or they fail to maximize their output of transmission propagules. Natural
selection should therefore optimize the balance between the costs of vir-
ulence (host death and/or morbidity) and the benefits (immune evasion
and host resource extraction) (May and Anderson 1983; Bull 1994; Ewald
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1994; Frank 1996; Ebert 1999; Read et al. 1999; Day 2001; Dieckmann
et al. 2002). Empirical support for this trade-off framework comes from a
number of animal and plant models (Bull et al. 1991; Bull and Molineux
1992; Herre 1993; Ebert and Mangin 1997; Fenner and Fantini 1999; Mes-
senger et al. 1999). Its usefulness in a medical context has recently been
questioned (Ebert and Bull 2003), but it seems to us that its utility in any
disease context will depend on the extent to which the disease in question
fulfills the assumptions involved in the framework. In particular, are there
virulent and avirulent parasites in a population? Second, are the fitness
costs and benefits of virulence as assumed by the trade-off model? These
are disease-specific issues.

MALARIA VIRULENCE

Parasite Genetics?
Malaria disease severity is determined by a complex interaction of host and
parasite genetics as well as factors such as previous exposure and socioeco-
nomics (Mbogo et al. 1999; Mackinnon et al. 2000; Phillips 2001; Green-
wood and Mutabingwa 2002; Miller et al. 2002). Malaria has of course
provided some of the best examples of host genes involved in disease
severity, and there is currently great enthusiasm about exploiting infor-
mation from the human genome project to identify further such genes.
However, it is very striking that despite the vast sums of money involved,
there has been little attempt to use the tools of quantitative genetics to
determine what proportion of the variation in disease outcome is actu-
ally due to host factors. In the only such study we know of, a pedigree
analysis of malarial disease severity in human populations in Sri Lanka, as
little as 10% of the variance was due to host additive genetic factors, and
perhaps as much as another 10% was due to nonadditive genetic factors
(Mackinnon et al. 2000). Environmental factors such as previous disease
episodes, distance from water bodies, and housing type accounted for up
to another 20%. The remaining unexplained variance could be due to un-
measured environmental effects or noise. It could also be due to parasite
genetic variation. It is true that polymorphisms in many of the human
genes most associated with malaria disease are rare or do not exist in Sri
Lanka, so an analysis elsewhere may demonstrate a greater role for host
genetics. Nonetheless, this early study does make clear that the evolution-
ary processes determining malarial disease severity need not involve only
the human genome.

Plasmodium would be an extraordinarily unusual pathogen if it was not
variably virulent. So far as we are aware, wherever virulence variation has
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been looked for in other pathogen species, it has been found (e.g., Sibley
and Boothroyd 1992; Lipsitch and Moxon 1997; Ebert 1998; Fenner and
Fantini 1999; Pandey and Igarashi 2000; Ochman and Moran 2001; Read
and Taylor 2001). Certainly there are substantial differences in virulence
between Plasmodium species. However, direct evidence of virulence varia-
tion within species is actually rather limited. This is probably because the
obligate sexuality of Plasmodium generates high rates of recombination
in all but very low transmission situations, so that virulent and avirulent
strains are impossible to recognize in the field. Nonetheless, some can-
didate virulence determinants in human Plasmodium species have been
proposed (Marsh and Snow 1997; Hayward et al. 1999; Preiser et al. 1999;
Miller et al. 2002), and overrepresentation of some parasite alleles among
severe malaria cases has been reported (Engelbrecht et al. 1995; Robert
et al. 1996; Kun et al. 1998; Ariey et al. 2001). Experimentally demon-
strating the involvement of particular genes has proved difficult, not least
because virulence cannot be assayed in vitro.

Nonetheless, a variety of indirect data point to genetic variation
in Plasmodium virulence. First, deliberate infections of people demon-
strated strain differences in virulence (James et al. 1936; Covell and Nicol
1951), and there were strain differences both within and between geo-
graphicregions in the speed with which infections became life-threatening
(Figure 11.1) and in putative virulence determinants such as growth rates
(Gravenor et al. 1995). Second, various phenotypes believed to be encoded
by parasite genes are correlated with disease severity (Marsh 1992; Miller
et al. 2002), such as in vitro proliferation rates (Figure 11.2, Chotivanich
et al. 2000), rosetting (Carlson et al. 1990; Rowe et al. 1997), and cell
selectivity (Simpson et al. 1999). Crucially, genetic variation for virulence
has been readily uncovered in animal models of malaria (Yoeli et al. 1975;
Cox 1988; Mackinnon and Read 1999a). For instance, in our laboratory,
genetically distinct clones of Plasmodium chabaudi differ in their virulence
in mice, measured as anemia, weight loss, and mortality (Mackinnon and
Read 1999a; Ferguson et al., in press). These clone differences are consis-
tent across a range of conditions such as dose (Timms et al. 2001), host
sex (Mackinnon, personal communication, 2002), host immune status
(Buckling and Read 2001; Mackinnon and Read 2003), drug treatment
(Buckling et al. 1997), mosquito passage (Mackinnon, personal communi-
cation, 2002), the presence of competing clones (Taylor et al. 1998; Timms
2001), and host genotype (Mackinnon et al. 2002).

