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Preface

This book was originally conceived at a conference at the
University of Turin in Italy. The conference was organized to examine the
so-called “Malaria Hypothesis”, that is to say, the higher fitness of tha-
lassemia heterozygotes in a malarial environment, and to pay tribute to
the proponent of that hypothesis, J.B.S. Haldane. Contributors to this
book examine certain genetic and evolutionary aspects of malaria which
is a major killer of human populations, especially in Africa and Asia.

There were attempts to discredit Haldane’s contribution from two
directions: (a) it has been suggested that the “Malaria Hypothesis” was
known long before Haldane and that there was nothing original about his
idea (Lederberg 1999), and that (b) the hypothesis of heterozygote supe-
riority was first suggested by the Italian biologist Giuseppe Montalenti
who communicated his idea to Haldane (Allison 2004). Surely, both can-
not be right. In fact, the evidence presented in this book clearly indicates
that both are wrong.

Haldane’s malaria hypothesis has stimulated a great deal of research
on the genetic, evolutionary and epidemiological aspects of malaria dur-
ing the last 50 years. It has opened up a whole new chapter in the study
of infectious diseases. It deserves serious consideration.

For helpful discussions we thank Lucio Luzzatto, Alberto Piazza,
Guido Modiano and David Roberts.

Krishna R. Dronamraju
Paolo Arese
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Introduction

Krishna R. Dronamraju

The global incidence of malaria and its fatal consequences continue to
be one of the worst catastrophes ever faced by mankind. With over 3 mil-
lion deaths per year that are attributable to the attacks by the malaria par-
asite, it remains the foremost killer among all diseases, comparable only
to the deaths caused by the equally disastrous disease, AIDS, which was
reported to have caused 3.1 million deaths in 2004 (UNAIDS/WHO
AIDS Update December 2004).

However, by utilizing a combination of epidemiological, geographi-
cal, and demographic data on the occurrence of malaria, Snow et al. (2005)
showed that there is reason to believe that these passive statistics may well
indicate gross underestimates. The total number of deaths that are occurring
each year from malaria (and also perhaps from AIDS and other infectious
diseases) may be much higher than indicated by these estimates.

The global distribution of clinical attacks attributable to the para-
site, causing the common malaria, Plasmodium falciparum, has been
recently shown to be grossly underestimated in previous reports. Snow
et al. (2005), in a remarkable paper, estimated that there were 515 (range
300-660) million episodes of clinical P falciparum malaria in 2002.
Their estimate is approximately 50% higher then those reported by the
World Health Organization (WHO) and 200% higher for areas outside
Africa. This difference was explained by Snow et al. (2005) as the result
of the dependence on national statistics derived from passive detection of
cases for the WHO’s present global disease estimates outside Africa.
Similar passive data, when compared with survey reports of data on
active case detection in the same areas, in various countries, demon-
strated that the magnitude of underreporting by passive detection ranged
from a 3-fold difference in Brazil to a 1000-fold difference in Pakistan.

Krishna R. Dronamraju + Foundation for Genetic Research, P.O. Box 27701-0, Houston,
Texas 77227.

Malaria: Genetic and Evolutionary Aspects, edited by Krishna R. Dronamraju and Paolo Arese,
Springer, New York, 2006.
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2 Krishna R. Dronamraju

1. The Haldane Hypothesis

A new chapter on the evolutionary implications of the prevalence
of infectious diseases in human populations was opened by the biologist
J.B.S. Haldane (1932) who suggested that one of the principal agents of
natural selection during the course of evolution is immunity to disease
(Dronamraju, 2004). Later, in two seminal papers that were delivered in
1948 and 1949, Haldane (1949 a,b) developed his theory succinctly. These
are reproduced in this book (pp.169—187). In his first paper, an address to
the Eighth International Congress of Genetics in Stockholm, Haldane
(1949a) discussed the possibility that individuals who are heterozygous
for thalassemia in the Mediterranean countries may be more resistant to
malarial infection. He was impressed by the co-occurrence of both tha-
lassemia and malaria in countries of the Mediterranean region. He argued
that the corpuscles of the anemic heterozygotes may well be more resist-
ant to attacks by the sporozoa, which cause malaria than those of either
homozygote. His comment was in response to a statement by Neel and
Valentine (1947) who believed that the thalassemia heterozygote is less fit
than normal and the mutation rate may well exceed 4 x 10~*. 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.
He added that an increased fitness of the heterozygote was also found in
the case of several lethal and sublethal genes in Drosophila and Zea.

Later, at a symposium in Milan, Haldane (1949b) developed his
theory in greater detail, extending it to infectious diseases in general.
He wrote: “. .. the struggle against disease, and particularly infectious
disease, has been a very important evolutionary agent, and 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.”
Haldane did not refer to thalassemia or malaria in his paper, but during
the discussion the Italian biologist Giuseppe Montalenti referred to the
greater fitness of thalassemic heterozygotes in the malarial regions,
which, he said, was verbally communicated to him by Haldane. Thus, it
is clear that Haldane was the first to formulate the “malaria hypothesis.”

Lederberg (1999), stated that genetic resistance to infectious
disease in crops, such as wheat, was known long before Haldane and that
Haldane (1949b) did not refer directly to the relationship between
malaria and thalassemia. However, Lederberg (1999) did not mention the
earlier paper of Haldane (1949a) where Haldane clearly discussed
the role of heterozygosity in connection with resistance to malaria.
Allison (2004), suggested the possibility that it was Montalenti who
communicated the hypothesis to Haldane. However, this possibility was
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also ruled out for two reasons. (a) It was Montalenti himself who stated
that Haldane communicated the idea to him.

(b) Haldane had already discussed his hypothesis at the International
Genetics Congress in Stockholm in 1948, long before the Milan
symposium.

It is hardly surprising that Haldane came up with the idea of a rela-
tionship between malaria and thalassemia. Throughout his career, from
1912 onwards, Haldane was noted for his broad vision and far reaching
intellect, which he displayed in several disciplines to which he made fun-
damental contributions. He possessed the rare gift of seeing connections
between diverse observations and phenomena in multiple disciplines,
which others had missed. These disciplines include physiology, genetics,
biochemistry, biometry, statistics, and cosmology, to name a few. His
mathematical theory of natural selection was one of the foundations of
population genetics (Dronamraju, 1990). Through long and consistent
mathematical contributions over 50 years and sweeping generalizations
in evolutionary biology, which encompassed his vast knowledge of mul-
tiple disciplines, Haldane’s broad vision and insight were most influen-
tial in shaping the course of evolutionary biology. Unlike the work of his
contemporaries, R.A. Fisher and Sewall Wright, Haldane’s contributions
to biology were much more extensive, covering many aspects of
human—medical genetics, population genetics, demographic genetics,
immunogenetics, behavior genetics, cytogenetics, as well as other sub-
jects including cybernetics, philosophy, logic, astronomy, and psychology.
No other individual matched his versatility. Indeed, it is clear from today’s
perspective that the “malaria hypothesis” was yet another idea of
Haldane, which was one of a long series of brilliant ideas, hypotheses, and
theories that transformed biology, especially evolutionary biology, in a
profound manner. It is entirely consistent with Haldane’s approach to
problems in biology. His numerous books, research papers, and popular
essays often contained valuable ideas, which are too numerous to mention
here. Some of these are found in the most unlikely places, such as the The
Rationalist Annual or The Daily Worker, and were mentioned so casually
that it is easy to overlook them (Dronamraju, 1985).

Haldane’s “malaria hypothesis” was recently examined and
reviewed by Weatherall (2004). It is an interesting fact that Haldane’s
hypothesis was first confirmed in the sickle-cell anemia field rather than
thalassemia. These early studies on thalassemia were reviewed in detail
by Weatherall and Clegg (2001). Recent research has provided stronger
numerical data regarding the protective effect of the sickle-cell trait
against P, falciparum malaria. Sickle-cell carriers enjoy almost 80% pro-
tection against the severe complications of malaria, especially cerebral
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and profound malaria (Hill et al., 1991). Research in West Africa by
Modiano et al. (2001) has confirmed that the relatively high frequencies
of Hb C have been maintained by resistance to P falciparum. However,
there appears to be evidence for both heterozygote and homozygote pro-
tection and the authors suggested that this could be an example of a tran-
sient polymorphism, mainly because of the perceived lack of any clinical
or hematological changes in Hb C homozygote.

Research involving both population and case-control studies has
provided strong evidence that the high frequency of the milder varieties
of alpha-thalassemia is related to protection against P falciparum
malaria (reviewed by Weatherall and Clegg, 2002). There is strong evi-
dence of protection of both alpha* thalassemia homozygotes and het-
erozygotes against P falciparum. Molecular analyses of beta-globin
genes in thalassemic and nonthalassemic individuals in different popula-
tions provided some indirect evidence that the high frequency of beta-
thalassemia is also indicative of heterozygote protection against malaria.
However, this observation needs further confirmation by the application
of case-control studies, which have proved to be successful with respect
to the sickle-cell and alpha-thalassemia genes.

Although Haldane (1949a) offered a possible explanation, it is
clear that it was overly simplistic. Recent investigations with in vitro
cultures of malarial parasites have yielded some interesting results.
Analyses of rates of invasion and growth of parasites in normal and
thalassemic red cells, as well as in the red cells of carriers of Hb S and
Hb C have been carried out by various investigators (Nagel, 2001;
Weatherall and Clegg, 2001). Weatherall (2004) summed up the results.
It appears that both P vivax and P falciparum have a predilection for
invading younger red cells (Pavsol ef al., 1980). Some abnormalities of
invasion and growth have been found in the red cells of individuals with
more severe forms of thalassemia. However, no consistent abnormalities
were found in the milder forms. Consistent reduction in parasite devel-
opment has been found in red cells from those with the sickle-cell trait,
provided the cells are subjected to hypoxic conditions. In other studies,
it has been suggested that protection against malaria may involve an
altered red-cell membrane band 3 protein, which may be a target for
enhanced antibody binding in thalassemic red cells (Williams et al.,
2002).

In vivo studies have also yielded some interesting findings. It has
been suggested that early susceptibility to P vivax may be acting as a nat-
ural vaccine by inducing cross-species protection against P falciparum
(Willams et al., 1996). There has also been a suggestion from case-
control studies that thalassemia clearly protects against malaria and that
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it may be associated with protection against other infectious diseases as
well (Allen et al., 1997).

2. Glucose-6-phosphate dehydrogenase deficiency
and malarial resistance

Tishkoff and Verrelli (2004) recently reviewed the evidence con-
cerning the relationship between malarial resistance and another poly-
morphism, G6PD (glucose-6-phosphate dehydrogenase) deficiency.
Glucose-6-phosphate dehydrogenase is an important “housekeeping”
enzyme in the glycolytic pathway for glucose metabolism. Glucose-6-
phosphate dehydrogenase deficiency is a genetic disorder, which results
from mutations within the G6PD gene, located on the telometric region
of the long arm of the X chromosome. It is the most common enzy-
mopathy of humans, which affects approximately 400 million people
worldwide (Vulliamy ef al., 1992). Glucose-6-phosphate dehydrogenase
deficiency has been found to be associated with many clinical disorders,
including hemolytic anemia, neonatal jaundice, and several cardiovascu-
lar diseases, which may be triggered by certain drugs, such as the anti-
malarial drug primaquine or certain foods or infections. For example,
ingestion of fava beans by individuals with the common Mediterranean
G6PD variant has been known to trigger severe hemolytic anemia and
death, resulting in the disease commonly known as “favism” (Vuilliamy
et al., 1992; Beutler, 1993). The distribution and frequency of G6PD
deficiency are positively correlated with regions where malaria is
endemic—either now or in the past (Siniscalco et al., 1961). There is
abundant evidence confirming that the individuals with G6PD deficiency
have lower P, falciparum parasite loads than controls (Gilles et al., 1967).
Furthermore, 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). Parasite growth is inhibited in
the first few cycles of infection in G6PD deficient cells. A large case-
control study involving more than 2000 African children demonstrated
that the most common African form of G6PD deficiency is associated
with a 46-58% reduction in risk of severe malaria for both female het-
erozygotes and male hemizygotes (Ruwende et al., 1995). The precise
mechanism by which G6PD deficiency confers resistance against
malaria is not known. It has been suggested that red cells deficient in
G6PD may be under increased oxidative stress, which may create a toxic
environment for the P falciparum parasites (Miller, 1994). Finally, the
G6PD-deficient red blood cells (RBC) that contain parasites at the ring
stage of infection and have a greatly impaired antioxidant defense are
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more likely to undergo phagocytosis, leading to a reduced number of red
cells containing mature parasites.

3. Phagocytosis of Ring Forms

Arese et al. (see pp. 25-54 of this book) have discussed the
enhanced phagocytosis of early parasite forms (ring forms) as a model
of protection for widespread RBC mutations. Their model suggests that
only phagocytosis of ring-parasitized mutant RBCs is selectively
enhanced, while phagocytosis of trophozoites, although very high, is
quite similar in normal and mutant cells. This model of resistance, which
involves an enhanced phagocytosis of ring-parasitized mutant RBC, was
earlier proposed by Cappodoro et al. (1998) for G6PD deficiency and was
later extended to Hb AS, beta-thalassemia trait, and Hb H by Ayi et al.
(Blood, in press). It has been noted that several protective mutations have
phenotypic similarities, although differing in the molecular nature of the
underlying defect (Destro-Bisol et al., 1996). As expected, higher levels of
bound antibodies and more intense phagocytosis have been observed in
parasitized thalassemic and other mutant RBC. It appears that the mecha-
nism of underlying resistance is due to the enhanced removal of parasitized
mutant RBC by the host’s immune system.

4. Evolutionary Considerations: Malaria’s Eve Hypothesis

Rich and Ayala (1998, 2004, and in the present volume, see
pp. 125-146) have discussed the evolutionary origins of human malaria
parasites. Some interesting facts are as follows. The four human parasites,
P, falciparum, P ovale, P malariae, and P, vivax are very remotely related
to each other, which imply that the evolutionary divergence of these four
human parasites greatly predates the origin of the hominids. The evidence
indicates that their parasitic associations with humans are phylogeneti-
cally independent, which is further confirmed by the diversity of their
physiological and epidemiological characteristics. P falciparum is more
closely related to P reichnowi, the chimpanzee parasite, than to any other
Plasmodium species mentioned earlier. The time of divergence between
falciparum and reichnowi has been estimated to be about 811 million
years, which is in agreement with the time of divergence between the
humans and the chimpanzees. In addition, there is evidence to indicate
parasite transfers between human and monkey hosts. Evidence favoring
the transfer from monkeys to humans and vice versa has been summa-
rized by Rich and Ayala (2004 and this volume, pp. 125-146). Lateral
transmission of Plasmodium parasites from monkey hosts to humans is
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known for P simium, P brasilianum, P cynomolgi, P knowlesi, and also
possibly P simiovale. Transmission from humans to monkeys has been
achieved experimentally and may occur in nature as well. Host-shifts
have been noted among avian and reptilian malaria parasites (see Rich
and Ayala, this volume).

Rich and Ayala (1998) proposed that the extant world populations
of P. falciparum are of recent origin, referring to it as the “Malaria’s
Eve hypothesis.” Although this has been a source of some contention
in recent years, the work of Conway et al. (2000) provided further evi-
dence in support of this hypothesis on the basis of an analysis of the
P, falciparum mitochondrial genome (however, also see Volkman et al.,
2001; Hughes and Verra, 2001; Rich and Ayala, 2004).

Coluzzi (1994, 1999) argued that speciation events that may be
related to the demographic and climatic changes in Africa, the Middle
East, and the Mediterranean region had facilitated the rapid evolution of
highly anthropophilic and effective falciparum vectors. Della Torre et al.
(2002), (from Coluzzi’s group) studied the molecular affinities among
the sibling species of the Anopheles gambiae complex, which are mor-
phologically indistinguishable but exhibit distinct genetic and eco-
ethological differences which, in turn, are related to differences in their
ability to transmit malaria. 4. gambiae shows extreme genetic hetero-
geneity, which is revealed by the traditional study of chromosomal inver-
sions but also by recent studies of molecular markers, such as X-linked
ribosomal DNA (rDNA). The very recent divergence of the molecular
forms of the 4. gambiae complex and the likelihood that only a few
genes are involved in reproductive isolation and ecological diversifica-
tion means that the entire 4. gambiae genome needs to be screened to
identify differences in gene sequences and gene expression between
incipient species (Della Torre ef al., 2002). This situation offers a unique
opportunity to study the evolutionary strategies of a vector, which has
survived and evolved over thousands of years. It is necessary to under-
stand this evolutionary process if we are to devise methods to control this
vector, which continues to cause much destruction to human society.

Among other evolutionary considerations, Modiano et al. (2001)
suggested that Hb C provides protection against clinical P falciparum
malaria in both the heterozygous and homozygous state. The estimated
reduction in the relative risk of clinical malaria associated with CC
homozygosity (93%) is stronger than that of AC heterozygosity (29%)
and similar to that of the Hb AS genotype (73%). Based on these find-
ings as well as other work on pathological aspects, they have suggested
that in the long term and in the absence of malaria control, Hb C would
replace Hb S in central West Africa.
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Alphey et al. (2002) suggested that genetically modified organisms
(GMOs) could be used to engineer mosquitoes with an altered phenotype
that would be introduced into a population and spread rapidly. These
strategies would target the malaria parasite rather than the mosquito
itself. Another possibility is to follow a traditional method, such as the
release of insects carrying dominant lethals. However, there is much
emphasis on testing the safety and efficacy of any novel engineering
methods in cultures and in animal models before initiating the clinical
trials.

5. Malaria Vaccines

As the parasite, P falciparum, has developed resistance to the main-
stays (e.g., chloroquine and sulfadoxine-pyrimethamine), even the modest
goal of the “Roll Back Malaria” program of the WHO to cut the death
rate by half by 2010 is unlikely to be realized by using conventional
methods. Other approaches to malaria eradication are being explored.
Since the discovery by Chinese scientists (in the 1970s) that an active
ingredient, artimisinin, found in the Chinese shrub, Artimisia annua,
kills malarial parasites, several new chemical derivatives have been
developed. These were found to be quite effective, curing more than 90%
of the patients within a few days, with no adverse effects. However, there
are two problems. The plant grows mainly in China and Vietnam and its
availability for the drug development has not been steady or reliable
(although new attempts are being made to grow it in India). The second
problem is the cost of treatment—at $ 2.40 per course—is prohibitively
expensive for many countries of Africa and Asia where it is urgently
needed. The Gates Foundation has been supporting research at the
University of California to genetically engineer Escherichia coli to make
them produce terpenoids, a class of molecules that includes artemisininin.
However, it remains to be seen whether the eventual cost of any drug thus
produced will be affordable for treating the millions of afflicted people in
the developing countries. Another alternative is a compound called
0Z277 (or OZ), which has been tested at the University of Nebraska as
an antimalarial in vitro and in animals. An Indian pharmaceutical com-
pany, Ranbaxy, is developing it further, hoping to market it at an afford-
able price. Even if the price is affordable, drugs can always lose their
efficacy sooner or later (sooner, it seems) and the search for newer, safer,
and affordable drugs goes on forever.

An obvious alternative is the development of attenuated whole-
organism vaccines, which has proved extremely difficult. However,
Mueller ef al. (2005) recently showed that mice immunized with geneti-
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cally attenuated sporozoites of the rodent malaria parasite Plasmodium
berghei are completely protected against challenge with wild-type
sporozoites. Malaria is transmitted when a female anopheline mosquito
injects sporozoites into the host blood. Infection progresses as the sporo-
zoites migrate to the liver, invading hepatocytes and eventually a liver
cell where a sporozoite differentiates and multiples, releasing thou-
sands of pathogenic merozoites into the bloodstream. Preventing the
sporozoites from infecting a hepatocyte is a prime target for developing
malaria vaccines because they can be completely eliminated by steriliz-
ing immune responses, thus preventing malarial infection. Even a single
surviving sporozoite can cause a lethal blood-stage infection. Hence, any
method devised at this stage must be 100% effective. Other recent devel-
opments are also helpful. The recently completed Plasmodium genome
sequences may facilitate the development of live-attenuated parasites by
more accurate genetic interventions. Using expression profiling, the
same group of investigators previously identified Plasmodium genes that
are specifically expressed during the preerythrocyte part of the parasite
life cycle. They observed that a number of preerythrocyte genes named
UIS also undergo upregulation in sporozoites when they gain infectivity
for the mammalian host. Hence, the authors concluded that inactivation
of UIS genes for which expression is restricted to preerythrocyte stages
might lead to attenuation of the liver-stage parasite. Their investigation
focused on a gene called UIS3, which encodes a small conserved trans-
membrane protein, and is expressed in infectious sporozoites as well as
after sporozoite infection of livers in vivo. The UIS3 genes in rodent and
human malaria parasites show 34% amino acid sequence identity.

Using gene disruption, Mueller et al. (2005) obtained clonal para-
site lines designated wis(—), which contained the predicted locus dele-
tion. The uis(—) parasites showed normal asexual blood-stage growth and
normal transmission to the Anopheles mosquito vector. The uis(—) sporo-
zoites developed normally and infected the salivary glands at wild-type
efficiencies. They showed typical gliding motility and host-cell invasion
capacity of cultured hepatoma cells at levels comparable to wild-type
parasites. However, in contrast to wild-type sporozoites, which are capa-
ble of invading hepatocytes and generate merozoites within 48 h, the
uis(—) parasites showed a severe defect in their ability to complete
transformation. These in vitro observations were followed up by test-
ing to see if wuis3(—) sporozoites had lost their capacity to progress
through liver-stage development and cause blood-stage infections
in vivo. These experiments failed to induce blood-stage parasitemia in
young Sprague—Dawley rats, which are highly susceptible to P berghei
sporozoite infections.



10 Krishna R. Dronamraju

Mueller et al. (2005) identified a UIS3 orthologue in the genome
of the human malaria parasite, P, falciparum. Indeed, these efforts could
lead to the creation of a genetically attenuated uis3(—) human parasite
that can be tested as a vaccine in human-sporozoite challenge models,
eventually leading to the development of a genetically attenuated,
protective whole-organism malaria vaccine. Furthermore, the availabil-
ity of attenuated blood-stage parasites indicates that an attenuated
whole-organism approach to malaria vaccination may be developed by
focusing attention also upon other stages of the parasite’s life cycle.
Similar approaches may be explored for other parasite-caused infectious
diseases.

Genetically modified parasite sporozoites should be safer than
those generated by other methods, such as irradiated sporozoites, pro-
vided they are constructed by a replacement (double crossover) strategy
so that the possibility of genetic reversion associated with an insertion
(single crossover) can be avoided (Menard, 2005). Although such efforts
will undoubtedly continue in search of malaria control and eradication, it
is also realized that methods to produce vaccines and engineered vectors
take much time to develop, and the repeated use of drugs leads to drug-
resistant vectors. In the meantime, the number of deaths due to malaria
is increasing exponentially, particularly in Africa.
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J.B.S. Haldane (1892-1964)

Krishna R. Dronamraju

In view of the leadership of J.B.S. Haldane, the chief architect who formu-
lated the “malaria hypothesis,” it is of interest to review his contributions to
genetics briefly, especially to the aspects of evolution and human genetics.
He was a remarkable scientist. He possessed no formal academic qualifi-
cation in science, yet he became one of the twentieth century’s most influ-
ential scientists. He was a polymath whose intellectual versatility covered
many disciplines, including physiology, genetics, biochemistry, biometry,
statistics, cosmology, and philosophy, to name a few. Furthermore, he was
a most skilled and prolific popularizer of science whose articles in the pop-
ular press covered even more disciplines. The following account is a brief
summary of Haldane’s contributions to genetics. His important work in
physiology, biochemistry, biometry, and other fields is not included here.

He was the author of over 400 research papers (for most of which
he was the sole author), 24 books, numerous popular articles, book-
reviews, and political speeches. His intellectual productivity was even
more remarkable when we consider that the computer and the word
processor did not even exist during his lifetime.

Haldane not only understood several scientific disciplines, but he
also made fundamental contributions to many of them. In many fields,
his ideas, concepts, and methods shaped the course of a given field, often
transforming it profoundly and introducing a rigor that did not exist
before. He frequently made connections between disparate fields of sci-
ence, which others (so-called professional scientists in those disciplines)
had missed, thereby introducing new points of view and opening whole
new fields of science. Examples include the connection between malaria
and thalassemia (Haldane 1949a,b), and the connection between anaerobic
environment and the origin of primitive life (Dronamraju, 1968).

Krishna R. Dronamraju + Foundation for Genetic Research, P.O. Box 27701-0, Houston,
Texas 77227.

Malaria: Genetic and Evolutionary Aspects, edited by Krishna R. Dronamraju and Paolo Arese,
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John Burdon Sanderson Haldane (1892—-1964), or “JBS” as he was
widely known was the only son of an Oxford University physiologist, John
Scott Haldane (1860-1936), who was distinguished for his contributions
to respiratory physiology. His distinguished ancestors included his uncle
Lord Haldane who was Chancellor of the Exchequer and his great uncle,
Burdon Sanderson, who was the first Waynflete Professor of Physiology at
Oxford University.

The younger Haldane was groomed by his father from his childhood
to follow the scientific tradition. J.B.S.’s intellectual precocity was leg-
endary. At the age of 3, when he was wounded in a fall and was bleeding,
he was reported to have asked the doctor whether his blood contained oxy-
hemoglobin or carboxyhemoglobin. Before he was 10, he used to accom-
pany his father into coal mines to collect air samples and on one occasion,
readily calculated a set of log tables when asked to do so by his father who
had forgotten to bring his own. He was educated at Eton and Oxford
University, graduating in Classics in 1915. But, while he was a student at
Oxford he had already published two physiological papers in collabora-
tion with his father and also an important paper on one of the first cases
of genetic linkage in the vertebrates (Haldane et al., 1915). He possessed
a brilliant mind and prodigious memory and was fond of quoting, in his
later years, extensive passages from Greco-Roman classics, Hindu epics
(e.g., Ramayana and Mahabharata), and excertps from psalms and vari-
ous other religious texts, during international scientific conferences.

During his long career, Haldane was successively identified as a
physiologist, biochemist, geneticist, biometrician, and a statistician,
among others. He was a Fellow in physiology at New College, Oxford
during the years 1919-1922. He was appointed as the Sir William Dunn
Reader in the Biochemistry Department at Cambridge University by Sir
Gowland Hopkins in 1923 and served with distinction for 10 years when
he resigned, in 1933, to accept the Chair of Genetics (1933-1937) and
later Biometry (1937—1957) at University College, London. In July 1957,
he moved to India when offered a Research Professorship at the Indian
Statistical Institute in Calcutta. Haldane directed research in India in sev-
eral disciplines but especially in human genetics. He continued his math-
ematical investigations in population genetics. This period of Haldane’s
life was discussed in detail in my book: Haldane: The Life and Work of
J.B.S. Haldane with special reference to India (Dronamraju 1985).

Haldane contributed original ideas, concepts, and methods to
almost all aspects of genetics. The following account touches upon only
a few highlights of his many important contributions to genetics. A fuller
account can be found in various biographical accounts (Dronamraju,
1985, 1987, 1990, 1992a,b, 1993, 1995, 1996, 2004).
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Photo of J.B.S. Haldane taken in Madison, Wisconsin, shortly before his death in 1964. (Photo was
taken by Dr. Klaus Patau.)
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1. Population Genetics

Haldane served in the Black Watch during World War I, and soon
after returning to civilian life, published an important paper on the
estimation of linkage between loci based on recombination, later known
as “mapping functions.” In the same paper, he proposed the term “centi-
morgan” or cM, which is still used today (Haldane, 1919). But his major
interest during the 1920s was the development of an extensive mathe-
matical theory of natural selection. In a series of mathematical papers on
a quantitative theory of natural selection, Haldane derived equations to
examine the consequences of selection and mutation under several hypo-
thetical genetic circumstamces, such as inbreeding, outcrossing, domi-
nance, recessivity, partial penetrance, epistasis, and linkage, etc. For
instance, he showed that for a dominant gene with a selective advantage
of 0.001, a total of 6920 generations is required to change the gene
frequency from 0.001 to 1%, a total of 4819 generations is required
to change from 1 to 50%, a total of 11,664 generations is required to
change from 50 to 99%, and a total of 3,09,780 generations is required
to change from 99 to 99.999%. He also examined the consequences of
selection for quantitative traits and very rare characters. Haldane’s inves-
tigations during that period (1924-32) were summed up in his book The
Causes of Evolution (Haldane, 1932). His work laid the foundation of
what later came to be called population genetics to which Fisher (1930)
and Wright (1931) also contributed independently. However, unlike
Fisher and Wright, Haldane contributed to the foundations of human
genetics quite extensively. His knowledge of demographic genetics, bio-
chemical genetics, and several other branches of genetics was far greater
than that of his contemporaries.

Haldane’s contribution to population genetics differed from those
of Fisher and Wright in several respects. He considered both the statics
and the dynamics of evolution, and much of his early work on gene fre-
quency changes was deterministic. In one of his papers on the mathe-
matical theory of natural selection, Haldane (1927a) dealt with a
stochastic problem, investigating the probability of fixation of mutant
genes. Haldane showed that the probability that a single mutation (with
selective advantage k) will ultimately become established is only about
2k if dominant and only about VN if completely recessive, where N is
the population size. Although this analysis was greatly extended by the
later works of Fisher, Wright, and Kimura, Haldane was the first to
tackle this aspect of population genetics.

In another important investigation, Haldane (1931) anticipated
Wright’s shifting balance theory. His paper on “metastable populations”
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contained an elegant demonstration that mutant genes, which are harm-
ful singly, may become advantageous in combination. He then showed
that, for m genes, a population can be represented by a point in m-
dimensional space. He argued that the process of speciation can result
from a rupture of the metastable equilibrium and that such ruptures may
be more likely to occur in small isolated communities. During his later
years in India, he returned to many of these problems in population
genetics, some in collaboration with Jayakar, investigating the conditions
for polymorphism under selection of varying direction (Haldane and
Jayakar 1963), the elimination of double dominants in large random mat-
ing populations, polymorphism due to selection depending on the com-
position of a population, and solutions to some problems in population
genetics that were first considered by Haldane long time ago. One of his
last papers with Jayakar, gave in a very elegant form the conditions for
stability of an intermediate gene frequency at a sex-linked locus. These
are summarized by Dronamraju (1985).

2. Beanbag Genetics

Towards the end of his life, Haldane (1964) wrote a remarkable essay,
entitled “A defense of beanbag genetics,” justifying the value of theoretical
population genetics, which was founded by him, R.A. Fisher, and Sewall
Wright. Evolutionary biologist, Ernst Mayr (1963), had earlier questioned
the importance of theoretical population genetics and its relevance to evo-
lutionary biology. Haldane (1964) responded by saying that a mathematical
theory may be regarded as a kind of scaffolding within which a reasonably
secure theory expressible in words may be built up. He stated further that
only algebraic arguments can be decisive in some situations and adequate
field data were not forthcoming to test the theoretical models. Haldane
wrote that he made certain simplifying assumptions, which enabled the
framing of biological questions in a form that would suit mathematical
analyses. He added that the mathematical methods employed by himself,
Fisher, and Wright would not impress professional mathematicians as they
were simple by mathematical standards.

3. Terminology

There are at least three instances of Haldane’s contribution to the ter-
minology of genetics and evolutionary biology. He introduced the term
centimorgan, or cM, as a unit of chromosome map distance, deriving a
relationship between the distance (mapping function) between two loci
and their crossover value (Haldane, 1919). A second instance was his
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introduction of the terms cis and frans into genetics from biochemistry,
replacing the terms first introduced by his mentor William Bateson—
coupling and repulsion, which were in vogue until then (Haldane, 1941a).
Haldane’s (1949a) contribution to the terminology of evolutionary biology
included the term Darwin as a measure of evolutionary rate on the basis of
changes in tooth size in fossil horses. For example, it can be an increase or
decrease of size by a factor of e per million years, or an increase or decrease
of 1/1000 per 1000 years. The horse rates would range around 40 millidar-
wins. Haldane wrote that the unit for the character may be a unit increase
in the natural logarithm of a variate, or alternatively one standard deviation
of the character in a population at a given horizon. Haldane’s paper was
written at the invitation of Ernst Mayr, who, as the first editor of Evolution,
was then soliciting papers from eminent evolutionary biologists.

4. Human Genetics

During the period, 1930-1964, Haldane published numerous papers
on all aspects of the genetics of man, laying the foundation for what later
came to be called “human or medical genetics.” His methods were math-
ematical and statistical. Haldane’s analysis and insight moved the field of
human and medical genetics forward in the era of premolecular-biology.
The subjects covered by Haldane include: the formal analysis of human
pedigrees, especially his maximum likelihood method of estimating the
true proportions of affected offspring in families with recessive hereditary
diseases (Haldane 1932a), the first human mutation rate (for hemophilia)
(Haldane 1932b, 1935), the first human gene map for hemophilia and
color blindness on the X chromosome (Haldane and Bell 1937, Haldane
and Smith, 1947), relation of modifying genes to age-at-onset variation
(Haldane, 1941Db), analysis of heredity—environment interaction (Haldane
1946), the role of infectious disease in evolution (Haldane, 1949b,c), and
the measurement of natural selection (1954). Other papers of interest
include a study of the impact of inbreeding on the spread of sex-linked
genes in human populations (Haldane and Moshinsky, 1939) and the
dysgenic effect of induced recessive mutations (Haldane, 1947). In his
later years in India, he took special interest in the genetics of human
populations of that region (Dronamraju and Haldane 1962, Haldane and
Jayakar 1962).

“In 1954, Haldane proposed a measurement of the intensity of selec-
tion, / = In s —In S, where s is the fitness of the optimum phenotype and
S is that of the whole population.” By applying Karn and Penrose’s (1951)
data on human birth—weight distribution, Haldane found that 58% of all
deaths were selective on the sole criterion of weight, and the intensity
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was [ = 0.0240 £ 0.004. The effect of this natural selection on population
was to increase the mean birth weight from 7.06 to 7.13 pounds, or about
1% but to decrease the standard deviation of the birth weights by 10%.
The effect of selection in decreasing the variance was far greater than its
effect in increasing the mean.

Among Haldane’s ideas that had a significant impact on the growth
of genetics, were his early emphasis that the biochemical interpretation
of gene action is more fundamental than was the practice until then. His
paper on the genetic basis of human chemical individuality must be
regarded as a milestone in human—biochemical genetics and as a con-
necting link between the early work of Archibald Garrod (1909) on
human—biochemical disorders and the later work of Harris (1953) and
others on human biochemical genetics (Haldane, 1937b). He was
among the early geneticists who enunciated the gene—enzyme concept,
“The chemist may regard them (genes) as large nucleoprotein molecules,
but the biologist will perhaps remind him that they exhibit one of the most
fundamental characteristics of a living organism: they reproduce them-
selves without any perceptible change in various different environments . . .
in some cases we have very strong evidence that they produce definite
quantities of enzymes, and the members of a series of multiple allelo-
morphs produce the same enzyme in different quantities” (Haldane, 1920).

5. Genetic Load Theory

The general idea of genetic loads is based on a paper by Haldane
(1937), “The effect of variation on fitness.” He showed that the effect of
mutation on population fitness depends mainly on the mutation rate and
not on the deleteriousness of the individual mutants. Several years later,
Muller (1950) discussed the problem under the title: “Our load of muta-
tions”. The theory of genetic loads was chiefly developed by Crow
(1958) and Crow and Kimura (1965). Haldane’s (1937a) paper gave the
first basis for assessing the impact of mutation on the population. It also
showed that any increase in mutation rate would have an effect on fitness
ultimately equal to this increase. This principle provided a basis for var-
ious assessments of the genetic effect of radiation at a time when the
question first became one of social and political importance.

6. Immunogenetics

An important contribution of Haldane (1933) was the clarity
he introduced into transplantation and immunological genetics. He
suggested for the first time that the transplantation factors for tumors
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identified by C.C. Little and George Snell at the Jackson Laboratory in
Bar Harbor were simply antigens controlled by genes that are present and
active in both tumors and normal tissues. Haldane’s contributions to
immunogenetics were summarized by Mitchison (1968). The mainte-
nance of heterozygosis for genes controlling antigens was of great inter-
est to Haldane. He examined the expected rate of approach to
homozygosis in inbreeding (Haldane 1936, 1956) and during back-
crossing that was specially designed to produce co isogenic strains of
mice (Haldane and Snell 1948). He foresaw correctly that inbreeding
will not produce complete genetic uniformity as was demonstrated by
later work on skin grafts among inbred mice.

Among other ideas was Haldane’s (1944) suggestion that the
Rhesus polymorphism lacked any satisfactory explanation and was
therefore of recent origin. His analysis of maternal—fetal incompatibility
showed that the rhesus factor could be in unstable equilibrium when the
gene frequency was 1/2, however, most populations would tend to
become either Rh-positive or Rh-negative (Haldane 1942). Following the
discovery of the genetic basis of human fetal erythroblastosis by
Landsteiner and Wiener, Haldane pointed out that the modern popula-
tions of Europe were the result of crossing between populations who pos-
sessed a majority of Rh-positive genes and populations who had a
majority of Rh-negative genes. Furthermore, two populations—one in
Switzerland and another in Spain—were discovered to have a majority of
Rh-negative genes.

Haldane suggested that the Rh + genes come from Asia and Rh- from
Europe. Thus finding thats the Basques, which are thought to be the closest
descendants of the original Europeans, and high frequency Rh- alleles
supports the idea.

Haldane suggested that a high rate of mortality in their offspring
would indicate that such differences would constitute a barrier to cross-
ing, and play some part in preventing hybridization between mam-
malian species (Haldane 1964). On the other hand, he suggested that
such common diseases as amaurotic idiocy, microcythemia, and sickle
cell (which are too frequent to be attributed to mutation) might be due
to selection in favor of heterozygotes leading to stable equilibria
(Haldane 1949c).

Haldane’s impact on immunogenetics was evident through his col-
leagues and pupils (see Haldane 1956, Haldane and Snell 1948). One of
them was his nephew N.A. Mitchison who described Haldane’s impact on
his work in a contribution to the memorial tribute, which I have edited
shortly after Haldane’s death (Mitchison 1968). Many years ago, in 1933,
Haldane recruited Peter Gorer to join his Department at University College,
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London. That move by Haldane proved to be a very important step in
advancing immunogenetics. Gorer at first discovered three blood groups
among the strains of mice. One of these was named “antigen II”, which
later became the H-2 locus, that landmark of transplantation biology.

7. Sociobiology

Of particular interest was Haldane’s analysis of socially valuable but
individually disadvantageous characters (e.g., as in social insects, such as
honey bees and ants). Haldane’s analysis of altruism led to the development
of sociobiology many years later. Haldane (1932a) stated that socially valu-
able but individually disadvantageous characters can only spread through
the population if the genes determining them are carried by a group of
related individuals. The chances of these individuals for leaving offspring
are increased by the presence of these genes in an individual member of the
group whose individual viability is lowered by these very genes. Haldane
(1932a) gave two examples. (a) With respect to the inherited trait broodi-
ness in poultry, Haldane stated that a broody hen is more likely to have a
shorter life than a nonbroody hen because she is more likely caught by a
predator while sitting. However, the nonbroody hen will not rear a family,
so genes determining this character will be eliminated in nature. Selection
may strike a balance between these two extremes—neither a too devoted
parent nor one that abandons her young at the slightest danger would be
represented in posterity. On the other hand, one that does so only under
intense stimulus will live to rear another family. (b) The other example con-
cerns the devotion and self-sacrifice among social insects that may be of
biological advantage. In a beehive, the same set of genotypes is represented
in the workers and young queens. Any behavior pattern in the workers
(“however suicidal it may be”) that is of advantage to the hive, will promote
the survival of the queens, and thus tend to be favorably selected. On the
other hand, genes causing unduly altruistic behavior in the queens would
tend to be eliminated. Haldane concluded that the biological advantages of
altruistic conduct only outweigh the disadvantages if a substantial propor-
tion of the tribe behaves altruistically. Many years later, Hamilton’s (1964)
analysis of sociobiology was based on Haldane’s ideas.