Taken together, then, it seems extremely likely that there is genetic
variation for virulence in human Plasmodium populations. With the near
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Figure 11.1. Days until quinine therapy became necessary for malaria-naive pa-
tients deliberately infected with different strains of P. falciparum as therapy for
neurosyphilis in the Horton Hospital, UK, during the 1930s and 1940s. Quinine
was administered when attending physicians considered the patient’s life to be at
risk. Data are available for a total of 250 patients infected with one of 19 strains;
plotted points are for the 15 strains for which three or more patients were in-
fected. The strains came from seven geographic regions, as labeled above. Sam-
ple sizes are given in brackets; plotted points are means +1 s.e.m. The vertical
axis is the square root of days post-infection (Pl). Strains from various geographic
regions differed significantly in how fast they induced life-threatening disease
(Fs, 241 = 2.31, p < 0.035), and there were also significant differences between
strains within geographic regions (Fi2, 241 = 3.32, p < 0.0001). Data sources are
described by Gravenor et al. (1995); data are from M. Gravenor (personal com-
munication, 2002).

completion of the malaria genome project, and advances in bioinformat-
ics, it is now possible to look for genetic differences in malaria parasites
from patients with severe or mild disease, and there is every reason to
think that particular parasite genes will be identified in the near future.
But, from our perspective, a key issue is the fitness consequences of viru-
lence for malaria parasites.

Selection for Virulence?

It is going to be extraordinarily difficult to obtain (ethically) data on the
fitness costs and benefits of virulence for a human disease. However, it has
proved relatively easy to identify fitness benefits of virulence in our ro-
dent model for malaria, P. chabaudi, which shares many of the life-history
characteristics of the most virulent of the human species, P. falciparum. In
the absence of host death, more-virulent clones are cleared less rapidly,
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Figure 11.2. In vitro replication rates of P. falciparum parasites isolated from pa-
tients in hospitals in Thailand with life-threatening or mild malaria. Each dot rep-
resents parasites from a single patient. Redrawn from Chotivanich et al. (2000).

produce more gametocytes (transmission stages), and transmit better to
mosquitoes (Mackinnon and Read 1999a, 2003; Ferguson et al., in press).
Importantly for our argument below, the same advantages to virulence
accrue in semi-immune hosts (Figure 11.3). Moreover, as others have
found in malaria and many other systems (Ebert 1998), serial passage
by syringe leads to increasing virulence (Mackinnon and Read 1999b).
This implies a within-host fitness advantage: presumably, virulent vari-
ants arise that have an advantage in the race for the syringe. Thus, we
have evidence of within- and between-host (transmission) advantages to
virulence.

Selection against Virulence?

If virulence only enhanced fitness, ever more-virulent malaria parasites
would be favored by natural selection. There are a number of possible fit-
ness costs to virulence. Conventional wisdom is that excessively virulent
pathogens kill their hosts and therefore themselves. However, it is remark-
ably difficult to get quantitative data on the fitness costs of pathogen-
induced host death in any system. Clearly, if death is extremely rapid, and
occurs before transmission propagules are produced, then pathogen fit-
ness will be zero. But diseases are rarely that lethal. In our mouse malaria
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Figure 11.3. In the absence of host death, P. chabaudi virulence is associated
with less-rapid clearance and enhanced transmission. Graphs show the phenotypic
(cross-mouse, left) and genetic (cross-clone, right) relationships across immunolog-
ically naive (solid symbols and lines) and semi-immunized (open symbols, broken
lines) mice. Numerical values are first principal components of traits associated
with virulence (anemia and weight loss), transmission (gametocytemia), and recov-
ery (duration of infection, rate of clearance of parasites). Mice were immunized
with live parasites and cleared by chemotherapy four days later. Reproduced with
permission from Mackinnon and Read (2003).

model, risk of death is at its greatest if the mice fail to control the initial
proliferation of asexual parasites. Most transmission stages appear after
this, so that in one of our experiments, host death resulted in a 75% re-
duction in transmission potential (Mackinnon et al. 2002). In humans,
recent analysis of malaria therapy data suggests that failure to control ini-
tial proliferation is also a major determinant of risk of severe disease and
death for P. falciparum (Molineaux et al. 2001), and here too, the bulk of
gametocyte production occurs after the first wave of parasitemia (James et
al. 1932, 1936). Thus, it seems likely that host death will impact pathogen
fitness in the field. Whether this is sufficient to offset the fitness gains
of virulence is very unclear. In a selection experiment with P. chabaudi,
in which we mimicked a mortality cost of virulence by preventing para-
sites from 50-75% of the most virulent infections from proceeding to the
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next host, virulence increased nonetheless (Mackinnon and Read 1999Db).
Thus, this intensity of host-level selection was insufficient to prevent the
evolution of more-virulent parasites. Case fatality rates in the section of
human populations responsible for the bulk of malaria transmission are
hard to estimate but they may be somewhere between 10% and 1% or
even less (Snow et al. 1999; Trape et al. 2002). However, the key issue is
not mortality risk per se but rather how an increased risk of host death
is traded off against the increased transmission benefits of virulence in
the absence of host death. To determine fitness functions for a human
pathogen is a formidable challenge.