8. Daedalus and Eugenics

Haldane was a highly skilled popularizer of science and its social
applications. Through his numerous articles in the popular magazines and
newspapers he exercised great influence in educating millions of people.
But none matched his first book—a slim volume entitled Daedalus, Or
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Science and the Future, which was first published in London in 1923 and
in New York a year later. It was an expanded version of his address to
Heretics at Cambridge University which was delivered on 4th Feb 1923.
The biological predictions in Haldanes Daedalus were in the form of
hypothetical essay on the influence of biology on history during the 20th
century which will ( ““ it is hoped”) be read by a rather stupid undergradu-
ate member of this university to his supervisor during his first term 150
years hence. Daedalus was a remarkable statement, which was a predic-
tion of what might happen in science in the far distant future and at the
same time an appeal to encourage certain lines of biological research,
especially genetic engineering, as well as a warning against possible mis-
use or excessive zeal in applying science to solve social problems. It was
a bold document, which proclaimed what scientific revolution might bring
forth in the most private aspects of life, death, sex, and marriage, in an era
when even the mention of ‘birth control’ in public media caused an uproar
(see Huxley 1970, p. 151; and Dronamraju 1993a, p. 122). Haldane pre-
dicted the widespread practice of eugenic selection, in vitro fertilization,
manipulation of the human genome, and routine production of offspring
with exceptional qualities in music, sports, and virtue. He prophesied the
widespread use of psychotropic drugs and numerous other biological and
therapeutic interventions to modify the psychological behavioral, as well
as the biochemical condition of the human body and mind. Daedalus
became a sensational bestseller overnight and the American edition was
reprinted five times in 1924. Many years later, in 1932, Aldous Huxley’s
Brave New World was published. It was simply a fictionalized version of
Haldane’s Daedalus but without any acknowledgement to the source.
In response to Daedalus, a contrary point of view was expressed by
Bertrand Russell (1924) who argued that science is no substitute for virtue.

Daedalus firmly established Haldane as an outstanding popular
science writer (also see Haldane 1993b). Throughout his life, he wrote
numerous popular scientific articles, which appeared in the newspapers
and magazines in several countries, and were later published in collected
volumes, such as Possible Worlds and Other Essays (1927b), The
Inequality of Man and Other Essays (1932c), Science in Everyday Life
(1940a), Keeping Cool and Other Essays (1940b), Science Advances
(1947), and several other books.
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Removal of Early Parasite Forms
from Circulation as a Mechanism
of Resistance Against Malaria

in Widespread Red Blood Cell
Mutations

Paolo Arese, Kodjo Ayi, Aleksei Skorokhod
and Franco Turrini

1. Introduction

Anecdotal evidence has long indicated that native populations liv-
ing in malarial areas were resistant against the disease, while nonadapted
foreigners were usually highly susceptible, unless proper treatment
was available. For example, according to some historians outbreaks
of malaria epidemics have been considered responsible for the decline of
the Roman Empire, for the unsuccessful outcome of the Crusades and,
on a minor scale, for the Gallipoli disaster in World War I (Spielman and
D’Antonio, 2001; Sallares, 2001). High susceptibility of foreigners to
malaria was also utilized by the ruling class or the judiciary as a way of
punishment and a kind of cruel and inescapable death penalty for
unwanted individuals or criminals. For example, the Romans used to
send political opponents to Sardinia and the rulers of Siena used to ban
criminals to the Maremma, a coastal area in Tuscany, both heavily malar-
ial areas until modern times.

Evidence of widespread resistance in “native” populations struck
by parasitic or bacterial diseases with endemic character has been for-
malized by Haldane and other geneticists in 1930s, making use of the
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Darwinian categories of natural selection by fitness. Natural selection,
the most significant evolutionary agent, causes differential survival of
some genotypes at the loss of others. Haldane introduced the concept of
“balanced polymorphism” and “selective advantage of the heterozygote.”
He pointed out that infectious diseases influence the frequency of genes
that provide resistance (Haldane, 1949a,b). Expansion of certain genes is
either due to increase in reproductive rate or decrease in mortality, or a
combination of both. Considering genes that lower mortality, they
enhance evolutionary survival and would tend to increase in a population
and replace their “normal” alleles. Heterozygote advantage and balanced
polymorphism means that a mutant allele provides a selective advantage
in the heterozygote but has lethal or severe outcome in the homozygote.
In other words, the hematologic disadvantage of the homozygote is bal-
anced by the heterozygote advantage of protection from malaria. In this
case, the frequency of heterozygotes increases until it is balanced by the
negative effects of the homozygous state.

Proof of the evolutionary advantage of putative malaria protective
mutations in the heterozygous state requires field studies showing that the
distribution of any protective condition is geographically coincident with
the distribution of the disease, and the frequency of the protective condi-
tion is correlated with the severity and frequency of the disease. A second
requirement is case-control studies, showing that affected heterozygotes
have lower mortality or less severe symptoms compared to nonmutant
subjects. A third requirement is that a mechanism is found to explain why
the condition brings about less severe symptoms and lower mortality.

The increased occurrence of specific hereditary conditions in
“native,” adapted populations resistant against malaria became possible
after the identification and description of diseases affecting the human red
blood cell(s) (RBC, RBCs), the demonstrations of their hereditary charac-
ter, and the evidence for a distinct geographic coincidence between the past
or present distribution of malaria and one or several mutations. Latter proof
depended on the introduction of cheap, reliable, and easy-to-perform tests
that allowed detection of those defects in heterozygotes even in absence
of patent hematological alterations and other pathologic manifestations.
Availability of such mass-testing methods allowed the screening of large
numbers of individuals in field studies performed even in secluded regions
without hospitals or health care facilities. Pioneering studies on the distri-
bution and frequency of the thalassemias, the first RBC disease shown to
be connected with malaria were performed by the Italian hematologists
Enzo Silvestroni and Ida Bianco during and shortly after World War 11
(Bianco-Silvestroni, 2002). The second hereditary RBC disorder found to
be connected with malaria resistance was sickle-cell disease, screened in
Africa during the late 1940s (Beet, 1947; Allison, 1954, 1956, 1964). The
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next RBC disorders now generally considered as malaria-defensive (G6PD-
deficiency, hemoglobin E, hemoglobin C, and ovalocytosis) were described
and mass-screened in the next few years (Beet, 1947; Roberts et al., 2004;
Greene, 1993; Chotivanich et al., 2002; Agarwal et al., 2000; Modiano
et al., 2001; Serjeantson et al., 1977).

In the following, we will briefly summarize geographical and epi-
demiological evidence indicating that malaria was most likely the shaping
factor for the peculiar distribution and frequency of those RBC diseases.
We will then show the protective efficacy of those conditions and will crit-
ically discuss the current way to mechanistically explain protection. We
will then propose enhanced phagocytic removal of early parasite forms
from the circulation as an alternative explanation for resistance in subjects
with major RBC mutations. We will describe the modifications in the RBC
membrane elicited/enhanced by the developing parasite and show that
those parasite-induced changes modify the surface of the parasitized RBC
in much the same way as normal senescence or oxidative insults modify
nonparasitized RBC and induce their phagocytosis. We will show data
obtained in vitro showing enhanced phagocytosis of rings developing in
mutant RBCs and discuss direct and indirect evidence, indicating that
enhanced phagocytosis of those rings is indeed occurring in vivo, and we
will finally discuss why phagocytosis of early parasite forms may be
advantageous to the host and provide a generally valid model of protection.

2. Malaria is Responsible for High Frequency
and Regional Distribution of Major Protective
RBC Mutations: Geographical Evidence

The first large-scale screening campaigns of RBC disease that
later turned out to be protective against malaria were conducted by the
Italian doctor couple Enzo Silvestroni and Ida Bianco. The first surveys
were done before, during, and shortly after World War II in several
Italian regions (Bianco-Silvestroni, 2002). Silvestroni and Bianco uti-
lized the simple Simmel technique, based on the detection of increased
osmotic resistance of certain blood samples by visually testing hemoly-
sis using a series of sodium chloride solutions with different osmolar-
ity. Normal RBCs completely lyse at a sodium chloride concentration
of 0.36%, while “microcytemic” RBCs stay intact. The term “micro-
cytemia” was adopted by Silvestroni and Bianco because RBCs with
increased osmotic resistance had invariably a —30% lower volume than nor-
mal RBC. The screening activity concentrated in the regions with high num-
bers of patients with Cooley anemia, since Silvestroni and Bianco rightly
assumed “microcytemia” to be a milder form of Cooley’s disease. The fre-
quency of microcytemia was very high in Sardinia and in the Po river
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delta region, and high in specific coastal regions of Southern Italy and
Sicily. Sardinia was a heavily malaric region until the complete malaria
eradication after the 1948—1953 campaigns funded and coordinated by
the Rockefeller Foundation. In Sardinia, data from very accurate malar-
iological records and microcytemia screenings were combined on a
microgeographic scale. The first to perform screenings in lowland and
mountainous villages was the Italian geneticist R. Ceppellini. In now
forgotten studies he and his co-workers described a high prevalence of
microcytemia in the Sardinian coastal areas and a distinct cline with
lower frequencies in mountainous villages, where malariological
records indicated higher and significantly lower incidence of malaria,
respectively (Ceppellini, 1955; Carcassi ef al., 1957). These early stud-
ies were later expanded and confirmed by Siniscalco et al. (1961,
1966). Microgeographical studies were later conducted in Papua New
Guinea where researchers from the Oxford group found similar gradi-
ents correlating high gene frequencies for alpha-thalassemia in low-alti-
tude areas known historically to have been malarious, and low
frequencies in nonmalarious areas (Flint ef al., 1986, 1993; Hill, 2001;
Yenchitsomanus ef al., 1986). Further studies and thorough analysis of
the gene frequency of alpha-thalassemia led to at least two important
observations: the gene frequency was low in nonmalarious areas and
proportionally correlated to the incidence of malaria, with north—south
and high—low-altitude clines paralleling the cline in the historical
incidence of malaria; second, the frequencies of neutral genetic markers
for which there is no evidence for protection did not show a similar cor-
relation (Flint et al., 1986, 1993; Hill, 2001; Yenchitsomanus et al.,
1986).

On a macrogeographical scale, there is overlapping between
malaria occurrence and high-frequency of Hb AS occurrence. The Hb S
gene is frequent in Sub-Saharan Africa and in India, where Lehmann
first described the high frequency of Hb AS in tribal groups in Southern
India in 1952 (Lehmann and Cutbush, 1952). The incidence of Hb S
gene in India has been later examined a series of studies, as reported in
a recent review, showing high frequencies in many tribal groups through-
out the subcontinent, particularly in Central and Western India (Roberts
et al., 2005). The association between geographic distribution and fre-
quency of Hb AS and protection from severe malaria has been reported
in few studies. For example, Ramasamy (Roberts ef al., 2005) noted that
distribution of Hb AS was associated with a cline in the probable malaria
occurrence from west to east. The occurrence of low—high altitude clines
has not been examined, but the frequency of the Hb S gene in East Africa
was correlated with the endemicity of malaria.
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3. Epidemiological Evidence: Degree of Protection
Afforded by RBC Mutations

In this section a brief account of frequent mutations with protec-
tive character is given, including the type of mutation and the degree of
protection.

3.1. Hemoglobin AS (Sickle-Cell Trait)

The best studied protective mutation is hemoglobin AS (Hb AS). Hb S
is due to a single point mutation in the gene for the beta chain with a valine-
to-glutamate substitution at position 6. Homozygotes for Hb S are severely
ill with sickle-cell anemia and die before reproductive age in absence of
appropriate treatment, usually not available in Africa. The heterozygous
condition (sickle-cell trait; Hb AS) was found to be very common in a num-
ber of epidemiological surveys performed in various parts of Sub-Saharan
Africa, with gene frequencies exceeding 30% in many parts of the conti-
nent. Allison was the first to show that heterozygotes had less parasites in
their blood and were less likely to die from malaria (Allison, 1954, 1956,
1964). These results were confirmed by a number of other studies (see
Jones, 1997; Lell et al., 1999; Livingstone, 1971). In every study performed
in different African regions, mortality from cerebral malaria was distinctly
lower in Hb AS individuals. Studies on the frequency of parasitemia were
less conclusive but did show in general lower rates for Hb AS individuals.
Summarizing older and more recent studies, several case-control studies
have clearly shown that sickle-cell trait is 90% protective against cerebral
malaria and severe anemia, the most frequent causes of death, and 60% pro-
tective against malaria forms leading to hospital admission.

3.2. Thalassemias

The thalassemias are disorders of hemoglobin production. Alpha-
thalassemia affects the duplicated alpha-chain genes and causes underpro-
duction of alpha-globin chains while beta-thalassemia affects the single
beta-chain gene and causes abrogation or underproduction of beta-chains.
Beta-thalassemia is caused by over 200 different mutations, ensuing in
hematological disorders of varying gravity, from complete absence of
beta-chain synthesis and death at infant age (beta-zero thalassemia), to
mild or very mild hematologic consequences (beta-plus thalassemia). Due
to gene duplication, the situation is more complex in alpha-thalassemia,
where, e.g., homozygous state for alpha-plus thalassemia [—-alpha/—alpha]
produces a mild hypochromic anemia (Weatherall, 1998). The thalassemia
syndromes are extraordinarily widespread all over the world, and in
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general their geographic distribution corresponds to that of present or pre-
vious malaria (Weatherall, 1997). A single case-control study in Africa has
found a protection of 50% in patients hospitalized for malaria (Allen et al.,
1997). Protection was later confirmed for beta-thalassemia in Africa
(Willcox et al., 1983). Protection afforded by alpha-thalassemia has been
the object of a series of important studies by the Oxford group (Allen
et al., 1997; Williams et al., 2005) and by others (Mockenhaupt et al.,
2004). Case-control studies have shown 60% protection from severe
malaria for alpha-plus thalassemia homozygotes (—alpha/—alpha) and 34%
for alpha-plus thalassemia heterozygotes. Surprisingly, though, children
with alpha-plus thalassemia were found to have increased incidence of
mild uncomplicated vivax malaria and higher prevalence of splenomegaly,
an index of malaria infection (Williams et al., 1996).

3.3. Hemoglobin C

The gene for Hb C is allelic with that for Hb S but codes for lysine-
to-glutamate substitution at position 6. The condition is much less severe
than Hb S, and homozygous subjects are hematologically comparable
with mild forms of thalassemia. Hb C is only found in certain populations
of West Africa (Mali, Burkina Faso, and Northern Ghana) where the fre-
quency of the allele is between 10 and 20%. Hb C has been object of
recent studies that confirm older data and indicate clear-cut protection.
Two case-control studies have indicated 80 and 93% protection against
severe malaria in Hb C homozygotes, respectively (Agarwal et al., 2000;
Modiano et al., 2001). Protection offered by heterozygotes was lower
(29% reduction in risk of clinical malaria (Modiano et al., 2001).

3.4. Hemoglobin E

Hb E is due to a single point mutation in the gene for the beta chain
with a glutamate-to-lysine substitution at position 26. The gene occurs at
high frequencies (e.g., in the range 19-25% in Thailand) in the eastern
half of the Indian subcontinent and Southeast Asia, in geographical coin-
cidence with extremely severe malaria burden. With an estimated occur-
rence in 30 million people (in 1980) it is one of the most prevalent
hemoglobinopathies. The homozygous condition constantly accompa-
nied by microcytosis, is hematologically irrelevant, although under cir-
cumstances, Hb E has increased susceptibility to precipitation and
oxidant hemolysis, and reduced glutathione was lower in Hb E RBCs.
Protection against falciparum malaria has not been substantiated clearly,
while there is evidence that Hb E may protect against Plasmodium vivax
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infection. However, a recent study has shown that in patients hospitalized
with malaria, patients with Hb E trait had fewer severe complications
(Hutagalung et al., 2000). Interestingly, it has been shown that malaria
patients with Hb E treated with artemisinin (but not chloroquine) clear
parasites from their blood more rapidly as compared to nonmutant con-
trols (Hutagalung et al., 2000), and parasitized Hb E RBCs were phago-
cytosed more intensely compared to parasitized normal control RBCs
(Bunyaratvej et al., 1986).

3.5. Glucose-6-phosphate dehydrogenase

Despite several reports showing no or not significant protection,
the consensus is now in favor of a protective effect of G6PD deficiency
in both heterozygotes and hemizygotes (Greene, 1993; Ruwende ef al.,
1995). Studies in favor of protection have been performed in Africa
(Allison and Clyde, 1961), indicating lower parasite densities in hem-
izygous males but not in heterozygous females, with parasite densities
approximately equivalent to those observed in sickle-cell trait individu-
als. A second, frequently cited series of studies by Luzzatto et al. (1969)
confirmed protection, however restricted to heterozygous females and
not present in hemizygous males and homozygous females. In those
studies, G6PD genotype had been determined in 709 children (aged 9
months to 6 years) admitted to hospital with acute febrile illness, and
compared with 189 healthy young adults aged 1420 years. It has been
remarked that hemizygous and homozygous subjects may be less likely
to become infected, but, in case of infection, are more likely to get a
more severe malaria due to the greater vulnerability to oxidants of defi-
cient RBCs. Probably, a study like that of Allison and Clyde (1961) per-
formed on a whole unselected sample of children out of a whole
community would not suffer from a selection bias possibly present in
Luzzatto’s studies. In a more recent study, the frequencies of the G6PD
A-, G6PD A, and G6PD B alleles was measured in over 2,000 DNA
samples collected in two large case-control studies of severe malaria in
East and West Africa. This setup seems to offer a more sensitive meas-
ure of the effect of malaria protection alleles (Ruwende et al., 1995).
Results indicate about 46% protection against severe malaria and also
significant protection against mild malaria in female heterozygotes.
Male hemizygotes were associated with about 58% protection, support-
ing the notion that the degree of enzyme deficiency (more severe in hem-
izygotes than in heterozygotes) is central to the protective mechanism.
The study by Ruwende et al. (1995) convincingly showed that the degree
of protection by G6PD deficiency is lower compared to sickle-cell trait
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but equal or greater than that afforded by the thalassemias or some HLA
variants.

3.6. Southeast Asian Ovalocytosis

Southeast Asian ovalocytosis (SAO) is caused by two linked muta-
tions with a point mutation Lys56-to-Glu substitution and the deletion of
a 9-aminoacid stretch affecting band 3, a major RBC membrane protein
and small anion exchanger that also plays an important role in elimina-
tion of senescent or damaged RBCs and malaria-parasitized RBCs (see
Section 5.1). Homozygosity for SAO is lethal during fetal development
and heterozygotes are protected against severe malaria, as confirmed
(Foo et al., 1992) after initial conflicting data. Interestingly, protection is
highly specific for cerebral malaria (Allen et al., 1999).

4. A Critical Assessment of the Current Mechanism
of Protection by Widespread RBC Mutations

The predominant explanation of resistance due to widespread RBC
mutations found in the malaria literature (for example, see Friedman,
1978; Kaminsky et al., 1986; Brokelman et al., 1987; Senok et al., 1997,
Pattanapanyasat et al., 1999) is that the mutant RBCs do not offer opti-
mal conditions for invasion, or intracellular parasite development, RBC
rupture, and merozoite release. We consider evidence provided by most
of those studies as not fully satisfactory (Akide-Ndunge et al., 2003). In
general, in vitro studies are fraught with two common biases (Akide-
Ndunge et al., 2003). The first one resides in the impossibility to repro-
duce the very complex in vivo situation with the simplified experimental
setup adopted in vitro, as shown by the comparisons in Table 3.1. The
second bias stems from the generalized use of inadequate culture media.
Comparison between RPMI1640, the medium of choice in most studies,
and blood plasma in vivo shows that several amino acids are low in
medium and may limit protein synthesis and parasite growth (Akide-
Ndunge et al., 2003). It is of note that Plasmodium falciparum utilizes
only approximately 15% of amino acids derived from digestion of host
hemoglobin (Krugliak et al., 2002) and also relies on adequate supply
from the medium. In addition, RPMI1640 is devoid of hypoxanthine and
adenine, both essential for parasite growth and low in reduced glu-
tathione. The limiting level of essential components of culture media
may become critical because the vast majority of studies compared nor-
mal and mutant cells on a volume (hematocrit) basis and not on a cell
number basis. Since both thalassemic and Hb AS RBCs are microcytic,
comparisons were performed between samples containing significantly



33

Removal of Early Parasite Forms

(panunuoy))

9,S A[oyewrxoidde
1INy[No Ul I ‘ pue g

yren Aep uo 93ueyd WNIPIA
nen [eyi-e1oq ur wnias 0,0 1/sedoyq jen (L861) v 12
[eyi-e3eq ur 4 QOURIHIp ON e[ ojpue) INW ST/0P9TTND Y r6/6L sAep ¢ UM posn  [B-e1Rg ueu[eyd01g S
pajeAnnoqns
tou J1 (019 s&ep) D pInq
‘pareannoqns Ji (01— sAep) pai10ads jou :a1)no
D pue [ ur 0UIHIP ON (-1 Ul JH fwnios %0 [/sadoy nen 9861
SAep) D PUE | UL SOUIIYIP ON Tef appue) INW ST/0P9TTND Y q04 payyads JoN  [ey-elog  “7p 2 Aysurwey] 4
%S 2Imnod ur 3
‘oSueyo wnipaw Areq
‘wnies gy %01/sedoH jen
Q0ULIIP ON QOURIHIP ON Te[ ojpue) INW ST/0P9TTND Y €404 SAep p—¢ urpim posn  [eyp-eRg  (€861) 1V 12 YOy €
049 :2IMND Ul 3
‘sKep 7— 10J 201M)
0 mor e o mor 38 2 o mop) ‘0D uoyy pue ‘skep g 10§
‘0 %81 ‘0 %81 %€ O %¢  98ueyo wnipsw A[rep
12 ¢ Aep [nun 1 4 Aep [pun ‘00 %€ ‘0 ‘wnids gV 9%01/s2doH
Q0USIIIP ON Q0UGIOIIP ON %81 Tel oppue) INW ST/0P9TTND A EADA/DNA  SHM {7 UIIM Pasy SVAH  (8L61) uewpaLL [4
(‘0 mop) ‘0D %¢ Aloyewrxoxdde (0861)
‘0 Mo 18 ¢ ‘O MO ) %S O %S “0D :PIMINo Ul I ‘Wnids gy [oAsed (8L61)
Q0ULIIP ON QOURISHIP ON %S “0 %I1T  %ST/661 WNIPIN %L POUIINRP ION  poolq juaned ysaxrg SV qH ‘v J2 1oAseq I
(D) ymoIn) pue (]) uoIseAu| SUOT)IPUOD S[Tejop 2IM)Nd urens ([eMmeIpyim I9)e oWl UOTRINIA 20UQIRJOY ‘ou
uoneqnouy PpuUB WNIPIW [IMOID) wnivdpf g Apnmig

smeis O

wnpdidpnf J JO YIMOID) PUEB UOISBAU] UO SUOLBINIA dAIII]0I]-BLIB[R]A SWOS JO J0d1H 9y} Jo Arewwung *1°¢ a|geL



Paolo Arese, Kodjo Ayi, Aleksei Skorokhod and Franco Turrini

34

9%¢ A[rewrxoidde

N %t6 :Imyno ut 3y
€00 %S 0 wnies o0 [/sedoH fem-geydie (1661 “0661)
O pue ] Ul odUI9yIp ON %] 1el pofeas INW ST/OPOTTINDY  96/6.L ONV Oled U 8 urim pas)  snoSAzoreloy v 12 12z 01
0, € PIMIND Ul 3
ajer uonedrdnnur Y00 %S ‘wnias 9,0 1/sedoy rey-eydre (6661) IV 12
D UI 90UAIAIP ON “0 %0t AW ST/OV9TTNDY LL9TAL  deem [ urgm pesn) snoSAzoroey jeseduedeuened 6
‘(sosed 87y 0, € [PIMND Ul 3
ur 4) D Ur UIHIP ON ‘00 %S wnies o0 [/sedoH wen  (g661) v 12
ajer uoneordnnu 44 “0 %0t INW ST/0V9TTND Y YLOTNL YoM [ UIym pasn) [eyi-erog  yorodSueswopn 8
%t AJorewr
-1xoxdde :a1myno ur g
9 Kep 1e 19 ‘oueyo wnrpaw Areq
‘(#—1 Aep) D U 2OUBIIP ON wmnias o401 /sodoy nen (L661)
9jel UOISeAUI-a1 pue uolseaurt 4 00 %S 0 %S INW ST/0P9TTND Y L20d Y 8¢ UIpim pasfy [et-ejog ‘D 12 qouag L
%0¢ A[oyeur
-1xoldde :amno
ur )y ‘eSueyo
2Imno ur wnipaw Ajreq
skep { 10)je 9rel WnIas 2,01
uonesrdynw /sodoH N 6T 874 (L861)
[euLION e[ ojpue) /0PI TTND A Dl UIYIM POs() JIe) [BY)-eIOg 7V Jo SUOABYINK 9
(D) ymoIn) pue (]) UoISEAU] SUOIIPUOD S[Tejop 2IM)Nd urens ([emeIpym Iayye awrn uoneINA Q0UIRJOY ‘ou
uoreqnouy PpUB WNIPAW YIMOID) wnindpof g Apmg

smeys Dgy

pIuOD—uinivdioppf J JO YIMoIL) pue UOISEAU] UO SUONBINJA] 9AII0}0IJ-BLIB[B]A] QWOS JO J091JH oy} Jo Alewiung "¢ a|qer



35

Removal of Early Parasite Forms

Apmys oy ur paydope wnipaw a1nyno jenbapeur pue JH Y3y A12A 2y 18 SurLmosdo Aqeqoid se ‘syuarnnu ur yoe[ je Junurod ‘@Inynd ur sAep § I9ye JUTUI[OIP S[OTUOD

[BULIOU UI Y)MOIT 9)ISRIRJ "0AlA U] BLIB[BWI AI9AJS JSUIESE U01109)01d HQH JO 90USPIAD ON “9FBIUBAPE SAIII[OS [NI] A[JUSPIAD PUB JOUIPIOUI [[RIIAO MO[ AIOA SBY aSBasIp HqH “swoldwAs [eo130[0)
-BWAY 210A0S Aq paruedwoooe Ajjensn st (7] pue [] "ON SQIPs 93s) HqH JO WL} UeISY Ay [, "paurwexd swoydwAs [eordojoyeway pyiw pue sadKjoudS juaioyip ynm syuoned yoejq moy A[uQ "¢
“Sursstw o1e $91084Z01019Y-0UOW SA S]qQNOP JO U0Nd)01d 19119q FUIMOYS SATPMYS [BOTUI[O “TIAIMOH “9A100101d aI10wW A[qIssod a10Jo1o1) pue ‘syrexn g-qH 10 -erwdsse[ey) ojduis o) pared

-Wwoo puerey I, ut Juonbaiy a1ow a1 sa1034z01a19Y d[qno( “q qH/BIWSSSE[RY)-B10q $91054Z019)0Y d[qnop ul (Suruurdaq je erwayisered s, Aep je erwoyisered) oner uonesrjdninui jo uoniqryul 1ed[) */
(1309139 S1S01£00101U) SIOQUUNU 10SIe] 113U} JO 9SNBIAQ S Y-LIWASSE[RY) Ul 1YS1Y ‘s)onpoid 9)sem oIx0) JO uone|

-NWNOOB/SIUILINY JO YOB] WOIJ PIALISP §109JJd d1j1oadsun “poa1ipur 1e syutod ‘UONBAN[NO-qNS JO 9S8O U UONIQIYUI JO 90uasqe pue ‘sporiad uoneannd Suo 1aye A[uo jusred Surwooeq uoniqyuy 9
‘pooiq exaydued pajeusAxo

[[oM Ul punoy A[psow a1 SwLIoy dxyewnul Aisered asneodq Paselq SI JNSAI JO API[EA "UOISUS} ‘) PAONPAI 19pun S[[30 SV qH Ul dO[3ASD J0U PIP I[N SNONURUOD U PIUIBIUIBW SULIO} dyisered
QInjetuwI JeT) SMOYS (861 ‘ULWIPALL] 995) IoyIny oY, ‘SO Plo pue syuowd(ddns noyim 0p9 TN Suish paureiqo elep onia Ul jo doueoijiudis ajqeuonsanb orouad oyy £q paselq synsay ‘g
*.S qH Surureyuods sAo0npAId ur wn.odidypf o o seyozorouwr Aq uowdo[oAdp pue uoiseAul Jo el ay) sopadur uoisue) ueSAxo moj yey sisaylodAy ayp 1roddns ‘MarA 1o Ul ‘Jou op [°¢ d[qeL
1oy ur udAIS eyep oy L, ((419-€19 [6L61] ‘08T ‘2mpN) utoy] pue 1ose] £q pauonsonb sOEY SV qH YIM sInsal Jo doueoJuSis [eonsnuels 'sOEY Sy qH ul juswdojoadp djisered Jo uonepiejor
PadIRW MOYS INQ UOISUD) UITAXO MO JopUN UOISBAUT JO dJel Ul uononpal 1ySIS SO SV qH poznisered ur SUIPOIS paseaIoul Jo d0UIPIAd pulj 10U op sioyiny “duryiuexodLy jo soussaid oy 0}
anp ‘OF9 1 IINDY UeY) J1onaq ‘661 wnipaw drerrdordde axow oy ur sayisered Sunnyno powriojiod Apnig “ejep oniA ul Jo douediudis sjqeuonsonb orLouas oy Aq paselq Apnis pajonpuod AJnjaie) '|
(o1qe) a3 ur JoquINU Apn)s 03 19§31 SIdqUINU J1}) SJUIWIWO))

2,8 :2ImInd ur J§
fo3ueyd wnipaw Areq
sourypuexodAy Tui/3n o
/umnias 9,01/ sadoH
oM 117 Te[ opue) AW SZ/0F9TTNDY LL-AN U § unpim pasn HIH  ($861) BqIpajI €l
% AJoyewrxoidde
:2Imno ur g
‘oFueyo wnipaw Ajrep
9ye1 uonedr dnnu 20D %S ‘wnias 9,01/ sadoyq (6661) 'Iv 12
T4 1 Ul 90UaIjIp ON “0 %0t W ST/0V9TIND A ALL9TINL  oam T UIIIM Pas[y HAH reseduedeuened 4!
%S Ajorewrxoidde
1IN0 Ul JH ¢ pue 7
Aep uo a3ueyo wnipaw
‘wmnios 9,0/ sedoy (L861) 17 12

D ON IT™ e[ oppue) INW ST/0V9TIND Y P6/6L  SAep ¢ urgim pos() HAH uewieyd01g I
%05 A[orewrxoidde



36 Paolo Arese, Kodjo Ayi, Aleksei Skorokhod and Franco Turrini

higher numbers of mutant cells compared to nonmutant controls. In
addition, thalassemic RBCs have 3.5-fold higher glucose consumption
(Ting et al., 1994) and a reduced transport of adenosine (Mynt et al.,
1993). Likewise, due to increased endogenous oxidative stress, lower
NAD redox potential, and increased glycolysis (Al-Ali, 2002), Hb AS
RBCs may also have increased metabolic rate. In the following, a few
examples are considered in more detail.

4.1. Sickle-Cell Anemia

In a study performed with Hb AS RBCs, a modest difference in
invasion was observed in mutant RBC kept at 5% oxygen, corresponding
to the partial pressure of 35 mmHg present in venous blood (Pasvol et al.,
1978; Pasvol, 1980). Recalculation of data for parasites grown in 5% CO,
in air indicated no difference in growth in Hb AS RBCs. In the same
study, early parasite forms were allowed to develop to maturity at low
oxygen/5% CO, in an attempt to mimic conditions in deep venous blood.
Under these conditions, growth of mature parasites was retarded in the Hb
AS cells, although the recalculated total number of mature forms was
very similar in Hb AS and Hb SS cells (Laser and Klein, 1979).
Extrapolation of these results to in vivo conditions was further limited by
the small number (3) of experiments. (Pasvol et al., 1978; Pasvol, 1980).

4.2. Beta-Thalassemia

Impaired parasite growth in heterozygous beta-thalassemia RBCs
in vitro has been described by some authors (Brockelman et al., 1987,
Kaminsky et al., 1986), while others found no difference (Yuthavong
et al., 1987). The significance of some results showing inhibition could
not be assessed because scanty description of culture conditions did not
allow comparison to data obtained by other studies (Kaminsky et al.,
1986). Brockelman’s data are well documented (Brockelman et al., 1987).
However, their results are also open to criticism. These authors did not see
any difference during 5 days in culture in beta-thalassemia/Hb E RBCs if
the cultivation was performed in RPMI1640 medium. Differences
became significant by lowering overall amino acid levels in the medium,
in the attempt to mimic lower hemoglobin levels in the mutant RBCs
(Brockelman et al., 1987). These data are interesting because they stress
the growth-limiting role of amino acid of the medium and show that
indeed mutant RBCs were more sensitive to limiting amino acid levels
than normal controls. Senok et al. (1997) analyzed parasite invasion and
growth in density (age)-separated RBCs over 144 h (i.e., three growth
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cycles). After 144-h incubation, parasitemia in cultures was lower in non-
separated beta-thalassemia samples, and differences were more pro-
nounced in the less dense fraction, where younger, metabolically more
active RBCs were localized. Differences were much smaller in the old
RBC fraction. Moreover, no or irrelevant differences were noted in non-
separated RBCs until 96 h of culture. A schizont maturation arrest and
morphological alterations of late trophozoite stages were also observed in
beta-thalassemia samples. Recently, Pattanapanyasat et al. (1999) have
shown that normal and thalassemic RBCs were equally susceptible to
invasion and growth during the first invasion, while parasite growth was
significantly reduced in the successive cycles. Both Senok’s and
Pattanapanyasat’s studies were run at relatively high hematocrit (3—4%)
over long period of times with the questionable RPMI1640 medium.
Therefore, it cannot be excluded that nutrient limitation at late time
points, combined with higher metabolic rates in mutant RBCs (see fur-
ther) may explain the observations.

4.3. Alpha-Thalassemia

Two important studies by Luzzi et al. (1990, 1991) have shown no
difference in parasite growth in alpha-thalassemia, and different antibody
density on the RBC surface, compatible with enhanced immune removal
of the mutant parasitized RBCs. Other studies performed by the same
groups discussed before with different types of alpha-thalassemia gave
comparable results. In those studies, most severe conditions, such as in
hemoglobin H disease, were associated with remarkable impairment of
parasite growth, especially after longer periods of cultivation. In conclu-
sion, analysis of some representative studies showing impaired parasite
growth in RBCs heterozygous for protective mutations (alpha-thalassemia,
beta-thalassemia and sickle-cell disease) indicates that this effect is com-
patible with nutrient limitations affecting parasite growth and therefore
possibly of artifactual origin. This conclusion seems plausible because all
studies were conducted with media devoid of hypoxanthine and adenine
and containing low concentrations of a number of amino acids, at rela-
tively high hematocrit and for prolonged period of times. Mutations con-
sidered here are particularly sensitive to nutrient deprivation because they
have lower intracellular hemoglobin and thus less endogenous amino acid,
and higher metabolic demands due to permanent oxidant stress related to
unpaired globin chains, sickle hemoglobin, and high membrane free iron
(Weatherall 1998; Hebbel, 1990). In addition and perhaps most impor-
tantly, nonparasitized Hb AS-RBCs and thalassemia-RBCs are dehydrated
and/or microcytic (Weatherall 1998; Hebbel, 1990). Thus, the number (and
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activity) of metabolically active elements per unit of blood volume is
remarkably large compared to normocytes, further increasing metabolic
activity that is proportional to total cell surface.

4.4. Glucose-6-Phosphate Dehydrogenase Deficiency

Deficiency of this enzyme is very widespread. Estimates based on
population studies and older population data indicate 400,000 million of
deficient hemi-heterozygous subjects worldwide, a likely underestimate
of the real occurrence. Most widespread variant alleles with polymor-
phic frequencies are the Mediterranean variant (1-5% residual activity),
frequent in Mediterranean countries and in the Middle East; the A~ vari-
ant (approximately 5-50% residual activity), frequent in Africa and
America; the Orissa variant and the India—Pakistan Mediterranean
sub-variant (low residual activities), frequent in India and Pakistan;
the Canton, Taiwan and Mediterranean variants (low residual activi-
ties), frequent in China and Asia (Roberts et al., 2004; Greene, 1993).
Marked differences in residual activity of variants should be taken into
consideration in discussing their protective efficiency. In general, sub-
jects with variants with high residual activity are expected to be less
protected, because less prone to oxidants, compared with subjects with
the higher-protective Mediterranean variant, that are much more sensi-
tive toward oxidants. This contention cannot be proven now, though
because areas where the Mediterranean variant is frequent are presently
malaria-free.

In vitro parasite growth studies have yielded conflicting results.
Taking into account homogeneous studies performed with the
Mediterranean variant, a marked reduction in parasitemia in cultures
from hemizygotes and heterozygotes was observed by Roth et al.
(1983) 5 days after inoculation. Luzzatto et al. (1983), by contrast,
observed similar growth in the first and a 40% reduction in the second
schizogonic cycle. More recent data performed with five different
strains during three schizogonic cycles showed no difference in
growth, provided the RBCs were fresh, the hematocrit level of the cul-
ture low and glucose in culture kept high and constant (Cappadoro
et al., 1998). Difference in growth was noted by the same authors when
older RBCs were used. It appears that the same explanation for inhibi-
tion of parasite growth in sickle-cell trait RBCs may apply to G6PD-
deficiency, and it seems plausible that nutrient deprivation, or cell
damage due to extended storage coupled with increased sensitivity of
mutant RBCs to oxidant stress may be responsible for impaired para-
site growth.
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5. Modifications in the RBC Membrane Elicited
by the Developing Parasite Induce Phagocytosis

5.1. Similarity of Ring Phagocytosis to Phagocytosis
of Normal Senescent or Oxidatively Stressed RBCs

P, falciparum-parasitized RBCs are progressively transformed into
non-self cells, opsonized and phagocytosed by circulating and resident
phagocytes. At ring stage, phagocytosis was modest and almost totally
mediated by complement deposition and recognition by complement
receptor type 1 (CR1) on the phagocyte. At later stages of parasite mat-
uration, phagocytosis was strongly increased and the role of complement
in phagocytic recognition was reduced (Turrini et al., 1992). Data
obtained with nonparasitized RBCs have shown that binding of oxidative
denaturation products of hemoglobin (hemichromes) powerfully
induced band 3 aggregation, expression of neoantigens, deposition of
IgG and complement, and phagocytosis (Low et al., 1985; Lutz, 1990;
Mannu et al., 1995; Turrini et al., 1991; Cappellini et al., 1999).
Phagocytosis was largely complement-dependent and mediated by CR1
on the phagocyte (Mannu et al., 1995; Turrini et al., 1991). It has been
shown that hemichromes were increasingly generated during parasite
development and bound stage-dependently to the RBC membrane
(Giribaldi et al., 2001). In parallel, increasing amounts of high-molecu-
lar weight clusters of aggregated band 3 were formed. Those clusters
were constantly associated with complement and autologous IgG
(Giribaldi ef al., 2001). The parasite-induced modifications were of
oxidative nature, and aggregation of band 3 and deposition of opsonins
could be largely reverted by cultivating the parasite in the presence of
beta-mercaptoethanol (Giribaldi ef al., 2001). It has also been shown that
growth of P, falciparum induced hemichrome formation in the host RBCs.
Hemichromes were isolated from large membrane protein aggregates
that also contained band 3, IgG and the complement C3c fragment, the
stable derivative of C3b. This finding suggests that hemichromes bound
to its specific, high-affinity binding site on the cytoplasmic domain of
band 3 and induced band 3 aggregation, in agreement with literature data
(Low et al., 1985) and previous observations by our group (Cappellini
et al., 1999). Indeed, present data are similar to observations performed
in thalassaemic RBCs, where membrane protein aggregates also con-
tained large amounts of IgG and C3 complement fragments (Mannu et al.,
1995), and where deposition of IgG and complement C3c, and phagocytic
susceptibility were correlated to the amount of membrane-bound



40 Paolo Arese, Kodjo Ayi, Aleksei Skorokhod and Franco Turrini

hemichromes (Cappellini ef al., 1999). During the parasite development,
the amount of hemichromes bound to the membrane progressively
increased and paralleled the amount of aggregated band 3 and deposited
IgG and C3c suggesting a causal relationship between hemichrome for-
mation and band 3 aggregation (Giribaldi ez a/., 2001). The involvement
of oxidative events in the formation of the antigenic membrane aggre-
gate was substantiated by the inhibition of their formation when the par-
asites were cultivated in presence of permeant beta-mercaptoethanol,
known to be a powerful reductant and oxidant scavenger. Immunopre-
cipitation studies further substantiated the connection between mem-
brane-bound IgG and band 3. Immunoprecipitated band 3 was
oxidatively cross-linked, as no electrophoretic bands were obtained in
absence of reductive pretreatment, and migrated as a sharp band, which
corresponded to a fast-migrating, underglycosylated band 3 component
and was absent in the unreduced membranes from parasitized RBCs. The
latter results indicated that membrane-bound IgGs were linked to band 3
and showed that apparently underglycosylated band 3 is preferentially
incorporated into the membrane aggregates (Giribaldi et al., 2001). To
characterize the band 3 modifications that lead to its recognition by nat-
urally occurring antibodies, the IgG bound to the surface of parasitized
RBCs were eluted and challenged with membrane proteins extracted from
nonparasitized RBCs, parasitized RBCs and chemically treated RBCs
(diamide and zinc-BS3 treatments) to obtain well-defined oxidative
(diamide) and nonoxidative (zinc-BS3) band-3 aggregation. This
approach further demonstrated that surface-bound IgG had affinity to
oxidatively aggregated band 3. These data partially confirmed and
expanded previous observations done in malaria-parasitized human RBCs
erythrocytes (Winograd and Sherman, 1989a, 1989b; Winograd et al.,
1987), showing the formation and exposure of two neoantigens: a 85-
kDa antigen and a >250-kDa high-molecular weight antigen, both struc-
turally related to band 3 and recognized by naturally occurring anti-band
3 autoantibodies. Stage-dependent increases in RBC-bound C3c¢ com-
plement fragment were consistently observed here in agreement with
studies showing complement activation by the surface of P. falciparum-
parasitized RBCs and complement-mediated phagocytosis of ring-para-
sitized human RBC (Turrini et al., 1992). It was suggested that parasite
development induces, in sequence, deposition of hemichromes and
oxidative aggregation of band 3; deposition of autologous antiband 3
IgG and complement; and final recognition by phagocytes. This
sequence is quite similar to that observed in normally senescent RBCs,
artificially modified RBCs or pathologic RBCs, most notably sickle and
thalassemic RBCs (Low et al., 1985; Lutz, 1990; Mannu ef al., 1995;



Removal of Early Parasite Forms 41

Turrini et al., 1991; Cappellini et al., 1999; Kannan et al., 1988). The
mechanism of phagocytic removal of parasitized RBCs was progres-
sively enhanced as parasite maturation proceeded and attained the high-
est values with trophozoite-parasitized and schizont-parasitized RBCs.

6. Enhanced Phagocytosis of Ring Forms as a Model
of Protection for Widespread RBC Mutations

6.1 Membrane Binding of Hemichromes, Autologous IgG,
Complement C3c Fragment; Aggregated Band 3
and Phagocytosis in Nonparasitized and Ring-Parasitized
Normal and Mutant RBCs

The levels of indicators of membrane damage that induce phago-
cytosis, such as membrane-bound hemichrome, IgG and complement
C3c, and aggregated band 3, are already increased in nonparasitized Hb
AS, beta-thalassemia trait and HbH RBCs (see Figure 3.1). The highest
level of damage was noted in nonparasitized Hb AS and HbH RBCs
while alpha-thalassemia trait RBCs was indistinguishable from normal
controls. The development of the parasite in those mutant RBCs further
increased the levels of above indicators of membrane damage in ring-
parasitized mutant RBCs with the exception of alpha-thalassemia trait
RBCs. Phagocytosis was also very remarkably increased in ring-para-
sitized RBCs in all mutations except alpha-thalassemia trait (Figure 3.2).
Heme-containing compounds, identified as hemichromes from their

Hemichromes Aggreg. Band 3 Bound IgG Bound C3c Phagocytosis
50 50 50 50 *
40 40 40 *x | |40 * *
30 * 30 30 *k 30 P
20 * 20 20 20
10 * 10 e T 10

0 0 0 0

CA BAS H C A BAS H C A BAS H CABASH C ABASH

Figure 3.1. Membrane-Bound Hemichromes, Autologous IgG and Complement C3c

Fragment; Aggregated Band 3, and Phagocytosis in Nonparasitized Normal and Mutant RBCs.
Parameters were measured in nonparasitized normal control (C), alpha-thalassemia trait (A), beta-
thalassemia trait (B), Hb AS (AS) and HbH (H) RBCs. Hemichromes are expressed in nmol/mL mem-
branes; aggregated band 3 as percentage aggregated band 3 over total band 3; membrane-bound
autologous IgG and C3c as milliabsorbance units/min/107 RBCs; phagocytosis as number of phago-
cytosed RBCs per monocyte. Data are mean values + SD (vertical bars). Numbers of separate exper-
iments each performed with a different donor were: Hb AS, 11; beta-thalassemia trait, 12;
alpha-thalassemia trait, 4; HbH, 5. Significance of differences between nonparasitized normal and
mutant RBCs was assessed by #-test for paired samples. " p<0.001; **, p <0.01; no asterisk, p > 0.05.
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Figure 3.2. Membrane-Bound Hemichromes, Autologous IgG and Complement C3c
Fragment; Aggregated Band 3 and Phagocytosis in Nonparasitized Normal and Mutant RBCs,
and in Ring-Parasitized Normal and Mutant RBCs. Parameters were measured in nonparasitized
normal controls (NP-N), nonparasitized mutant controls (NP-M), normal rings (RP-N) and mutant
rings (RP-M) in Hb AS, beta-thalassemia trait and alpha-thalassemia trait RBCs. Hemichromes are
expressed in nmoles/mL membranes; aggregated band 3 as percentage aggregated band 3 over total
band 3; membrane-bound autologous IgG and C3c as milliabsorbance units/min/107 RBCs; phago-
cytosis as number of phagocytosed RBCs per monocyte. Note that the ordinate values may vary con-
siderably in the different conditions. Data are mean values = SD (vertical bars). Significance of
differences between normal rings (RP-N) and mutant (RP-M) rings was assessed by #-test for paired
samples. *,p <0.001; **,p <0.01; no asterisk, p > 0.05.

spectral characteristics, were co-localized with high-molecular weight
aggregated band 3. The co-localization of hemichromes and aggregated
band 3 is considered as indication of hemichrome-induced clustering of
band 3. The number of phagocytosed Hb AS, beta-thalassemia trait and
Hb H rings was close to 10 ingested RBCs per monocyte, the maximal
erythrophagocytic capacity of adherent human monocytes. The role of
complement as opsonin was tested in ring-parasitized beta-thalassemia
trait RBCs. Abrogation of C3-mediated phagocytosis by blockage of
CR1 receptor on monocytes reduced phagocytosis of ring-parasitized
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beta-thalassemia trait and normal RBCs by approximately 80 and 94%,
respectively, in agreement with previous observations (Turrini et al.,
1992). Decrease of C3-mediated phagocytosis was less pronounced in
trophozoites (46 and 43% reduction in trophozoite-parasitized beta-
thalassemia trait and normal RBCs, respectively), indicating that IgG-
and scavenger receptors may play a more significant role in phagocytosis
of mature parasite forms (Turrini et al., 1992). Latter data are in agree-
ment with observations in trophozoite-parasitized G6PD-deficient RBCs.
The oxidative origin of membrane damage was underscored by a partial
reversion of hemichrome formation, band 3 aggregation, and deposition
of removal markers in normal and mutant RBCs cultivated in presence
of 100 umol/L beta-mercaptoethanol (Giribaldi et al., 2001). Taken
together, these results indicate that membrane damage ultimately gener-
ated by the interaction of abnormal hemoglobins and the parasite and
likely responsible for enhanced phagocytosis of ring-parasitized mutant
RBCs, was very similar to ring-parasitized G6PD-deficient RBCs and to
senescent or oxidatively damaged nonparasitized RBCs (Lutz, 1990;
Giribaldi et al., 2001).

6.2 Why are Rings Developing in Beta-Thalassemia, Sickle-Cell
Trait, HbH, and G6PD-deficient RBCs Phagocytosed more
Intensely than Rings Developing in Normal RBCs?

The molecular nature of Hb AS, beta-thalassemia and alpha-
thalassemia trait, and G6PD-deficiency is different. However, in all cases
affected RBCs show increased production of reactive oxygen species
(ROS), due to intrinsic characteristics of Hb S in Hb AS, to unpaired
globin chains in the thalassemias and to defective antioxidant defense in
G6PD deficiency. As detailed before, oxidative events leading to enhanced
phagocytosis of pathological, artificially modified, and ring-parasitized
RBCs are in sequence: increased denaturation of Hb and formation
of reversible and irreversible hemichromes; membrane binding of
hemichromes to the cytoplasmic domain of band 3; membrane
deposition of free iron; hemichrome-induced and free-iron-induced
aggregation of band 3; limited activation of the alternative complement
pathway; and deposition of antibodies and complement C3c fragments.

Why are rings developing in beta-thalassemia, sickle-cell trait, Hb H,
and G6PD-deficient RBCs phagocytosed more intensely than ring-para-
sitized normal RBCs? Based on our observations, oxidative membrane
damage, deposition of opsonins and phagocytosis were higher in ring-
parasitized mutant RBCs compared to “normal” rings. This is explained
by the fact that rings developing in mutant RBCs are subjected to a
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double oxidative stress: a first one exerted by the developing parasite and
a second specifically connected with the mutation and additional to the
first one. Phagocytosis was similar in trophozoites grown in normal and
mutant RBCs, as observed previously in trophozoites grown in G6PD-
deficient RBCs. Damages inflicted by mature parasite forms are very
profound and overshadow the baseline differences in normal and mutant
RBC. In trophozoites, a larger share of phagocytic recognition does not
depend on band 3 aggregation but relies on exposure of other molecules.
For example, exposure of phosphatidylserine (PS), an indicator of loss
of phospholipid asymmetry in the RBC membrane, was remarkable in
both mutant and nonmutant trophozoite-parasitized RBCs (Figure 3.3).
Interestingly, hemichromes were significantly increased in trophozoites
grown in sickle- and beta thalassemia-trait RBCs, whereas aggregated
band 3 and phagocytosis did not further increase and were similar to
trophozoites grown in normal RBCs. Possible reasons may reside in the
limited amount of mobile band 3 in the RBC membrane and in the phys-
ical limit of 10 RBCs ingested per monocyte.

The evident phenotypic similarities among many protective muta-
tions, irrespective of the molecular nature of the underlying defect, have
been noted in other studies (Destro-Bisol ef al., 1996). Not surprisingly,
higher levels of bound antibodies and more intense phagocytosis have been
described in parasitized thalassemic and other mutant RBCs. Thus,
enhanced removal of parasitized mutant RBCs by the host’s immune sys-
tem has been suggested as the mechanism underlying resistance. The
model presented here is also based on preferential immunological removal
of parasitized mutant RBCs. However, it has the distinctive feature that
only phagocytosis of ring-parasitized mutant RBCs is selectively
enhanced, while phagocytosis of trophozoites is very high but quite simi-
lar in normal and mutant cells. This model of resistance based on enhanced
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Figure 3.3. Loss of Phospholipid Asymmetry in Trophozoite-Parasitized Normal and
Mutant RBCs. NP, nonparasitized normal controls; TC, trophozoite-parasitized normal RBCs; TM,
trophozoite-parasitized mutant RBCs. MFI, mean fluorescence intensity of Annexin-V labeled
RBCs measured by cytofluorimetry.
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phagocytosis of ring-parasitized mutant RBCs was originally proposed for
G6PD-deficiency (Cappadoro et al., 1998) and successively extended to
include Hb AS, beta-thalassemia trait, and Hb H (Ayi ef al., 2004). Hb H
has no selective value against malaria, since it is accompanied by severe
hematologic symptoms. It was been added to the study to show that the
different behavior of beta-thalassemia trait (enhanced ring phagocytosis)
and alpha-thalassemia trait (no enhancement of ring phagocytosis) resides
in the different amount of oxidative damage between the two thalassemic
conditions. As soon as the damage increased, as in HbH disease, ring-
phagocytosis was enhanced as well.

6.3 What is the Evidence that Ring-Parasitized Mutant RBCs
are Also Preferentially Removed In Vivo?

Supporting evidence that preferential phagocytosis of mutant rings
is occurring in vivo can be only provided by mutations with phenotipi-
cally distinct mutant and normal RBC populations in the same subject,
such as G6PD-deficient female heterozygotes that have a mosaic RBC
population, one G6PD-deficient and one normal in the same subject.
Indeed, in malarious G6PD-deficient heterozygous females, a preva-
lence of parasitized normal RBCs vastly in excess over parasitized defi-
cient RBCs was described (Luzzatto et al., 1969). This unbalance is best
explained by the selective removal (“suicidal infection”) of ring-
parasitized deficient RBCs from circulation. A similar behavior was
observed in malarious Hb AS subjects. In Hb AS, all RBCs are genetically
equivalent and contain both Hb A and Hb S; and, a priori, have the same
chance of being parasitized and to sickle. However, ring-parasitized Hb
AS RBC were found to sickle approximately six times as readily as non-
parasitized cells, generating a double, phenotypically different popula-
tion—parasitized sickled cells, more prone to be phagocytosed, and
nonparasitized nonsickled cells (Luzzatto ef al., 1970). Indeed, Hb AS
malarious patients showed a remarkable prevalence of nonsickled vs
sickled ring-parasitized RBCs in peripheral blood, an unbalanced situ-
ation comparable to G6PD-deficient malarious heterozygotes (Mackey
and Vivarelli, 1954). Also malarious SAO heterozygotes, a mutation not
considered in detail here, have a double population of ovalocytic and
normal RBCs and displayed selective disappearance of ovalocytic RBCs,
in accordance with their preferential phagocytosis (O’Donnell et al.,
1998). SAO is caused by a band 3 mutation due to a 9-aminoacid dele-
tion in the N-terminal of band 3, producing very rigid RBCs with higher
amounts of immobile, microaggregated band 3 (Tilley et al., 1991; Liu
et al., 1995). It is likely that the presence of the parasite may further
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enhance the increased baseline values of aggregated band 3, reproducing
by a partially different mechanism the situation observed here in ring-
parasitized sickle-cell and beta-thalassemia trait RBCs.

6.4 Why is Preferential Removal of Ring-Forms Advantageous
to the Host?

Enhanced and preferential phagocytosis of ring-parasitized mutant
RBCs may be advantageous to the host in several ways. A first advantage
is reduction in parasite growth and parasite density, observed in patients
with Hb AS and beta-thalassemia trait but not in patients with alpha-
thalassemia trait. Second, phagocytosed ring-forms are digested rapidly by
monocytes, and the process repeated without loss of efficiency. By con-
trast, more mature forms of the parasite, although actively phagocytosed,
severely affect important functions of the monocyte, such as the ability to
repeat the phagocytic process. Adverse effects elicited by ingestion of
hemozoin-containing parasite forms include enhanced production of
inflammatory cytokines, inability to kill ingested bacteria, to perform
repeated cycles of phagocytosis, to express class Il and other membrane
antigens upon interferon gamma stimulation, and to correctly process anti-
gens (Schwarzer et al., 1992; Scorza et al., 1999). Endothelial functions
are also impaired by hemozoin, and adhesion of mature parasite forms to
dendritic cells and macrophages downregulates innate and acquired
immune responses (Urban and Roberts, 2002). Third, lower numbers of
trophozoites and schizonts, that adhere to endothelia in several important
organs (lungs, kidneys, brain, bone marrow, and placenta) and provoke
severe symptoms (e.g., cerebral malaria, placental malaria, possibly
dyserythropoiesis, and respiratory distress) may also lead to less severe
disease and lower mortality (Ho and White, 1999). Finally, phagocytosis of
ring-parasitized normal and mutant RBCs was accompanied by a very
modest oxidative burst by monocytes (not shown). Also, complement-
mediated phagocytosis was shown to induce a reduced cytokine output by
the phagocytic cells.

6.5 Why are Rings Developing in Alpha-Thalassemia
Very Similar to Controls?

Alpha-thalassemia trait rings were not different from nonmutant
rings as to hemichrome levels, deposition of removal markers, and
phagocytosis and were clearly distinct from beta-thalassemia and Hb H
rings. All thalassemic syndromes are characterized by unbalanced globin
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chain synthesis and membrane deposition of excess unpaired alpha-
chains or beta-chains in beta-thalassemia and alpha-thalassemia
trait, respectively. However, pathophysiological consequences are very
different. A number of studies (see Schrier et al., 1994 for review) and
present data indicate that membrane deposition of alpha-chains in beta-
thalassemia inflicts distinctly more severe damages, compared to depo-
sition of beta-chains. For example, mechanical stability of membranes
was increased in alpha-thalassemia and markedly decreased in beta-
thalassemia; and alpha-chains but not beta-chains bound band 3 cyto-
plasmic domains with high affinity and positive cooperativity (Schrier,
1994). The modest degree of alterations observed in alpha-trait nonpar-
asitized and ring-parasitized RBCs would exclude the same pattern of
resistance to be operating in vivo. There is no doubt that alpha-tha-
lassemia trait is protective, as shown by its coincidental presence with
past or present falciparum malaria, as in the Tharu population in Nepal,
in Melanesia, and Africa (Flint ef al., 1986, 1993; Yenchitsomanus ef al.,
1986; Allen et al., 1997; Modiano et al., 1991). However, careful studies
by the Oxford group have shown that significantly lower prevalence of
severe malaria in thalassemia-trait children was not accompanied by any
difference in parasite density or mortality due to malaria complications
(Allen et al., 1997). These studies found evidence for raised rather than
reduced incidence of mild malaria in children carrying alpha-thalassemia
(Williams et al., 1996). Most likely, enhanced ring-phagocytosis is not
operating in alpha-thalassemia trait, whereby the suggestion that alpha-
thalassemia protects by predisposing to mild malaria in early life and pro-
voking a cross-vaccination by coincidental co-infection with P vivax may
offer an interesting alternative explanation.

7. Conclusions

Diftusion of falciparum malaria, most probably starting with the
formation of extensive human aggregates, which accompanied the agri-
cultural revolution, has posed a very powerful challenge to the plasticity
of defensive responses of the host. It is now a commonplace notion that
malaria had a profound impact on recent human evolution. The “malaria
hypothesis,” commonly associated with the name of J.B.S. Haldane, pro-
poses that widespread human genetic polymorphisms, especially those
affecting RBCs, have been selected to high frequencies because they
protect against the most dangerous or deadly clinical manifestations of
malaria. Geographical distribution and clinical studies have provided
evidence that sickle-cell trait, heterozygous alpha and beta-thalassemias,
Southeast Asian ovalocytosis, Hb C and Hb E, and hemizygous/
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heterozygous G6PD-deficiency are protective RBC mutations. The pre-
dominant explanation found in the literature for resistance provided by
above conditions is based on in vitro parasite cultivation studies claim-
ing that the mutant RBCs do not offer optimal conditions for either inva-
sion or parasite development. We have discussed supportive evidence
provided by many of those studies and found them methodologically
biased. Often, a first bias resided in the impossibility to reproduce the
very complex in vivo situation with the simplified experimental setup
adopted in vitro. A second bias resulted from the generalized use of inad-
equate culture media low in reduced glutathione and devoid of hypoxan-
thine and adenine, both essential for parasite growth. The limiting level
of essential components of culture media, such as essential amino acids,
could critically affect parasite development because thalassemic and Hb
AS RBCs have a higher glucose consumption and an increased metabolic
rate. We have proposed an alternative explanation based on enhanced
phagocytosis of early parasite forms (ring forms) when the parasite
developed in RBCs affected by the mutations. The molecular nature of
Hb AS, beta-thalassemia and alpha-thalassemia trait, and G6PD-
deficiency is different. However, mutant RBCs produce increased
amounts of ROS, due to the intrinsic characteristics of mutant hemoglo-
bins, the presence of unpaired globin chains in thalassemias or the defec-
tive antioxidant defense in G6PD deficiency. Indeed, baseline levels of
phagocytic markers, such as membrane-bound hemichrome, IgG and
complement C3c, and aggregated band 3, were enhanced in nonpara-
sitized RBCs affected by protective mutations with the exception of
alpha-thalassemia. We have recently shown that the parasite developing
in mutant RBCs further enhanced the baseline oxidative changes and
specifically enhanced ring phagocytosis. In parasitized mutant RBCs,
membrane changes induced at ring stage were very similar to changes
observed in nonparasitized senescent or oxidatively damaged RBCs. The
differences in phagocytosis of mutant-parasitized vs nonmutant-
parasitized RBCs were ring-specific and vanished at trophozoite stage. By
contrast, in all considered mutations, invasion and parasite development
was not different in normal vs mutant RBCs. We suggest that enhanced
and preferential phagocytosis of ring-parasitized RBCs may be advanta-
geous to the host because it reduced parasite growth and parasite density
and lowered the number of late-stage parasites adherent to venular
endothelia. Mature forms of the parasite are intensely phagocytosed and
severely affect important functions of the monocyte. They enhance pro-
duction of inflammatory cytokines, reduce the killing of ingested bacte-
ria, lower expression of class Il and other membrane antigens upon
interferon gamma stimulation, and inhibit antigen processing
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(Schwarzer et al., 1992; Scorza et al., 1999). Endothelial functions are
also impaired by phagocytosis of mature forms, and their adhesion to
dendritic cells and macrophages downregulates innate and acquired
immune responses (Urban and Roberts, 2002). Third, lower numbers of
trophozoites and schizonts that adhere to endothelia in several important
organs (lungs, kidneys, brain, bone marrow, and placenta) and provoke
severe symptoms (e.g., cerebral malaria, placental malaria, possibly
dyserythropoiesis, and respiratory distress) may also lead to less severe
disease and lower mortality (Ho and White, 1999).
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Abstract

The first epidemiological studies on thalassemia distribution in Italy car-
ried out by Ezio Silvestroni and Ida Bianco after World War II confirm the geo-
graphic correlation previously reported by different clinicians between the high
frequency of this hereditary condition and malarial infection. The phenomenon
was studied by the Italian geneticist Giuseppe Montalenti, who stimulated by
the hypothesis advanced by J.B.S. Haldane that the frequency could not be due
to an abnormal rate of mutation but probably to selective advantage of the tha-
lassemic heterozygotes, began collaborating with Silvestroni and Bianco in
order to determine the origin of thalassemia distribution in Italy. In the present
article a reconstruction is made of the early studies carried out in Italy on the
genetics of thalassemia and a discussion is presented of the first hypothesis
concerning the relationship between thalassemia and malaria. An examination
is then made of the results and methodological difficulties surrounding the
research coordinated by Montalenti at Ferrara, also thanks to funding from the
Rockefeller Foundation, as well as those carried out by Ruggero Ceppellini and
Marcello Siniscalco in Sardinia.

According to Weatherall and Clegg (Clegg and Weatherall, 1999), and
Weatherall (2004b), the question of the relationship between thalassemia and
malaria remained uncertain until, thanks to the methods of molecular genetics
and the macroepidemiological studies carried out in the Southwest Pacific on
alpha-thalassemia, “provided unequivocal evidence for protection.” Perhaps
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this is true. The fact remains that, historically speaking, the idea that a specific
human disease, malaria, might have a selective role and therefore modify the
genetic composition of a population by favoring certain genotypes rather than
others, was suggested for the first time with reference to the relationship
between thalassemia and malaria. The demonstration of the selective action of
malaria came, as we know, from Anthony Allison’s research on sickle-cell ane-
mia in East Africa (Allison, 1954). Nevertheless, in Italy, the first studies were
carried out to determine the possible origin of the high frequency of the tha-
lassemic gene in certain areas of the country, and if the cause could possibly
be, as hypothesized by J.B.S. Haldane in 1949 (Haldane 1949a,b), a selective
advantage of the heterozygotes due to the concomitant presence of malarial
infection. The story of how the “malaria hypothesis,” also known as the
“Haldane hypothesis,” has been pieced together by several authors (Weatherall,
2004a for details, Dronamraju, 2004). Less is known of several premises and
consequences of the hypothesis of a causal relationship between malaria and
thalassemia, from the standpoint of the epidemiological observations and
research carried out in Italy.

1. The Evolution of the Knowledge of Thalassemia
Genetics: The Italian Contribution

The exact demonstration of the Mendelian transmission of beta-
thalassemia is the result of research carried out between 1940 and 1947
independently in the United States and Italy. Probably for linguistic rea-
sons, literature on the history of thalassemia, with the works of David
Weatherall (1980, 2004b, Weatherall and Clegg, 2001) and Maxwell
Wintrobe (1980, 1985) in the forefront, has extensively documented the
contribution made by US research and displays only a partial knowledge
of the research and debate on the genetics of Cooley’s disease that had
been conducted to a certain extent in Italy ever since the 1920s (for a
detailed reconstruction of the italian contribution to the description of
the genetic bases of thalassemia see Canali, 2005).

In 1932, when George Whipple suggested the term “thalassemia”
(Whipple and Bradford, 1932, 1936), Thomas Cooley noticed that the
disease he had clinically defined showed a clear familial incidence
(Cooley and Lee, 1932). Later, Heinrich Lehndorf proposed that
Cooley’s anemia was an inherited disease due to a genetic mutation
(Lehndorf, 1936).

The Mendelian inheritance gradually became apparent. Ferdinando
Micheli and collaborators (1935), Angelini (1937), and Jean Caminopetros
(1937) observed distinctive, albeit minimal, hematological traits in healthy
parents. Then Maxwell Wintrobe (1940) and William Dameshek
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(1900-1966) (1940) recognized the relationship between these hemato-
logical traits and minor forms of thalassemia. Jean Caminopetros (1937)
had already assumed that clinically healthy people could transmit the dis-
ease as a Mendelian recessive factor.

The Mendelian inheritance of thalassemia was suggested for the
first time by Alan Moncrieff and Lionel Ernest Whitby in 1934.
Assuming the hereditary condition for thalassemia, Ignazio Gatto (1941,
1942) associated its lethality with homozygosis (“homozygote-
disease”), while the heterozygote represented only minor and nonpatho-
logical traits (“heterozygote-stigmata”) (Gatto, 1942).

Halfway through the 1940s, Italian and US physicians independ-
ently demonstrated the mechanism of inheritance. In 1943, Ezio
Silvestroni and Ida Bianco, described an inborn and hereditary hemato-
logical anomaly in healthy people, which they subsequently called
microcythemia (1945a, 1946a). At the same time, Silvestroni and
Bianco showed the genetic relationship between thalassemia and micro-
cythemia, studying several people with Cooley’s anemia (Silvestroni
and Bianco, 1946; 1946-1947). At the end of these investigations,
Silvestroni and Bianco documented the Mendelian inheritance of micro-
cythemia as the heterozygotic condition and the homozygotic condition in
Cooley’s disease (Silvestroni and Bianco, 1947a,b). These results
confirmed the evidence obtained in similar studies conducted in the USA
by Dameshek (1943) and especially by William Valentine and James Neel
at the University of Rochester (Neel and Valentine, 1947; Valentine and
Neel, 1944).

Silvestroni and Bianco carried out a series of epidemiological stud-
ies all over Italy (Silvestroni and Bianco, 1946—-1947, 1947, 1948a,b;
Silvestroni et al., 1950), using a specific method to detect the micro-
cythemic trait through the reduction of globular fragility (Silvestroni and
Bianco, 1945b). The results of the research, which by 1950 had involved
some 50,000 persons, enabled the two to map, for the first time ever, the
disease’s distribution for a whole country. This distribution revealed a
disturbing epidemiological profile, with numerous microcythemic foci
scattered all over the country, particularly in the areas of the Po Delta and
the islands, Sardinia, and Sicily, where the incidence of carriers
exceeded 20% of the population. The map revealed a strong geographic
correspondence between the frequency of the thalassemic features and
endemic malaria. This singular correlation that had already been
observed by clinicians, was now documented by thorough and wide-
ranging epidemiological research, thus raising even more clearly the
question of maintaining the frequency of a gene that, at the time, doomed
homozygotes to death within the first 2 years of life.
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2. Early Observations on the Association between
Malaria and Thalassemia

The problem of the links between Cooley’s anemia and malaria had
been debated in Italian medical literature since the 1920s.

Different studies have considered the possibility that malaria was
an etiological factor for thalassemia, as it was recognized that a particu-
larly high frequency of cases of Mediterranean anemia existed in a
number of malarial zones in families affected by Cooley’s anemia
(Auricchio, 1928; Careddu, 1929). These coincidences were confirmed
by subsequent observations pointing to the presence or the frequency of
the disease in malarial zones (Dolce, 1939; Frontali and Rasi, 1939), or
the existence of thalassemic foci in Italy (Sicily, Sardinia, Ferrara area,
and Puglia) corresponding to endemic malaria zones (Francaviglia,
1939; Auricchio, 1940; Pachioli, 1940). A similar situation was observed
in Greece (Choremis and Spiliopoulos, 1936). An even more significant
fact was the exact localization of Cooley’s anemia in intensely malarial
zones, such as Sardinia, in which the frequency of Cooley’s disease was
very high in the malarial coastal areas and practically absent in the non-
malarial internal mountainous zones (Careddu, 1940, 1941). Working at
the pediatric clinic of Cagliari University, Cadeddu collected a large
number of case histories from all over Sardinia and systematically ana-
lyzed all the relevant environmental variables: “in the entire mountain area
of the island” — he wrote — “in which malaria occurs sporadically there is
an absence of observations except for one observation from Macomer but
due to the family community moving there from a malarial zone [. . .]. The
towns from which our cases have been drawn almost all have an altitude
of less than 100 m above sea level.” (Cadeddu, 1942).

The hypotheses regarding the relationship between malaria and tha-
lassemia, put forward by clinical practitioners, who had observed the
geographic links between them remained restricted to the medical
domain (i.e., at the level of pathogenetic explanation physicians had too
little knowledge of genetics and evolutionary biology to allow those
working in a clinical environment to elaborate interpretations capable of
placing the focus on the links between a population’s gene pool and
selective pressures).

On the basis of the frequent reports of the malarial plasmodium and
the alleged therapeutic effects of quinine in children diagnosed as hav-
ing thalassemia (in this case it must be recalled that thalassemia was
often confused above all in pediatrics with other pathologies having ane-
mia as a symptom), Choremis and Spiliopoulos (1936) postulated that
the chronic malaria of the parents triggered a hereditary predisposition
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of their children’s hemopoeietic system. This was then rendered mani-
fested by the superimposition of specific environmental conditions, such
as malnutrition. Caminopetros, however, immediately challenged the
idea of the direct etiology on the basis of the evidence of the absolute
inefficacy of quinine therapy on thalassemic subjects, and followed the
completely opposite approach of inoculation of the malaria plasmodium
(Caminopetros, 1937).!

The hypothesis of a direct etiology had to come to terms with a
series of other anomalies pointed out by Gino Frontali and F. Rasi work-
ing at the pediatrics clinic of Padua University (Frontali and Rasi, 1939).
First, the absence of thalassemia in populations with a high incidence of
malaria or conversely the existence of cases of Mediterranean anemia
unrelated to any malarial influence, and finally, the inefficacy of anti-
malarial therapy observed by many clinicians (Vallisneri, 1940). Marino
Ortolani, director of the Ferrara Provincial Institute for Childhood
pointed out that the hypothesis of direct malarial etiology was based on
a body of case histories collected through a systematic diagnostic error
that led to a series of obvious cases of malaria being listed as Cooley’s
anemia and for this reason apparently sensitive to quinine therapy
(Ortolani, 1941).

In 1929 Giovanni Careddu suggested an interesting indirect action
by malaria on the germ cells of the parents that was capable of leading
to an alteration of the hemopoeietic and osteogenetic mesenchyma.
Federico Vecchio, at the pediatric clinic of Naples University, in 1947
made explicit reference to germ plasma mutation, referring to Herman
Muller’s experiments with radiations and the recent (at the time) demon-
stration that thermal shock seemed capable of producing genetic muta-
tions. It was postulated that gene variation indeed emerged as a
consequence of “a direct action of malarial parasitism carried out by the
repetition, especially in the prequinine era, of comparatively violent ther-
mal shocks.” (Vecchio, 1947, pp. 52-53). In the light of the growing evi-
dence that thalassemia was not exclusively a Mediterranean disease, but
one of the most widespread hereditary diseases in the world, Vecchio
claimed that the cause should be sought in the exposure “of several eth-
nic groups to given environmental factors” (Vecchio, 1947, p. 53), rather
than in a given genotypic constitution of the populations affected.

!Caminopetros’ malariotherapy of Cooley’s anemia was based on an accidentally observed fact. One
of his patients, who had accidentally been infected by malaria, displayed a prolonged remission of the
erythroblastic reaction. And given that medullary hyperactivity seemed to represent the original patho-
genetic stage of Cooley’s anemia, Caminopetros decided to induce malaria to slow down the hyperac-
tivity of the bone marrow and thus the erythroblastic reaction and erythroblastosis in the circulation.
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Again in 1939, Michele Bufano actually considered the link
between malaria and thalassemia a case of inheritance of acquired char-
acters, postulating that malaria produced a series of pathological trans-
formations of the bone marrow capable of being transmitted to the
offspring and giving rise to the clinical symptoms of Cooley’s anemia.
On the other hand, in a long discussion in Clinica Pediatrica, Renato
Pachioli, a lecturer at Bologna University, suggested viewing Cooley’s
anemia also as a hereditarily transmissible malarial hemodystrophy orig-
inating from a mutation somehow induced by malaria (Pachioli, 1940).

Pachioli claimed that this hypothesis would allow a single interpre-
tative model to be used to explain the apparently hereditary nature of
Mediterranean anemia and the singular similarity between several fun-
damental parts of the pathogenetic processes in malaria and Cooley’s
anemia, in particular the alterations of erythropoiesis. The explanatory
hypothesis was thus constructed by linking together several early specu-
lations on the genetic determinisms of Cooley’s anemia with a series of
pathological data. On one hand, there was the idea put forward by
Heinrich Lehndorff in 1936 that Cooley’s anemia is the effect of a
genetic mutation, following which the erythroblastic system becomes
incapable of producing mature red corpuscles. On the other hand, the
(incorrect) observations made above all by Virgilio Chini, seemed to
show that malarial infection electively damaged the hemopoietic system
and that this was somehow transmitted to the offspring, thus determining
bone lesions that could be linked to the pathognomonic lesions of
Cooley’s anemia. This idea, however, allowed Pachioli to claim that the
eradication of malaria would lead to a gradual reduction in the frequency
of the thalassemic gene: “the causal relations, although indirect, between
malaria and Cooley’s anemia [. . .] allow it to be envisaged that the reha-
bilitation of malaria-infested zones can, in the course of generations,
lead to the gradual exhaustion of this morbid hereditary defect”
(Pachioli, 1940, p. 422).

Although in a completely nebulous and speculative explanatory
framework, Cesare Cocchi put forward the hypothesis that Cooley’s ane-
mia, just like favism, represented a defensive process typical of subjects
in populations that had been exposed at length to malaria. The idea was
that “Cooley’s anemia, with its clinical and pathological features, can
manifest itself only in subjects prepared by a broad malarial inheritance
in the sense that it represents a particular reaction of enhanced defense
(instead of increased vulnerability). What I mean is that it is possible to
imagine that the same morbid cause (toxic, infectious, or due to defi-
ciency) determines this disease, in that particular way, only in subjects
that have malarial forebears, and are thus better protected (we know they
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are better protected against malaria itself than a subject who is not a
descendant of malarial patients), better prepared to defend themselves
against all hemolyzing action” (Cocchi, 1941, pp. 286-287).

On the basis of Cocchi’s hypothesis, in 1943 Marino Ortolani car-
ried out research “on the immune state regarding malarial infection in
subjects, some of whom present the classic Cooley type anemia symp-
toms and others affected by erythroleukemic myelosis with or without
hyperhemolysis” (Ortolani, 1946, p. 38). Ortolani repeatedly tried to
graft the “Plasmodium vivax” into some patients by inoculating them
with blood taken from soldiers from the Greek—Albanian front suffering
from malaria. Without stating the number of cases precisely, he reported
having failed to infect the subjects involved in the research. Malarial
patients lacked the clinical signs of malaria, while the search for para-
sites in the blood was always negative, even after spleen contraction, as
well as the search via medullary and spleen puncture. The only exception
was a 10-year-old girl who, after being subjected to a cycle of four inoc-
ulations over 4 months of blood that was particularly rich in parasites
drawn from four malaria patients, developed malaria 2 years later, dis-
playing clinical symptoms and showing the presence of the benign terti-
ary plasmodium. The author also reported the case of a baby with
Cooley’s anemia who died about 2 months after being inoculated with
infected blood and who tested negative for the plasmodium even on
autopsy via bone marrow examination (ibid, p. 38).

In his comment on these results Ortolani explicitly cited the pas-
sage from Cocchi’s work mentioned earlier, then claiming that his study
seemed to support the hypothesis that Cooley’s anemia ought to be con-
sidered as a hereditary form of defense against malaria that developed
through long exposure of certain populations to the infection (ibid.,
p. 38). Although unsystematic and ethically dubious, Ortolani’s experi-
ment takes on an exceptional historical value as it is preceded by approx-
imately 10 years Allison’s work, demonstrating the greater resistance of
sickle-cell anemia patients to malarial infection. For reasons that we
shall try to understand in the following, Ortolani’s experiment was not
replicated even in Italy. The only trace of it, we found in the litera-
ture was in a 1957 article by Ezio Silvestroni and Ida Bianco on the
dissemination of the thalassemic trait (Silvestroni and Bianco, 1957).

The absence of any consistent classification of the pathogenetic
mechanisms of thalassemia, as a function of the etiology and pathogen-
esis of malarial infection, materially stood in the way of any emerging
hypothesis that malaria could represent a selective fact, capable of
favouring a mutation of the erythropoietic system. Moreover, there was
no exact superimposition of the malarial zones on the zones with a high
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frequency of Cooley’s anemia or the microcythemic trait. Reported
exceptions were the Rome rural area and the Tuscan Maremma, which
for centuries had been intensely malarial but characterized by a low inci-
dence of Mediterranean anemia and microcythemia. In his introduction
to the course of medical pathology and clinical methodology at Bari
University, Virgilio Chini (1939a), one of the greatest Italian experts in
Mediterranean anemia of the time, postulated that the absence of any
link between the distribution of malaria and that of Cooley’s anemia
could be accounted for by biological difference among the types of
malaria, distributed through the various different geographic regions.
In the same year, Chini reported certain similarities in the radiological
examinations of 40 of his malaria patients with those observed in
Cooley’s anemia (1939b).

In 1941, Franco Toscano reported a geographic correspondence
between malaria and Rietti-Greppi—Micheli disease, or thalassemia
intermedia, postulating a link with a single etiopathogenesis deriving
from ancestral malaria (Toscano, 1941).

Again with reference to the malarial hypothesis, two obvious
theoretical anomalies were pointed out: (1) the relatively small number
of Cooley’s patients also in the more intensely malarial zones and (2) the
fact that not all the offspring of chronic malarial patients were affected
by Mediterranean anemia. Even though there was no lack of researchers,
such as Paradiso (1942), that believed that the fact that Cooley’s anemia
was found in nonmalarial zones did not rule out the possibility that
malaria might be part of the more or less remote ancestry of these
patients.

It was also a rather common occurrence to attempt to use ethnic
and anthropological factors to account for the distribution of the tha-
lassemic trait and its link to malaria. Ezio Silvestroni, Ida Bianco and
Nereo Alfieri, archeologist and director of the Spina Museum in Ferrara,
where the two researchers had carried out an intense screening activity,
noticed that the regions with a high incidence of thalassemia corre-
sponded to those colonized by the Greeks and that, like certain cities in
the Ferrara area or the Po Delta, such as Adria, had intense trading rela-
tions with Greece in Roman times (Silvestroni et al., 1952). Although
interesting, this hypothesis provided no solution to the problem of the
maintenance of high gene frequency. The idea was that the selective
pressure of the malaria was subsequently grafted onto the effect of the
founder, however, at that stage again raising the problem of the demon-
stration of the links between malaria and thalassemia. However, it still
remained to explain the high frequency of thalassemia in Sardinia, which
was inhabited by a population of different ethnic origin, and the high
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frequency of the trait in the Far East, which was just beginning to be
recognized in the research of the time.

3. Collaboration of Silvestroni and Bianco with Montalenti:
At Work on Haldane’s Hypothesis

In 1947, Silvestroni and Bianco made the first arrangement regard-
ing collaboration with the Institute of Genetics of Naples University,
directed by Giuseppe Montalenti.> It had been the lack of appreciation
and the criticism made by the medical community on the genetic aspects
of their work that led the two clinical pathologists to seek the support of
a specialist in the field. Montalenti was the most authoritative Italian
geneticist. Furthermore, he was already familiar with and had full under-
standing of the importance of the genetic discoveries made by Silvestroni
and Bianco, namely the implications and extraordinary potential for the
purpose of new research of the data, collected by these two scientists in
the screening campaigns that had begun in the summer of 1943.

Montalenti advised them to investigate the causes of the persist-
ence of the microcythemic foci, identified by Silvestroni and Bianco, in
spite of the selection of the thalassemic genes at each generation due to
the impossibility of the homzygotes reproducing. He also suggested,
studying several well-known Mendelian traits in the populations investi-
gated by the two clinicians, such as sensitivity to phenylthiocarbamide,
and also to check any possible link with the microcythemic trait
(Silvestroni and Bianco, 1950).