There are other possible costs of virulence (Ebert 1998; Day 2001). For
instance, enhanced transmission to mosquitoes could be associated with
reduced transmission to the next vertebrate host if strains more infectious
to mosquitoes are also more lethal to them because of their greater par-
asite burdens. Malaria parasites can kill mosquitoes (Ferguson and Read
2002a,b), but we found no evidence that more-virulent infections in mice
were more lethal to the mosquitoes they infected (Ferguson et al., in press).
Another cost of virulence may be an inability to successfully infect a range
of host genotypes. Pathogens that achieve high virulence on one host
genotype might, for instance, achieve lower virulence on another. The
existence of such a pattern is at the heart of a broad array of coevolution-
ary theory (Hamilton 1980; Lively and Apanius 1995), but despite some
evidence of it in plants and invertebrates (Little 2002), we know of no ex-
amples from pathogens of vertebrates where strains virulent on one host
genotype are avirulent on another and vice versa. We have yet to investi-
gate this across a wide range of host and parasite genotypes in P. chabaudi,
but in one experiment, the relative virulence of two parasite lines was
never reversed on any of three mouse genotypes (Mackinnon et al. 2002).

A cost of virulence one might expect, at least following serial passage,
is loss of transmission-stage production (Ebert 1998). This has sometimes
been seen in malaria parasites (Day et al. 1993), but in all our experi-
ments to date, virulence increases have been associated with increased
transmission-stage production (Mackinnon and Read 1999b; Mackinnon
et al. 2002).

Taking all this together, we favor the hypothesis that host death im-
poses significant selection against pathogen virulence, and we assume that
in what follows. But exactly why malaria parasites, or any other pathogens,
are as benign as they are is a key unsolved problem in parasite evolu-
tion. We know of no compelling quantitative data demonstrating, for any
pathogen, the factor(s) that prevent pathogens from being more virulent.
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VACCINATION AND VIRULENCE EVOLUTION: THEORY

Here we consider the consequences of widespread vaccination of a popu-
lation harboring a pathogen whose virulence is determined by the balance
of the cost of virulence (host death) and the benefits (less rapid clearance
by the host, enhanced ability to exploit host resources for transmission).
We are envisaging that the vaccine is imperfect, in that it allows at least
some transmission from some vaccinated hosts. Vaccines against some
acute childhood infections can generate lifelong sterilizing immunity, but
vaccines against other diseases do not (Plotkin and Orenstein 1999). In
general, vaccines elicit levels of protection that are the same or worse
than that elicited by natural infections. Many of the vaccines currently
under development are attempting to elicit protection against diseases for
which natural immunity is rather poor. In the absence of technological ad-
vances that endow new-generation vaccines with protective effects better
than those achieved by nature, future vaccines will reduce disease levels
but will not prevent some transmission from at least some vaccinated in-
dividuals. This is certainly likely for malaria vaccines. Natural immunity
seems to wane rapidly and a high degree of immunity seems to require
repeated exposure to parasites (Bruce-Chwatt 1963; Day and Marsh 1991;
Marsh 1992; Richie and Saul 2002). Thus, it seems probable that, at best,
levels of protection as modest as those seen naturally will be achieved by
malaria vaccines. Indeed, malaria vaccines that have achieved statistically
significant protection have done so by delaying rather than preventing the
invasion of parasites or the onset of symptoms (Bojang et al. 2001; Genton
etal. 2002). For the same reason, vaccines against other childhood diseases
and those still under development, such as those against HIV or hepatitis
B and C, will be similarly imperfect or ‘leaky.” Even some of the vaccines
against childhood diseases may be very imperfect. For instance, vaccina-
tion against Bordetella pertussis has been staggeringly successful at reducing
childhood deaths due to whooping cough, but the immunity elicited by
the vaccine wanes within a few years. Consequently, the pathogen still cir-
culates, even in populations with high levels of vaccine coverage (Ewald
1996).

Vaccines that impact some aspect of pathogen fitness without reduc-
ing it to zero have the potential to impose strong selection. The most
obvious impact is selection for epitope mutants — variants that are able
to at least partially evade vaccine-induced immunity. But there could
also be potent selection on parasite virulence: vaccines have the poten-
tial to reduce the selection against virulent parasites. Vaccines that pro-
tect against host death also protect more-virulent pathogens from killing
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Figure 11.4. Schematic representation of the action of different types of host re-
sistance at different stages of a parasite life cycle: ry, infection-blocking resis-
tance; rp, anti-replication resistance; rz, transmission-blocking resistance. A fourth
type of resistance, r4, anti-toxin resistance, prevents host death without impacting
pathogen replication or transmission. Each of these four types of resistance is the
target of various candidate malaria vaccines (Richie and Saul 2002): rq, sporozoite
and liver-stage vaccines; rp, blood-stage vaccines; and rz, transmission-blocking
vaccines. Recently, a candidate r4 vaccine has been proposed (Schofield et al.
2002). Figure is from Gandon et al. (2001) with permission.