Between the end of July and the beginning of August 1948, just a
few months after the beginning of collaboration with the two Roman
physicians, who had described the microcythemic condition, Montalenti
met John Burdon Sanderson Haldane at Pallanza, on the occasion of a
Symposium on the ecological and genetic factors of animal speciation,
organized by Adriano Buzzati Traverso in the biophysics section he
directed at the Physiopathology Study Centre of the National Research
Council. In this forum Haldane presented a report on the links between
disease and evolution, which above all hinged on the role of diseases and
infectious agents as factors of selection and thus of evolutionary change
(Haldane, 1949b). In the discussion that followed, Montalenti asked
Haldane if he deemed it hypothetically possible for the disease to have
played a role in maintaining the microcythemic gene. Haldane answered

2Ida Bianco, personal communication to one (S.C.) of the authors. (Also see Archivio Giuseppe
Montalenti)
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affirmatively, adding that the advantage of the microcythemic heterozy-
gote could also be derived from an enhanced capacity for iron absorption
in populations with diets deficient in this element.

Haldane’s article “Disease and Evolution” is the one most fre-
quently cited as that in which the malaria hypothesis, also known as the
Haldane hypothesis, was first formulated even though in that context it
was not Haldane but Montalenti who first suggested the link between
thalassemia and malaria. In fact, several months earlier, the English
geneticist had already put forward the hypothesis at the International
Genetics Congress held on 7-14 July 1948 at Stockholm (Haldane
1949a). When discussing the problem of the mutation rate in man with
reference to Neel and Valentine’s studies on thalassemia, namely the
hypothesis advanced by the two US geneticists that, in order to maintain
such a high frequency, the mutation rate would have to be 1:2500 and that
this rate might have an ethnic basis (Neel and Valentine, 1947), Haldane
considered the rate to be too high, proposing that the erythrocytes of
thalassemics were resistant to malaria parasites and the disease’s high
frequency was the result of a selective heterozygote advantage.

The Haldane hypothesis emerged as an obvious alternative once it
could be ruled out that polymorphism was due to a “special” mutation
rate. It is not clear when the idea of this hypothesis came to Haldane. On
the basis of the reading of the article Disease and Evolution, published
by the Italian review La Ricerca Scientifica, Allison gave credit to
Montalenti for suggesting the malaria hypothesis to Haldane (Allison,
2004). According to Weatherall, the hypothesis was originally conceived
of at Stockholm, during the World Genetics Congress held several weeks
before that of Pallanza. In fact, Weatherall’s thesis is not documented, in
the sense that it must in any case be demonstrated that the address pub-
lished in the proceedings of the Stockholm Congress corresponds to that
delivered publicly at the Congress. Some doubt as to whether Haldane
got the idea before Pallanza seems to emerge from the fact that in the
article Disease and Evolution he does not propose the example. Why? If
he had already presented it at Stockholm, where also Montalenti was
present, why did he not talk about it again in Italy? And was it Montalenti
who reminded him of it? The fact is that, for the molecular genetics his-
torian and philosopher Sahotra Sarkar there is “archival evidence” that
Haldane developed the hypothesis before going to Stockholm?.

Could it not be that, after his discussion with Montalenti, Haldane
modified the written text of his address to the Stockholm Congress,

3Sahotra Sarkar, personal communication to one of the authors (G.C.), also see Weatherall’s
contribution to Dronamraju (2004).
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including the hypothesis of heterozygote advantage vis-a-vis malarial
infection? The question can be resolved only if documentary evidence is
available concerning what Haldane actually said in his report to the
Stockholm Congress.

The first results produced by the collaboration between Silvestroni
and Bianco and Montalenti and his Naples Genetics Institute were pub-
lished on 29 April 1950 in Nature. In the light of the epidemiological
data the question arose of the high incidence of the thalassemic gene
(indicated as M in the article, as opposed to m, the symbol of the normal
hemoglobin gene) despite its constant elimination with the death of the
homozygotes prior to the reproductive age. The authors advanced four
hypotheses: “(1) the gene might have, in the heterozygous condition, a
positive selective value; (2) the mutation frequency from m to M might
be such as to balance the loss; (3) mating may not occur at random; and
(4) the fertility of some genotypes may be higher.”

These actually rejected the possibility of the heterozygotes enjoy-
ing any selective advantage, as they seemed to contradict the evidence of
Silvestroni and Bianco with reference to the health conditions and aver-
age age at the death of microcythemics, the former being far worse and
the latter much lower than the average for subjects that are not carriers
of the thalassemic trait. The second possibility seemed equally unlikely
in view of the excessively high frequency of mutation required to main-
tain the incidence observed in the thalassemic gene. And in any case,
even if the hypothesis of such a high mutation frequency was ultimately
accepted, it would become extremely difficult to explain why it was so
high in certain geographic areas and not in others. Silvestroni and
Bianco’s data also clashed with the third hypothesis, that of nonrandom
mating (i.e., the possible tendency of microcythemics to mate among
themselves). The same evidence seemed instead to support the fourth
hypothesis, that of the heterozygote genotype, leading to higher fertility
since the heterozygous couples had an average number of children that
was appreciably higher than that of couples with no thalassemic traits
and those of homozygous couples.

The results, the hypotheses, and the conclusions regarding the
causes of the balancing of selection of the thalassemic gene were again
proposed 2 years later in a broader-based report published in Fugenics
(Bianco et al., 1952). Numerous theoretical difficulties related to the level
of knowledge available at the time stood in the way of any consideration
of Haldane’s hypothesis. One first problem was the large phenotypic vari-
ability of carriers of the thalassemic traits. Furthermore, nothing was
known about the complex heterogeneous nature of genetic and molecular
phenomena underlying thalassemic phenotypes. Thinking and debate
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centered around a microcythemic gene, around a single defect in a spe-
cific gene, based on the idea of an extremely simple gene. For example
nothing at all was known about the existence of alpha-thalassemia, which
was instead typical of the Sardinian populations being studied. The idea
of a disease that is today classified today as part of a set of different hema-
tological disorders and associated with almost 300 different mutations,
could not even be remotely contemplated.

And then up to what extent was gene expression influenced by
other genes of the environment? In 1941, Haldane demonstrated that it
was possible to determine the origin of the variable expression of a gene
by measuring the intensity of character correlation between parents and
offspring or among siblings. In Haldane’s view, multiple allelism
occurred when a correlation coefficient close to one was observed. If
instead the intermediate value approached 0.5, the likelihood of gene
modifiers became quite possible. With lower correlation coefficients the
phenotypic variability must have depended on nongenetic factors. The
available information in this connection was, at the time, largely inade-
quate precisely because of the difficulty of defining and measuring the
phenotypic traits to be linked together. In the case of globular resistance,
the only trait that could be measured with sufficient precision, a correla-
tion of about 0.30 emerged, at the limit of a significant scale of relations.
The investigations thus seemed to point to the action of modifier genes
in the variability of phenotypic expression, as anticipated by Silvestroni
in 1949 (1949).

In 1953, at Bellagio, on the occasion of the IX International
Genetics Congress, when presenting a long report on microcythemia
genetics based on Silvestroni and Bianco’s research, Montalenti contin-
ued to express doubts regarding the idea of a possible heterozygote
advantage. The first reason was the partial superimposability in Italy of
the epidemiological map of microcythemia on that of malaria. This is a
topic that, as we have already seen, had been deemed to be central by
clinicians in order to refute the hypothesis of possible links between
malaria and Cooley’s anemia. Another argument against the hypothesis
was the total absence of any causal explanation of the way in which the
microcythemic gene could increase resistance to malarial infection.
Understanding of the possible heterozygote advantage in this sense
could be provided at the level of macroscopic functions. From this point
of view it was practically impossible to identify any characteristic traits
of the heterozygote, such as would lead to a selective advantage.
Furthermore, this opinion was shared at the time by Neel who wrote that:
“in our own experience individuals with thalassemia minor have aver-
aged 2 g of hemoglobin less than normal persons. While there is
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undoubtedly a large margin of safety in normal hematological physiol-
ogy, it is difficult to see how such a departure from the norm can per se
be of adaptive value to the organism. The possibility remains that the
hematological trait is linked to some yet unrecognized characteristic of
distinct value” (Neel, 1951).

Above and beyond the theoretical aspects of the problem, the group
coordinated by Montalenti addressed the issue of microcythemic gene
maintenance by seeking a possible alternative survival of micro-
cythemics vs noncarriers. A preliminary analysis was carried out at the
end of 1952, on the data collected during the 1951 and 1952 campaigns
in the Ferrara area, with a total of about 9000 subjects being tested. As
Montalenti himself (1953) acknowledged, there were gaps in the investi-
gation. The older age group seemed underrepresented, and there were
few data on subjects under the age of 30. Furthermore, data were col-
lected on married couples with both spouses living, thus making it pos-
sible that any selective advantage of one of the two genotypes would be
overshadowed. Although controversial, the data nevertheless seem to
indicate a greater fitness of carriers of the microcythemic gene com-
pared with normal subjects and thus suggested the need to develop
research in that direction.

In 1953, a more thorough examination of couples with genotypes
mmxmm, mmxMm, MmxMm, carried out on about 2800 families, did not
show up any significant difference in fertility. This seemed to refute the
initial hypothesis that the maintenance of the microcythemic gene was
indeed due to a greater fertility of couples carrying the thalassemic trait.
With the data observed in the same families studied between 1951 and
1952, a complex analysis of the fitness of the different genotypes was
also attempted. The idea was to be able to calculate the theoretical fit-
ness required to maintain in equilibrium a given gene frequency in a pop-
ulation of which the gene elimination rate was known. Also in this case,
the computations, in any case incorrect in a preliminary work published
in Nature in 1954 (Silvestroni et al., 1954), produced controversial
results, which made it impossible to adequately demonstrate the advan-
tage of heterozygosis, but nevertheless suggested pursuing research in
that direction.

A statistical survey carried out to study microcythemia distribution
as a function of age seemed indirectly to lean in favor of an advantage of
the heterozygote vs malarial infection, as the thalassemic trait was more
frequent on average among individuals over the age of 40. It must be
pointed out that, in 1946—1947, a 5-year plan had been launched in Italy
to eradicate malaria by means of DDT spraying, which had practically
eliminated P, falciparum starting from 1951. As a result, the selection of
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malaria to maintain the polymorphism of the microcythemic trait dis-
appeared and the population were tending towards a different equilib-
rium (Research project, AM B125).

4. Research of Carcassi et al.

During the XX Symposium held at Cold Spring Harbor on the topic
“Population Genetics: The Nature and Causes of Genetic Variability in
Population”, Anthony C. Allison summarized the data on polymorphism
in man on the basis of his discovery, reported in the previous year, that
polymorphism balanced by a sickle-cell trait is due to a selective advan-
tage of the heterozygote vs the serious malaria form (P, falciparum). The
Italian geneticist Ruggero Ceppellini took part in the discussion,
summarizing the genetic studies on thalassemia carried out in Italy and
reporting for the first time the results of research carried out in 1954 in
Sardinia (Ceppellini, 1955). The experiment carried out by Cercassi
et al. was extremely elegant and was based on the studies that had
allowed Allison to demonstrate the role of P falciparum as a factor
responsible for the high frequency of the sickle cell trait in the zones he
had studied in East Africa (Allison, 2004). In practice, the Italian
researchers made comparisons among the inhabitants of four villages in
the province of Nuoro who had been relatively isolated from the repro-
ductive point of view. Two of these villages, Orosei and Saltelli, lay at the
bottom of a valley that had been intensely malarial until 1947, with one
of the highest rates of P falciparum infection in Europe. In these vil-
lages, the percentage of microcythemics was around 20% (18.8 and 21.3,
respectively). The other two villages, Desulo and Tonara, were situated
quite close as the crow flies (about 50 km), although at an altitude of
1000 m and had had only rare cases of malaria. The frequency of micro-
cythemics among the inhabitants of these two villages was about 5%
(3.75 and 4.67%, respectively.)

It is significant that these researchers were the first to grasp that the
observation made as early as 1940, concerning the coincidence of
the absence of malaria and thalassemia at higher altitudes, if suitable
genetically isolated communities were selected, represented a useful
context in which it was possible to rule out environmental factors other
than malaria. Having eliminated on the basis of a thorough study of the
frequency of blood groups, the hypothesis of ethnic heterogeneity as a
possible explanation of the different frequency of the microcythemic
trait, Cercassi et al. claimed that the only hypothesis displaying favorable
empirical elements is that malarial infection exerted a selective pressure
to the advantage of microcythemics (heterozygotes). “The fundamental
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similarity, said Ceppellini in 1955, of dietary, social, and economic con-
ditions points toward malaria as the most important environmental dif-
ference between the two groups. Naturally, the first data are only of
limited value, and more careful and extensive investigations must be car-
ried out before malaria can be accepted as the environmental agent
responsible for the high value of the mutant gene established in the two
valley villages” (Ceppellini, 1955, p. 253).

The results of their research were presented in full in a 1957 publi-
cation. The authors claimed that the gene frequencies of the thalassemic
allele in the plain land villages could be maintained at the high values
observed “only if the heterozygote, in the given environment represented
by the two countries in question, is advantaged with respect to the nor-
mal subject by a selective coefficient of around 12.5%” (Cercassi et al.,
1957, p. 211). They emphasized that Plasmodium infection was “the ele-
ment of an environmental nature that more conspicuously diversified the
two zones” (plain land and mountain), and was “instead uniform for cou-
ples in villages inside the zones” (ib. p. 212). In a more expert fashion
they dwelled upon excluding the hypothesis of an ethnic heterogene-
ity through an analysis of blood group frequency, which indeed they
succeeded in demonstrating.

The research carried out by Cercassi et al. defined the experimen-
tal framework within which the Montalenti group was to work during
the late 1950s, also thanks to funding from the Rockefeller Foundation.

5. Studies on Microcythemia Genetics in Italy Funded
by the Rockefeller Foundation

In 1954, Giuseppe Montalenti requested funding for a multiyear
research program,* stressing the privileged condition in which Italy now
found itself in the field of thalassemia research owing to the peculiar
geographic distribution of this disorder and the quantity of data already
collected, as well as the acquisitions of Silvestroni and Bianco
(Montalenti, Preliminary draft for a research plan on the genetics of
mycrocythemia, AM, B125).

For Montalenti, the first problem to solve was “the cause of the
high frequency of the gene in some regions; fluctuations of frequency in
time should, if possible, be ascertained. Cause of the maintenance of
high frequency in spite of continuous elimination of the gene (lethal in

4Already in 1951 Montalenti had obtained a grant from the Rockefeller Foundation to study micro-
cythemia genetics.
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homozygous condition) should be investigated. A selective advantage to
peculiar environmental conditions (malaria? food quality and/or quan-
tity?) or in regard to other hereditary traits (especially, blood groups and
anthropological traits) should be investigated as fully as possible. This
was the necessary premise for any action toward the control of a heredi-
tary disease due to a single gene, such as Cooley’s disease (thalassemia
major)”. (Montalenti, Preliminary draft for a research plan on the genet-
ics of mycrocythemia, AM, B125).

The importance of this research and the results did get the notice
of the Rockefeller Foundation board. Through R.R. Struthers, director of
the European bureau in Paris, he actually suggested to Montalenti that he
should increase the research funds available to Silvestroni and Bianco
and to fund their studies directly, and no longer through Naples
University.! Furthermore, Struthers suggested boosting the development
of “the eugenic aspect of the microcythemic problem, the establishment
of official registers of persons carrying this gene, marriage counseling in
some form™.1 This was precisely what also Silvestroni and Bianco were
most interested in, and had already started doing.

In May 1954, Montalenti succeeded in obtaining 5-year funding for
a total of 15 million lire (the equivalent of about euros 195,500 in July
2004) to be applied largely to microcythemia studies.’® Contrary to
Struthers’ suggestions, Montalenti decided to use the grant almost exclu-
sively to fund basic research, ignoring the clinical and eugenic aspects.
Moreover, he managed the 5-year fund directly, thus ruling out any pos-
sibility of setting up a direct funding channel between the Rockefeller
Foundation and the Silvestroni—Bianco group.

The research actually got under way in 1956, the “essential and
conditional” point was that “the research funded by the Rockefeller
Foundation was supposed to provide the scientific basis for a possible
check of the frequency of the “M” gene in a limited population. Therefore
the entire investigation must be aimed at extending knowledge of micro-

iCommunication of 22 January 1954 from the director of the European Office, R.R. Struthers, to
Montalenti. B125, Fondo Montalenti, Bib. Storia della Medicina, Universita degli Studi di Roma
“La Sapienza.”

iiCommunication of 22 January 1954 from the director of the European Office, R.R. Struthers, to
Montalenti. B125, Fondo Montalenti, Bib. Storia della Medicina, Universita degli Studi di Roma
“La Sapienza.”

liCommunication of 24 May 1954 from the secretary of the Rockfeller Foundation, Flora M. Rhind
to Chancellor and director of the Genetics Institute of Naples University. B125, Archivio
Montalenti, Bib. Storia della Medicina, Universita degli Studi di Roma “La Sapienza.”

“n this connection see research programmes and annual reports on the work performed in B125,
Fondo Montalenti, Bib. Storia della Medicina, Universita degli Studi di Roma “La Sapienza.”
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cythemia genetics, of variations in gene frequency in the populations and on
the possible influence of the environment on gene manifestation” (Montalenti,
Programma di ricerche sulla Microcythemia 1956-1959, AM B125).

The preliminary plan was subdivided into a series of preparatory
investigations and into the study of the possible selective advantage of
heterozygotes. The former would determine the demographic character-
istics of the population in one or more “control” centers, measure the
essential anthropological data, study population movement, estimate the
coefficient of consanguinity, determine the degree of completeness of
the data collected on the distribution of the ‘M’ gene, determine the num-
ber of Cooley’s anemia patients in the population, and examine its agree-
ment with the theoretical premises and lastly perfect diagnosis by means
of biochemical examination.

On the basis of Montalenti’s general instructions, Silvestroni and
Bianco drew up a preliminary research program involving a series of
preparatory investigations of human hemoglobins for the purpose of a
more accurate biochemical, as well as hematological, identification of
true microcythemics as opposed to possible carriers of other abnormal
hemoglobins, and to be able to distinguish heterozygous from homozy-
gous microcythemics (Research program on microcythemia and collab-
oration plan for the first year of Rockefeller funding, AM, B125).

The program also entailed a summer research campaign, aimed at
making an examination as complete as possible for the entire population
of a new village in the Ferrara, area having a high percentage of micro-
cythemics. The data thus obtained would shed new light on the problem
of random mating and on computing the coefficient of consanguinity.
The campaign thus involved an anamnestic investigation of the families
and consultation of the municipal records in order obtain fresh data for
the study of fertility in marriages, death, and birth rates at the various
ages, the differential morbidity between normal subjects and micro-
cythemics, the causes of death and to determine the real number of
deaths due to Cooley’s anemia in the population examined (Research
program on microcythemia and plan of collaboration for the first year of
Rockefeller funding, AM, B125).

Finally, Silvestroni and Bianco developed the blood smear tech-
nique for studying the intensity of the morphological manifestations of
the microcythemic gene, to be carried out in accordance with the fol-
lowing three directives:

(1) Study of the intensity of the hereditary line characters (between
parents and offspring; in three or more successive generations;
among siblings)
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(2) Study of the intensity of the characters as a function of age and
gender

(3) Study of the intensity of the characters as a function of economic
and environmental conditions

In the first 6 months of 1956 Silvestroni and Bianco carried out the
preparatory investigations of human hemoglobins. During the summer of
the same year they then carried out a research campaign at Berra, a
municipality in the province of Ferrara with a population of 4150
(Silvestroni and Bianco, 1957). Silvestroni and Bianco examined the
whole population, at the same time carrying out a study of the municipal
records, a series of blood tests on samples taken from microcythemic
subjects, the anthropological examination of the test subjects, investiga-
tion of the links between the hematological and anthropological charac-
ters between parents and offspring and among siblings. Owing to their
completeness and the extension of the research to a circumscribed pop-
ulation, the data obtained represent study material of exception
genetic—statistic and hematological interest, above when it is considered
that the two researchers had already “typed” the population of other
municipalities in the province including Pomposa, Codigoro, Caprile and
other towns for a total of about 50,000 subjects examined.

The issue of determining the existence of a possible heterozygote
advantage becomes central in the program of investigations funded by
the Rockefeller Foundation. Among the documents conserved in the
Montalenti records in the envelope of the so-called “Microcythemia”
fund, the only research project drafted separately and not included in the
more general research programs conserved in the Microcythemia fund
refers precisely to questions concerning Haldane’s malaria hypothesis
(Research project, AM B125).

The research project specifically concerning Haldane’s hypothesis
was divided into three separate investigations:

(1) Ascertainment of heterozygote fitness vs the fitness of normal
homozygotes

(2) The relationship between microcythemic genotype and death
due to malaria

(3) Verification whether death due to malaria was sufficient to guar-
antee the observed frequencies of microcythemia

These were complex investigations involving different dimensions of
the phenomenon and that require sifting through variables that were hard
to quantify. In order to determine the fitness of heterozygotes vs normal
homozygotes, the research project for example required the construction
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of mortality rate tables for homozygotes and heterozygotes and thus a
comparison of the differential survival of the two genotypes. This made it
necessary to determine the fate of individuals “typed” during the various
screening campaigns carried out by Silvestroni and Bianco and ultimately
discover the cause of death or, if they were married with children and thus
if the children were carriers or not. This was an extremely complex task,
considering the strong migratory flows from the towns that had been sub-
jected to “hematological census” and the difficulty encountered by the
municipalities in recording, reconstructing, and reporting the histories and
movements of their citizens. Since the total set of these data referring to at
least 10,000 individuals over a period of 5 years was available, it was the-
oretically possible to ascertain any advantage or disadvantage of the het-
erozygote also for causes other than malaria.

An even more complex task was the determination between micro-
cythemic genotype and death due to malaria. In this case the research
project involved the complete registration, from personal data to the
genotype, of all typed individuals above the age of 50. Furthermore, for
each of these individuals, the registry records were searched for the pres-
ence of siblings who had died of malaria, if possible, going back as far
as the prequinine area. This task proved particularly difficult and often
impossible owing to wartime damage to the municipal registers
(Research project, AM B125).

Similar difficulties accompanied the verification of whether death
due to malaria was sufficient to guarantee the observed frequencies of
microcythemia. In this case, the research project entailed the collection of
the number of deaths due to malaria and of those due to all other causes,
going back in time even as far as the nineteenth century and thus to the pre-
quinine era. The data collected in this way were then classified in a double
entry table, by year of death and age. The classification by age had to be
done painstakingly and, up to 5 years of age, with a class for each year. The
aim of this investigation was to relate the frequency of microcythemia in
the older age groups to the progress and death rate due to malaria before
the introduction and spread of quinine. Indeed, theoretically, micro-
cythemic frequency should be a function of the death rate due to malaria
before the advent of quinine and at the same time the death rate trend due
to malaria should be related to the effect of age on the frequency of micro-
cythemia in the present population (Research Project, AM B125).

In spite of several inevitable gaps due to the complexity of the
research, the processing of the data obtained through the complete obser-
vation of several Ferrara centers produced results that supported the
hypothesis of malaria as the environmental cause of the high frequency
of the gene that was lethal in the homozygous state.
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6. The Results of Siniscalco’s Genetic Studies on the
Distribution of Thalassemia, G-6-PD Deficit, and Malaria

The experience gained in the Ferrara area was of fundamental
importance in the development of subsequent investigations. However,
the experience of Carcassi et al. had shown that the natural laboratory for
studying the problem was Sardinia. A population having a peculiar
genetic inheritance, the result of geographic isolation, with peculiar cul-
tural characteristics and settlement habits, such as the existence of small
villages’ isolated for geographic and cultural reasons with populations
having a high degree of kinship.

By the end of 1956, Marcello Siniscalco, who was planning and
implementing research, aimed at studying the interactions at genetic
and population levels between thalassemia, favism (G-6-PD deficit), and
malaria. Carrying out a data collection campaign in 19 Sardinian vil-
lages (Siniscalco et al., 1961) and later in 52 (Siniscalco et al., 1966), he
showed that in the various geographic districts the high incidence of tha-
lassemia and favism correlated positively with previous malarial mor-
bidity, and negatively with the altitude at which the villages were
situated. This morbidity was recognized on the basis of epidemiological
investigations carried out in the 1930s when malaria was raging on the
island of Sardinia. For example, vs frequencies of 3—4% of these hered-
itary conditions observed in the mountain villages of Gennargentu, such
as Fonni, Desulo, Tonara, and Lanusei, frequencies as high as 15-20%
were found in Baronia and over 30% in Campidano (Siniscalco et al.
1961; Siniscalco et al., 1966).

The analysis and interpretation of the data collected by Siniscalco
were criticized by the anthropologist Peter Brown. In particular, Brown
(1981) challenged the assumption underlying Siniscalco’s study, namely
the negative correlation between thalassemia, G-6-PD deficit, and village
altitude, assuming that altitude was sufficient as a substitute measure of
the morbidity due to malaria. Working on data obtained directly from the
investigations of the hygienist Claudio Fermi between 1933 and 1937,
Brown showed that morbidity rates cannot be considered a direct func-
tion of altitude and that on the basis of the correlations with actual mor-
bidity no statistically significant relations emerged between the
distribution of thalassemia, G-6-PD deficit, and malaria in Sardinia.

Brown correctly demonstrated that it is not the altitude directly, but
the ecology of the vector, which can account for the correlations with
altitude in so far as the temperature and the presence of stagnant water
affect the spread and behavior of Anopheles labranchiae. On the grounds
of the archaeology and ancient history of Sardinia, Brown postulated
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that the mutations responsible for thalassemia and favism were intro-
duced during the Carthaginian conquest in the fifth century B.C. and the
deforestation of large areas of the island to grow wheat created a favor-
able habitat for the vector of the malaria parasite. This in turn was
responsible for maintaining a high gene frequency. In essence, Brown’s
thesis is that malaria is not the only explanation for the distribution of
thalassemia and favism, but that there was an external gene flow on
which the natural selection due to malaria was grafted.

7. The Malaria Hypothesis and the Consequences
of Eradicating the Plasmodia and of Thalassemia
Prevention

As, according to Haldane’s hypothesis, malaria was the selective
factor underlying the increased frequency in a population of the tha-
lassemic or microcythemic trait, it was obviously wondered what the
consequences might be on the spread of the genetic variant of the eradi-
cation of malaria from Italian territory. “If the malaria hypothesis as a
selective ecological factor in favor of thalassemia is correct, now that
malaria has been completely eradicated as a cause of death in Sardinia,
it would be expected that the gene frequency would decrease rapidly.
Starting from a frequency of 7% in the present population the frequency
should be halved in the course of just seven or eight generations”. This
is what Latte wrote about the situation in Sardinia in 1968. He added that
the elimination of the gene would be speeded up considerably if tha-
lassemic couples, conscious of the risk of giving birth to offspring
affected by Cooley’s anemia, voluntarily abstained from having children.
However, it was not sufficient, as Latte pointed out, not to have mating
between thalassemics to avoid the birth of children suffering from
Cooley’s anemia. “This is of course a eugenic measure for the individual
and for the individual family, but not for the species, as in this case the
frequency of the gene would remain unaltered in the course of the gen-
erations, or else might even increase if the biological fitness of het-
erozygous carriers were still high”. The “biological fitness of the
heterozygote genotype” should have been estimated under the existing
conditions. Ultimately, a “perhaps less repressive eugenic measure could
be to favor the emigration of individual affected family nuclei from
microcythemic areas to nonmicrocythemic areas, and vice versa the
immigration of normal family nuclei to thalassemic areas.” These move-
ments were possible inside Sardinia itself where zones “with a high fre-
quency of thalassemia and villages with very low frequencies” had been
clearly identified. (Latte, 1968, pp. 410—411).
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The problem of increased microcythemia frequency due to pre-
ventive action was instead discussed by Ida Bianco’s group. It had
been postulated, on the basis of certain computations to estimate the
impact of a malarial focus on microcythemic gene frequencies, such as
to produce particularly high frequencies even in a comparatively short
time (25-30 generations), that the flooding of the Pomposa area after
the Po river broke its banks in 1150 and caused the rapid formation of
many stagnant water pools might had led to selective pressure to
increase the frequency of the microcythemic gene, already present
through importation or the result of autochthonous mutation. The very
person who had put forward this hypothesis, Robin Bannerman (1961),
observed that microcythemia in the world was subject to recurrent
fluctuations of environmental factors that, over a period of several cen-
turies, could lead to the appearance or regression of microcythemic
foci. In this sense, while “the recent land reclamation and the conse-
quent disappearance of endemic malaria must already have broken the
preceding gene equilibrium in the populations and also produced a
trend toward the reduction in the gene frequencies of microcythemia;
consequently, the introduction of premarriage prophylaxis in a system
like this that is no longer in equilibrium but displays a descending
trend, will fail to produce new increases but at best will halt the
decrease in gene frequencies at the present levels” (Bianco et al., 1976,
p. 529).

8. Conclusions

After 1949, the year in which J.B.S. Haldane put forward the
hypothesis that the distribution of thalassemia in Italy was the result of a
thalassemic heterozygote advantage, the Italian geneticists Giuseppe
Montalenti, Ruggero Cappellini, and Marcello Siniscalco carried out a
series of studies to verify this hypothesis. The first studies were carried
out in collaboration with the clinicians Ezio Silvestroni and Ida Bianco
who had been the first to define the genetic bases and the distribution of
thalassemia in Italia, while subsequent, more targeted, research was car-
ried out in Sardinia.

The results could not be considered as definitive proof that the tha-
lassemic trait provides protection from malaria above all because of the
epidemiologically and genetically complex signs displayed by tha-
lassemia. Nevertheless, by means of this research a huge quantity of data
was collected and analyzed, and the cognitive and politico-cultural foun-
dations laid for an antithalassemia campaign to be launched (Canali and
Corbellini, 2003).
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Resistance to Antimalarial Drugs:
Parasite and Host Genetic Factors

Rajeev K. Mehlotra and Peter A. Zimmerman

1. Introduction

Drug resistance in malaria is the most formidable obstacle in the
fight against the disease since it jeopardizes the most elementary objec-
tive of malaria control — reducing suffering and eliminating mortality.
Although several mechanisms have been described; an important cause
of drug resistance appears to be point mutations in the malaria parasite
protein-target genes. Clinically significant resistance to antimalarial
agents seems to require the accumulation of multiple mutations. Efforts
to circumvent antimalarial drug resistance range from the use of combi-
nation therapy with existing agents to studies directed toward discover-
ing novel targets and therapies. However, the contribution of host genetic
factors, particularly those associated with antimalarial drug metabolism,
has not yet been explored. In addition, the link between in vivo drug con-
centrations and treatment outcome is often inconsistent. Evidence sug-
gests that in a variety of drug-treated illnesses or diseases, metabolism
has a major impact on the effectiveness of a drug. Here, to gain some
understanding of the role variation in drug metabolism might play in
malaria control, we provide background information on global distribu-
tion of malaria (Section 2), drugs available to treat malaria (Section 3),
and the occurrence of antimalarial drug resistance in association with
mutations in specific parasite genes (Section 4). In Section 5, we then
turn our attention to variability in structure and function of enzymes
involved in Phase I (cytochrome P450) and Phase II uridine diphosphate
glucuronosyltransferase (UGT) drug metabolism pathways in the human
host. Although relatively few studies have been performed, our review
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will suggest that the variability in antimalarial drug effectiveness is
associated with the host genetic polymorphism.

2. Malaria

Malaria, one of the most important parasitic infections, is on the rise
globally. This has resulted in an increase in the morbidity and mortality
from malaria in endemic areas, a resurgence in areas where it was previ-
ously eradicated and an increase in imported malaria in Europe and North
America (Maitland et al., 2003; Suh et al., 2004). Over the past 35 years,
the incidence of malaria has increased twofold to threefold. At present,
malaria occurs in over 100 countries, 300—500 million people experience
a malaria infection per year, and up to 2.5 million malaria—attributable
deaths occur annually (Suh et al., 2004; Hartl, 2004). The continuing
upsurge has come from a coincidence of drug—resistant parasites, insecti-
cide-resistant mosquitoes, global climate change, and socio—economic
and political factors (Hartl, 2004). Population projections indicate that
approximately 400 million births will occur within malarious regions by
2010. By this date, the Roll Back Malaria initiative is challenged to halve
the world’s malaria burden (Hay et al., 2004).

Four species of malaria parasite cause disease in humans:
Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, and
Plasmodium ovale. Of these, P, falciparum causes most severe disease and
mortality as a result of its prevalence, virulence, and drug resistance.
Eighty per cent of falciparum malaria cases occur in tropical Africa, where
most people become infected during childhood, and most of the morbidity
and mortality are seen in children under the age of 5 years due to severe
malaria (Snow et al., 2001). High morbidity and mortality is also seen in
young women who are at risk from severe anemia during pregnancy, and
may bear low birth-weight babies (Brabin et al., 1990; Steketee et al.,
2001). Falciparum malaria infection during pregnancy may also result in
stillbirth (Goldenberg and Thompson, 2003) and infant mortality (Guyatt
and Snow, 2001). Due to resistance to commonly used drugs, such as
chloroquine (CQ) and Fansidar (sulfadoxine—pyrimethamine, SP), P, falci-
parum has also become the predominant species in many parts of the
world outside of Africa. Falciparum malaria in South America, the Indian
subcontinent, Southeast Asia, and China tend to be less common than in
tropical Africa, and all age groups are susceptible to severe malaria
(Winstanley, 2000). Falciparum malaria also continues to be the princi-
pal medical threat to travelers in tropical zones (Le Mire et al., 2004).

It has been estimated that the global burden of malaria due to
P vivax is approximately 70-80 million cases annually, and approxi-
mately 10-20% of all the cases occur in sub-Saharan Africa (Mendis
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et al.,2001). Outside of Africa, P vivax accounts for >250% of all malaria
cases. About 80-90% of P, vivax outside of Africa occurs in the Middle
East, Asia, and the western Pacific, mainly in tropical regions, and
10-15% occurs in Central and South America (Mendis et al., 2001).
Although the effects of repeated attacks of P vivax through childhood
and adult life are seldom fatal, they can have major deleterious effects on
personal well-being, growth, and development (Mendis et al., 2001).
Plasmodium vivax infection can cause anemia (Collins et al., 2003), and,
during pregnancy, it is associated with maternal anemia and low birth
weight (Nosten ef al., 1999).

The other two species, P malariae and P. ovale, though less preva-
lent than P, falciparum and P, vivax, have a widespread, but patchy, distri-
bution. Plasmodium malariae infections are common in the Brazilian
Amazon (Scopel et al., 2004), sub-Saharan Africa (Tahar et al., 1998;
Tobian et al., 2000), and East/Southeast Asia (Kawamoto et al., 1999;
Mehlotra et al., 2000). Plasmodium ovale is more commonly found in
sub-Saharan Africa (Ukpe, 1998; Lowenthal, 1999; Faye et al., 2002) and
East/Southeast Asia (Kawamoto et al., 1999; Win et al., 2002) and is less
common in South America (Lysenko and Beljaev, 1969). In addition to
these four species, humans naturally infected with the simian parasite
P, knowlesi have recently been identified in Malaysia (Singh et al., 2004).

3. Antimalarial Chemotherapy and Chemoprophylaxis

Chemotherapy and chemoprophylaxis are the principal means of
combating malaria parasite infections in the human host. In the last
70 years, since the introduction of synthetic antimalarials, only a small
number of compounds have been found suitable for clinical usage, and
this limited armament is now severely compromised by the spread of
drug-resistant parasite strains (Winstanley, 2000; Bloland, 2001).

3.1. Drugs Available for Treatment of Malaria

The most widely used drugs have been quinine and its derivatives,
and antifolate combination drugs.

3.1.1. Quinine and Related Compounds

Quinine, along with its dextroisomer quinidine, has been the drug
of last resort for the treatment of malaria, particularly for severe malaria.
Chloroquine, a 4-aminoquinoline derivative of quinine was first synthe-
sized in 1934, and has since been the most widely used antimalarial
drug. However, its usefulness has declined in those parts of the world,
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where strains of P falciparum and P vivax have emerged that are resist-
ant to its action. Amodiaquine, a relatively widely available compound, is
a side-chain analog of CQ, and is effective against chloroquine—resistant
(CQR) falciparum malaria. Other quinine-related compounds in com-
mon use include mefloquine, a 4-quinoline—methanol derivative of qui-
nine, and the 8-aminoquinoline derivative primaquine, specifically used
for eliminating the late hepatic stages and latent tissue forms of P vivax
and P, ovale that cause relapses.

3.1.2. Antifolate Combination Drugs

Antifolate drugs include various combinations of dihydrofolate
reductase (DHFR) inhibitors, such as pyrimethamine, proguanil, chlor-
proguanil, and cycloguanil (an active metabolite of proguanil, struc-
turally related to pyrimethamine), and sulfa drugs, such as sulfadoxine,
sulfalene, and dapsone. Though these drugs have antimalarial activity
when used alone, resistance can develop rapidly. When used in combi-
nation, they produce a synergistic effect on the parasite, and can be effec-
tive even in the presence of resistance to the individual components
(Bloland, 2001). Typical combinations include sulfadoxine—pyrimethamine
(SP or Fansidar) and sulfalene—pyrimethamine (Metakelfin). A new antifo-
late combination drug Lapdap (chlorproguanil and dapsone) is currently
being tested in Africa (Winstanley, 2001; Lang and Greenwood, 2003).
The drug is effective against SP—resistant P falciparum, and is rapidly
eliminated from the body, giving it low selection pressure for drug resist-
ance (Bloland, 2001). However, SP-resistant parasites can become
resistant to Lapdap if a specific mutation is added to the dAfrr mutant
haplotype (see below in Section 4).

3.1.3. Antibiotics

Tetracycline and derivatives, such as doxycycline, are potent anti-
malarials, and are used for both treatment and prophylaxis. Tetracyclines,
in combination with quinine, are particularly useful for the treatment of
acute malaria due to multidrug-resistant strains of P falciparum
(Bloland, 2001).

3.1.4. Artemisinin and Its Derivatives

A unique class of compounds (ART drugs) — sesquiterpene lactone
endoperoxides — originates from the Chinese herb qing hao (4Artemisia
annua), used for centuries to treat malaria and other parasitic diseases
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(Price, 2000; Balint, 2001). The parent compound is artemisinin (quing-
haosu), from which analogues artesunate, dihydroartemisinin, artemether,
and arteether, exhibiting varying pharmacokinetic properties, are derived
(Jung et al., 2004; Ploypradith, 2004). These drugs are widely used in
China, Southeast Asia, and parts of Africa. The ART compounds, still
under various phases of clinical study, have become the first-line drugs
for the treatment of multidrug-resistant P falciparum infections in
Southeast Asia (Olliaro and Taylor, 2004). The Department of Health,
Papua New Guinea (PNG), has recently (2000-2001) approved the use
of ART drugs as the second-line drugs of choice for severe/complicated
and treatment failure-malaria cases, in combination with Fansidar.

The current high level of interest in ART drugs is due to the fol-
lowing advantageous features. These drugs have large therapeutic win-
dows and, on the basis of extensive human use, appear to be safe, even
in children and pregnant women. Furthermore, there is no reported
“added toxicity” when ART drugs are used in humans in combination
with other compounds (Taylor and White, 2004). These compounds act
rapidly upon asexual blood stages of P vivax and CQS, CQR, and mul-
tidrug-resistant strains of P falciparum. They reduce the parasite bio-
mass very quickly (by around 4-logs for each asexual cycle), and have
the considerable advantage over other antimalarials because they exhibit
gametocytocidal action (Kumar and Zheng, 1990; Nosten et al., 1998;
White and Olliaro, 1998). Through rapid killing of Plasmodium asexual
stages and gametocytes, ART drugs limit the transmission of the parasite
to new hosts. Furthermore, these activities confer an important theoreti-
cal advantage by decreasing the potential for drug resistance mutations
to be inherited by offspring parasites (Winstanley et al., 2002).

3.1.5. Miscellaneous Compounds

Halofantrine was developed in the 1960s by the Walter Reed Army
Institute of Research. It is a phenanthrene methanol structurally related
to quinine. This synthetic antimalarial is effective against multidrug-
resistant falciparum malaria (including mefloquine-resistant). The aryl
alcohol lumefantrine, similar to mefloquine and halofantrine, is a rela-
tively new antimalarial synthetic molecule that was developed in the 1970s
by the Academy of Military Medical Sciences, China. Lumefantrine is
also effective against CQR P, falciparum isolates. A combination of lume-
fantrine and artemether (Coartem) has proved to be effective for treating
acute, uncomplicated malaria (Omari et al., 2004). Atovaquone is a
hydroxynaphthoquinone that is effective against CQR P falciparum.
Until recently, a combination of atovaquone and proguanil (Malarone)
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was considered to be effective for the treatment and prophylaxis of
multidrug-resistant falciparum malaria. However, first cases of resist-
ance have just recently been reported from Africa (Wichmann et al.,
2004; Giao et al., 2004; Muehlen ef al., 2004). Piperaquine is a member
of the 4-aminoquinoline group that includes CQ. In the late 1970s, piper-
aquine replaced CQ as the antimalarial recommended by the National
Control Program of China, and has been used since as the first-line
treatment for CQR malaria. The piperaquine-based formulation most
recently tested in clinical trials in China, Vietnam, and Cambodia is a
combination with dihydroartemisinin (Artekin), which holds promise for
use in CQR endemic regions (Tran et al., 2004; Karunajeewa et al.,
2004; Hung et al., 2004).