their host and therefore themselves. Given the fitness benefits of viru-
lence (transmission), more-virulent strains will then circulate in the pop-
ulation. Key here is the mode of action of the vaccine (Figure 11.4). In
general, imperfect infection-blocking or transmission-blocking vaccines
will not favor virulence increases because they do not alter the balance
between the cost (mortality) and benefit (transmission) of virulence. In
contrast, imperfect anti-disease vaccines (those reducing in-host replica-
tion or parasite toxicity) will always select for more-virulent pathogens:
they protect both the host and the parasite from the costs of virulence.
Elsewhere, we have formalized this verbal argument and we refer those
interested in the mathematical details to that paper (Gandon et al. 2001).
The argument is rather general and will also apply to any other medical
intervention that reduces parasite replication or toxicity without elimi-
nating the pathogens: subcurative chemotherapy and, in the veterinary
context, enhanced genetic resistance through selective breeding will also
select for more-virulent pathogens.
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We are thus hypothesizing that anti-disease vaccines will prompt more-
virulent pathogens to circulate in a population. Unvaccinated individuals,
such as young children, travelers, and those unlucky enough not to get
the vaccine, will therefore have a greater risk of contacting more-virulent
pathogens and hence dying. If this argument is correct, it raises some in-
teresting ethical issues. It is a quite different view of vaccine risk than that
normally discussed in the tabloid press and public health circles. Normally,
it is thought that, at no risk to themselves, unvaccinated individuals ben-
efit through herd immunity from those who have been vaccinated and
taken the (usually minute) risk of vaccine-induced side effects. Under our
scenario, those who get the vaccine are putting at risk those who do not
get the vaccine. We know of no other situation in which a medical in-
tervention is beneficial for the recipient but makes things worse for those
who do not receive it.

Our argument is rather general, though it obviously depends on a num-
ber of assumptions to which we return below. But it prompts additional
questions, which can only be addressed with rather more disease-specific
models. First, what is the population-wide disease burden? Even if unvac-
cinated individuals are at greater risk, the key question from the public
health perspective is whether the population as a whole is better off after
the vaccine-driven evolution has occurred. Unvaccinated individuals will
be more likely to die, but the vaccine would not have been used at all if
it did not reduce host death, lead to more rapid recovery, and/or make
hosts less infectious. This is precisely what semi-immunity does in our
mouse model (Buckling and Read 2001; Mackinnon and Read 2003). At a
post-vaccine evolutionary equilibrium, how does population-wide death
compare to the pre-vaccine case? Second, how rapid is this evolution likely
to be? Clearly, if the time scale is measured in centuries or more, it need
not be an issue for public health.

To answer these questions, we developed a malaria-specific popula-
tion dynamic model in which virulence evolution was possible (Gandon
et al. 2001). The model is a modified version of the standard susceptible—
infected model, with two types of host (fully susceptible and semi-
immune), and incorporates naturally acquired immunity, superinfection,
and vector transmission. It was parameterized for a high-transmission
year-round endemic P. falciparum. Broadly speaking, the above generaliza-
tions about the evolutionary consequences of different types of vaccine
also hold for this model: infection-and transmission-blocking vaccines
have minimal impact on virulence evolution, whereas vaccines targeted at
malaria blood stages or parasite toxins are expect to prompt the evolution
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Figure 11.5. Predicted virulence in unvaccinated host and population-wide mal-
aria mortality in a population vaccinated with an imperfect blood-stage (anti-
replication, ry) malaria vaccine. The dotted line indicates before evolution, as might
be seen in a clinical trial or early in a vaccine campaign; the solid line indicates after
evolution. For model details, see Gandon et al. (2001).

of more-virulent parasites. An example is shown in Figure 11.5. In the ab-
sence of pathogen evolution, pathogen virulence (here, case-fatality rate)
is unaffected by vaccine coverage, but the population-wide deaths drop as
vaccine coverage is increased. This is the conventional expectation, and
what one would expect to see, for instance, in a clinical trial or early in
the implementation of a vaccine program. However, vaccination protects
virulent pathogens, so that they are expected to increase in frequency in
the population. The post-vaccination equilibrium virulence is always ex-
pected to be higher, and the more people that are vaccinated, the higher
it is. Consequently, case-fatality rates are higher among the unvaccinated.
Among the population as a whole, the benefits of vaccination are eroded
from those that would have been seen in the clinical trials or early in the
implementation phase. There are even some regions of parameter space
where the population as a whole is worse off than before vaccination (Fig-
ure 11.5). Moreover, once evolution has occurred, it would be difficult to
halt vaccination even if death rates were similar or worse than the pre-
vaccine era: withdrawal of the vaccine would put even more individuals
at risk.
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Figure 11.6. Invasion dynamics of a virulent mutant after the start of a vaccina-
tion campaign using an anti-replication vaccine (r, = 0.8 andr;y =rz = r; = 0)
with a vaccination coverage of 90%. In this simulation, the virulence of the resident
strain is the ES virulence in the absence of vaccination (any = 0.153). We present
the invasion dynamics of invasion of a mutant with virulence equal to the ES level
after vaccination (a”y = 0.418). At the start of the vaccination campaign, we as-
sumed that the mutant was at an initial frequency of 1% (solid line), 0.1% (dashed
line), or 0.01% (dotted line). We further assumed that its distribution among naive
and immune hosts was identical to the distribution of the resident strain before
vaccination. For more details, see Supplementary Information in Gandon et al.
(2001).

What of the time scale of this evolution? Predictions of rates of evolu-
tion are far more sensitive to specific model parameters and assumptions
than are predictions about the direction of evolution or the magnitude of
final equilibria. The time to fixation of variant alleles critically depends, for
instance, on their initial frequency and selective advantage. In the current
context, the selective advantage depends on the precise shape of the trade-
off functions, and we simply know too little of the quantitative details to
be sure of any estimates. Nonetheless, for plausible values, an anti-blood
stage vaccine could drive virulence mutants to clinically relevant levels in
a few decades (Figure 11.6). It is even possible that much more rapid evo-
lution could occur: in some cases, epidemiological feedback on parasite
evolution yields an evolutionary bistable situation where, for intermedi-
ate vaccine coverage, parasites can evolve toward high or low virulence,
depending on initial conditions (Gandon et al., 2003). Clearly, there is
much more work to be done on the invasion dynamics of a virulence
mutant, but from our simulations we expect that, as with the evolution
of vaccine epitope escape mutants and drug resistance, the evolution of
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virulence will occur on time scales relevant to public health (a few decades
or even less).

VACCINATION AND VIRULENCE EVOLUTION: ASSUMPTIONS

Our conclusions about time scale, and the possibility that things can
evolve to be worse than they were in the pre-vaccine era, are very
parameter-(system) specific. However, our conclusion that anti-disease
vaccines prompt evolution that, at the population level, erodes the bene-
fits of vaccines seen in clinical trials and puts unvaccinated individuals at
greater risk is a very general conclusion that flows from our assumptions.
The assumptions of our model that we see as key are as follows.

1. There is genetic variation in parasite virulence.
Vaccination is imperfect.

3. There is a positive genetic correlation between virulence and trans-
mission.

4. The cost of virulence is host death.

Above, we reviewed the evidence relevant to these assumptions in the
malaria context. Broadly speaking, the evidence is supportive; certainly
we are unaware of any compeling contradictions from either animal ex-
periments or the more anecdotal human data. Nonetheless, there are cer-
tainly a number of outstanding empirical issues. For instance, theory re-
quires that the virulence-transmission relationship be saturating (i.e., the
marginal transmission advantages of virulence decrease as virulence in-
creases): if it is not, selection would favor infinite virulence. We have yet
to find direct evidence for saturation, although there are hints that it might
be present (Mackinnon et al. 2002; Mackinnon and Read 2003) and theo-
retical reasons to expect it (Antia et al. 1994; Ganusov et al. 2002). There
may also be other costs to virulence. For instance, extreme anemia may
impact the parasites’ ability to replicate. Also, genetically diverse infec-
tions are the rule rather than the exception in malaria (Day et al. 1992),
and we only modeled the case of superinfection (i.e. that in which hosts
can be infected by more than one clone, but if a new clone establishes
then it completely replaces the previous clone, so coexistence does not
occur). Superinfection and coinfection can have profound impacts on the
direction of virulence evolution depending on the mechanisms of any in-
teractions between competing genotypes and how competitive outcome
within hosts translates into between-host fitness (Read and Taylor 2001;
Read et al. 2002). We are pursuing these issues in our rodent model; so far
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generalities have proved elusive (Taylor et al. 1997; Taylor and Read 1998;
Read and Taylor 2001; Mackinnon et al. 2002; Read et al. 2002; de Roode
et al., 2003).

The extent to which these outstanding issues undermine our argument
that blood-stage and toxin vaccines will select for more-virulent malaria
parasites is unclear. We view absence of evidence as an opening for fur-
ther work and understanding rather than as a fatal flaw (cf., Smith 2002,
Ebert and Bull 2003). If, for instance, other costs of virulence are discov-
ered, these will need to be explored theoretically. If anemia is a cost of
virulence, vaccination may reduce this too, with the same consequence
for the evolution of malaria virulence. More telling empirical tests of the
idea may also be possible. For instance, it should be possible to experi-
mentally evolve malaria parasites in semi-immune and immunologically
naive mice and compare the resulting virulence.

OTHER DISEASES

Of course, the real test of our hypothesis is the outcome of real-time
evolution in pathogen populations. Yet any evolutionary consequences
of malaria vaccines are unlikely to become apparent during our working
lives: even if the malaria vaccines currently under field trial actually work,
it will be at least another 10-15 years before they could emerge from the
regulatory morass of Western medicine and begin to impose selection on
Plasmodium populations. Once they do, there will be no turning back. So
what about diseases other than malaria? In many instances, vaccination
has been going on for many decades, probably long enough for virulence
evolution to occur. There is an urgent need to determine whether it has
occurred or is occurring.