4. Antimalarial Drug Resistance

4.1. Current Status of Drug-resistant Malaria

In general, four basic approaches have been routinely used to
assess antimalarial drug resistance: in vivo, in vitro, animal models, and
molecular characterization. Careful consideration of the type of infor-
mation each approach yields indicates that these methods are comple-
mentary, rather than competing, sources of information about resistance.
In the in vivo methods, demonstration of persistence of parasites in a
patient receiving directly observed therapy is usually considered suffi-
cient to recognize drug resistance. Drug resistance, particularly amino-
quinoline resistance, can be graded into different levels depending on the
timing of the recrudescence following treatment (Box 5.1).

In vivo resistance to antimalarial drugs has been described for three
of the four species of malaria parasite that naturally infect humans, P, fal-
ciparum, P vivax, and P malariae. Plasmodium falciparum has devel-

Box 5.1. Levels of Antimalarial Drug Resistance and Therapeutic Response

RI: Recrudescence of infection between 7 and 28 days of completing treatment following ini-
tial resolution of symptoms and parasite clearance.

RII: Reduction of parasitemia by >75% at 48 h, but failure to clear parasites within 7 days.
RIII: Parasitemia does not fall by >75% within 48 h.

Adequate clinical response (ACR): absence of parasitemia (irrespective of fever) or absence
of clinical symptoms (irrespective of parasitemia) on day 14 of follow-up.

Early treatment failure (ETF): persistence of clinical symptoms in the presence of parasitemia
during the first 3 days of follow-up.

Late treatment failure (LTF): reappearance of symptoms in the presence of parasitemia during
days 4-14 of follow-up.
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oped resistance to nearly all antimalarials in current use, although the
geographic distribution of resistance to any single antimalarial drug
varies greatly (Wernsdorfer, 1994; Bloland, 2001; Wongsrichanalai et a!.,
2002). Quinine resistance occurs in East/Southeast Asia (McGready and
Nosten, 1999; Mohapatra et al., 2003), and, although reported, is con-
sidered to occur infrequently in South America (Demar and Carme,
2004). Chloroquine-resistant falciparum malaria has been described
from almost every region where P, falciparum is transmitted except from
malarious areas of central America and limited areas of the Middle East
and central Asia. Southeast Asia has highly variable distribution of falci-
parum drug resistance; while some areas have high prevalence of
absolute resistance to multiple drugs, elsewhere there is a spectrum of
sensitivity to various drugs. Chloroquine-resistant P, falciparum is wide-
spread in South America (Cortese et al., 2002; Vieira et al., 2004) and
Africa (Bloland, 2001; Winstanley ef al., 2002). Due to CQR, an increas-
ing number of countries in Africa shifted to SP treatment as the first-line
alternative to CQ. Unfortunately, SP resistance, already reported from
Southeast Asia (Wernsdorfer, 1994; Wongsrichanalai et al., 2002; Nair
et al., 2003) and South America (Wernsdorfer, 1994; Cortese et al.,
2002), is becoming more prevalent in Africa (Winstanley et al., 2002;
Wongsrichanalai et al., 2002). Reports of amodiaquine resistance have
started appearing from South America (Gonzalez et al., 2003), Southeast
Asia (Lopes et al., 2002), and Africa (Basco et al., 2002; Ochong et al.,
2003; Pettinelli et al., 2004). Mefloquine resistance is frequent in some
areas of Southeast Asia (Mockenhaupt, 1995; Pickard et al., 2003),
Africa (Mockenhaupt, 1995; Wichmann et al., 2003), and has been
reported in the Amazon region of South America (Cerutti et al., 1999).
Cross-resistance (tolerance to a usually toxic substance as a result of
exposure to a similarly acting substance) between mefloquine and halo-
fantrine is suggested by reduced response to halofantrine, when used to
treat mefloquine-resistant cases (Ketrangsee et al., 1992; ter Kuile et al.,
1993; Wilson et al., 1993).

It has been found that if a drug, for which the parasite has devel-
oped resistance, is withdrawn from use for some time, or if it is com-
bined with another effective drug, the sensitivity to that drug may return.
In 1993, Malawi stopped the use of CQ to treat falciparum malaria cases
because of high treatment failure rate (~80%), and replaced CQ with SP.
By 20002001, this switch in recommended antimalarial treatment pol-
icy appeared to have resulted in the return of CQ efficacy to nearly 100%
in two areas of Malawi (Laufer and Plowe et al., 2004). An increased
prevalence of the CQS wild type pfcrt haplotype (see the following sub-
section) in P falciparum populations resulted in the recovery of CQ
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sensitivity (Mita et al., 2004). In certain areas of Southeast Asia where
mefloquine resistance prevails, the combination of an ART drug and
mefloquine has improved mefloquine sensitivity (Brockman et al.,
2000). On the other hand, in a recent in vivo efficacy study of CQ plus
artesunate for the treatment of symptomatic malaria in children in
Guinea—Bissau, neither a beneficial nor a detrimental effect of the two
drugs was observed (Kofoed et al., 2003). In another study involving chil-
dren with uncomplicated malaria in Burkina Faso, it was found that
although artesunate improved the parasite clearance, 51% of the cases still
failed to clear parasites on day 28 post-treatment (Sirima et al., 2003).

Plasmodium vivax infections acquired in some areas have been
shown to be resistant to CQ and/or primaquine (Kain, 1995; Collins and
Jeftery, 1996). Chloroquine-resistant vivax malaria has been reported
from PNG and Indonesia (Baird et al., 1991, Murphy et al., 1993; Baird
et al., 1996) and from India (Dua et al., 1996). Emergence of CQR vivax
malaria has been reported from Myanmar and Vietnam (Marlar-Than
et al., 1995; Phan et al., 2002). In certain areas of Thailand, CQ is still
effective against P vivax infections (Looareesuwan et al., 1999); how-
ever, primaquine resistance (Wilairatana et al., 1999), mefloquine resist-
ance (Chotivanich et al., 2004), and SP resistance (Wilairatana et al.,
1999) have been observed. Recently, P vivax infections resistant to SP
therapy have been observed in Indonesia (Hastings et al., 2004).
Chloroquine and/or primaquine-resistant £ vivax infections are prevalent in
South America (Garavelli and Corti, 1992; Phillips et al., 1996; Soto et al.,
2001). Primaquine-resistant P vivax infections have also been reported
from sub-Saharan Africa (Smoak et al., 1997; Schwartz et al., 2000).

Recently, CQR P malariae has been reported from southern
Sumatra, Indonesia (Maguire et al., 2002); however, the presence of
CQR P, malariae in nearby PNG was indicated earlier by Desowitz and
Spark (1987).

Artemisinin and its derivatives represent a valuable class of anti-
malarials because these rapidly acting drugs are effective against severe
malaria and multidrug-resistant P falciparum. However, their increasing
and unregulated use is a risk factor for the emergence of drug resistance.
Clinically relevant ART drug resistance is not yet apparent, however,
reduced in vitro sensitivity of P falciparum isolates to these drugs has
been seen, and malaria cases showing early/late treatment failure with
delayed parasite clearance time have been reported. Clinical isolates and
laboratory strains of P falciparum vary in their sensitivities to ART
drugs. In several in vitro studies, IC, values (inhibitory concentration of
a drug required to kill 50% of the parasites) for ART drugs were
1.0-10.0 nM (Brossi et al., 1988; Shmuklarsky et al., 1993 Bustos et al.,
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1994; Gay et al., 1994; Wongsrichanalai et al., 1997; Ringwald et al.,
1999). Artemisinin-resistant mutants of P falciparum, showing a 3- to
10-fold increase in IC,; and IC,, values of the drug, were generated in
the laboratory (Inselberg, 1985). Innate, transient resistance to
artemisinin was observed in four out of 50 P falciparum isolates from
Nigeria (Oduola et al., 1992). I1C, values of the drug for these isolates
were 7- to 14-fold higher than the reference strain when evaluated
1 week after culture adaptation. All four isolates became susceptible to
artemisinin after 3 weeks of cultivation. A P, falciparum strain, isolated
from a patient from Mali, showed IC,, values of ART drugs above the
90th percentile (IC,, value was 2.3-fold higher for arteether) (Gay et al.,
1994). During the period 1988—-1999, P, falciparum parasites in Yunnan
Province, China, showed a 3.3-fold increase in their artesunate IC, val-
ues, indicating decreased in vitro drug sensitivity (Yang et al., 2003). In
an in vitro sensitivity study of P falciparum isolates from Madagascar,
four out of 51 isolates exhibited IC, values between 12 and 17.5 nM,
indicative of resistance to this drug (Randrianarivelojosia et al., 2001).
In Thailand (Luxemburger et al., 1998; Treeprasertsuk et al., 2000) and
Vietnam (Le et al., 1997; Giao et al., 2001), cases of falciparum malaria
treated with ART drugs have shown early treatment failure with delayed
parasite clearance time (up to 17 days). Two patients exhibited RII
response (Giao et al., 2001).

Monotherapy with ART drugs leads to high recrudescence, possi-
bly due to suboptimal drug levels, rapid drug clearance, and patient non-
compliance (Hyde, 2002). This recrudescence may not be the result of
inherent parasite resistance, and could be due to other factors, such as
initially high parasite burdens (Ittarat et al., 2003). It has also been sug-
gested that some parasites respond to the drug pressure by entering a
dormant state that is resistant to further inhibition (Hoshen et al., 2000).
It is, therefore, preferential to administer a combination of an ART drug
with a longer acting drug of a different family, to increase killing of any
residual parasites (Peters, 1998). Combining an ART drug with another
efficacious antimalarial drug is increasingly viewed as the optimal thera-
peutic strategy for malaria (Olliaro and Taylor, 2004; Nosten and Ashley,
2004; White, 2004). However, further investigations are needed to ascer-
tain its success in diverse malaria—endemic regions (Bloland et al., 2000).

4.2. Parasite Genetic Polymorphism As a Basis
for Antimalarial Resistance

Drug resistance in P falciparum arises through the selection of
mutations associated with reduced drug sensitivity. Drug-resistant
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parasites are more likely to be selected if parasite populations are exposed
to subtherapeutic drug concentrations through (1) unregulated drug use,
(2) use of inadequate drug regimens, and (3) the use of long half-life drugs
(Wernsdorfer and Payne, 1991; Talisuna et al., 2004). Recently, significant
progress has been made to understand the molecular mechanisms underly-
ing drug resistance in P falciparum (Hyde , 2002; Le Bras and Durand,
2003; Wernsdorfer and Noedl, 2003). Linkage analysis has been useful in
locating drug resistance genes in P falciparum (Hayton and Su, 2004; Sen
and Ferdig, 2004; Anderson, 2004).

4.3. Genes Associated with Chloroquine Resistance
in P. falciparum

It is thought that CQR in P falciparum arose independently in
Southeast Asia and South America during the late 1950s and spread
to the rest of the world (Payne, 1987). Since CQR took many years to
evolve, it is proposed to involve greater genetic complexity than other
examples of antimalarial drug resistance (e.g., pyrimethamine resistance,
described later). Instead of a single gene—single mutation scenario, it has
been suggested by several investigators that multiple mutations in multi-
ple genes underlie the basis of CQR (Chen et al., 2002; Mu et al., 2003).

The phenotypic relationship of drug efflux and resistance reversal by
verapamil, a calcium-channel blocker, between mammalian multidrug
resistance and CQR was exploited to identify a homologue gene (pfindri,
chromosome 5) in CQR P, falciparum isolates (Foote et al., 1990; Volkman
and Wirth, 1998). A P-glycoprotein homologue 1 (Pghl), encoded by the
pfindrl, was found to be located at the parasite digestive vacuole mem-
brane (Cowman et al., 1991). In the CQS isolates, the pfindri “allele” was
predicted to carry amino acids N-Y-S-N-D (Table 5.1). Among CQR iso-
lates, 1-4 key nucleotide differences resulted in amino acid substitutions.
There were two CQR-associated alleles (Table 5.1).

The mutation 184F was considered not to be involved in CQR as it
occurred in CQS isolates as well (Foote ef al., 1990). In a subsequent
study, pfindrl gene amplification was found to be associated with a
decrease in CQR, increased mefloquine resistance, and cross-resistance
to halofantrine and quinine. However, amodiaquine sensitivity remained
unchanged (Cowman et al., 1994). Later, in order to examine the role of
S1034C, N1042D, and D1246Y mutations of Pghl in controlling the
parasite sensitivity to various antimalarials, parasite transfection and
allelic exchange studies were performed (Reed et al., 2000). From these
studies, it was concluded that polymorphisms in pfindrl alone were
insufficient to confer CQR, but confer quinine resistance and markedly
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Table 5.1. Geographic Distribution of pfindr-1 Alleles

Codon

Region/country CQ phenotype 86 184 1034 1042 1246
Worldwide Sensitive N Y S N D
Southeast Asia* and Africa Resistant Y Y S N D
South America Resistant N F C D Y
Colombia* ? N F S D Y
Papua New Guinea* ? N F S N D

? Y F S N D

+: Including Papua New Guinea.
*: Mehlotra and Zimmerman (unpublished).
?: Not yet characterized.

affect the parasite susceptibility to mefloquine, halofantrine, and
artemisinin (Reed et al., 2000). In another study, involving a genetic
cross, it was found that pfindril sequence polymorphisms are important
determinants of sensitivity to mefloquine, halofantrine, lumefantrine,
artemisinin, artemether, and arteflene (another derivative of artemisinin)
(Duraisingh et al., 2000).

In parallel studies searching for the CQR genetic locus in P, falci-
parum, using the progeny from cross between CQS HB3 and CQR Dd2
strains, CQR phenotype was found to be associated with a ~400 kb
region on chromosome 7 (Wellems ef al., 1991). This ultimately led to
identification of the pfcrt (P falciparum chloroquine resistance frans-
porter) gene (Fidock et al., 2000). The coding region of pfcrt spans 3.1
kb in 13 exons. The PfCRT protein was found to be located at the para-
site digestive vacuole membrane (Fidock et al., 2000), and may be
involved in drug flux and/or pH regulation in an allele-specific manner
(Carlton et al., 2001; Bennett ef al., 2004). Eight point mutations (M741,
N75E, K76T, A220S, Q271E, N3268S, 1356T, and R3711) in pfert distin-
guished CQR from CQS progeny of the HB3 X Dd2 cross. Based on a
survey of parasite strains collected from around the world, it was
observed that a number of distinct pfcrt haplotypes are associated with
CQR in different malarious regions (Fidock et al., 2000). Initially, the
following pfcrt “alleles” (amino acids 72-76) were characterized:
CQS-CVMNK (all regions), CQR—CVIET (Asia and Africa), SVMNT,
CVMNT, and CVMET (South America) (Fidock et al., 2000). Since
then, new pfcrt alleles have been found (Table 5.2).

As the K76T mutation is observed in all CQR parasite lines, it was
concluded that this mutation is critical to acquire the CQR phenotype.
Subsequently, clones were generated in vitro from a CQS parasite line
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Table 5.2. Geographic Distribution of pfect Alleles

Codon

Region/country CQ phenotype 72 73 74 75 76
Worldwide Sensitive C A% M N K
Southeast Asia, Africa, Resistant C \"% 1 E T
and South America
South America, Southeast Asia, Resistant St A% M T
and India
South America and Southeast Asia Resistant C A% M N T
Colombia Resistant C \% M E T
South America Resistant S? \Y% M N T
Indonesia Resistant C \% I K T

Resistant S A% I E T
Cambodia Resistant C v I D T

Resistant C \% T N T
Guyana Resistant S v M I T

Resistant R v M N T

1: S[agt]VMNT; 2: S[tct]VMNT.

containing CVIEK allele. These clones showed novel K76N or K761
mutation, and exhibited 8- and 12-fold higher CQ IC,, values, respec-
tively, than that of the original parasite line (Cooper ef al., 2002). These
results suggested that the loss of lysine is central to the CQR mechanism.
To address whether mutations in pfcrt are sufficient to confer CQR,
Sidhu et al. (2002) performed allelic exchange manipulations to replace
the endogenous pfcrt allele of a CQS line (CVMNK allele) with pfert
alleles from CQR lines (CVIET, SVMNT, or CVIEI allele). Although
phenotypic analyses showed that mutant pfcrt alleles conferred CQR
phenotype to the transfected CQS parasite line, the possibility that other
loci can contribute to this phenotype was not ruled out. Phenotypic char-
acterization also revealed increased susceptibility (twofold to fourfold)
to quinine, mefloquine, and artemisinin in the pfcrt-transformed clones.
However, the amodiaquine sensitivity remained unchanged in the pfcrt-
transformed clones (Sidhu er al., 2002). Recently, using the allelic
exchange approach, it has been shown that CQR pfcrt haplotypes can
generate an increase in susceptibility (threefold) to halofantrine and
mefloquine, and can also confer greater sensitivity (10-fold) to the
antiviral agent amantadine (Johnson et al., 2004).

Recently, quinine resistance has been found to be linked to poly-
morphisms in pfihe-1 gene, located on chromosome 13, which encodes
a putative Na*/H* exchanger (Ferdig et al., 2004).
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4.4. Mechanism of Resistance to Antifolate Combination
Drugs in P. falciparum

4.4.1. DHFR Inhibitors

It has been shown that the major mechanism of resistance to
pyrimethamine (PYR) in P, falciparum is due to altered drug binding to
DHFR (Chen et al., 1987; Zolg et al., 1989). This suggested that the pro-
tein was structurally altered, and was consistent with the idea that muta-
tions in the DHFR enzyme decreased the affinity of PYR binding.
Cloning of the dhfi—ts gene (P, falciparum chromosome 4) has allowed
detailed structural and functional analyses of the enzyme (Bzik et al.,
1987; Cowman et al., 1988; Peterson et al., 1988; Snewin ef al., 1989),
and revealed that high level PYR resistance results from accumulating
mutations in the dhfr domain at codons S108N, N511 and C59R (Sibley
et al., 2001; Yuthavong, 2002). More recently, transfection of the dhfr
gene containing 108N mutation or 108N/511/59R mutations into drug-
sensitive P falciparum conferred the predicted level of PYR resistance
(Wu et al., 1996). Amino acid positions 16 and 164 (A16V and 1164L),
as well as an alternative mutation at position 108 (S108T), are also
involved in resistance to DHFR inhibitors, particularly in the case of
cycloguanil, the active metabolite of proguanil (Foote et al., 1990;
Peterson et al., 1990; Hyde, 1990). Finally, it has been found that addi-
tion of the 164L mutation to the 108N/511/59R dhfr allele confers not
only high level resistance to PYR, but also to chlorproguanil, the DHFR
inhibitor used in the combination drug Lapdap (Wichmann et al., 2003).

4.4.2. Sulfa Drugs

It was found that in sulfadoxine (SDX)-resistant P falciparum,
metabolism of the drug was reduced (Dieckmann and Jung, 1986), sug-
gesting that mutations in the dihydropteroate synthase (DHPS) enzyme
might be involved in the mechanism of resistance to this class of anti-
malarials. Sequence analysis of the dhps gene (P falciparum chromo-
some 8) from SDX-resistant and SDX-sensitive strains of P falciparum
identified four amino acid differences at positions 436, 437, 581, and
613 (Triglia and Cowman, 1994). Later studies revealed that variability
at position 540 was also commonly observed in field samples (Plowe
et al., 1997; Triglia et al., 1997; Wang et al., 1997). Mutations at posi-
tion 436 are: S436A, S436F, and S436C; at position 613: A613S and
A613T; and at other positions are: A437G, K540E, and A581AG (Hyde,
2002). A tight linkage between mutations at 436, 437, 581, and 613 and
SDX resistance phenotype was observed in the progeny of a genetic
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cross between SDX-sensitive HB3 and SDX-resistant Dd2 parents
(Wang et al., 1997). Transfection of the dhps gene containing mutations,
either singly or in combination, at 436, 437, 540, 581, and 613 into SDX-
sensitive P, falciparum conferred different levels (5- to 24-fold) of SDX
resistance (Triglia et al., 1998).

The relationship between mutations in the DHFR and DHPS and
clinical SP resistance has recently been assessed on a large scale across
diverse geographic areas (Nagesha et al., 2001; Contreras et al., 2002;
Bwijo et al., 2003; Anderson et al., 2003; Ahmed et al., 2004). These
studies have found that the DHFR 108N and DHPS 540E mutations were
correlated with increased SP resistance. The DHFR 511, 59R and DHPS
437G mutations were also correlated with resistance to this combination.
These data support the idea that mutations in both DHFR and DHPS are
important in the mechanism of resistance to the SP combination in the
field, and that increasing resistance to this combination is due to pro-
gressive accumulation of mutations in these enzymes. In search of a
putative explanation for the observed synergy between PYR and SDX, it
was found that the status of the dhips gene becomes important once muta-
tions have occurred in dhfi to a degree where inhibition of DHFR alone
by normal therapeutic levels of PYR is insufficient in itself to kill the
parasites (Sims ef al., 1999). In practice, it appears that the triple mutant
dhfr allele (108N/511/59R), combined with at least a double mutant dhps
allele (437G with either 540E or 581QG), is associated frequently with SP
failure. Recently, in a transfection study using a full-length dhps domain
mutated at two active-site residues resulting in <10% of the normal
activity, it was shown that in transfectants the synergy of the combina-
tion PYR/SDX was abolished, proving the role of DHPS in antifolate
drug synergy (Wang et al., 2004).

4.5. Mechanism of Atovaquone Resistance in P. falciparum

Atovaquone is a structural analog of coenzyme Q (ubiquinone) in
the mitochondrial electron transport chain. It is the major active compo-
nent of a new antimalarial combination drug Malarone (atovaquone plus
proguanil). The mechanism by which P falciparum develops resist-
ance to this drug is thought to involve point mutations in the parasite
cytochrome b gene (Korsinczky ef al., 2000). One of these mutations
(Y268S) was detected in the parasites isolated from patients with
recrudescence following atovaquone-PYR treatment (Korsinczky et al.,
2000) and Malarone treatment (Schwartz et al., 2003). In another case
with recrudescence following Malarone treatment, mutation Y268N was
observed (Fivelman et al., 2002). However, recently, Malarone treat-
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ment failure cases not associated with cytochrome b codon 268 muta-
tions have been reported (Wichmann et al., 2004; Farnert et al., 2003),
suggesting that other mechanisms may also be involved.

4.6. Mechanisms of Drug Resistance in P. vivax

Mutations in the P vivax orthologue of the pfcrt are not associated
with CQR (Nomura et al., 2001). This finding suggests a genetic basis
for CQR in P vivax, which is different from that in P falciparum.
Recently, the P vivax orthologue of the pfindrl (pvmdrlI) has been iden-
tified, and mutations Y976F and F1076L were found in P, vivax isolates
from different areas of endemicity (Brega ef al., 2005). However, the role
of these mutations in clinical CQR has not been evaluated in the infected
patients. Mutations in the pv—dhfr gene, SS58R and S117N (equivalent to
mutations C59R and S108N in P, falciparum) (de Pecoulas et al., 1998a,
1998b; Leartsakulpanich et al., 2002), F57L, S58R and S117N (Imwong
et al., 2001), and S117T and other mutations (Imwong et al., 2003;
Hastings et al., 2004) have been implicated in clinical PYR resistance.
Recently, SDX resistance in P vivax was found to be associated with a
specific amino acid, V585 (equivalent to A613 in P. falciparum), in the
pv—dhps gene (Korsinczky et al., 2004).

It is clear that mutations in the parasite genes pfcrt and pfindrl play
an important role in CQR, and mutations in the dhfi and dhps genes con-
fer resistance to antifolate combination drugs. However, the association
between mutations in these genes and drug response phenotype is not
absolute. This is suggested by (a) a wide range of in vitro IC, values
exhibited by parasites carrying the same mutation. For example, CQ IC,
values of 146 P, falciparum isolates from various malaria endemic coun-
tries were as follows: 8—40 nM for isolates bearing the CQS K76 mutation,
40—-60 nM for isolates bearing either K76 or the CQR T76 mutation, and
60—572 nM for isolates bearing T76 mutation (Durand et al., 2001), (b) the
observation that CQR P, falciparum infections can be cleared by CQ, sug-
gesting that host immunity plays a critical role in the clearance of resistant
parasites (Wellems and Plowe, 2001; Djimde et al., 2003), and (c) sub-
stantial variations in the metabolism and pharmacokinetics of antimalarial
drugs in the human host (see Section 5). Variations in the host drug metab-
olism may cause subtherapeutic levels of an antimalarial and its active
metabolite in the blood, which can cause treatment failure. With this in
mind, it is possible that an otherwise sensitive parasite infection may not
be cleared due to therapeutically inadequate levels of drug/metabolite.
Furthermore, the subtherapeutic drug/metabolite levels are thought to
increase the risk of resistance by creating a predisposing environment.
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5. Human Drug Metabolism

The liver is the primary site for drug and xenobiotic metabolism, as
it contains high concentrations of enzymes necessary for two metabolic
pathways: Phase I functionalization reactions and Phase II biosynthetic
or conjugation reactions (Goodman and Gilman, 2001). Typical exam-
ples of Phase I metabolism include oxidation and hydrolysis. The
enzymes involved in Phase I reactions are primarily located in the endo-
plasmic reticulum of the liver cell and are called microsomal enzymes.
The most common Phase I reactions are oxidative processes that involve
cytochrome P450 (CYP) enzymes. These enzymes comprise a super-
family of proteins found in almost all living organisms. These enzymes
catalyze many reactions: N- and O-dealkylations, aromatic and aliphatic
hydroxylations, N- and S-oxidations, and deamination. They are also
involved in a number of reductive reactions, generally under oxygen-
deficient conditions (Tredger and Stoll, 2002; Guengerich, 2003).

Phase II conjugation introduces hydrophilic functionalities, such as
glucuronic acid, sulfate, glycine, or acetyl group, onto drug or drug metabo-
lite molecules. These reactions are catalyzed by a group of enzymes called
transferases. Most transferases are located in the cytosol, except UGT that
facilitates glucuronidation, which is a microsomal enzyme. Glucuronic acid
contains a number of hydroxyl groups and one carboxyl group. This mole-
cule improves the hydrophilicity of a drug/metabolite molecule for rapid
renal excretion (Guillemette, 2003; Burchell, 2003).

5.1. Cytochrome P450 Enzyme Superfamily

Cytochrome P450 genes have been found in animals, plants, yeast,
and bacteria, with more than 1000 individual CYP genes identified in all
species studied. For a current list, please consult Nelson D, 2003,
http://drnelson.utmem.edu/CytpchromeP450.html. The human CYP
genes are classified into 17 families. These families contain 57 puta-
tively functional genes, and, in addition, 58 pseudogenes (Guengerich,
2003; Nelson et al., 2004). Of these, four families (designated CYPs
1-4) are involved in the metabolism of drugs; enzymes in the families
1-3 mediate the metabolism of 70-80% of all clinically used drugs
(Tredger and Stoll, 2002; Ingelman-Sundberg, 2004a). Seven isoforms
in these families (see below) (CYP1A2, CYP2B6, CYP2C9, CYP2C19,
CYP2D6, CYP2EL, and CYP3A4) mediate metabolism of most drugs in
common use, and three of these — CYP2C9, CYP2C19, and CYP2D6 —
mediate ~40% of the total CYP-mediated drug metabolism (Caraco,
1998; Tredger and Stoll, 2002; Ingelman-Sundberg, 2004a).
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Each CYP gene family is divided into subfamilies (designated by a
letter) and, further, into isoforms (designated by a final Arabic number).
For example, CYP2B6 describes a CYP family-2 member in the B sub-
family, and is isoform 6. Each isoform is the product of a separate gene
(Nagata and Yamazoe, 2002; Nelson ef al., 2004). Members of the dif-
ferent CYP gene families 1-4 share up to 40% sequence homology.
Members of the same subfamilies share >55% sequence homology. The
genes encoding isoforms within the same subfamily share considerably
higher sequence homology; sometimes the DNA sequences are >95%
identical (McKinnon , 2000; Tredger and Stoll, 2002).

All genes encoding CYP isoforms in the families 1-3 are polymor-
phic (Ball and Borman, 1997; Evans and Relling, 1999; Weinshilboum,
2003). The functional importance of the variant alleles differs, and the
frequencies of their distribution in different ethnic groups vary (Ingelman-
Sundberg, 2004a, 2004b). Table 5.3 provides a general overview of the
major CYP isoforms, chromosomal locations of genes encoding them, and
the number of single nucleotide polymorphisms associated with amino
acid changes; updated information can be found on the Human CYP allele
Nomenclature Website http://www.imm.ki.se/CYPalleles/.

These polymorphisms are known to affect the response of individ-
uals to drugs used in treating a variety of illnesses, such as depression,
psychosis, cancer, cardiovascular disorders, ulcers and gastrointestinal
disorders, pain, and epilepsy (Destenaves and Thomas, 2000; Ingelman-
Sundberg, 2004a). Based upon the rate of metabolism for a given drug,
four phenotypes can be identified: poor metabolizers (PMs), intermedi-
ate metabolizers (IMs), extensive metabolizers (EMs), and ultraextensive
metabolizers (UEMs) (Goodman and Gilman, 2001; Ingelman-Sundberg,
2004a; Linder et al., 1997). Genotypically, PMs have both alleles mutated
and/or deleted, resulting in lack of the enzyme activity. IMs are heterozy-
gotes for one deficient allele or carry two alleles that cause reduced

Table 5.3. Major Human Drug Metabolizing CYP Isoforms:
Their Gene Locations, and Polymorphisms

Isoform Chromosome SNPs
CYP1A2 15 11
CYP2B6 19 11
CYP2C9 10 10
CYP2C19 10 11
CYP2D6 22 25-30
CYP2EI1 10 3
CYP3A4 7 15

SNPs: Single nucleotide polymorphisms associated with amino acid changes.
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enzyme activity. EMs carry two normal alleles. UEMs have multiple
gene copies, resulting in increased drug metabolism. The possible con-
sequences of the two extreme phenotypes PM and UEM are explained in
Box5.2. (Weinshilboum, 2003; Miller et al., 1997; Ingelman-Sundberg,
2001). The reported frequencies of these extreme phenotypes in various
populations for a variety of drugs are: PM 1-23% and UEM 1-30%
(Goodman and Gilman, 2001; Nagata and Yamazoe, 2002).

5.2. Uridine Diphosphate Glucuronosyltransferase
Enzyme Superfamily

Uridine diphosphate glucuronosyltransferase (UGT) enzymes
comprise a superfamily of key proteins that catalyze the transfer of the
glucuronic acid group of uridine diphosphoglucuronic acid to the func-
tional group (e.g., hydroxyl, carboxyl, amino, and sulfur) of a specific
substrate (Guillemette, 2003; Burchell, 2003). Glucuronidation is one of
the major Phase Il reactions and accounts for ~35% of all drugs metab-
olized by Phase II reactions (Evans and Relling, 1999). This biochemi-
cal process increases the polarity of the target compounds and facilitates
their excretion in urine or bile (Miners and Mackenzie, 1991). It is also
involved in protection against environmental toxicants, carcinogens,
dietary toxins and regulates homeostasis of numerous endogenous mol-
ecules, including bilirubin, steroid hormones, and biliary acids (Wells
et al., 2004). Unlike most Phase II reactions that are localized in the
cytosol, UGTs are microsomal enzymes (Meech and Mackenzie, 1997).

It has been estimated that in animals, plants, yeast, and bacteria there
are at least 110 distinct UGT genes whose protein products all contain a
characteristic 29 residue carboxy terminus “signature sequence” and, thus,
are regarded as members of the same superfamily. Comparison of a relat-
edness tree of proteins defines 33 families (Guillemette, 2003). The guide-

Box 5.2. Polymorphism in Drug Metabolism: When Does It Really Matter?

Failed efficay
Metabolite is responsible for activity and individual is PM
Parent drug must reach threshold and individual is UEM
Increased toxicity
Parent drug is toxic and individual is PM
Metabolite is toxic and individual is UEM
For each drug
Must identify the specific enzyme
Whether parent drug/metabolite is active/toxic
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lines for naming human UGT genes are similar to the CYP nomenclature
system. It is recommended that the root symbol UGT be followed by an
Arabic number representing the family, a letter designating the subfamily,
and an Arabic numeral denoting the isoform within the subfamily, e.g.,
human UGT2B7 (Mackenzie et al., 1997; Bock, 2003) (see also UGT
homepage http://som.flinders.edu.au/FUSA/ClinPharm/UGT).

In humans, the UGTs are encoded by a multigene family that
comprises more than 26 genes. Eighteen of these UGTs correspond to
functional proteins and are encoded by two gene families, UGTI and
UGT2, with 41% amino acid similarity between the two families
(Guillemette, 2003). UGT1 has one subfamily UGT1A. UGT2 has two
subfamilies, UGT2A and UGT2B, with 59% amino acid similarity
between them (Guillemette, 2003). The entire UGT1 family is derived
from a single, complex gene locus spanning ~210 kb on chromosome 2
(2937) that is composed of 17 exons. The locus includes 13 unique
exon-1 sequences followed by four common exons (exon-2 to exon-5).
Of the 13 exon-1 sequences, nine may be spliced and joined with the
four common exons, resulting in nine proteins with different N-terminal
portions but identical C-terminal portions. These are UGT1A1 and 1A3-
1A10. The remaining four exon-1 sequences are considered pseudo-
genes (p) (UGT1A2p, UGT1A11p, UGT1A12p, and UGT1A13p). Each
exon-1 sequence encodes the substrate binding site and is regulated by
its own promoter (Ritter et al., 1992; Owens and Ritter, 1995; Gong
et al., 2001). In contrast to the UGT1A subfamily, the UGT2B subfam-
ily comprises several independent genes (each composed of six exons)
and numerous homologous pseudogenes, all of which are clustered on
chromosome 4 (4q13). Similar to the UGT1A subfamily, members of
the UGT2B subfamily share the highest degree of divergence in
sequences encoded by exons 1 and a high degree of similarity in the C-
terminal portion of the protein (Monaghan et al.,1994; Beaulieu et al.,
1997; Turgeon et al., 2000).

To date, a number of polymorphisms have been described for both
UGTIA (UGTIAIl and 1A45-1410) and UGT2B (UGT2B4, UGT2B7,
UGT2B15, and UGT2B28) genes (Mackenzie et al., 2000; Miners et al.,
2002). Genetic variation may cause different phenotypes by affecting
expression levels (Mackenzie et al., 2003) or activities (Little et al.,
1999) of UGT enzymes. Variation in UGT expression and/or activity can
result in a functional deficit affecting endogenous metabolism, and may
lead to jaundice and other diseases (Burchell, 2003). Deficient glu-
curonidation of drugs and xenobiotics have an important pharmacologi-
cal impact, which may lead to drug-induced adverse reactions and even
cancer (Guillemette, 2003).
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5.3. Antimalarial Drug Metabolism

Although antimalarial compounds have been in use since 1930s,
until recently, no data were available on the metabolic pathways of these
drugs as bioanalytical methods were not available to evaluate
absorption—distribution—metabolism—excretion parameters. In recent years,
pharmacokinetic properties of some antimalarials have been studied in
humans (Krishna and White, 1996). Because chemotherapy is still the
principal means to control this disease, this kind of information is needed
to optimize antimalarial use. When considered along with the use of drug
combinations, it may be possible to increase therapeutic efficiency and
evade the emergence of drug-resistant parasite strains (White, 1999).

There have been many methodological developments in the study
of drug metabolism over the past 10 years. The increased availability of
human tissue (liver microsomes, slices, and hepatocytes) and recombi-
nantly expressed human enzymes are providing insight into how humans
metabolize drugs (as reviewed in Masimirembwa et al., 2001). The iden-
tification of CYP-specific marker reactions, antibodies, and chemical
inhibitors selective for some CYPs have improved the capacity to evalu-
ate the role of different enzymes in the metabolism of test compounds
(Rodrigues, 1999; Stormer et al., 2000; Bapiro et al., 2001, 2002a).
Through these advancements, much of the pharmacokinetics and meta-
bolic pathways of antimalarial drugs have been elucidated, including the
role of CYP enzyme complex (Table 5.4). However, little emphasis has
been placed on understanding the basic mechanisms responsible for the
pharmacokinetic and pharmacodynamic behaviors of major classes of
antimalarial drugs in various populations.

The major metabolic pathway of quinine has been shown to be
3-hydroxylation mediated mainly by CYP3A4 (Zhao et al., 1996). Since
quinine caused significant increase in CYP1A enzyme activity and
CYP1A1 mRNA expression in HepG?2 cells (Bapiro et al., 2002b) and,
using recombinant enzymes, CYP1A1 was found to metabolize quinine

Table 5.4. Human CYPs Involved in Antimalarial Drug Metabolism

Antimalarial drug Primary isoform Major metabolite Chromosome
Quinine, Quinidine CYP3A4 3-Hydroxy derivative 7
Chloroquine CYP2CS8, CYP3A4/3A5 Desethyl derivative 10, 7
Amodiaquine CYP2C8 Desethyl derivative 10
Mefloquine, Primaquine CYP3A4, CYP1A2 Carboxy derivative 7,15
Halofantrine, Lumefantrine CYP3A4/3A5 Desbutyl derivative 7

Dapsone CYP2C9, CYP3A4 Hydroxylamine derivative 10, 7

Proguanil CYP2C19 Cycloguanil 10
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rapidly (Li et al., unpublished observations, cited in Bapiro et al.,
2002b), it has been suggested that CYP1 A1 may also play some role in
the metabolism of quinine (Wanwimolruk et al., 1995; Zhang et al.,
1997). Similar to quinine, the most important of quinidine’s metabolites
is 3-hydroxy-quinidine, although quinidine-N-oxide is also formed.
CYP3A4, expressed heterologously in yeast (Wrighton et al., 1990) or in
human liver microsome preparations (Nielsen et al., 1999), has been
shown to metabolize quinidine actively. Although quinidine is a potent
inhibitor of CYP2D6 activity (Abraham and Adithan, 2001), the role of
this enzyme in the metabolism of quinidine is not clear.

In humans, CQ is metabolized through the N-dealkylation reaction
by CYPs. It is metabolized mainly to desethylchloroquine (DCQ), and,
to a lesser extent, bisdesethyl-chloroquine. Using human liver micro-
somes, characterized for different isoforms, and recombinant enzymes,
CYP2C8, CYP3A4/5, and CYP2D6 have been identified as the main
isoforms responsible for CQ metabolism (Ducharme and Farinotti, 1996;
Li et al., 2003). Contradictory results have been presented regarding the
inhibition of CYP2D6 activity by CQ in healthy human volunteers:
Simooya et al. (1998) and Adedoyin et al. (1998) have shown that CQ
causes a significant decrease in the activity, while Masimirembwa et al.
(1996) reported that CQ has no significant effect, although there was a
trend towards a decrease in the activity.

Amodiaquine metabolism to N-desethylamodiaquine is the princi-
pal route of disposition in humans (Li et al., 2002). Using human liver
microsomes and recombinant enzymes, CYP2C8 was identified as the
main hepatic isoform that metabolized amodiaquine. The extrahepatic
CYP1AL1l and CYPIBI also showed catalytic activity for the drug (Li
etal., 2002, 2003).

Mefloquine and primaquine are metabolized to carboxymefloquine
and carboxy-primaquine, respectively, by human liver microsomes
(Bangchang et al., 1992a, 1992b). In human liver cells and microsomes,
another metabolite of mefloquine, hydroxylmefloquine, was also
detected (Fontaine et al., 2000). The involvement of CYP3A4 in meflo-
quine biotransformation was suggested by several lines of evidence
(Baune et al., 1999; Fontaine et al., 2000), while CYP1A2 and CYP3A4
were identified as the hepatic enzymes responsible for primaquine
metabolism (Li ef al., 2003).

In humans, halofantrine and lumefantrine are metabolized to des-
butyl derivatives. In human liver microsomes, both CYP3A4 and
CYP3AS were found to metabolize halofantrine, with major involvement
of CYP3A4 (Baune et al., 1999). Although halofantrine is a potent
inhibitor of CYP2D6 activity (Simooya et al., 1998), this enzyme did not
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mediate the metabolism of halofantrine (Lefevre et al., 2000).
Lumefantrine is also predominantly metabolized through CYP3A4
(Lefevre et al., 2000; Giao and de Vries, 2001).