However, this will not be straightforward. Although the assumptions
underpinning our model are likely to apply in many cases, they will cer-
tainly not apply to all diseases. For instance, we assume that virulence and
transmission will be positively and genetically correlated. This is believed
to be so in many but not all infectious diseases (Lipsitch and Moxon 1997;
Weiss 2002; Ebert and Bull 2003). For instance, it is frequently stated that
polio virus causes disease only when it gets into neural tissue, from which
it has no transmission potential, and hence that there can be no link be-
tween virulence and transmission (Levin and Bull 1994). Actually, in this
particular case we are not convinced. The reversion of the attenuated vac-
cine strains to wild type virulence in some parts of the world points to
some sort of fitness advantage to virulence (Kew et al. 2002; Day 2003)
Nevertheless, the general point must be sound: virulence and transmis-
sion need not be genetically correlated. Clearly, our analysis applies only
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to those situations in which they are: an absence of virulence evolution
in a disease without such a correlation casts no light on our argument.
We note, however, that even for Plasmodium chabaudi in laboratory mice,
it has been an experimental challenge to determine relevant fitness func-
tions. Where experimental work is not possible (human diseases without
an appropriate animal model), it is going to be very difficult to determine
whether a particular disease is of the sort that is likely to be in accord with
our model.

Even if virulence evolution has occurred, it might be a serious chal-
lenge to detect it against other changes, especially where vaccination is
highly effective. For illustrative purposes, consider measles in England and
Wales, where vaccination began in the late 1960s. The best test of whether
contemporary measles is more virulent than measles in the pre-vaccine era
is to take strains from the 1960s and current strains and compare their vir-
ulence in an experimental common garden. This is how the evolution of
the virulence of myxoma virus in Australia has been elucidated (Fenner
and Fantini 1999). However, in the case of a human disease, there is no
ethically acceptable common garden. One is forced to compare strains
using a surrogate measure of virulence (such as in vitro growth rates, or
virulence in an animal model) or to compare case records from the 1960s
with contemporary disease outcome. Such a comparison would be hard
enough, given undoubted changes in societal health generally and im-
provements in intensive and palliative care. This comparison becomes
even more problematic when vaccination has reduced serious cases to
very low numbers (as with measles in England and Wales), so that sample
sizes become a problem. It may also be that many of the current UK cases
are from pathogens initially contracted in populations in which there has
been little or no vaccination.

An altogether more worrying prospect is that very large increases in
virulence are in fact about to occur but we have yet to detect the early
signs. As drug resistance has demonstrated, novel alleles rising from very
low frequencies can be extremely hard to detect during the early part of
their expansion, but then once they are at detectable levels, they very
rapidly rise toward fixation to become a public health disaster (Hastings
and D’Alessandro 2000). Chloroquine resistance in malaria, for example,
must have first arisen in the 1950s but was not a serious problem until it
became widespread two or three decades later. The situation could be even
more difficult with virulence: drug resistance is a relatively uncontroversial
phenotype to assay both in vitro and in vivo. In the absence of a genetic
marker of virulence, it will be very, very difficult to detect changes in
pathogen virulence until the evolution has proceeded a long way.
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Figure 11.7. Myxomatosis virulence and rabbit resistance in Australia. Myxoma
virus evolution was initially towards lower virulence, but virus virulence is increas-
ing again (solid line, diamond), evidently in response to increases in resistance in
wild rabbits (broken line, circles). Virulence of myxoma virus was estimated from
mean survival times of wild isolates in a standard laboratory strain of rabbit; rab-
bit resistance was estimated by inoculating wild rabbits with a standard laboratory
myxoma virus strain. Data are from Tables 14.5 and 14.6 of Fenner and Fantini
(1999).

All of these issues make it difficult to test our hypothesis using human
data in the absence of genetic markers. Nonetheless, we believe there is a
strong case for trying to do so: we know of two examples of animal diseases
that may be consistent with our proposed scenario. The first is myxomato-
sis in Australian rabbits. The dramatic drop in virulence that occurred a
few years after the introduction of the myxoma virus in the 1950s is a text-
book example of virulence evolution and one of the empirical examples
used to support the argument that evolution favors intermediate levels of
virulence that balance the benefits (high transmission and slower clear-
ance) and costs (host death) of virulence. However, the implications of the
more recent evolution of the myxoma virus have been largely overlooked
(Gandon and Michalakis 2000). The virulence of isolates recovered from
the field has been rising again (see Figure 11.7). In fact, more than 80%
of the isolates were ranked as the most virulent strain. This percentage is
the same as in the virus population introduced into Australia in the first
place. The explanation for this seems to be increasing resistance in the
rabbit population as a result of the strong natural selection imposed by
the virus on the rabbit (Fenner and Fantini 1999). Studies of the infec-
tion process demonstrate that natural rabbit resistance has impaired the
expansion of the virus population within the host (Best and Kerr 2000).
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Figure 11.8. Schematic representation of Marek’s disease virus virulence evolu-
tion, taken from the poultry literature. Until the 1950s, Marek’s disease was caused
by strains now classified as mild (m). These were then replaced by virulent (v), very
virulent (vv), and very virulent 4 (vv+) strains. This evolution prompted the develop-
ment of first-generation vaccines (HVT) and then second-(Bival) and third-(Rispens)
generation vaccines. The original caption to this figure reads, “There appears to
be a relationship between the introduction of new vaccines and the development
of more virulent pathotypes” (Witter 1998, p. S50). Figure is from Witter (1998)
with permission.

Thus, it is analogous to the resistance elicited by an anti-replication vac-
cine (r, in Figure 11.4). There is also evidence that more-virulent strains
transmit better in the absence of host death (May and Anderson 1983;
Best and Kerr 2000). Thus, it is most probable that increases in resistance
are responsible for increases in virus virulence.

A possible case of vaccine-driven evolution is that of Marek’s disease
virus (MDV), which is a lymphoproliferative avian herpes virus that causes
substantial losses in the poultry industry. There is extremely good evi-
dence for strain differences in virulence, and this seems to have been the
raw material that fueled substantial virulence evolution (Witter 1997a,b,
1988, 2001; Kreager 1998; Biggs 2001). From its first description in 1907
through to the middle part of the twentieth century, Marek’s disease was a
mildly paralytic syndrome associated with gross enlargements of periph-
eral nerves and occasional lymphomas. Death was relatively rare. This suite
of symptoms was caused by strains now categorized as mild Marek’s dis-
ease virus, mMDV. From the 1950s on, there has been a steady increase in
virulence (Figure 11.8), and today hyperpathogenic strains dominate the
poultry industry. These strains can kill within two weeks and are associated
with syndromes such as flaccid neck paralysis and extensive lymphomas
on most internal organs. Direct comparisons of isolates from the past 50
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years are not possible, but there seems little doubt that virulence evolution
has occurred: mild MDV strains can no longer be isolated in commercial
operations in the U.S., and it is difficult to imagine that hyperpathogenic
strains could have been present at the end of World War I without some-
one recording the horrendous symptoms they cause.

What drove this evolution? Initial increases in virulence, attributed
to the intensification of the poultry industry, prompted the development
of the first generation of live attenuated vaccines (see Figure 11.8). This
was shortly followed by further increases in virulence, which prompted
the development of second-generation vaccines, more virulence, and sub-
sequently the development of a third generation of vaccines. Many in
the industry consider that the vaccines last about ten years and that viru-
lence evolution has made vaccination an extremely fragile means of MDV
control (Kreager 1998; Witter 2001): the next generation of vaccines may
themselves be untenably virulent.

But is there a causal link between vaccination and the virulence in-
creases? Certainly, this is a prevalent view in the poultry literature (Wit-
ter 1997a, 1998, 2001; Kreager 1998; Biggs 2001). A number of lines of
evidence show that MDV accords with our model. First, there is good
experimental evidence that vaccination is less protective against more-
virulent strains (Witter 1997b); Read et al. in preparation). Second, the
more-virulent strains are not vaccine escape mutants: there is absolutely
no evidence that they are antigenically different from the milder an-
cestral strains. Instead, enhanced virulence is associated with enhanced
proliferative ability; it looks very much like the sort of life-history (vir-
ulence) variation we are discussing. Third, the effects of the vaccine are
anti-proliferative — r, in our speak (Figure 11.4). The vaccines may also
have a pure anti-disease effect analogous to our r4 resistance (Biggs 2001).
Fourth, vaccinated birds transmit wild type virus, so the vaccine is imper-
fect. However, there are no quantitative data on transmission, so although
a positive genetic correlation between virulence and transmission seems
likely (pathogen-induced host cell proliferation is associated with both),
it has not been confirmed.

It is of course possible that changes in factors other than vaccination
efficacy were responsible for the virulence increases in MDV populations.
One possibility is genetically enhanced resistance in the chickens. This
resistance also slows virus proliferation, which would reinforce our argu-
ment that anti-replication immunity can drive virulence increases. An-
other possibility is that there have been other changes in the poultry
industry, not least intensification. Such hypotheses do not readily explain
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why more lethal strains are better able to cope with vaccination. To us,
the lesson of Marek’s disease is two-fold:

(1) virulence evolution on short time scales can have a huge impact on
animal health, and
(2) vaccination might be the cause.

There is an urgent need to determine whether it is, and if so, whether
vaccination could have the same effect in diseases of humans.