5.3.1. Metabolism of Antifolate Combination Drugs

Dapsone is metabolized to hydroxylamine-dapsone and monoacetyl-
dapsone (Zuidema et al., 1986). In human liver microsomes, CYP2C9
(Winter et al., 2000) as well as CYP3A4 (Li et al., 2003) predominantly
contribute to N-hydroxylation. /n vivo, CYP3A4 has been identified as an
important mediator of this reaction (May et al., 1994).

Proguanil is metabolized to cycloguanil. /n vitro, proguanil activa-
tion to cycloguanil is mediated by CYP2C19 (~73%) and CYP3A4
(16%) (Birkett et al., 1994; Lu et al., 2000). In vivo, CYP2C19 is the
major isoform responsible for the formation of cycloguanil (Ward et al.,
1991; Helsby et al., 1993; Somogyi et al., 1996).

Apart from dapsone and proguanil, not much is known about the
metabolism of other antimalarial sulfa drugs and DHFR inhibitors. The
CYP-mediated degradation is not a major metabolic pathway of sulfon-
amides. However, there is evidence that sulfamethoxazole may inhibit
CYP2C9 activity (Miners and Birkett, 1998). Similarly, trimethoprim, a
DHFR inhibitor, may inhibit CYP2C8/9 activity (Giao and de Vries, 2001;
Wen et al., 2002). Using recombinant enzymes at relatively high concen-
trations, it was observed that CYP1B1 and CYP2C19 contributed 11 and
13%, respectively, to the metabolism of pyrimethamine (Li et al., 2003).

Atovaquone, used in combination with proguanil (Malarone), has
been found to inhibit CYP3A4 activity of the recombinant enzyme
(Thapar et al., 2002) and CYP2C9 activity in human liver microsomes
(Miller and Trepanier, 2002). However, the role of these enzymes in the
metabolism of this drug is not clear. There is indirect evidence that ato-
vaquone may undergo limited metabolism; however, a specific metabo-
lite has not been identified.

5.3.2. Involvement of CYPs and UGTs in ART Drug Metabolism

Artemisinin and its derivatives are metabolized in the liver, mainly
via Phase I oxidative dealkylation reaction (Navaratnam et al., 2000)
(Brossi A, cited in WHO/TDR publication #63, 2004) (Table 5.5).

Using the human liver microsomes, it was found that in vitro
metabolism of artemisinin was mediated primarily by CYP2B6, with
probable secondary contributions of CYP3A4 and CYP2A6 (Svensson
and Ashton, 1999). Negligible metabolism was observed with recombi-
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Table 5.5. Artemisinin Drugs and Their Metabolism

Compound Isoform Major metabolite Chromosome
Artemisinin CYP2B6, CYP3A4, CYP2A6 ? 19,7, 19
Dihydroartemisinin UGT1A9, UGT2B7 DHA-glucuronide 2,4
Artesunate CYP2A6, CYP2B6 DHA 19
Artemether CYP3A4* DHA 7

Arteether CYP3A4/3A5, CYP2B6 DHA 7,19
Artelinic acid CYP3A4/3A5 DHA 7

?: Not well characterized.
* Suggested but not conclusive.

nant enzymes CYP1A1, 1A2, 2C8, 2C9, 2C19, 2D6, and 2E1. In another
in vitro study, the involvement of CYP2B6 and CYP3A4 in the metabo-
lism of artemisinin was confirmed (Li et al., 2003). Recently, the pri-
mary involvement of CYP2B6 in the metabolism of artemisinin was
established in vivo in healthy human subjects (Simonsson et al., 2003).
Consistent with the in vitro results mentioned above, CYP2C9 and
CYP2C19 did not seem to play a role in artemisinin metabolism in vivo
(Simonsson et al., 2003). The in vitro study by Li et al. (2003) also iden-
tified CYP2A6 to be primarily responsible for artesunate metabolism,
with minor involvement of CYP2B6.

In the case of artemether metabolism, no major contribution of the
enzymes CYP2D6 or CYP2C19 was found (van Agtmael et al., 1998),
and the role of CYP3A4, although suggested, is not clear (Lefevre et al.,
2000; van Agtmael et al., 1999a, 1999b). However, in vitro study pro-
vided strong evidence that CYP3A4 is the primary enzyme involved in
beta-arteether metabolism, with secondary contributions of CYP2B6
and CYP3AS5 (Grace et al., 1998). The enzymes CYP3A4 and CYP3AS5
have been shown to be involved in the metabolism of artelinic acid, a
water-soluble ART analogue (Grace et al., 1999).

Recent in vitro studies revealed that CYP-catalyzed oxidation did
not play a significant role in the metabolism of dihydroartemisinin,
which is the major metabolite of ART derivatives (Bapiro et al.,
2002b; llett et al., 2002). Dihydroartemisinin is converted to dihy-
droartemisinin—glucuronide by a glucuronidation reaction (O’Neill
et al.,2001), catalyzed by Phase II drug metabolizing enzymes UGT1A9
and UGT2B7 (Ilett et al., 2002).

The ART drugs, in combination with other antimalarials, are
viewed as the most promising drug regimen in the treatment of falci-
parum malaria (Olliaro and Taylor, 2004). Therefore, it is important to
identify the factors that may increase the risk of adverse consequences of
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drug—drug interactions. Understanding the role of P450s in drug metab-
olism and the effects of drugs on P450s, the likelihood of adverse
drug—drug interactions can be minimized. For this, two sets of informa-
tion are needed: (a) to what extent is a specific P450 enzyme responsi-
ble for the metabolism of specific drugs and (b) to what extent will a
given drug induce or inhibit a specific P450 enzyme. With these two data
sets, one can deduce whether the addition of a second drug to an ongo-
ing regimen is likely to cause a clinically meaningful change in the
efficacy of the first drug. Artemisinin may induce CYP2C19 (Svensson
et al., 1998; Mihara et al., 1999), but have no effect on CYP3A4 activ-
ity (Svensson et al., 1998). This phenomenon may have a significant
clinical implication in artemisinin-based combination therapy, as
CYP3A4 is frequently involved in the metabolism of other antimalarial
agents, such as mefloquine and lumefantrine. The combination of ART
drugs with each other, with mefloquine, and the artemether—lumefantrine
combination have been used in various clinical studies, and no signifi-
cant drug interactions were observed (Giao and de Vries, 2001).
Significant positive correlations and synergism were observed in vitro
for various combinations of ART derivatives with other antimalarial
drugs in several studies (Bustos et al., 1994; Ringwald et al., 1999;
Gupta ef al., 2002a, 2002b).

5.4. Antimalarial Drug Levels and Treatment Outcome

Although the previous subsection identifies involvement of CYP
and UGT enzyme systems in the metabolism of various antimalarials,
whether there is any evidence that antimalarial drug levels vary and
whether this variation affects the treatment outcome.

5.4.1. In vivo CQ Levels and Parasite Drug Response Phenotypes

An earlier study determined the concentrations of CQ and DCQ in
African children with acute falciparum malaria (Walker et al., 1983).
Peak plasma CQ and DCQ concentrations ranged between 65 and 263
ng/ml and 9 and 62 ng/ml, respectively. Despite this variability, effective
clinical and parasitological response to treatment was observed within
2—4 days in all patients. Nevertheless, Walker ef al. (1983) indicated the
possibility that the unchanged drug and its metabolite concentrations in
plasma could play a role in the rate of development of CQR in different
geographic areas. In Tanzanian schoolchildren, pronounced interindivid-
ual variability in CQ (3.3- to 5.1-fold) and DCQ (3.5- to 6.3-fold) con-
centrations in whole blood during and after treatment was observed
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(Hellgren et al., 1989). In subjects, in which parasites were detected on
day 7 after initiation of the treatment (=RII response), the mean highest
CQ concentration was significantly lower than that in subjects without
parasites (1473 versus 1799 nmol/L). In a review of CQ treatment/pro-
phylaxis studies, an interindividual variation of 2.5- to 5.6-fold was
found (Hellgren et al., 1993). In a later study (Hellgren et al., 1994), The
CQ and DCQ concentrations in whole blood of Tanzanian schoolchild-
ren were found to vary between 6 and 950 nmol/L and 10 and 299
nmol/L, respectively. Only 9% of the children had CQ concentrations
>100 nmol/L (i.e., curative level). In these children, P falciparum
trophozoites were significantly less common compared with the others.
Hellgren et al. (1994) suggested that small, subtherapeutic doses of CQ
taken frequently could promote development of resistance. A number of
other studies have noted that young children are more likely to fail CQ
treatment than older malaria patients due to lower plasma CQ concen-
trations (Maitland et al., 1997; Mockenhaupt et al., 2000; Ringwald
et al., 2000). Maitland et al. (1997) and Mockenhaupt et al. (2000) also
suggested that subtherapeutic plasma drug levels were likely to further
promote CQR, most likely by constituting a predisposing environment
for the selection and spread of resistant P falciparum strains
(Wernsdorfer, 1992).

In some studies, the plasma levels of CQ and DCQ in patients
infected with sensitive and resistant malaria parasites were compared.
Large interindividual variations (20—35%) were observed on day 3 in the
mean plasma CQ concentrations of patients from Sudan (Karim et al.,
1992). The mean plasma CQ level in the sensitive group was higher than
that in the RIII resistant group (0.275 versus 0.225 umol/L). Similarly, the
mean plasma CQ:DCQ ratio in the sensitive group was higher than that
in the RIII resistant group (3.14 versus 3.05). However, the differences
in the mean plasma CQ level and CQ:DCQ ratio were not significant. In
another study, concentrations of CQ and DCQ in blood cells and plasma
from CQS and CQR cases from India were determined on day 2 and day
7 after initiation of treatment (Dua ef al., 2000). On day 2, the mean CQ
concentrations in the sensitive cases were significantly higher than those
in the resistant patients [both in plasma (0.47 versus 0.32 pg/ml)
and in the blood cells (1.51 versus 0.46 g/ml)], and the mean CQ:DCQ
ratio was significantly higher in the blood cells from the sensitive group
than in the blood cells from the resistant cases (3.07 versus 1.77). With
these results in mind, results of May and Meyer (2003) are intriguing.
They found that the prevalence of CQR-associated pfcrt T76 variant
increased substantially with the CQ blood concentrations measured in
asymptomatic P, falciparum-infected children from Nigeria. Blood levels
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of CQ were significantly higher in lower age group children (<2 to 3
years old) compared with higher age group children (4 to >6 years old).
Only the pfcrt T76 variant was observed in younger children with CQ
levels >150 nmol/L, whereas CQS-associated K76 allele was more fre-
quent (~80%) in older children without detectable plasma CQ levels.
Based on these observations, the authors suggested that the prevalence of
pfert T76 is a function of the actual CQ level and, thus, of age, and pos-
sibly influenced by acquired immunity and natural resistance factors of
the host.

Overall, the studies described above suggest that (1) the blood con-
centrations of an antimalarial drug can differ in different age group indi-
viduals, (2) large interindividual variability can occur in the blood
concentrations of a drug/metabolite, and (3) variability in the blood con-
centrations of a drug/metabolite may affect the antimalarial treatment
efficacy, and may contribute to the selection of resistant parasites. Lower
blood CQ concentrations could be attributable to patient noncompliance
with drug intake. Young children might have difficulty in ingesting and
retaining all of the prescribed medication, which could contribute to their
lower blood CQ concentrations. However, in the studies (Walker et al.,
1983; Hellgren et al., 1989, 1993; Ringwald et al., 2000; Dua et al.,
2000) patients received the treatment under supervision. Therefore,
lower CQ levels observed in these studies are probably due to variability
in the metabolism of the drug.

5.4.2. Variability in the Metabolism of Proguanil

Metabolism of the antimalarial drug proguanil and the anticonvul-
sant drug mephenytoin is mediated via CYP2C19 (Helsby ef al., 1993).
The PM, IM, and EM phenotypes are identified by measuring the
proguanil:cycloguanil metabolic ratio in the urine or plasma, the ability
to metabolize S-mephenytoin, and/or by genotype analysis. The preva-
lence of these drug metabolism phenotypes varies substantially in popu-
lations with different ethnic backgrounds (Yusuf et al., 2003), and two
defective alleles, CYP2C19*2 and CYP2C19*3, are largely associated
with the PM phenotype (De Morais et al., 1994; Persson et al., 1996).
The frequencies of the PM phenotype in various populations are pro-
vided in Table 5.6 (Watkins et al., 1990; Masimirembwa et al., 1995;
Wanwimolruk et al., 1995; Skjelbo et al., 1996; Kaneko et al., 1997,
Hoskins et al., 1998; Wanwimolruk et al., 1998; Goldstein, 2001; Griese
et al., 2001; Bolaji et al., 2002; Masta et al., 2003).

An earlier study found a correlation between the in vivo
proguanil:cycloguanil ratio and the number of malaria breakthrough par-
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Table 5.6. CYP2C19 Poor Metabolism (PM) Phenotype Frequencies
in Various Populations

Population Frequency (%)
Kenyan 35
Zimbabwean and Tanzanian,

Ethiopian and Nigerian 4-52
Asian 12-23
Caucasian 2-5
Maori (New Zealand) 7
Australian Aboriginal 25.6
South Pacific Polynesian 13.6
Vanuatuan 70.6
Sepik (Papua New Guinea) 36

asitemia episodes (Skjelbo et al., 1996). This study suggested that the
impaired cycloguanil formation might be a contributing risk factor in
malaria prophylaxis with proguanil. However, the causal prophylactic
effect of proguanil appeared to be unrelated to the metabolic phenotype
(either PM or EM) in Japanese volunteers in Kenya (Mberu ef al., 1995),
suggesting that poor metabolism of proguanil, and the resulting low
plasma concentrations of cycloguanil, do not lead to an increased break-
through frequency of proguanil chemoprophylaxis.

Plasma samples, obtained from PM and EM Thai patients treated
with proguanil-atovaquone, were assessed for the in vitro antimalarial
activity (Edstein ef al., 1996). The activity was similar in both the phe-
notype groups. These findings suggested that the phenotypic status of
Thai patients did not alter the in vitro antimalarial activity of proguanil
combined with atovaquone (Edstein et al., 1996), although this may be
explained by the specific synergism between the two drugs (Edstein
et al., 1996; Srivastava et al., 1999). In a later study, therapeutic efficacy
of proguanil treatment in PM patients was found to be similar to that in
EM patients (Kaneko et al., 1999). There was even a trend toward lower
efficacy in EM patients (the mean therapeutic efficacy for falciparum
and vivax infection, PM =75 and 91%, EM = 64 and 88%, respectively).
The authors suggested that the parent compound proguanil may be more
active than its main metabolite cycloguanil, and that it may have a sig-
nificant intrinsic efficacy independent of cycloguanil. Another plausi-
ble explanation might be that an as yet-undefined metabolite through
another metabolic pathway is responsible for the proguanil efficacy in
PMs. Therefore, further studies are needed to establish the clinical sig-
nificance of CYP2C19 genotype in the antimalarial efficacy of
proguanil.
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5.4.3. Variability in the Pharmacokinetics of ART Drugs

The ART drugs are available for oral, rectal (suppository), and
IM/IV administrations (Navaratnam et al., 2000; White, 2003). ART
drugs are rapidly absorbed and eliminated. Pharmacokinetic parameters
of these drugs are highly variable. Time to peak plasma levels for ART
drugs varies from minutes to hours, depending on the drug formulation
and its route of administration (White, 2003; de Vries and Dien, 1996).
Bioavailability of ART drugs is also highly variable (<25% to >85%),
depending on the drug formulation, its route of administration, health
status of the individual, and the nature of malaria infection (Navaratnam
et al., 2000). All ART drugs, except artemisinin, are hydrolyzed to the
active metabolite dihydroartemisinin (Lee and Hufford, 1990; Zhang
et al., 2001). Biotransformation into the active metabolite dihy-
droartemisinin occurs almost immediately (<15 min) for artesunate.
Dihydroartemisinin has an elimination half-life of approximately 45 min
(White, 2003). The elimination half-life of artemisinin is 2—5 h (de Vries
and Dien, 1996; White, 1994). Evidence suggests rapid elimination of
artesunate (in minutes) and artemether (1-11 h) as well (de Vries and
Dien, 1996; White, 2003).

Large interindividual variations in pharmacokinetic parameters of
artemisinin, including the maximum concentration in blood, have been
observed in healthy subjects after oral administration (range 299—888
ng/ml) (Dien et al., 1997), and in malaria patients after rectal supposi-
tory administration (range 29—-169 ng/ml) (Koopmans et al., 1998).
Interindividual variability was higher in healthy subjects after rectal
administration (range 24-330 ng/ml) than after an oral dosage of the
drug (Koopmans et al., 1998, 1999). Substantial interindividual varia-
tions in artesunate/dihydroartemisinin pharmacokinetic parameters were
also noted after rectal administration of artesunate in children with
uncomplicated or moderate malaria in Gabon (Halpaap et al., 1998),
Ghana (Krishna et al., 2001), and PNG (Karunajeewa et al., 2004). In
Thailand, adult patients with acute uncomplicated malaria were given a
single oral dose of artesunate varying between 25 and 250 mg (Angus
et al., 2002). In these patients, dihydroartemisinin concentrations at 2 h
varied between 2 and 1212-fold (range 0-2155 ng/ml), depending on the
dose of artesunate given.

As discussed earlier, CYPs are involved in the metabolism of
artemisinin and its most commonly used derivatives—artesunate and
artemether. Similarly, UGTs are involved in the metabolism of dihy-
droartemisinin, the active metabolite of artesunate and artemether.
Although both CYPs and UGTs are polymorphic, it is not known
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whether these polymorphisms affect the metabolism and, consequently,
plasma levels of ART drugs. It is estimated that the lowest effective
plasma concentration is in the range 3-30 ng/ml (Koopmans et al.,
1998), which corresponds to IC, values 1-40 ng/ml in vitro (ter Kuile
et al., 1993). However, a minimum parasiticidal concentration in vivo is
not yet defined. In spite of large interindividual variations in the peak
plasma concentration, bioavailability, and other pharmacokinetic param-
eters, it is claimed that ART drugs were effective in parasite and fever clear-
ance in patients with uncomplicated or moderate malaria (Koopmans et al.,
1998; Halpaap et al., 1998; Krishna et al., 2001; Angus ef al., 2002). This
said, other antimalarial drugs, such as mefloquine (Koopmans et al., 1998;
Angus et al., 2002), sulfadoxine—pyrimethamine (Halpaap et al., 1998), or
chloroquine or sulfadoxine—pyrimethamine (Krishna ef al., 2001), were
also given to the patients. Therefore, one cannot conclude from these
studies that the subtherapeutic plasma levels of ART drugs did not occur
and, due to that, the ART drug efficacy was not compromised. It is possi-
ble that in the patients with subtherapeutic plasma levels of ART drugs,
the parasite and fever clearance was due to the other antimalarial drug.

6. Conclusions

Malaria control has relied on (1) killing the mosquito vector and
(2) an effective chemotherapy/chemoprophylaxis. An effective malaria
vaccine is not yet available, although substantial, promising advance-
ments have been made (Alonso et al, 2004). It is believed that the exten-
sive deployment of antimalarial drugs, in the past 50 years, has provided
a tremendous selection pressure on human malaria parasites to evolve
mechanisms of resistance. The emergence of drug resistance, particu-
larly in P falciparum, has been a major contributor to the global resur-
gence of malaria in the last three decades. Resistance has already
developed to all the antimalarial drug classes, and seems to be develop-
ing for the newer series of compounds—the artemisinins. These drugs
are already an essential component of treatments for multidrug-resistant
falciparum malaria. It is true that “if we lose artemisinins to resistance,
we may be faced with untreatable malaria” (White, 2004).

Malaria is a blood infection. The response to treatment is deter-
mined by antimalarial drug concentrations in the blood, and variability
in drug concentrations can contribute to the emergence of drug resist-
ance (Hastings et al., 2002). Variability in drug concentrations could be
due to variability in (a) absorption and distribution of the drug or
(b) metabolism and excretion of the drug. In the liver, CYP and
UGT enzyme superfamilies are involved in the metabolism of drugs,
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including many of the antimalarials. Polymorphisms are observed in sev-
eral members of these enzyme superfamilies. These polymorphisms are
inherited, and, therefore, are a major cause of interindividual and intereth-
nic variability in drug metabolism. The variability in drug metabolism is
one of the important factors that may cause drug concentrations to fall
outside of the therapeutic range, and, thus, may affect the efficacy of the
drug.

Although polymorphisms in parasite genes play an important role
in antimalarial drug resistance, the role of these human drug metaboliz-
ing enzyme — CYP and UGT — polymorphisms in the antimalarial drug
resistance, and drug efficacy, has not been explored. In addition to the
extensive and unregulated usage of antimalarial drugs, CYP and UGT
polymorphisms can contribute to the selection of resistant parasites by
altering drug/metabolite concentrations in the blood that are required to
kill the parasites. As the exposure of malaria parasites to suboptimal anti-
malarial drug levels is an important factor contributing to the evolution
of antimalarial drug resistance (White, 2004; Peters, 1987), polymor-
phisms in the human drug metabolizing proteins must be contributing to
the selection of these parasites.

An integrated approach for assessing treatment response in falci-
parum malaria is urgently needed (Winstanley and Watkins, 1992; Cox-
Singh et al., 2003). This type of approach would consider chemosensitivity
of given parasite strains as well as host metabolic variability in drug
response. Such an approach would promote a rational antimalarial use,
thereby preserving the therapeutic efficacy of promising and valuable
drugs in regions where antimalarial treatment failure poses a continuing
public health problem.
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1. The Phylum Apicomplexa

The genus Plasmodium consists of nearly 200 described species
that are parasitic to reptiles, birds, and mammals. Plasmodium belongs
to the phylum Apicomplexa, which includes more than 5000 described
species and many more still to be described. The Apicomplexa are all
parasites, characterized by their eponym structure, the apical complex,
which probably plays an important role in the parasite’s penetration of
host cells. Apicomplexa other than Plasmodium that cause disease in
humans include Toxoplasma, Cryptosporidium, and Babesia, although
the toll attributed to any one of these is small compared to Plasmodium.
There is no fossil record of apicomplexans (Margulis et al., 1993);
molecular phylogenetic investigations provide the best insight to the ori-
gins of the phylum. These studies have indicated that the Apicomplexa
are very ancient, perhaps as old as the multicellular kingdoms of plants,
fungi, and animals, and thus somewhat older than one billion years
(Ayala et al., 1998). The Plasmodium lineage diverged from other
Apicomplexa several hundred million years ago, perhaps earlier than the
Cambrian and before the vertebrates (chordates) originated form their
ancestral invertebrate lineage (Figure 6.1).

Some Apicomplexans are monogenetic, parasitic to one or several
related species, without requiring an intermediate host; e.g., the coccidean
Cryptosporidium parvum, which infects animal gut epitelia; although
other coccideans, such as Sarcocystis and Toxoplasma are digenetic para-
sites, requiring two separate host species to complete their life cycle. The
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Figure 6.1. Simplified phylogeny of Plasmodium and related protozoa. The branching nodes
refer to: 1, radiation of the Plasmodium genus; 2, radiation of the phylum Apicomplexa; 3 and 4,
Apicomplexa divergence from two related phyla, Dinozoa and Ciliophora.

two host species of digenetic parasites are distinguished as being either
definitive or intermediate, with the definitive host being the site in which
sexual reproduction of the parasite occurs. All Plasmodium species are
digenetic. An unsettled question is whether Plasmodium parasites evolved
directly from monogenetic parasites of ancient marine invertebrates ances-
tors of modern chordates, or whether they descended from other digenetic
parasites (Huff, 1938; Manwell, 1955; Garnham, 1966; Barta, 1989).
Molecular phylogenetic comparisons have not resolved this issue, but it is
apparent from analyses of ribosomal DNA and other genetic loci that the
digenetic life style has multiple independent origins among apicomplex-
ans (Barta, 1989; Escalante and Ayala, 1995; Fast ef al., 2002).

Vertebrates are the typical intermediate hosts of Plasmodium, while
invertebrate species are the definitive hosts or vectors. Plasmodium are
intracellular parasites occupying the blood cells of the intermediate host
for a large part of their life cycle; accordingly, their invertebrate vectors
are blood-feeding organisms, most typically mosquitoes, although in the
case of some of the reptilian malarias, sand flies serve as the vector
(Kimsey, 1992).

Two phyla related to the Apicomplexa are the Ciliophora (ciliates),
which includes Paramecium, and the Dinozoa, which includes the
dinoflagellates. Two large classes of Apicomplexa are the Coccidea,
already mentioned, and the Hematozoa, which includes the order
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Haemosporida, to which Plasmodium belongs, and the Piroplasmida,
which includes species parasitic to dogs, cats, horses, and cattle and are
mostly transmitted by ticks (definitive hosts).

2. The Genus Plasmodium

Human malaria is caused by four Plasmodium species: P falci-
parum, P.vivax, P malariae, and P ovale. The human toll of malaria is
stunning, perhaps the greatest of all human afflictions (Sherman, 1998),
although nowadays AIDS and tuberculosis may approach the number of
fatalities attributed to malaria, between 1 and 3 million deaths per year,
mostly children. The worldwide incidence of malaria is estimated at
300-500 million cases per year. Most morbidity and mortality occurs in
subSaharan Africa, caused by P falciparum, the most virulent species,
accounting for nearly 85% of the total. P vivax is the most geographi-
cally widespread of the human malarias, estimated to account for 70-80
million clinical cases across much of Asia, Central and South America,
the Middle East, and parts of Africa.

Various molecular phylogenetic analyses have revealed the relation-
ships among the Plasmodium species. Herein, we show a representative
phylogenetic tree based on the circumsporozoite protein (see, Figure 6.2)
gene sequences. Table 6.1 provides information about the hosts and the
geographic distribution of the species. The trees are obtained by the
“neighbor-joining” (NJ) method (Saitou and Nei, 1987) based on genetic
distances calculated according to Tamura’s three-parameter method
(Tamura, 1992). Trees obtained with other methods (such as maximum
likelihood) and/or based on other measures of genetic distance have fun-
damentally identical topologies as those shown in Figure 6.2 (certainly
with respect to the conclusions that will be formulated later). The root of
the Csp tree has been determined by maximum likelihood. (Additional
details can be found in Escalante and Ayala, 1995; Escalante et al., 1995;
and Ayala et al., 1998). Estimates of divergence times based on two
genes, Csp and ¥rRNA trees are given in Table 6.2.

The phylogenies represented in Figure 6.2 include three human
parasites, P, falciparum, P vivax, and P malariae. All four species (i.e.,
including P, ovale) have been included in phylogenies based on the mito-
chondrial gene encoding cytochrome-b (cyt-B) (Figure 6.3, after Perkins
and Schall, 2002; Qari et al. 1996). These phylogenetic studies yield the
following conclusions concerning the evolutionary history of the human
malarial parasites.

1. The four human parasites, P falciparum, P ovale, P malariae,
and P, vivax are very remotely related to each other, so that the
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P. falciparum (Human)

P. falciparum (Human)
P. falciparum (Human)

u P. falciparum (Human)

P. falciparum (Human)

P. malariae (Human) P. reichenowi (Chimpanzee)
P. malariae (Human)
P. brasilianum (New World monkey)

P. vivax (Human)

P. simium (New World monkey)
P. vivax (Human)
P. vivax (Human)

P. simiovale (Worldwide monkey)

P. cynomolgi (Asian monkey)

P. cynomolgi (Asian monkey)
P. cynomolgi (Asian monkey)

P. cynomolgi (Asian monkey)
P. cynomolgi (Asian monkey)

P. knowlesi (Asian monkey)
P. knowlesi (Asian monkey)
P. berghei (African rodent)
P. berghei (African rodent)
P. yoelii (African rodent)

_L_P. yoelii (African rodent)

Figure 6.2. Phylogeny of 11 Plasmodium species (30 isolates) inferred from Csp gene sequences.
Each parasite’s host is given in parentheses. Some independent isolates have identical sequences of
which only one is shown; thus, only five out of eight isolates are shown for P, falciparum, three out
of four for P vivax, and one out of two for P simium.

evolutionary divergence of these four human parasites greatly
predates the origin of the hominids. It follows that their parasitic
associations with humans are phylogenetically independent (i.e.,
all but one — at the most) of these species have been laterally

Table 6.1. Plasmodium Species Used for Construction of Phylogeny
Based on Csp Sequences

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

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

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

P, berghei 2 Rodent African tropics

P, yoelii 2 Rodent Africa
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Table 6.2. Time (in Million Years) of Divergence Between Plasmodium Species,
Based on Genetic Distances at Two Loci (Ayala et. al., 1999)

rRNA Csp
falciparum versus reichenowi 11.2+£25 89+04
vivax versus monkey* 209 £3.8 252+2.1
vivax versus malariae 75.7+8.8 103.5+0.6
falciparum versus vivax/malariae 75.7 £ 8.8 1654+ 1.6

*brasilianum and simium not included

I: P. falciparum
P. reichenowi
P. simovale
P. fieldi

P. inui

P. hylobati
P. simium
P. vivax
~, /L P. cynomolgi
P. knowlesi
P. gonderi
P. sp. (mandrill)

P. malariae

P. ovale

—— Hepatocystis sp. (baboon)

Hepatocystis (bat,
4/L P. berghei P ystis (bat)

P. yoelii
P. chabaudi

P. vinckei
P. atheruri

Leucocytozoan spp.

Figure 6.3. Phylogeny of 19 Plasmodium species (+2 Hepatocystis spp.) inferred from mito-
chondrial cytochrome-b gene sequences. “Plasmodium sp.” is an undescribed species isolated from
a mandrill, Mandrillus leucophaeus, in Gabon. Maximum likelihood analyses give strong support
for monophyly (i.e., a single common ancestor) of the mammalian malaria species. The inclusion of
two Hepatocytsis species within the mammalian malaria clade may indicate that the Plasmodium
genus is paraphyletic (i.e., its phylogeny includes species of a different genus), a situation that would
call for taxonomic revision. From Perkins and Schall, 2002.
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transmitted to the human ancestral lineage from other, nonpri-
mate hosts. These results are consistent with the diversity of
physiological and epidemiological characteristics of these four
Plasmodium species (Coatney et al., 1971; Lopez-Antufiano and
Schumumis, 1993).

Plasmodium falciparum is more closely related to P reichenowi,
the chimpanzee parasite, than to any other Plasmodium species.
On the basis of the Csp and rRNA genes, the time of divergence
between these two Plasmodium species is estimated at 8—11 mil-
lion years (My) ago, which is consistent with the time of diver-
gence between the two host species, human and chimpanzee.
(The divergence time of parasitic species is likely to predate the
divergence of their host species, similarly as the divergence
times of ancestral gene lineages are likely to predate the diver-
gence of their species; alternative polymorphic states may
become fixed in one or the other carrying species.) A parsimo-
nious interpretation of this state of affairs is that P falciparum is
an ancient human parasite, associated with our ancestors since
the divergence of the hominids from the great apes. The Csp tree
confirms that P falciparum is closely related to P reichenowi,
but distinct from it. Note that the cluster of the P falciparum
strains has a 92% bootstrap value, which is highly significant.
(Figure 6.3 shows only five of the eight falciparum strains
because others are identical to those shown.) The genetic dis-
tance between falciparum and reichenowi is 0.044 = 0.002,
five times as large as the average intraspecific distance among
the eight falciparum strains, which is 0.009 + 0.001 (Escalante
et al., 1995). The cytochrome-b tree (Figure 6.2) also confirms
that falciparum is most closely related to reichenowi than to any
other Plasmodium species, but different from it (Ayala et al.,
1998; Escalante ef al., 1998).

McCutchan et al. (1996) failed to separate unambiguously P, falci-

parum and P reichenowi when they analyzed amino acid rather than
nucleotide sequences. This ambiguity can be attributed to the difficulty
of aligning, for several Plasmodium species, amino acid sequences that
are quite different and variable in length (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 P reichenowi and all available sequences of P falciparum, the
difference between the two species is unambiguous (see Rich et al., 1997
for the distinct composition of the central Csp repeat region).
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3. Plasmodium malariae, a human parasite and P brasilianum,
a New World monkey parasite, are genetically indistinguishable
at the Csp gene. We infer that a lateral transfer between hosts has
occurred in recent times, either from monkeys to humans or vice
versa.

Moreover, Plasmodium vivax is genetically indistinguishable from
P simium at the Csp gene (and also at the /8SSUrRNA; see Escalante
et al., 1997). P simium is, like P brasilianum, a parasite of New World
monkeys. We infer, again, a recent lateral transfer between human and
monkey hosts.

The average intraspecific distances for each of the three human
parasites (and for P simium; only one strain of P brasilianum was inves-
tigated) are shown in Table 6.3. The Table also gives the genetic distance
among the three human and two primate parasites. The genetic dis-
tance between malariae and brasilianum is 0.002 + 0.002, not greater
than the distance among the two malariae, or the four vivax, or the eight
falciparum sequences available. Although P malariae and P, brasilianum
are isolated from very different hosts—P malariae from humans,
P brasilianum from New World monkeys—the question arises whether
they are different species, since they are genetically indistinguishable.
P malariae and P brasilianum might be considered either two distinct
species or a single species exhibiting “host polymorphism” (Escalante
and Ayala, 1994) (i.e., able to parasitize more than one host species). But
this is a question of taxonomy and convenience, rather than biologically
substantive. Whether or not malariae and brasilianum are considered
one or two distinct species, it would be the case that either brasilianum
is a recent platyrrhine parasite acquired from humans, or malariae has
only recently become a human parasite by a host—switch from New
World monkeys. In the latter case, malariae would have become a human
parasite within the last 15,000 years, after the first human colonization

Table 6.3. Average Genetic Distance Within and Between Various Plasmodium
Species, Based on the Csp Gene

Number of
Species strains Intraspecific malariae vivax simium brasilianum
falciparum 8 .009+.001 .697+.003  .581+.003  .837+.002  .687+.004
malariae 2 .004+.003 5174006  .513+£.004  .002+.002
vivax 4 .004+.001 .004+.001  .517+.000
simium 2 .000+.000 .508+.187
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of the Americas, and perhaps only within the last several hundred years,
after the expansion of human populations that followed the European
colonizations of South America.

3. Transfers Between Human and Monkey Hosts

The same issue, whether they should be considered only one or two
species, arises with respect to vivax versus simium. Three considerations
favor a lateral transfer from human to monkey hosts:

(@)

(ii)

(iii)

Plasmodium vivax has a worldwide distribution, in contrast to
the limited geographic range of simium, restricted to a few
South American monkey species, Alouatta fusca, Brachyteles
arachnoides, and Ateles sp. (Gysin, 1998). The counterpoint
can be made, however, that humans are exceedingly mobile.
Infected humans could readily have carried the parasite from
South America to other world continents.

There are no records of malaria in South America (or elsewhere
in the New World) before the arrival of the European coloniz-
ers within the last 500 years. This would be consistent with the
interpretation that P vivax (as well as P malariae and P, falci-
parum) was introduced to the New World by the European col-
onizers and their African slaves. The weakness of this argument
is that it consists of negative evidence, which is particularly
unreliable when there are no extensive observations, experi-
ments, or studies that would have likely manifested the pres-
ence of malaria in the New World before the year 1500, even if
malaria had indeed been present.

Historical records suggest that nonmalignant malaria has
occurred in the Old World for several thousand years. Chinese
medical writings, dated 2700 BC, cuneiform clay tablets form
Mesopotamia, dated about 2000 BC, the Ebere Egyptian Papyrus
(ca. 1570 BC), and Vedic period Indian writings (1500-800 BC),
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, some more than 3000 years old (Miller
et al., 1994; Sherman, 1998). Hippocrates’ (460-370 BC) dis-
cussion of tertian and quartan fevers, “leaves little doubt that by
the fifth century BC Plasmodium malariae and P vivax were
present in Greece” (Sherman, 1998, p. 3). If this interpretation
is correct, the association of malariae and vivax with humans
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could not be attributed to a host—switch from monkeys to
humans that would have occurred after the European coloniza-
tions of the Americas. This seems definitive evidence, so long
as one accepts the interpretation that the fevers described by
Hippocrates were indeed caused by the two particular species P
vivax and P malariae.

Three considerations favor the alternative hypothesis, namely, that
the host “invasion” has occurred from monkeys to humans:

(a)

(b)

(©)

Humans are biologically (evolutionarily) more closely related to
Old World monkeys (catharrhines) than to New World monkeys
(platyrrhines). If lateral host-switch from humans to monkeys
were likely, it would be more likely that the natural transfer would
have been to our closer, rather than to our more remote relatives.
This argument would be much weakened if the chimpanzee/gorilla
parasite P rodhaini, which is thought to be quite similar to P vivax,
or P schwetzi, also a chimpanzee/gorilla parasite, which is similar
to P malariae (Gysin, 1998), were shown to be genetically identi-
cal (or very similar) to the corresponding human parasites, so that
they might have been recently acquired by the apes from humans.
We note that, according to Gysin (1998), “it has been shown” that
P, schwetzi is “closely related” to P malariae, but is “homologous”
to P vivax. This is a strange claim considering the considerable
phylogenetic distance between P malariae and P vivax (see Figs.
6.2 and 6.3). We would point out, moreover, that P, reichenowi, and
P falciparum, which are “closely related” and “homologous”
(Gysin, 1998) are evolutionarily as distant as their hosts, chim-
panzees/gorillas and humans (see earlier section). The catharrhine
parasite P, inui, widely thought to be closely related to P malariae,
has been shown to be quite different (Escalante et al., 1998).
Humans and their ancestors have been geographically associated
with catarrhine monkeys for millions of years, but only for sev-
eral thousand with platyrrhine monkeys. If the natural transfer
from humans to monkeys were likely, it would have been much
more likely that the transfer would have occurred to species with
which humans have been in geographic association for a much
longer period.

Plasmodium simium is parasitic to several platyrrhine species.
A lateral host transfer from humans to monkeys would require
several host—switches, either from human to each monkey
species, or from human to one monkey species and then from
one to other monkey species, all in a short time interval (a few
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thousand, or even a few hundred years). This state of affairs is
more extreme when we consider the case of P malariae and P
brasilianum, since this parasite’s hosts include numerous
platyrrhine species (26 taxa are listed by Gysin, 1998, p. 420).

We have conjectured in the past (Escalante et al., 1995; Ayala et al.,
1998), on the grounds of evolutionary parsimony, that the host—switch
between vivax and simium and also between malariae and brasilianum—
may have been from primates to humans so that vivax and malariae would
have become human parasites only recently, perhaps only a few hundred
years ago. The historical record (iii, see earlier section) is the strongest evi-
dence against this conjecture. The matter can, in any case, be resolved by
comparing the genetic diversity of the human and primate parasites. If the
transfer has been from human to monkeys, the amount of genetic diversity
in silent nucleotide sites (and other neutral polymorphisms) will be much
greater in P vivax than in P simium, and in P malariae than in P, brasilianum
(including in each comparison the polymorphisms present in the several
monkey host species). A transfer from monkey to humans would be evinced
by much lesser polymorphism in the human than in the monkey parasites.

The genetic indistinguishability between P vivax and P simium has
recently been confirmed by an investigation of 13 microsatellite loci and
eight tandem-repeat (TR) loci, which includes 108 P vivax individual
samples broadly representative of the distribution of this parasite (Leclerc
et al., 2004). Microsatellite polymorphisms arise at high rates by repli-
cation slippage, yielding new alleles with different numbers of the
repeating unit. The genetic near-identity between P vivax and P simium
is evinced, first, by the fact that all 13 microsatellite loci could be ampli-
fied in P simium. The number of microsatellite loci that could be ampli-
fied in any one of eight other Old World (catarrhyne) monkey parasites
range from zero (P gonderi) to ten (P cynomolgi). Moreover, P simium
carries the same allele as P vivax at the nine loci that are monomorphic
in this species, the most common P, vivax allele at the three slightly poly-
morphic loci, and one of the P vivax alleles at the only locus that is poly-
morphic in this species. A parallel situation occurs at the TR loci which
evolve also rapidly. First, all eight TR loci could be amplified in P sim-
ium, but only between zero and three in any of the other catarrhyne par-
asites. Second, P simium alleles are identical to those of P vivax at all
loci but one, at which P simium presents one private allele. This,
however, is also the case for several local populations of P vivax, which
each display at least one private allele at one TR locus. A neighbor-join-
ing tree based on TR genetic distances between populations includes
P, simium within the P vivax polymorphism (Leclerc et al., 2004).
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Lateral transmission of Plasmodium parasites from monkey hosts to
humans is known for several species, including P simium (Deane et al., 1966),
P, brasilianum (Contacos et al., 1963), P cynomolgi (Eyles et al., 1960), P
knowlesi (Chin et al., 1965) and, perhaps, Plasmodium simiovale (Qari
et al., 1993). Transmission from humans to monkeys can be accom-
plished experimentally (Chin et al., 1965) and may also occur naturally
(Collins, 1974). Among avian and reptilian malaria parasites, host—shifts
have been a common occurrence (Bensch et al., 2000; Ricklefs and
Fallon, 2002).