ANTI-TOXIN VACCINES

Several authors have argued that there is evidence that anti-toxin vac-
cines have altered the virulence of at least one human disease (Ewald
1994, 1996, 2002; Soubeyrand and Plotkin 2002; Ebert and Bull 2003).
However, the orthodoxy is that vaccination prompted the evolution of
less-virulent pathogens. The most widely cited example is the bacterial
disease diphtheria, caused by Corynebacterium diphtheriae, although the ar-
gument has been extended to Bordetella pertussis (Ewald 1994, 1996, 2002;
Soubeyrand and Plotkin 2002; Ebert and Bull 2003) and Hemophilus in-
fluenzae (Ewald 1996). The orthodox explanation for the reductions in
virulence is as follows. The pathogen produces a fitness-enhancing toxin,
but producing the toxin is metabolically expensive. Thus, in an unvacci-
nated host, the tox™ variants have a fitness advantage, but in vaccinated
hosts, the tox™ forms have an advantage because they pay no metabolic
cost for producing a toxin rendered useless by immunity. Thus, in a vac-
cinated population, tox~ forms dominate, so that overall virulence goes
down. Deliberately targeting vaccines at toxins to induce this sort of evo-
lution (the “virulence-antigen strategy”) has been advocated as a practical
example of virulence management (Ewald 1994, 1996, 2002; Ebert and
Bull 2003).

This argument contrasts with our view that anti-toxin vaccines will
protect the host and hence the toxin-producing strains from risk of death,
so that higher levels of toxin production (and hence virulence) can be
sustained. The two arguments differ in what is considered the cost of
virulence — host death (Gandon et al. 2001) or metabolic costs of toxin
production (Ewald 1994, 1996, 2002; Soubeyrand and Plotkin 2002; Ebert
and Bull 2003). In a model incorporating both costs (Gandon et al. 2002),
we showed that increased or decreased virulence could result, depend-
ing on the metabolic cost of toxin production and vaccine coverage ef-
ficacy (Figure 11.9). This raises the very interesting possibility of testable
predictions across a range of diseases or epidemiological conditions. It
might also explain why for instance, virulence reductions in diphtheria
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Figure 11.9. Evolutionarily stable toxin production, =*, against anti-toxin vaccine
efficacy, r. Plotted lines are for different costs of toxin production. The upper line
in each panel is when the cost of toxin production is zero; the lower lines are for
progressively higher costs of toxin production, and variable levels of vaccination
coverage, p. We used the same fitness function and parameter values as Gandon
et al. (2002) and the epidemiological model used here is equation (6) in Gandon
et al. (2001).

have apparently occurred in some contexts (e.g., Pappenheimer 1982),
whereas there have apparently been increases in other populations (e.g.,
Mortimer and Wharton 1999). More generally, we believe our model to be
the first formal attempt to model the virulence-antigen strategy; it is quite
clear that it can have harmful evolutionary consequences in a fairly wide
range of parameter space.

CONCLUDING REMARKS

We end with three points. First, there is absolutely no doubt that vacci-
nation is one of the most important successes of biomedical science, and
none of our data or theoretical models provides any argument against con-
tinuing to develop and implement mass vaccination. Even if we are right
that some vaccines have the capacity to lead to the evolution of more-
virulent pathogens, this is no argument for not developing them. Marek’s
disease is an important case in point. It may indeed be that vaccination
is responsible for the hyperpathogenic strains that now exist. But it has
been estimated that vaccination has saved 2 billion chickens in the U.S.
since its implementation (Witter 2001). Indeed, it is difficult to envisage
any situation in which transitory benefits of disease relief for even just
a few decades would not be worth having. For instance, malaria has a
massive economic as well as human cost (Sachs and Malaney 2002). A
viable vaccine that reduced the malaria burden for even a few decades
would liberate huge economic potential, given the nature of financial
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compounding. Economic development is a prerequisite for developing the
health delivery infrastructure, implementing environmental measures,
and improving housing, which could themselves have a huge impact on
malaria incidence. Thus, any effective malaria vaccine has huge potential for
good. Our strongest point is that, as with chemotherapy, we have to be
aware that evolution can take the gloss off apparently magic bullets, so that
we need to be vigilant and continually considering new control measures.

Second, our arguments are based on mathematical and animal models.
For the most part, it is difficult to imagine any other way to investigate, in
advance, the evolutionary safety of population-wide interventions in hu-
man pathogens. However, models of any sort rarely deliver certainty, and
this necessarily means controversy. This is no reason to ignore the evo-
lutionary consequences of vaccination. We suggest that more theoretical
and empirical work of the sort we have been doing is called for on malaria
and a range of other pathogens. Some of this work might serve to deter-
mine whether we are already unwittingly doing experiments on human
populations that will have undesirable outcomes for which we should pre-
pare. Other such studies might help us decide between possible candidate
vaccines. For instance, transmission- and infection-blocking vaccines will
generally lessen the risks of increased virulence and so should be incorpo-
rated in multi-component vaccines (Gandon et al. 2001). We also think
that, during vaccine trials, substantially more attention should be paid to
measuring transmission from vaccinated people. Finally, when vaccines go
into widespread use, it is vital that extensive collections of frozen pathogen
material be kept throughout, so that if evolutionary change does occur, it
is possible to study it.

The Marek’s disease story demonstrates the need for more work on the
impact of medical and veterinary interventions on virulence evolution.
Something caused MDYV to become more virulent over the past fifty years.
Perhaps it was something other than vaccination, but it is surely some
consequence of chicken husbandry. The poultry industry deals with vir-
ulence evolution by sterilizing empty chicken sheds. Analogous options
are clearly unavailable to public health managers.
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