The direction of host transfer between P, vivax and P, simium can be
settled genetically. If the transfer has occurred from platyrrhine to
human, P simium is expected to have greater nucleotide polymorphism
at neutral sites than P vivax. Ascertaining this will require the investiga-
tion of numerous independent samples of P simium, which are not cur-
rently available. Moreover, the issue may not simply be resolved, because
the genetic impoverishment of P vivax may be due to a recent demo-
graphic (or selective) sweep, which for now is postulated as the likely
explanation for this impoverishment (Leclerc et al., 2004; Rich 2004).

4. Population Structure of Plasmodium falciparum

As shown earlier, the lineage of P falciparum has been associated
with the human lineage throughout the evolution of the hominids (i.e.,
since the separation of the human and chimpanzee lineages), 6—8 million
years (My) ago. The question we now raise is whether the population
dynamics of P, falciparum has or not followed that of its hominid hosts.
A possibility, for example, is that P falciparum may have been restricted
to some small locality from which it might have spread throughout other
human populations as a consequence of increased virulence, environ-
mental changes, or some other factor.

One way to approach this question is to investigate the distribution
of genetic polymorphisms in P falciparum populations. Numerous epi-
demiological studies have indicated that populations of P falciparum are
remarkably variable. Extensive genetic polymorphisms have been iden-
tified with respect to antigenic determinants, drug resistance, allozymes,
and chromosome sizes (e.g., Sinnis and Wellems, 1988; Creasy et al.,
1990; Kemp and Cowan, 1990; McConkey et al., 1990; Hughes and
Hughes, 1995; Babiker and Walliker, 1997). Antigenic and drug resist-
ance polymorphisms respond to natural selection, which is most effective
in large populations—millions of humans are infected by P falciparum
and one single patient may harbor 10'* parasites (McConkey et al.,
1990). The replacement of one allele by another, or the rise of polymorphism
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with two or more alleles at high frequency may occur even in one gen-
eration. 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 par-
ticular mutation is expected to arise in any one generation; and the same
mutation may arise—and rise to large frequency—independently in sep-
arate 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 polymor-
phisms reflect the mutation rate and the time elapsed since their diver-
gence from a common ancestor. The population structure of
P, falciparum is, consequently, best investigated by examining the inci-
dence of synonymous polymorphisms.

The coalescence theory of population genetics assumes that the
allele sequences of any given gene present in populations of an organism
can be genealogically traced back to a single ancestral sequence
(“cenancestor”). If one ignores the possibility of multiple hits (which is
reasonable, so long as the sequences are not extremely polymorphic), the
number of neutral polymorphisms observed in a sample of multiple
strains will be a function of the neutral mutation rate, the time elapsed,
and the number of lineages examined (and follow a Poisson distribution).
If the neutral mutation rate can be established, the time elapsed since the
cenancestor is simply determined by dividing the number of polymor-
phisms observed by the mutation rate times the number of neutral
nucleotide sites observed in the full sample (Appendix).

Table 6.4 summarizes the polymorphisms that we found in a sam-
ple of 10 genes for which several sequences were available in DNA data
banks (Rich et al., 1998). The gene sequences analyzed derive form iso-
lates of P falciparum representative of the global malaria endemic
regions. The Dhfr and Ts genes are found directly adjacent to one
another on the parasite’s fourth chromosome and encode the bifunctional
dihydrofolate reductase—thymidylate synthetase (DHFR-TS) domain.
Certain mutations in the DAfr gene have been widely associated with
P, falciparum resistance to antifolate drugs, including pyrimethamine. Two
other genes in Table 6.4 have been implicated with drug-resistant phe-
notypes of P, falciparum: the gene coding for dihydropteroate synthetase
(Dhps) and the gene for multidrug resistance (Mdr1). The circumsporo-
zoite protein (encoded by Cspl) is antigenic, and the rhoptry-associated
protein (encoded by Rapl) may also be immunogenic. The other four
genes in Table 6.4 are not known to be immunogenic or associated with
resistance to any antimalarial drug currently in use. They code for
calmodulin (Calm), glucose-6-phosphate dehydrogenase (G6pd), heat-
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Table 6.4. Polymorphisms in 10 Gene Loci of Plasmodium falciparum

Number of
Polymorphic sites synonymous sites
Gene Chromosome Length Sample
location (bp) size nonsynonymous synonymous Fourfold Twofold
Dhfir 4 609 32 4 0 2144 4128
Ts 4 1215 10 0 0 1250 2640
Dhps 8 1269 12 5 0 1536 2724
Mdrl 5 4758 3 1 0 1350 2088
Rapl — 2349 9 8 0 1092 1668
Calm 14 441 7 0 0 364 602
G6pd 14 2205 3 9 0 726 1404
Hsp86 7 2241 2 0 0 532 910
Tpi — 597 2 0 0 180 262
Cspl 5" end 3 387 25 7 0 688 2010
Cspl 3" end 3 378 25 17 0 1050 1625
Total — — — 51 0 10,912 20,061

shock protein 86 (Hsp86), and triose phosphate isomerase (7pi). Six of
the ten loci exhibit amino acid polymorphisms, including the drug-
resistance genes Dhfr, Dhps, and Mdr-1, as well as the antigenic Cps and
Rapl. The significant result is that no silent polymorphisms are observed
in any of the 10 genes. An independent study of ten gene loci, most
encoding antigenic determinants, has shown a similar scarcity of silent
polymorphisms (Escalante ef al., 1998).

5. Malaria’s Eve Hypothesis

Estimating time of divergence from neutral polymorphism requires that
the neutral mutation rate (of third position in synonymous codons) be
known. We have estimated the neutral mutation rate by comparing the
P, falciparum gene sequences with P reichenowi (the chimpanzee para-
site) and also with a set of rodent Plasmodium parasites (Rich et al.,
1998). The number of neutral polymorphisms in Table 6.4 is zero and,
thus, at face value, the time elapsed since the cenancestor (t) would be
zero, although it would become positive as soon as some neutral poly-
morphisms are observed. In any case, t is expected to follow a Poisson
distribution, which allows calculating the upper confidence limit for the
time since the cenancestor. As shown in Table 6.5, the 95% upper confi-
dence level is between 25,000-50,000 years ago, depending on which
mutation rate estimate is used; the 50% upper confidence limit is between
6000-13,000 years. We have referred to this conclusion, that the world
expansion of P, falciparum is recent, as the Malaria’s Eve hypothesis.



138 Stephen M. Rich and Francisco J. Ayala

Table 6.5. Estimated Upper-boundary Times (t,5 and t,, in Years) to the Cenancestor
of the World Populations of P, falciparum

Mutation rate X 10~

Assumption Fourfold Twofold tys ts,

Plasmodium radiation

55 My 7.12 222 24,511 5,670
129 My 3.03 0.95 57,481 13,296
falciparum-reichenowi

5 My 3.78 1.86 38,136 8,821
7 My 2.70 1.33 53,363 12,342

Mutation rates are estimated based on two sets of assumptions, concerning either the origin of the Plasmodium
genus or the time of divergence between P, falciparum and P, reichenowi. The P, falciparum cenancestor lived more
recently than 24,511 or 57,481 years ago, with a 95% probability; and more recently than 5670 or 13,296 years
with a probability of 50%.

In the few years since we first proposed the Malaria’s Eve hypoth-
esis (1998), the issue has been subject to a contentious debate. Our ini-
tial conclusion was based on sequences that were then available from
GenBank, and the only criteria for inclusion of genes in our dataset was
that they had to be void of repetitive DNA sequences and show no evi-
dence of being under positive selection impacting synonymous codon
substitutions. In 1998, the amount of sequence data available for the
species was rather limited, but since that time the dataset has grown
enormously, including the complete genome sequence of P falciparum
published in 2002 (Gardner et al., 2002).

One of the new studies entails a large-scale sequencing survey of
25 introns, located on the second chromosome, from eight P, falciparum
isolates collected among global sites (Volkman et al., 2001). The find-
ings of this study confirm our previous result: there is an extreme
scarcity of silent-site polymorphism among extant populations of P. fal-
ciparum. Among some 32,000 nucleotide sites examined, Volkman et al.
(2001) found only three silent single-nucleotide polymorphisms (SNPs).
Combining their data with ours, these authors estimated that the age of
Malaria’s Eve was somewhere between 3200 and 7700 years, depending
on the calibration of the substitution clock.

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 four P, falciparum isolates originating from Africa, Brazil,
and two from Thailand, as well as the chimpanzee parasite, P reichenowi.
Alignment of the four complete mtDNA sequences (5965 bp) showed
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that 139 sites contain fixed differences between falciparum and
reichenowi, whereas only four sites are polymorphic within falciparum.
The corresponding estimates of divergence (K, between P reichenowi
and P falciparum) and diversity (m, within P falciparum strains), are
0.1201 and 0.0004, respectively (i.e., divergence in mtDNA sequence
between the two species is 300-fold greater than the diversity within the
global P, falciparum population). If we use the rDNA-derived estimate of
8 million years as divergence time between P falciparum and
P, reichenowi, then the estimated origin of the P, falciparum mtDNA lin-
eages 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 sub-
sequent survey of a total of 104 isolates from Africa (n = 73), Southeast
Asia (n = 11), and South America (n = 20), Conway et al. (2000) deter-
mined that the extant global population of P, falciparum is derived from
three mitochondrial lineages that started in Africa, and migrated subse-
quently (and independently) to South America and Southeast Asia. Each
mitochondrial lineage is identified by a unique arrangement of the four
polymorphic mtDNA nucleotide sites.

More recently, the complete 6-kb mitochondrial genome has been
sequenced from 100 geographically representative isolates, (Joy et al,
2003). The sequences support a rapid expansion of P falciparum in
Africa, starting approximately 10,000 years ago. The data indicate, how-
ever, that some lineages are five to ten times more ancient and that P, fal-
ciparum populations have existed in Southeast Asia and South America
perhaps earlier than 50,000 years ago. This is unexpected, because if fal-
ciparum originated in Africa, the oldest polymorphisms should occur in
that continent, as is the case for human mitochondrial lineages.
Moreover, the presence of P falciparum in South America more than
50,000 years ago is most unlikely, since humans colonized America
15,000-18,000 years ago (or, less likely, around 30,000 years ago)
(Cavalli-Sforza et al., 1994) and, moreover, it is generally accepted that
falciparum malaria was introduced in America by the slave trade (Watts,
1997). Rather, it seems likely that the high differentiation of some
mitochondrial sequences may be a consequence of the large variation
expected in a sample of nonrecombinant neutral sequences, as is the case for
the mitochondrial genome, or a consequence of natural selection increasing
the frequency of some favorable sequences, which then would appear to be
much older than they actually are. Some mitochondrial genes are likely to
be under selection, such as the gene encoding cytochrome b, which seems to
underlie susceptibility to some antibiotics (Vaidya et al., 1993).

A recent investigation of 20 protein-coding genes has confirmed
the low level of synonymous polymorphisms found in earlier studies
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(Table 6.4; see also Escalante et al., 1998; Rich et al., 1998). Many of the
20 loci were chosen so as to be different from those previously analyzed,
and are located on 11 different chromosomes. The 20 genes were
sequenced in 5-7 reference isolates. Among the 22,611 nucleotides
sequenced for each strain, there were 21 nonsynonymous polymorphisms,
but only one synonymous polymorphism (Table 6.2 in Hartl, 2004),
strongly supporting the Malaria’s Eve hypothesis.

6. Malaria’s Eve Counterarguments

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

Some studies have estimated that antigenic polymorphisms in
P, falciparum may be 40 or more million years old, older than the origin
of the hominids (Hughes, 1993; Hughes and Hughes, 1995). An analysis
of nucleotide sequences for 23 gene loci has concluded that the cenances-
tor of extant populations of P, falciparum must be 300,000-400,000 years
old (Hughes and Verra, 2001). As we have previously explained, these
inferences ignore natural selection promoting rapid evolution of antigenic
determinants; rely on erroneous sequence alignments that fail to recog-
nize the presence of repetitive sequences; cannot account for large excess
of nonsynonymous over synonymous substitutions; and depend on poorly
scrutinized sequences obtained from data banks (Rich and Ayala, 1999,
2000, 2003). Some alleged polymorphisms are sequencing errors since
they come from a single gene derived from a single clone, but sequenced
in different laboratories (see Rich and Ayala, 2003; Hartl, 2004). Similar
problems plague the survey by Mu et al. (2002) of more than 200 kb from
the complete chromosome 3 and their conclusion that P falciparum has
maintained large populations for at least 300,000 years (Ayala and Rich,
2003; Hartl, 2004).

The argument that selection pressure against synonymous substitu-
tions, rather than a recent cenancestor, can account for the scarcity of
synonymous polymorphisms has also been answered in detail (Rich and
Ayala, 1998, 2003). This argument is largely based on the predominance
of AT pairs over GC pairs in the genome of P, falciparum. Indeed, the AT
content of P, falciparum is 71.7% overall, and 83.6% in the third position
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(Nakamura et al., 1997). In response, it may suffice here to say that: (1)
AT excess lowers the rate of synonymous substitution but does not alto-
gether eliminate it; (2) in fourfold redundant codons, the bias favors
codons ending in A or T but it does not impact A~ T mutations; (3) other
Plasmodium species are also AT rich and should have the same
mutational constraints as P falciparum, yet they exhibit abundant syn-
onymous intraspecific polymorphisms as well as interspecific differenti-
ation; (4) comparisons between P. falciparum and P. reichenowi at five
genes for which data are available in both species yield high numbers
of synonymous substitution (average K= 0.072 versus K = 0.046 for
nonsynonymous substitutions) (Rich and Ayala, 1998).

Beyond genetic inference, other considerations support the
Malaria’s Eve hypothesis. Sherman (1998) has noted the late introduc-
tion and low incidence of falciparum malaria in the Mediterranean
region. Hippocrates (460-370 BC) describes quartan and tertian fevers,
but there is no mention of severe malignant tertian fevers, which sug-
gests that P, falciparum infections did not yet occur in classical Greece,
as recently as 2400 years ago.

The expansion of P falciparum across the globe after the Neolithic
revolution, perhaps about 5,000—6,000 years ago, starting from a highly
restricted geographic location, probably in tropical Africa, may have
been made possible by (1) changes in human societies, (2) genetic
changes in the host—parasite-vector association that have altered their
compatibility, and (3) climatic changes that entailed demographic
changes (migration, density, etc.) in the human host, the mosquito vec-
tors, and/or the parasite.

One factor may have been changes in human living patterns, particu-
larly the development of agricultural societies and urban centers that
increased human population density (Livingston, 1958; Weisenfeld, 1967;
De Zulueta et al., 1973; de Zulueta, 1994; Coluzzi, 1997, 1999; Sherman,
1998). Genetic changes that have increased the affinity within the para-
site—vector—host system are also a possible explanation for a recent expan-
sion, not mutually exclusive with the previous one. Coluzzi (1997, 1999)
has cogently argued that the recent worldwide distribution of P, falciparum
has come about, in part, as a consequence of a recent dramatic rise in vec-
torial 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
account (2, above) may have been associated with, and even be dependent
on the onset of agricultural societies in Africa (1, above) and climatic
changes (3, above), specifically gradual increase in ambient temperatures
after the Wiirm glaciation, so that about 6000 years ago climatic conditions
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in the Mediterranean region and the Middle East made the spread of P, fal-
ciparum and its vectors beyond tropical Africa possible (De Zulueta ef al.,
1973; de Zulueta, 1994; Coluzzi, 1997, 1999). Once demographic and cli-
matic conditions became suitable for propagation of P falciparum, natural
selection would have facilitated evolution of Anopheles species that were
highly anthropophilic and effective falciparum vectors (De Zulueta et al.
1973; Coluzzi 1997, 1999).

The Malaria’s Eve hypothesis is consistent with the evolutionary his-
tory of genetically determined immunity factors that confer resistance to
P, falciparum. A glucose-6-phosphate dehydrogenase (G6pd) genetic defi-
ciency occurs at high frequency in areas of malaria endemicity, particularly
in subSaharan Africa. Tishkoff ef al. (2001) have concluded that the G6pd
mutants are only 3330 years old (95% confidence interval, 1600—6640
years), indicating that P falciparum has only recently become a disease
burden to humans. It has been known for decades that hemoglobin S (Hbs;
BGglu—Val) heterozygosity confers protection against severe malaria
(Allison, 1964; Hill and Weatherall, 1998). Current evidence suggests that
the sickle cell mutation has arisen at least twice, once in India or the
Middle East and once in Africa, although it is possible that the mutation
may have arisen more than once in Africa (Hill and Weatherall, 1998).
Analyses of the B globin gene haplotypes associated with a sickle-cell
mutation in Africa suggest that it is recent in origin, perhaps no more than
2000 years (Currat et al., 2002; Weatherall, 2004). A hemoglobin C (Hbc;
B6Glu—Lys) mutation seems to have arisen in Africa equally recently, or
even more recently. HbC is associated with a 29% reduction in risk of clin-
ical malaria in heterozygotes (HbCA) and of 93% reduction in HbCC
homozygotes, which exhibit limited pathology compared to the severely
disadvantaged HbSS (Modiano et al., 2001).

Appendix

If a population grows to a large size after a bottleneck, it is reasonable to
assume that the genealogy of a sample of multiple strains collected from
widely distributed localities would be a star-like phylogeny with the com-
mon ancestor at the vertex of the star, as in Figure 6.4 (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 have a Poisson distribution with a mean
that depends on the neutral mutation rate, the time elapsed, and the num-
ber of lineages examined. The expected number of polymorphisms is
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Figure 6.4. Schematic representation of a star phylogeny with the most recent common ancestor
(MRCA) at the apex. The scale of # represents the time elapsed since this MRCA gave rise to all its
descendents in the extant population (n,, n,, n,, ... n,).

ny np ns n;

where u and p, are the neutral mutation rates at the third position of four-
fold and twofold degenerate codons, respectively; ¢ is the time since the bot-
tleneck; n; the number of lineages sampled at the ith locus; and /, and m,,
respectively, the number of fourfold and twofold synonymous sites exam-
ined at the ith locus. This expression suggests an estimator of the time of the
bottleneck, obtained by solving for 7 and replacing A (the expected number
of polymorphisms) by S, the observed number of polymorphisms:
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Vector Genetics in Malaria Control

V.P. Sharma

Abstract

Anopheles culicifacies is the major vector of rural malaria in the plains
of India. Cytogenetic analysis of polytene chromosomes revealed that
A. culicifacies is a complex of five sibling species designated as A, B, C, D,
and E. Each sibling species has its own distribution pattern which is influ-
enced by the environment. Sibling species differ in their larval and adult
biology, response to insecticides, and capacity to transmit the disease. This
knowledge has been applied in malariogenic stratification and the selection
of cost-effective strategy in fighting malaria in India.

1. Introduction

Malaria is endemic in India. An estimated one billion population is
at risk of malaria. Currently reported malaria incidence has stabilized at
approximately 2 million parasite positive cases annually and deaths
approximately 500-800. World Health Organization (WHO) estimates 15
million malaria cases and 20,000 deaths. Several independent studies and
in-depth evaluations have brought out the fact that malaria incidence in the
country is grossly underestimated (NMEP, 1985; Sharma, 1998). Malaria
is unevenly distributed in time and space. Bulk of malaria cases are found
in flood plains of northern India and in the east and west coastal plains.
The northeastern region (population 28.5 million), and the forest and for-
est fringes on the hill ranges of peninsular India occupied by minority eth-
nic groups (population 71 million) have remained hyperendemic. Large
parts of the country are visited by malaria epidemics, and in some
years epidemics cover the entire ecotype like the epidemic of malaria in
western Rajasthan in 1994 (Sharma, 1995). Malaria situation is still
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alarming in Thar desert, stated to be sitting on the tip of the malarial ice-
berg (Sharma, 2004). The country is witnessing major ecological changes
under the 5-year plans. Developmental activities have profoundly affected
the epidemiology of malaria. Malaria till the 1950s was a rural disease, but
over the last five to six decades new malaria ecotypes have emerged, such
as man-made malaria in vast land areas under exploitation for settlement,
industrial development, and agriculture (Pattanayak, et al. 1994; Sharma,
2002). Concurrently many new problems have emerged in the control of
malaria viz., widespread vector resistance so that spraying now produces
diminishing returns; emergence of drug resistance in P falciparum and
more recently in Plasmodium. vivax and deaths due to malaria that had
been completely eliminated started visiting the endemic areas throughout
the country (Dua et al., 1996; Sharma, 1996; 1999). Resurgent malaria
was widespread disseminating drug resistant strains. The return of malaria
entered all receptive areas at one time freed from the disease (Sharma and
Mehrotra, 1982a,b; 1986). The country now faces formidable challenges
in malaria control viz., high cost of malaria control year after year, envi-
ronmental pollution, resurgence of drug-resistant malaria, enormous
losses in agriculture, industry, and tourism, difficulties in the development
of the hinterland, rising trend of man-made malaria, epidemics which have
become annual feature, and malaria which is the primary cause of illhealth
in the endemic belts. Vector control is absolutely essential to control
malaria effectively. Malaria-endemic areas remain poverty-stricken:
malaria causes anemia, adversely affect the health of children and pregnant
women, produces low birth babies, affects cognitive development in
children, and is the single most important cause of poverty (Sharma, 2003).

There are about 450 Anopheles species in the world, of these 70 are
considered vectors of malaria. The Indian anopheline fauna comprises of 58
species. Six anopheline are major vectors of malaria viz., Anopheles culici-
facies, A. stephensi, A. fluviatilis, A. minimus, A. dirus, and A. sundaicus
(Nagpal and Sharma, 1994) Anopheles culicifacies is the major malaria
vector, widely distributed in the plains of India generating an estimated
65% malaria cases annually (Sharma, 1998) Several attempts to colonize
A. culicifacies had failed, and as a result no advances could be made in our
understanding of the basic biology of A. culicifacies (Russell and Rao,
1942). For the first time it was colonized by Ainsley (Ainsley, 1976) in
Pakistan and India at the Malaria Research Centre (MRC) by Ansari et al.
(1977). Currently the insectary at MRC maintains inter alia, A. culicifacies
sensu lato originating from various places; sibling species A, B, C, and D;
DDT and Malathion susceptible and resistant lines; and phenotypic and
biochemical markers. Successful colonization of 4. culicifacies opened up
new opportunities for basic and applied research on A. culicifacies. Thus
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one of the important disciplines identified for thrust at the MRC was vec-
tor genetic research to control malaria in the country. In about two decades
genetic research unfolded malaria epidemiology in diverse terrain and pro-
vided evidence for rational and sustainable malaria control. Work done on
A. culicifacies is presented further.

Malaria control in India is largely the story of the control of A. culi-
cifacies. This vector is active in malaria transmission in Iran, Afghanistan,
Pakistan, India, and Sri Lanka. It prefers dry and semihumid climate. It is
a monsoon-associated species and therefore bulk of malaria transmission
occurs during rainy season. A. culicifacies breeds in the sunlit ponds and
rainwater collections, newly dugout pits, natural and man-made water bod-
ies, banks and beds of canals, subcanals, peripheral channels, seepage,
small water collections, such as hoof prints and wheel rut and borrow pits,
etc. Although rainfall encourages the breeding of all malaria vectors but it
has profound impact on the breeding of 4. culicifacies (Singh and Sharma,
2002). Therefore India’s malaria is said to be a rainfall phenomenon.
A. culicifacies has been incriminated in the transmission of P vivax, P, fal-
ciparum, P malariae, and drug-resistant malaria. The main obstacle in
malaria control is the problem of physiological resistance to insecticides.
An estimated 70-80% National Malaria Eradication Programme
(NMEP?s) efforts and cost of malaria control goes in the control of only
one malaria vector (i.e., A. Culicifacies). This vector maintains endemic
malaria throughout rural India and its rational control has remained an
enigma. 4. culicifacies transmitted malaria is highly uneven, unstable, and
brings periodical epidemics (Raghavendra ef al., 1997; Sharma, 2002).

2. The Anopheles culicifacies Complex

A. culicifacies has high polymorphism as displayed by the presence
of five sibling species. Green and Miles (1980) identified two sibling
species in A. culicifacies designated as species A and B. This identifica-
tion was based on two paracentric inversions a and b, on the X-chromosome
in natural populations, in the apparent absence of heterozygotes.
This was the first evidence of biologically distinct species within the
taxon A. culicifacies Giles. Subsequently, within Xab population of
A. culicifacies in Gujarat and Madhya Pradesh Subbarao ef al. (1983)
found two fixed paracentric inversions of g! and h! in chromosome arm
2. While species B was fixed for g' inversion (Xab; 2g! + h') the new
population with h! inversion was designated as species C (Xab; 2 + g'h").
Furthermore, in a few populations in northern India, i' inversion
was found polymorphic in species A population but in few places in
northern and central India, a deficiency of heterozygotes was found for
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i! inversion and in southern India a total absence of inversion heterozy-
gotes was observed between species A (X +a + b; 2 + g!' + h') and the
population with X +a + b; 2 i' + h! arrangement in certain areas (Suguna
et al., 1983; Subbarao, 1988). These observations provided population
cytogenetic evidence for yet another species, species D (X +a + b; 2 i
+ h') in 4. culicifacies complex (Vasantha et al., 1991). Figure 7.1 gives
the cytomap of the four sibling species as worked out by the genetic
research team at the MRC.

Surveys were undertaken throughout the country to map the distri-
bution of 4. culicifacies sibling species. It was revealed that species B is
prevalent throughout India. In north India species A and species B are
sympatric with predominance of species A (Subbarao et al., 1987). In
central India species A, B, C, and D occur in different proportions.
In west India species B and C are sympatric with the predominance of
species C. In southern India species A and B are sympatric with pre-
dominance of species B (Subbarao, 1988). For example, in Tamil Nadu
65—75% malaria cases are reported from 10 towns; and rural malaria is
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Figure 7.1. Paracentric inversions in polytene chromosomes of 4. culicifacies sibling species A,
B, C, and D. Reproduced with permission from Malaria Research Centre, New Delhi.
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largely limited to areas with the prevalence of species E, or increase in
species A populations due to irrigation projects. Results of the A. culici-
facies sibling species distribution have been plotted in Figure 7.2.

The sibling species composition in any given area differs season-
ally and with geographical location (e.g., species A is predominant in
north India except in September—October) when in certain areas propor-
tion of species B may exceed the proportion of species A (Subbarao
et al., 1987). A. culicifacies sensu lato is predominantly zoophagic
species (Afridi, ef al., 1939; Bhatia and Krishnan, 1957). Studies on the
host feeding pattern of 4. culicifacies s.I. in UP and Bihar in 1985 and
1986 indicated relatively higher degree of anthropophagy for species A
(e.g., in Ghaziabad, India) human blood index (HBI) of species A was
0.01 in May and this ratio increased to 0.08 in August and declined to
0.03-0.04 in October to November. In contrast HBI in species B
remained zero in all months except in September and October when it
was 0.02 (Joshi ef al., 1988). Anthropophagy provides an indication of

Species A

Species B g °
i . °
AN Species C ]
. Species D 0
Species E a«b

Figure 7.2. Distribution of A. culicifacies sibling species A, B, C, D, and E in India. Reproduced
with permission from Malaria Research Centre, New Delhi.
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the role of vectors species in malaria transmission (e.g., in An. fluvi-
atilis), of the three sibling species designated as species S, T, and U;
species S is the vector with high anthropophagy whereas species T and
U are nonvectors/poor vectors and feed almost exclusively on animals
(Subbarao et al., 1994; Nanda et al., 2000). Table 7.1 gives the biologi-
cal characteristics of A. culicifacies as investigated over a period of 20
years (MRC, 2002). In 4. culicifacies, each sibling species has a niche to

Table 7.1. Biological Variations Among Members of 4. culicifacies Complex

Characteristics Species A Species B Species C Species D Species E
Inversion X+a+b Xab Xab X+a+b Xab

Genotype (Green 2+g'+h!'  2g'+h! 2 +g'h! 2i! + h! 2g! +h!

and Miles, 1980; +il/i! Submetacentric
Subbarao et al., Y-chromosome

1983; Vasantha
etal., 1991; Kar

et al., 1999).

Breeding preference  Rainwater, Riverine Rainwater, = Rainwater,  Riverine
(Subbarao et al., clean ecology clean clean ecology®
1987; Subbarao, irrigation irrigation irrigation

1988; Subbarao water water water

and Sharma, 1997)

Anthropophilic? 04 0-1 0-3 0-1 Up to 80°
index (%)

(Jambulingam

et al., 1984; Joshi

et al., 1988)

Biting activity and All night All night All night Till -

peak biting time 2200- 2200- 1800— midnight
(Sathyanarayan, 2300 (h) 2300 (h) 2100 (h) 1800~

1996) 2100 (h)

Resting behavior Endophilic Endophilic ~ Endophilic =~ Endophilic ~ Endophilic

(Afridi et al., 1939;

Joshi et al., 1988;

Subbarao and

Sharma, 1997)

Vector potential,® Moderate Poor Moderate Moderate Very High
Subbarao and

Sharma, 1997

Sporozoite rate 0.51 0.04 0.3 0.4 20¢
(%), Subbarao

et al., 1980, 1988,

1992; Subbarao

and Sharma, 1997

Proportion of mosquitoes biting human population.
P vivax and P, falciparum malaria.

‘In Rameshwaram island.

Source: Malaria Research Centre, New Delhi.
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fill; they differ in biology, response to insecticides, biting rhythm, and
capacity to transmit malaria.

Initially when the work on sibling species identification started, the
only method to incriminate mosquitoes was the dissection of mosquitoes
to demonstrate the oocyst/sporozoites infection (Subbarao et al., 1980).
This method was time consuming, cumbersome, and at times unreliable;
required individual dissections and species identification of the parasite
which was not possible. We trained the scientists of MRC in the newly
developed technique of two-site immunoradiometric assay (IRMA) to
detect infected mosquitoes as part of the Indo—US bilateral collaboration.
In this technique species-specific monoclonal antibodies were used
against the circumsporozoite (CS) proteins of P vivax and P, falciparum
(Zavala et al., 1982). Mosquitoes were subjected to cytological identifi-
cation of sibling species, and the identified specimens were processed
for the detection of CS antigen by IRMA/Elisa. These studies brought
out that A. culicifacies species A mosquitoes were gland positive for
P vivax and P, falciparum in the villages in UP, Haryana, and Delhi.
Species B specimens were not found gut or gland positive in villages
around Delhi and in other places in the western India (Subbarao et al.,
1980; Subbarao et al., 1987). This study was extended to central India in
the state of Madhya Pradesh. This region has perennial malaria trans-
mission despite DDT and HCH spraying. Surveys in Kundam block,
Jabalpur district and Bijadhandi block, Mandla district in 1988 revealed
that all four sibling species were present. Species C had the highest pro-
portion (65-90%) followed by species D (6—31%), and both were found
with sporozoites by IRMA; while species A and B were found in very
low numbers (Subbarao ef al., 1992). Further evidence of relative sus-
ceptibility of 4. culicifacies species A, B, and C was provided by labo-
ratory feeding of mosquitoes on P vivax-infected donors through
artificial membrane and comparing it with 4. stephensi. In this experiment
species A had the highest percentage of mosquitoes with oocysts and
sporozoites followed by species C, and species B was least susceptible.
Among all fed mosquitoes >5% species B was infected compared with
26% species C, and 63% species A and 77% A. stephensi (Adak et al.,
1999). Susceptibility of 4. culicifacies species A, B, and C were tested on
rodents infected with Plasmodium yoelii yoelii and Plasmodium vinckei
petteri. Species A and species C specimens had the highest number of
mosquitoes with sporozoites (i.e., 23.1% and 22.7% respectively) whereas
species B specimens had B 5.3%, the lowest. Positivity for sporozoites in
A. stephensi held as control ranged from 53.1 to 57.9% (Kaur et al., 2000).

Changes in local ecology (e.g., canal irrigation) favors species
A and spraying in agriculture favors species C; and both are malaria
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vectors. Further species A and C thrive better in premonsoon conditions
and prefers to breed in nonriverine and irrigated terrain, whereas species
B thrives better in postmonsoon conditions and prefers to breed in river-
ine terrain (Subbarao and Sharma, 1997). In areas with sympatric popula-
tions of species A and B, the two sibling species do not have any specific
preference for resting habits (Subbarao et al., 1987). Behavior of mosqui-
toes is important for planning malaria control. For example in areas under
the influence of 4. culicifacies s.1. biting goes on all night, but species C and
D bite early (peak activity time 1800-2100 h); whereas species A and B bit-
ing activity starts late (peak activity time 2200-2300 h) (Sathyanarayan,
1996). This behavior influences the success of insecticide-treated mosquito
net programme (Yadav et al., 2001).

2.1. Paradox Resolved

During the malaria eradication phase of the NMEP, districts in
western UP were hyperendemic and required DDT spraying (two rounds
@1 g/sq m) to control malaria. In contrast, eastern UP and north Bihar
districts were hypoendemic and required one round of DDT spraying
(@1 g/sqm) to control malaria. Ramachandra R.T. (1984) stated that one
of the unresolved paradoxes in the epidemiology of malaria is related to
the differential vectorial potential of 4. culicifacies in regions of appar-
ently similar physiography. This paradox of the changing profile of
malaria was difficult to understand particularly when 4. culicifacies s.1.
was the only vector of any importance in malaria transmission in the
entire belt from west to east in north India (NMEP, 1960). First indica-
tion of the possible variations in the vector potential came with the dis-
covery of species A and B in A. culicifacies s.l. Incrimination studies of
species A and B revealed that species A was the vector and species B was
nonvector (Subbarao et al., 1988). Further surveys on the prevalence of
sibling species in UP and Bihar revealed that species A was the predom-
inant species in western districts of UP and Uttranchal. The proportion
of species A declined sharply in the eastern districts and north Bihar. As
per the vector incrimination work, the incidence of malaria should coin-
cide with the prevalence of species A. This hypothesis was tested in UP
and Bihar in early 1986. When this picture was examined in the back-
ground of malaria incidence reported by the NMEP, it was revealed that
malaria transmission occurs only in areas with predominance of species A.
Figure 7.3 gives the results of malaria incidence and sibling species
composition in study districts in UP and Bihar. For example, in
Bulandshahr, Ghaziabad, Shahjahanpur, and Nainital malaria transmis-
sion was perennial with periodical epidemic situations causing high mor-
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Figure 7.3. Distribution of 4. culicifacies in UP and Bihar with circles showing the proportion
of sibling species in each place surveyed. Arabic figures give the annual parasite incidence (API) in
different districts. See the high API in districts with species A, C, and D and low to nil API in dis-
tricts with exclusive population of species B. Reproduced with permission from Malaria Research
Centre, New Delhi.

bidity and deaths due to malaria. Specimens collected from the field
revealed that the proportion of species A exceeded 50% and since this
species has high vectorial potential, malaria Annual Parasite Incidence
(API) varied from 5.72 to 35.35 in the western UP districts. In contrast
to the eastern districts and north Bihar, malaria prevalence was very low
(proportion of species B was 90-100%). In Jaunpur, malaria incidence
was low except in May when slide positivity rate was 10.3 (species A was
2-8%). In Balia, malaria cases were few (API 0.12) and in Saran, no
malaria case was reported. It is noteworthy to mention that P vivax and
P, falciparum cases are being brought in to eastern UP and Bihar villages
by the labor who returns from malaria-endemic areas in Gujarat,
Rajasthan, Punjab, and Maharashtra in April and May, and this labor
returns for work in August. The parasite is therefore present in the pop-
ulation but there is no indigenous transmission, clearly indicating the
lack of vectorial capacity in allopatric populations of species B. It may
be noted that in eastern districts of UP and north Bihar, spraying has
been withdrawn since 1964, although A. culicifacies is present in abun-
dance (Subbarao et al., 1988). Malaria cases have remained very low and
no malaria outbreaks have been reported from these areas, further con-
firming that areas with allopatric population of species B enjoy freedom
from malaria. Thus genetic research has resolved this paradox and
enhanced our understanding of malaria transmission dynamics in the
country.
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In Nepal and the northeastern states of India and Thailand only
species B was found, which is not considered a vector of malaria. In con-
trast, 4. culicifacies species A was incriminated in Arabia (Akoh et al.,
1984), Iran (Zaim et al., 1993) and Pakistan (Mahmood et al., 1984). We
were intrigued to find several reports from Rameshwaram Island and Sri
Lanka of intense malaria transmission with exclusive populations of
A. culicifacies species B (Sabesan et al., 1984; Amersinghe, 1991). Suguna
et al. (1983) reported one specimen of species B and two specimens of
species A positive for sporozoite from Tamil Nadu. Sabesan ef al. (1984)
working in Rameshwaram Island found 21 A. culicifacies positive for
sporozoites in one year, and populations of this island comprised of
exclusively species B. The evidence started building up for the possible
occurrence of another sibling species in the 4. culicifacies taxon. A. culi-
cifacies is a zoophilic species (Bhatia and Krishnan, 1957 Joshi et al.,
1988; Nanda et al., 2000), but feeding experiments in Rameshwaram
island revealed that A. culicifacies simultaneously exposed on man and
cattle preferred feeding on man (Jambulingam et al., 1984), indicating
a sharp deviation in species B feeding preference from populations in north
India. This led to further studies on the possible occurrence of another
member of sibling species, and indeed sibling species E was discovered
within the species B. The Y-chromosome of species E is submetacentric
whereas that of species B is acrocentric (Kar et al. 1999; Surendran et al.,
2000). Interestingly, differentiation of A. culicifacies based on biochemi-
cal methods and DNA probes have limitations and, the male mitotic kary-
otype is unreliable (Adak, 1997). Therefore the diagnostic inversions on
polytene chromosomes are still the most accurate methods of sibling
species identification in A. culicifacies. This evidence is lacking in
species E and work is in progress to resolve this in species E.

3. Application in Malaria Control

Rural malaria control in India is based on the residual spraying of
insecticides like DDT, HCH, Malathion, and synthetic pyrethroid insec-
ticides. DDT is the principal insecticide used in malaria control. In 2002,
40 million populations were under DDT spraying, although Indian DDT
does not meet the WHO specifications, and the dosage sprayed is 1 g
instead of 2 g/sq m as recommended by the WHO. In vast areas of the
country DDT is not effective in malaria control (Sharma, 2003). As per
the NMEP policy DDT should be the first insecticide of choice and
sprayed as long as it offers an epidemiological impact, irrespective of the
vector susceptibility status to it. When DDT resistance is confirmed by
WHO test procedures, and it is also confirmed that DDT spraying had
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no epidemiological impact on malaria incidence, in spite of good quality
and coverage, a change of insecticide is proposed. This criterion is used
for all other replacement insecticides. Hexachlorocyclohexane has been
banned. Malathion should be sprayed in areas with DDT resistant vector
populations. Malathion spraying has poor house coverage because of its
pungent odor. Synthetic pyrethroids (SP) are being used increasingly in
malaria vector control. However, there are reports of resistance to SP
insecticides, and in the coming decade, widespread resistance to SP is
likely to result in control failures (Singh et al., 2002; Mittal et al., 2002).
Insecticide resistance would then become the most important determi-
nant of malaria in rural India (Sharma, 2002). Our work in vector genet-
ics has provided scientific basis for the change of insecticides and their
selective application to achieve cost-effective malaria control. A brief
description of the inputs provided to the NMEP is given below.

3.1. Stratification

Malaria control in the country is based on broad stratification of the
country in respect of vector distribution, susceptibility to insecticides,
impact on malaria transmission, and availability of resources for its con-
trol. Genetic research has provided additional tool for stratification to
optimize interventions. Sibling species based stratification would result
in reduced burden of insecticides in the environment and produce cost
effective and sustainable malaria control. Knowledge of sibling species
should be applied at the national level in planning supplies for interven-
tions. At the state level, districts, or Primary Health Centres (PHCs) it
could be stratified broadly for the type of interventions most appropriate
for each area. A further stratification would be required at the district and
PHC level to target most location-specific interventions. For example, in
north India with predominantly species A, spraying DDT would produce
good epidemiological impact on malaria. In contrast. in the eastern Uttar
Pradesh and north Bihar spraying insecticide would be a complete waste.
These areas lack indigenous transmission and malaria control should
rely on early case detection and prompt treatment (EDPT). In contrast,
in the western and central districts with predominance of species A,
Malathion could be sprayed as a short-term strategy switching over to
environmental interventions. In districts prone to malaria epidemics,
integrated malaria control methods should be applied as a cost-effective
strategy. In south Indian districts with low malaria prevalence due to
predominance of species B, bioenvironmental interventions would be
the most appropriate strategy (Sharma,1987; 1988; Dua et al., 1988;
Sharma, 1991; Subbarao and Sharma, 1994; Sharma, 1998). Spraying
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Hexachlorocyclohexane (HCH, now banned) is not recommended in any
part of the country, as A. culicifacies develops resistance rather quickly.
However, introduction of Lindane (gamma isomer of HCH) is currently
under debate. It has been introduced in agriculture. If Lindane is sprayed
to control A. culicifacies, the vector populations would develop resist-
ance rather quickly as they are already resistant to HCH.

At the district level stratification based on sibling species preva-
lence would be very useful in targeted selective interventions (e.g., the
malariogenic stratification of Allahabad rural, in India). The Ganga and
the Yamuna rivers divide this region into three well-defined zones known
as Gangapar, Yamunapar, and Doaba. In Gangapar and Doaba, malaria
transmission is always low to nil. This is because of the high prevalence
of species B (65.6% in Gangapar and 88% in Doaba). In Yamunapar with
high malaria incidence, the overall composition of species B was 57.7%,
similar to Gangapar and Doaba. Further stratification of Yamunapar
revealed that Shankargarh block was responsible for bulk of malaria
cases in the Yamunapar area. The sibling species composition in
Shankargarh block comprised of species A (64%), species B (25%), and
species C (11%), and together the two species A and C accounted for
75% A. culicifacies. Prevalence of malaria had a direct relationship with
the presence of vector sibling species A and C. Thus the revised strategy
to control was to spray Shankargarh block, instead of the entire
Yamunapar zone. This has saved insecticides and operational cost of
malaria control and prevented pollution (Tewari et al., 1994).

3.2. Insecticide Resistance

Figure 7.4 gives the present status of insecticide resistance in
malaria vector 4. culicifacies. An. culicifacies sensu lato has become
triple resistant (DDT, HCH, and Malathion) with problem of chloroquine
resistance in 26 million populations. Additionally, 78.9 million popula-
tion live in triple vector resistant areas in Andhra Pradesh, Bihar,
Gujarat, Madhya Pradesh, Maharashtra, Orissa, and Rajasthan. Priority
in spraying is given to areas under epidemics or impending epidemics,
natural disasters, project areas of high economic importance like irriga-
tion, river valley projects, industrial units, and areas with increasing
number of deaths due to malaria. Vector control in these areas is one
of the most difficult challenges in malaria control. Table 7.2 gives
the impact of DDT, HCH, Malathion, and SP on the development of
resistance in 4. culicifacies sibling species in the field.

National Malaria Eradication Programme (NMEP) was reporting
that A. culicifacies s.1. is resistant to DDT, yet its spraying produces epi-
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Quadruple resistance
Dieldrin, malathion
and deltamethrin

Triple resistance -to DDT,
Dieldrin and Malathion
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Reports not available

Figure 7.4. Current status of insecticide resistance in A. culicifacies in India. An. culicifacies is
resistant to DDT in the entire country, to DDT and HCH in almost all parts of the country, and to
DDT, HCH, and Malathion in Gujarat, Maharashtra, parts of Madhya Pradesh, Rajasthan, and in few
other states; and to Deltamethrin in Gujarat, Maharashtra, Rameshwaram island, and Tamil Nadu.
Reproduced with permission from Malaria Research Centre, New Delhi.

demiological impact on malaria. Sharma ef al. (1982, 1986) demon-
strated by spraying DDT in DDT-resistant A. culicifacies populations and
reported a similar observation. This phenomenon was explained by test-
ing susceptibility of species A and species B to DDT (1 h exposure on
4% DDT papers). Results revealed that species A was more susceptible
to DDT than species B (Afridi et al., 1939; Subbarao and Sharma, 1997).
Species A has high capacity to transmit malaria, but development of
resistance to DDT and Malathion is slow (i.e., emergence of resistance
to DDT in areas with species A took >9-10 years of DDT spraying @
1 g/sq m, two rounds under the NMEP). In case of Malathion, emergence
of resistance took 9—10 years of spraying @ 2 g/sq m, three rounds in
Sonepat, Haryana, India (Subbarao, 1988; Subbarao and Sharma, 1994;
1997). In contrast DDT spraying under the NMEP resulted in resistance
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Table 7.2. Response of Sibling Species to Insecticides and Recommended?® Spray
Strategy to Control 4. culicifacies

Species B®
Insecticides Species A vector  nonvector Species C vector

DDT (Subbarao, 1988; Tewari

et al., 1994; Subbarao and Sharma,

1994; 1997; MRC, 2002; Mittal

et al., 2002)

® Rate of development of resistance ~ Slow (9-10 years) Fast (4-5 years) Fast (4-5 years)

® Susceptibility status in areas Moderate Low (<10%) Low (<10%)
where spraying has been (30-60%)
withdrawn
® Spraying Recommended Not required Not
recommended

HCHE® (Subbarao, 1988; Tewari

et al., 1994; Subbarao and

Sharma, 1997, MRC, 2002;

Mittal et al., 2002)

® Rate of development of resistance  Fast (45 years) Fast (4-5 years) Fast (4-5 years)

® Susceptibility status in areas Low (<5%) Low (<5%) Low (<5%)
where spraying has been
withdrawn
® Spraying Not recommended Not recommended Not
recommended

Malathion? (Rajgopal, 1977;
Sharma et al., 1986; Subbarao
and Sharma, 1997)

® Rate of development of Slow (9-10 years) Intermediate Fast (4-5 years)
resistance

® Susceptibility status in areas No evidence (6-7 years) Recommended,
where spraying has been Not required if susceptible to
withdrawn Malathion

® Spraying

Carbamates/Synthetic Pyrethroids?
( Subbarao and Sharma, 1994;
1997; Singh et al., 2002; Mittal

et al., 2002)

® Susceptibility High High High
® Development of resistance due No evidence No evidence
to usage in agriculture
® Spraying Not necessary Not required Recommended
if resistant to
Malathion

aThe strategy proposed is for all sibling species. As species D has very limited distribution, and is always in sym-
patricity with other species in low proportions, no specific strategy is being recommended. Depending on the pre-
dominance of species A or C, specific strategy for that species may be followed.

YIn a few areas where species E is implicated as a vector of malaria such as in the Rameshwaram island. The exist-
ing spray strategy to be continued and follow the recommendation as given under.

“Resistance may precipitate after a few rounds of spray as the populations are not fully susceptible. Use Malathion
as focal spray.

4(i) Spray for 4 to 6 rounds, usually incidence comes down, and withdraw the insecticide, (ii) In the following years
use a new insecticide or preferably an insecticide that is chemically unrelated to the one in use in focal spraying,
and (iii) Resume the spraying whenever there is an increase in the incidence.

Source: Malaria Research Centre, New Delhi
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in species C in Surat (Gujarat). In Surat, spraying of Malathion in 1969
onwards to interrupt malaria transmission resulted in Malathion resist-
ance in A. culicifacies in 4-5 years (Rajgopal, 1977). In Sonepat,
Haryana, malaria transmission was intense despite of DDT and HCH
spraying to control malaria. Spraying three rounds of Malathion contin-
ued for 7-8 years although there was no evidence of malaria transmis-
sion, although its spraying was required only after the resumption of
transmission. Unfortunately, spraying continued for over a period of 89
years, and eventually species A developed resistance to Malathion
(Raghavendra et al. 1991; 1992; Sathyanarayan, 1996).

In Andhra Pradesh, Warangal, Khammam, and Mahabubnagar dis-
tricts farmers were spraying organophosphate insecticides to protect cash
crops such as the chillies, cotton, spices, etc. This practice induced resist-
ance in the vectors that breed in agricultural fields (e.g., 4. culicifacies).
Even before the Malathion spraying started, 4. culicifacies was found
resistant to Malathion (90-100% adult survival at 1 h exposure on 5%
Malathion papers). Since many of the insecticides used in agriculture
have carboxyl esterase mediated resistance mechanism, A. culicifacies
eventually became resistant to Malathion. In Andhra Pradesh and
Gujarat, 4. culicifacies sibling species B (nonvector species) and species
C (malaria vector) are prevalent. A particularly disturbing feature of this
phenomenon was that 4. culicifacies species C was in very low propor-
tions (2—15%) before the onset of Malathion resistance and as the resist-
ance progressed species C populations increased to 60—70% in Andhra
Pradesh and 60-90% in Gujarat, thus enhancing malaria transmission
(Raghavendra et al. 1991; 1992). Resistance in species B builds up rap-
idly to DDT and synthetic pyrethroids but takes little longer in case of
Malathion. Malaria control in species C areas by spraying DDT and
Malathion is unlikely to be productive in the long run, and therefore
NMEP should rely on alternative strategies, such as the bioenvironmen-
tal methods and insecticide-treated mosquito nets. It may be noted that
developmental changes result in the mosquito fauna changes and com-
position of the sibling species. Irrigation encourages the breeding of
species A. The DDT spraying suppresses the sibling species A and
increases the population of species B due to rapid development of resist-
ance. Malathion spraying changes the composition in favor of species C
and resistance to Malathion develops rather quickly in vectors due to
spraying to protect crops. Populations of species D are very limited; and
very little is known about species E. Therefore, it is important to study
local malaria transmission and the role of each sibling species for cost-
effective malaria control. Such information is critical in the planning of
malaria control.
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3.3. Bioenvironmental Malaria Control

Bioenvironmental malaria control strategy is principally based on
the reduction or elimination of mosquito breeding habitats by environ-
mental management and biological control methods. In the area selected
for malaria control, geographical reconnaissance provides detailed infor-
mation on the possible mosquito-breeding sites. Appropriate interven-
tions are applied on each site to ensure that mosquito breeding would not
occur in that habitat. The interventions generally involve drainage of
water bodies that are not useful either for agriculture, wild life, or human
use. Small water bodies are eliminated by earthwork particularly low-
lying areas, borrowpits, ditches, excavations, etc. Expanded polystyrene
beads are applied in wells and tanks. In marshy areas, poplar and euca-
lyptus plantations can dry the surface water. This is particularly useful
for wasteland. Water bodies essential for the communities and wildlife
can be treated with fishes. Gambusia affinis popularly known as
Gambusia or mosquito fish and Poecilia reticulata known as Guppy
fishes can be released in such water bodies after ensuring that there are
no predatory fishes and margins of the ponds have been cleaned of
weeds. In all these activities, communities are actively involved so that
the beneficiaries share part of the intervention efforts. For this intensive
health education campaigns are organized. The first community-based
bioenvironmental malaria control project was launched in 1984 in
Nadiad Taluka, district Kheda in Gujarat. In these villages, an epidemic
of malaria had killed 35 persons in Bamrauli village alone. Malaria
transmission was intense even though villages had been sprayed with
DDT and Malathion. Indoor residual spraying (IRS) had failed in
malaria control. This was not an isolated report but such failures had
become commonplace. At that time there was no alternative strategy to
control malaria in the country. Results in the first year of interventions
were spectacular and malaria incidence was reduced by about 94%, and
in subsequent years malaria transmission was interrupted (Sharma and
Sharma 1989). An international group of experts drawn from WHO,
and other national and international organizations evaluated the project. The
strategy was found highly cost effective and sustainable, and required
more research for its extension to other malaria ecotypes (Anonymous,
1987). The government of India provided additional funds to study the
feasibility of malaria control in situations with problems related to vec-
tors, parasite(s), human ecology, and cost effectiveness. Twelve locations
were identified to demonstrate the feasibility of bioenvironmental meth-
ods in malaria control. These field studies led to the successful demon-
stration of malaria control in rural, urban, industrial, tribal, and coastal
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areas of the country (Sharma, 1987; 1988; Dua et al., 1991; Singh and
Sharma, 2000). A major challenge still remained, of the demonstration
of this malaria control strategy through the existing primary health care
system.

This challenge was taken up in Karnataka state jointly with the
state health department. Kolar district was selected for demonstration. In
this region of Karnataka, sericulture is the main cottage industry, and
farming community does not allow any indoor residual spraying of
insecticide for fear of toxicity to the silk worms. As a result, malaria was
rampant and malaria APl was as high as 700-800 in some villages.
Deaths due to malaria were common. A team of MRC was deputed to
work jointly with the state health department in this challenging terrain.
Initially, all staff of the health department was trained by organizing
workshops, and hatcheries were established for the supply of Guppy
fishes. Geographical reconnaissance showed that 4. culicifacies largely
breeds either the streams or irrigation wells. While managing of wells
was easy, but control of mosquito breeding in streams appeared almost
impossible. These streams go around most of the villages and measure
200-500 m in width with huge boulders embedded in a rocky bed.
Survival of Guppy and Gambusia in these streams with high water speed
appeared impossible. At this point we took the help of our work on the sib-
ling species complex. Analysis of field-collected specimens from the area
revealed the presence of A. culicifacies species A (vector) and species B
(nonvector), and A. fluviatilis species T (nonvector). Irrigation wells were
supporting the breeding of species A whereas streams had species B as the
most dominant species. We therefore decided to focus our work on the
control of mosquito breeding in wells. Initially we validated this finding by
selecting three sets of villages in Kamasanudram PHC villages:

(1) Puram village (population 396) with 22 wells and no steams;
(i) Bodapatti village (population 396) with four wells and a peren-
nial stream, and
(iii)) Banganatham village (population 130) situated on a perennial
stream and had no wells.

Malaria incidence before the introduction of Guppy fishes from
1994 to 1996 was: Puram village API was 50.3, 52.8, and 120.6 (cases
20, 21, and 48), respectively. For the same year malaria API in
Bodapatti village was 0.2, 0.2, and 0.7 (cases 1, 1, and 3) and
in Banganatham village was 1.6, 1.6, and 0.8 (cases 2, 2, and 1). The
prevailing malaria situation indicated that malaria incidence had a
direct relationship with the presence of wells that were the source of
species A. In 1996, Guppy fishes were introduced in wells and streams.
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In 1997, malaria API was reduced to 27.6 (11 cases) in Puram, 1.6
(2 cases); there was no case in Bodapatti, and API 1.6 (2 cases) in
Banganatham. In subsequent years from 1998 to 2003, no case of
malaria was reported from Puram, Bodapatti, and Banganatham. This
fieldwork encouraged us to expand the programme to cover more areas
in Karnataka (Ghosh et al., 2004). At present 400 villages are under the
bioenvironmental interventions and there is no evidence of indigenous
transmission from these areas. The mosquito populations have also
declined making the life of the rural community comfortable in the
night. Genetic research provided a scientific basis for launching
the bioenvironmental malaria control in Karnataka. Currently, bioenvi-
ronmental malaria control program is under implementation through
the primary health care system in >150 million population, and the
programme is under expansion to cover more areas and diseases (e.g.,
to Japanese encephalitis and Dengue fever etc). Malaria control is in
the maintenance phase or under intensive expansion to reach all vil-
lages in Kolar and Hassan Districts, Karnataka; the entire state of
Mabharashtra; 100 predominantly tribal districts under the Enhanced
Malaria Control Project of the NMEP; Madhya Pradesh; Gujarat; Goa;
urban areas in Chennai, Ahmedabad, Mangalore; and a few other areas.
Impact of interventions has reduced malaria and mosquito nuisance
and the workers are filled with enthusiasm, not seen in the spray
squads. There have been no outbreaks of malaria as against the
spraying of DDT, Malathion, or SP. In these areas, malaria returns
every year with high potential requiring preventive spraying. If, for rea-
sons beyond the control of NMEP, these areas are not sprayed, malaria
cases starts building up culminating in epidemics. In some areas even
in the presence of spraying malaria outbreaks are being witnessed. As
against the indoor residual spraying of insecticides, the bioenviron-
mental malaria control strategy has emerged as the most appropriate,
cost-effective, and sustainable method of malaria control in the coun-
try (Sharma,1987; 1988; Dua et al., 1988; Sharma, 1991; Subbarao and
Sharma, 1994; Sharma, 1998).
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The Rate of Mutations
of Human Genes*

J. B. S. Haldane

The rate at which genes mutate under natural conditions is a fun-
damental fact which is of great importance in any theory of evolution, and
also for many practical problems. Such rates are known in Drosophila
species, in Zea mays, and in bacteria, if we assume, as is probable, that we
can legitimately speak of bacterial genes. They are not known in non-
human vertebrates, because one cannot observe a million mice, let alone
a million sheep or cows, of known parentage. They are however known
in men, where large populations can be studied. While the most impor-
tant work on this subject has been done in KEMP’s institute at
Copenhagen, | may perhaps be excused for speaking on it as PENROSE
and I were the first to estimate human mutation rates, and the Danish
workers have confirmed our admittedly rough estimates.

A human mutation rate can only be estimated under certain condi-
tions. First, the gene must be detectable in the heterozygous or hemizygous
condition. That is to say it must be a dominant like chondrodystrophy or
a sex-linked recessive like haemophilia. Secondly, it must be very rare,
lowering fitness so much that selection and mutation approximately bal-
ance one another. On the other hand it is not necessary, as might be
thought, that the gene should be fully penetrant.

Let us see why these conditions are necessary. Suppose that we
tried to estimate, from SIOGREN’s (1931) data, the mutation frequency of
the lethal autosomal recessive gene for juvenile amaurotic idiocy. The
frequency of homozygotes in Sweden is about 4 x 1075, If the gene were
completely recessive, and if the population were in equilibrium we could
say that as many genes were destroyed by selection as were produced by
mutation in each generation, and the mutation rate would be 4 x 107,
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But we know that the population is not in equilibrium. As a result of
urbanisation rural isolates have been broken up, and inbreeding dimin-
ished in the last century. The frequency of the condition was therefore
probably a good deal higher 100 years ago than now. Nor do we know
that it is fully recessive. If the heterozygotes, who are at least 300 times
as common as homozygotes, have a fitness even 0.4 % greater than the
average of the population, the gene will increase in frequency if there is
no mutation at all. We cannot exclude such a possibility.

Again suppose we wished to measure the frequency with which the
blood group gene B appears by mutation; if this frequency is as great as
the greatest value so far recorded, namely 4 x 107!, then nearly one
member of groups B and 4B in 10,000 is due to mutation. We might hope
to find one such case after investigating 10,000 children of these groups
and their parents. There is no doubt however that technical errors and
illegitimacy would give a far higher apparent mutation rate than this.

The best estimate of a human mutation rate is that for haemophilia,
but Mg@rcH’s (1941) work on chondrodystrophy (or achondroplasia)
illustrates the three types of methods which may be used. This condition
appears to be due to a dominant autosomal gene, or perhaps a deficiency.
The homozygote is unknown, but is very probably lethal. Unfortunately
the data on heredity are far from adequate. Older work suggests that the
gene may occasionally be impenetrant. M@RCH’s Danish data show 17
normal, 10 chondrodystrophic children of chondrodystrophics. The prob-
ability of so large a divergence from equality is .24. But one Swedish
male described in his monograph had 11 normal children followed by
3 chondrodystrophics. There is only one chance in 35 that an ordinary
gene would give such a ratio as 28 to 13, apart from the peculiar distri-
bution in time. Perhaps chondrodystrophy is due to the loss of a chro-
mosome, or to an extra chromosome or fragment which might be
expected to segregate abnormally. It is conceivable that some chon-
drodystrophic zygotes are eliminated before birth. If so the mutation rate
is rather higher than that here calculated.

MoRrcH estimated the mutation frequency directly. Of 128,763 babies
born in two hospitals, 14 were chondrodystrophic, but of these 3 had a
chondrodystrophic parent. Thus the mutation rate g per chromosome

is W&%,%O or 4.3 x 107% £ 1.3 x 107. MorcH found that the fitness
of chondrodystrophics (as measured by the number of their children) was
19.6 % of that of their normal sibs. The frequency x at equilibrium is

2u

given by x = 0 fl’ or {= %(1 — ). x is not accurately known owing to

the high infantile death rate. But on M@RrcH’s figures x = 1.07 X 1074, so
U =4.5x 107, Finally we may make a further calculation. Of M@RCH’s
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108 cases 98 were mutants, 10 had a chrondrodystrophic parent. Thus

% of all the dwarfs born were mutants. If x = 1.07 x 107 this gives

1 =4.9 x 107. The weakest point in these latter two calculations is that
though the frequency of chondrodystrophics in the living population is
accurately known, that at birth is not. And as about 80 % die in their first
year, this may introduce a serious inaccuracy. Nevertheless the different
results agree very well.

MoRcH believes the gene to be fully penetrant. It is however worth
showing that the calculated mutation rate would not be much altered if it
had a penstrance of anything over 50 %. In a stationary population, pro-
vided the gene does not greatly alter viability unless it is expressed,
the penetrance is unimportant. As many genes appear by mutation as are
destroyed by selection. And provided the fitness is known to be small
the mutation rate can be calculated as before.

In the case of haemophilia the genetics are much clearer. But we
cannot yet get a direct estimate of the mutation frequency. It would be
possible to explain the persistence of haemophilia, despite its selec-
tive disadvantage, if segregation were biassed, and heterozygous women
gave an excess of haemophilie sons and heterozygous daughters.
HALDANE and PHILIP (1939) and HALDANE (1947) showed that this was
not so. When allowance is made for bias in the pedigrees due to the fact
that mothers and other ancestresses of propositi (probands) are necessar-
ily heterozygous apart from mutation, segregation is in accordance with
theory. 47.1 £ 6.1 % of the sons and 52.7 + 5.9 % of the daughters of het-
erozygotes received the gene for haemophilia. There are also numerous
pedigrees only explicable by mutation. In this case if x be the frequency

in males at birth, fthe fitness, and ¢ the mutation rate, y = %(1 - fx.

ANDREASSEN (1943) found 81 haemophilies among 1,620,000 Danish
males, and on the basis of their mortality table estimates the frequency at
birth to be three times as great, so that x = 1.33 x 1076, His estimate of /
was however based not on the progeny of his propositi, but on that of all
haemophilics in his pedigrees, who naturally included a number of unusu-
ally fertile haemophilies. Thus I think his estimate of .504 for f'is far too
high. Since half of all Danish haemophilies die by the age of 18, it would
imply that those who survived, in spite of the fact that they often die dur-
ing the reproductive period, were more fertile than the average. The true
value of f'is about, 280, giving u = 3.16 x 107.

The mutation rates for retinoblastoma (PHILIP and SORSBY, unpub-
lished), apiridia (M@LLENBACH, 1947) and epiloja (GUNTHER and PENROSE,
1935) are obtained by essentially similar methods. The gene for retinoblas-
toma is not completely penetrant, but this makes very little difference to
the calculation. For when a gene is nearly lethal, that is to say f'is nearly
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zero, small errors in the estimation of f do not greatly affect the value of
(1 — f)x. It may be added that for retinoblastoma f'seems to be about —2.
It is tending to rise as a result of successful operations, but to fall as a
result of eugenie advice. For aniridia, 21 of M@LLENBACH’s 40 cases were
mutants, so fis about 0.5.

PATAU and NACHTSHEIM (1946) made a rough estimate of the muta-
tion frequency of the dominant Pelger anomaly of the leucocytes as
follows. They examined the parents of 12 patients, and found that in
2 cases both were normal. The true frequency is probably less, because
if both parents are normal they are more likely to survive than if one has
the anomaly. If a fraction y of all the Pelger genes arise by mutation,
and if its frequency at birth is x (assuming no pre-natal elimination) then

f=1-y,and u= %xy. Here x is taken to be about 107>, so u is about

8 x 1075, in agreement with the other values. But both x and y are at pres-
ent very roughly estimated. It should be quite possible to improve these
values. In such a case however it will be essential to establish that the gene
has 100 % penetrance.

Finally NEEL and VALENTINE (1947) have calculated a mutation rate
for the gene which when homozygous gives rise to the lethal condition
of thalassemia major (Cooley’s anaemia) while the heterozygote has a
mild microcytic anaemia with decreased fragility of the erythrocytes.
The gene is found in about 4.1 % of the people of Italian origin in
Rochester, N.Y. If the heterozygote had normal viability, equilibrium
would be secured by a mutation rate of 4 x 10™*. On the other hand if
the heterozygote had an increased fitness of only 2.1 % there would be
equilibrium without any mutation at all.

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.
A possible mechanism is as follows. The corpuscles of the annemic het-
erozygotes 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 sporozoa which cause malaria, a disease prevalent in
Italy, Sicily, and Greece, where the gene is frequent. Similarly, the gene,
which causes an anaemia similar to that of iron deficiency, might be
harmless or even useful to persons on an iron deficient diet, though
causing a relative anaemia when the diet is more generous. Numerous
other similar hypotheses could be framed. On many of them, the gene
would lower fitness in America, but might, at least in the heterozygous



The Rate of Mutations of Human Genes 173

condition, have the opposite effect in Greece or Sicily. Until more is
known of 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.

The other mutation rates, which seem to be better established,
range between 4 X 107 and 4 X 107%. ANDREASSEN’s data however seem
to show that haemophilic families generally start with a heterozygous
female, that is to say the mutation rate is higher in male than in female
X-chromosomes, perhaps 10 or more times higher. The tests now
available for helerozygosily in women should clear this point up, and
further work is needed on the apparently large increase in mutation with
age found by M@RcH. I suggest that, for the sake of uniformity, mutation
rates should always be stated per chromosome per generation. In the
Danish data the rate is sometimes stated in this way, and sometimes as
the fraction of mutant individuals among all births, which is of course
twice the above number in the case of dominants.

In the case of the blood group genes an upper limit to the muta-
tion rate in women can be found. ANDREASSEN (1947) has examined
8,000 mothers of type O and their children. There were no exceptions,
that is to say children of group AB. As the frequencies of the 4 and B
genes in Denmark are 28 % and 7 % we can say that O had not mutated
to 4 in about 560 cases nor to B in 2,240 cases. Similarly no children
of 800 4B mothers were of group O, though in about 520 cases this
could have been detected. Altogether there are about 6,000 such cases
in the literature, which include one almost certain mutation,
HASELHORST and LAUER’s (1930, 1931) case of an 4B mother with an
O child. As this child was defective in several respects it possibly
lacked a chromosome or part of one, though some of the defects may
have been due to birth injury. Thus at this locus there has been one
chromosomal aberration or one point mutation, very possibly the for-
mer, in some 6,000 onses. Even if the blood group genes are as muta-
ble as the normal allelomorph of haemophilia, we should have to
examine over five times as many mother—child pairs before we were
likely to find another point mutation. The figures for the M and N
locus are of the same order. But in both cases it is possible that the
mutation rate is higher in men than in women. The methods cited
above would not disclose such a rate.

The rates here reported are presumably those of particularly muta-
ble human genes. They are about 10 times as high as those of the most
mutable of the normal genes in Drosophila melanogaster, though the cut
and yellow loci in D. subobscura seem to have higher rates. That is to say
they are higher per generation, or per nuclear division, since there are
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Table 1

Gene Mutation Rate
Chondrodystrophia 4x107°
Haemophilia 3% 107
Relinoblastoma 1.4%x107°
Aniridia >12x%x107
Epiloia 4—8x107
Polger anomaly 8 x 10757
Thalassemia >4 x1071?

only about twice as many nuclear divisions per generation in man as in
Drosophila. But the daily rates are about 500 times as high in Drosophila
as in man. Now MULLER (1930) and MOTT-SMITH calculated that natural
radiations and high-speed particles would only account for about one
mutation per thousand in Drosophila. It follows that, if the radiosensi-
tivity of human genes is about the same as in Drosophila, radiation may
account for all, or almost all, human sublethal mutations. However the
fact that the genes in Sciara are highly insensitive to radiation suggests
the need for caution before reaching such a conclusion.

I am aware that the arguments in this paper are open to several crit-
icisms. To mention only one, they were propounded under the influence
of the philosophy to which our president referred in somewhat
unfavourable terms. Nevertheless [ hope I have shown that man provides
unique material for the study of mutation, provided that special statisti-
cal methods are employed, and above all that care is taken to avoid the
rather numerous fallacies which beset human genetics, and which are
particularly liable to deceive workers whose previous experience has lain
in the experimental study of plant and animal genetics.
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Disease and Evolution*

J. B. S. Haldane

RiassunTo. — Negli esempi addotti dai biologi per mostrare come
la selezione naturale agisce, la struttura o la funzione presa in esame
¢ per lo piu collegata con la protezione contro forze naturali a vverse,
contro predatori, oppure con la conquista di alimento o dell’altro sesso.
L’ A. mostra che la lotta contro le malattie, e in particolare contro le
malattie infettive, ha rappresentato un fattore evolutivo molto importante
e che alcuni dei suoi risultati sono diversi da quelli raggiunti attraverso
le forme consuete della lotta per ’esistenza.

RESUME. — Les exemples portés par les biologistes pour montrer
comment la séléction naturelle opére tiennent compte d’ordinaire de struc-
tures ou de fonctions liées a la protection contre des forces naturelles hos-
tiles, contre des prédateurs, ou bien liées a la conquéte de la nourriture ou
du sexe opposé. U A. montre que la lutte contre les maladies, et en partic-
ulier contre les maladies infectieuses, a représenté un facteur évolutif trés
important et que qualques-uns parmi ses résultats différent bien de ceux
qui ont été atteints par les formes ordinaires de la lutte pour la vie.

SumMARy. — Examples quoted by biologists, in order to show how
natural selection is working, almost present structures or functions con-
cerned either with protection against natural forces or against predators,
or with purchase of food or mates. The Author suggests that the struggle
against diseases, and especially infectious diseases, has been a very
important evolutionary agent and that some of its results have been
rather unlike those of the struggle for life in its common meaning.

It is generally believed by biologists that natural selection has played
an important part in evolution. When however an attempt is made to show
how natural selection acts, the structure or function considered is almost
always one concerned either with protection against natural «forces» such
as cold or against predators, or one which helps the organism to obtain
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food or mates. I want to suggest that the struggle against disease, and par-
ticularly 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.

Under the heading infectious disease I shall include, when consid-
ering animals, all attacks by smaller organisms, including bacteria,
viruses, fungi, protozoa, and metazoan parasites. In the case of plants it
is not so clear whether we should regard aphids or caterpillars as a dis-
ease. Similarly there is every gradation between diseases due to a defi-
ciency of some particular food constituent and general starvation.

The first question which we should ask is this. How important is
disease as a killing agent in nature? On the one hand what fraction of
members of a species die of disease before reaching maturity? On the
other, how far does disease reduce the fertility of those members which
reach maturity? Clearly the answer will be very different in different
cases. A marine species producing millions of small eggs with plank-
tonic larvae will mainly be eaten by predators. One which is protected
against predators will lose a larger proportion from disease.

There is however, a general fact which shows how important infec-
tious disease must be. In every species at least one of the factors which kills
it or lowers its fertility must increase in efficiency as the species becomes
denser. Otherwise the species, if it increased at all, would increase without
limit. A predator cannot in general be such a factor, since predators are usu-
ally larger than their prey, and breed more slowly. Thus if the numbers of
mice increase, those of their large enemies, such as owls, will increase more
slowly. Of course the density-dependent check may be lack of food or
space. Lack of space is certainly effective on dominant species such as for-
est trees or animals like Mytilus. Competition for food by the same species
is a limiting factor in a few phytophagous animals such as defoiiating cater-
pillars, and in very stenophagous animals such as many parasitoids.
I believe however that the density-dependent limiting factor is more often a
parasite whose incidence is disproportionately raised by overcrowding.

As an example of the kind of analysis which we need, I take
Varley’s (1947) remarkable study on Urophora jaceana, which forms
galls on the composite Centaurea nigra. In the year considered 0.5% of
the eggs survived to produce a mature female. How were the numbers

reduced to ﬁ of the initial value?

If we put 200 = &, we can compare the different killing powers of
various environmental agents, writing K=k, + k, =k, + ..., where k is a
measure of the killing power of each of them. The result is given in Table 1.
Surprisingly, the main killers appear to be mice and voles (Mus,
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Table 1
Month Density per square metre Cause of death k.
July 203,0 — —
" 184,7 Infertile eggs. 0,095
' 147,6 Failure to form gall. 0,224
144,6 ? Disease. 0,021
" 78,8 Eurytoma curla 0,607
Aug., Sept. Other parasitoids. 0,222
. 50,2 Caterpillars. 0,234
Winter 19,2 Disappearance, probably mice. 0,957
" 7,0 Mice. 1,000
. 52 Unknown 0,297
May-June Birds. 0,000
N 3,6 Parasitoids 0,270
July 2.03 Floods. 0,581
4,606

Microtus, etc.) which eat the falien gails and account for at least 22%,
and perhaps 43% of k. Parasitoids account for 31 % of the total kill, and
the effect of Eurytoma curla was shown to be strongly dependent on host
density, and probably to be the main factor in controlling the numbers of
the species, since the food plants were never fully occupied.

When we have similar tables for a dozen species we shall know
something about the intensity of possible selective agencies. Of course
in the case of Urophora jaceana analysis is greatly simplified by the
fact that the imaginal period is about 2 % of the whole life cycle, so that
mortality during it is unimportant.

A disease may be an advantage or a disadvantage to a species in com-
petition with others. It is obvious that it can be a disadvantage. Let us con-
sider an ecological niche which has recently been opened, that of
laboratories where the genetics of small insects are studied. A number of
species of Drosophila are well adapted for this situation. Stalker attempted
to breed the related genus Scaplomyza under similar conditions, and found
that his cultures died of bacterial disease. Clearly the immunity of
Drosophila to such diseases must be of value to it in nature also.

Now let us take an example where disease is an advantage. Most, if
not all, of the South African artiodaetyls are infested by trypanosomes
such as T rhodesiense which are transmitted by species of Glossina to
other mammals and, sometimes at least, to men. It is impossible to intro-
duce a species such as Bos faurus into an area where this infection is
prevalent. Clearly these ungulates have a very powerful defence against
invaders. The latter may ultimately acquire immunity by natural selec-
tion, but this is a very slow process, as is shown by the fact that the races
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of cattle belonging to the native African peoples have not yet acquired it
after some centuries of sporadie exposure to the infection. Probably
some of the wild ungulates die of, or have their health lowered by the try-
panosomes, but this is a small price to pay for protection from other
species.

A non-specific parasite to which partial immunity has been
acquired, is a powerful competitive weapon. Europeans have used their
genetic resistance to such viruses as that of measles (rubeola) as a
weapon against primitive peoples as effective as fire-arms. The latter
have responded with a variety of diseases to which they are resistant.
It is entirely possible that great and, if I may say so, tragic episodes in
evolutionary history such as the extinction of the Noto-ungulata
and Litopterna may have been due to infectious diseases carried by
invaders such as the ungulates, rather than to superior skeletal or visceral
developments of the latter.

A suitable helminth parasite may also prove a more efficient pro-
tection against predators than horns or cryptic coloration, though until
much more is known as to the power of helminths in killing vertebrates
or reducing their fertility, this must remain speculative.

However it may be said that the capacity for harbouring a non-
specific parasite without grave disadvantage will often aid a species in
the struggle for existence. An ungulate species which is not completely
immune to Trypanosoma rhodesiense has probably (or had until men dis-
covered the life history of this parasite) a greater chance of survival than
one which does not harbour it, even though it causes some mortality
directly or indirectly.

Mortality of Urophora jaceana in 1935-1946, after Varley.

The winter disappearance was probably due to galls carried off by
mice. The mortality attributed to mice is based on counts of galls bitten
open. The k due to Euryloma curla in the preceding year was. 0,069, in the
subsequent year 0,137. This cause of death depends very strongly on host
and parasitoid densities. The caterpillars killed the larvae by eating the galls.

I now pass to the probably much larger group of cases where the
presence of a disease is disadvantageous to the host. And here a very
elementary fact must be stressed. In all species investigated the geneti-
cal diversity as regards resistance to disease is vastly greater than that as
regards resistance to predators.

Within a species of plant we can generally find individuals resist-
ant to any particular race of rust (Uredineae) or any particular bacterial
disease. Quite often this resistance is determined by a single pair, or
a very few pairs, of genes. In the same way there are large differences
between different breeds of mice and poultry in resistance to a variety of
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bacterial and virus diseases. To put the matter rather figuratively, it is
much easier for a mouse to get a set of genes which enable it to resist
Bacillus typhi murium than a set which enable it to resist cats. The genes
commonly segregating in plants have much more effect on their resist-
ance to small animals which may be regarded as parasites, than to larger
ones. Thus a semiglabrous mutant of Primula sinensis was constantly
infested by aphids, which however are never found on the normal plant.
I suppose thornless mutants of Rubus are less resistant to browsing mam-
mals than the normal type, but such variations are rarer.

Anyone with any experience of plant diseases will of course point
out that the resistance of which I have spoken is rarely very general.
When a variety of wheat has been selected which is immune to all the
strains of Puccinia graminis in its neighbourhood, a new strain to which
it is susceptible usually appears within a few years, whether by mutation,
gene recombination, or migration. Doubtless the same is true for bacte-
rial and virus diseases. The microscopic and sub-microscopic parasites
can evolve so much more rapidly than their hosts that the latter have lit-
tle chance of evolving complete immunity to them. It is very remarkable
that Drosophila is as generally immune as it is. I venture to fear that
some bacillus or virus may yet find a suitable niche in the highly over-
crowded Drosophila populations of our laboratories, and that if so this
genus will lose its proud position as a laboratory animal. The most
that the average species can achieve is to dodge its minute enemies by
constantly producing new genotypes, as the agronomists are constantly
producing new rust-resistant wheat varieties.

Probably a very small biochemical change will give a host species
a substantial degree of resistance to a highly adapted microorganism.
This has an important evolutionary effect. It means that it is an advan-
tage to the individual to possess a rare biochemical phenotype. For just
because of its rarity it will be resistant to diseases which attack the
majority of its fellows. And it means that it is an advantage to a species
to be biochemically diverse, and even to be mutable as regards genes
concerned in disease resistance. For the biochemically diverse species
will contain at least some members capable of resisting any particular
pestiience. And the biochemically mutable species will not remain in a
condition where it is resistant to all the diseases so far encountered, but
an easy prey to the next one. A beautiful example of the danger of homo-
geneity is the case of the cuitivated banana clone « Gross Michel » which
is well adapted for export and has been widely planted in the West Indies.
However it is susceptible to a root infection by the fungus Fusarium
cubense to which many varieties are immune, and its exclusive cultiva-
tion in many areas has therefore had serious economic effects.
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Now every species of mammal and bird so far investigated has
shown a quite surprising biochemical diversity revealed by serological
tests. The antigens concerned seem to be proteins to which polysaccha-
ride groups are attached. We do not know their functions in the organ-
ism, though some of them seem to be part of the structure of cell
membranes. [ wish to suggest that they may play a part in disease resist-
ance, a particular race of bacteria or virus being adapted to individuals
of a certain range of biochemical constitution, while those of other con-
stitutions are relatively resistant. I am quite aware that attempts to show
that persons of a particular blood group are specially susceptible to a par-
ticular disease have so far failed. This is perhaps to be expected, as a dis-
ease such as diphtheria or tuberculosis is caused by a number of
biochemically different races of pathogens. The kind of investigation
needed is this. In a particular epidemic, say of diphtheria, are those who
are infected (or perhaps those who are worst affected) predominantly
drawn from one serological type (for example AB, MM, or BMM)? In a
different epidemic a different type would be affected.

In addition, if my hypothesis is correct, it would be advantageous
for a species if the genes for such biochemical diversity were particularly
mutable, provided that this could be achieved without increasing the
mutability of other genes whose mutation would give lethal or sublethal
genotypes. Dr. P. A. Gorer informs me that there is reason to think that
genes of this type are particularly mutable in mice. Many pure lines
of mice have split up into sublines which differ in their resistance to
tumour implantation. This can only be due to mutation. The number of
loci concerned is comparable, it would seem, with the number concerned
with coat colour. But if so their mutation frequency must be markedly
greater.

We have here, then, a mechanism which favours polymorphism,
because it gives a selective value to a genotype so long as it is rare. Such
mechanisms are not very common. Among others which do so are a sys-
tem of self-sterility genes of the Nicotiana type. Here a new and rare
gene will always be favoured because pollen tubes carrying it will be
able to grow in the styles of all plants in which it is absent, while com-
mon genes will more frequently meet their like. However this selec-
tion will only act on genes at one locus, or more rarely at two or three.
A more generally important mechanism is that where a heterozygote is
fitter than either homozygote, as in Paratettix texanus (Fisher 1939) and
Drosophila pseudoobscura (Dobzhansky 1947). This does not, however,
give an advantage to rarity as such. It need hardly be pointed out that, in
the majority of cases where it has been studied, natural selection reduces
variance.
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I wish to suggest that the selection of rare biochemical genotypes
has been an important agent not only in keeping species variable, but
also in speciation. We know, from the example of the R/ locus in man,
that biochemical differentiation of this type may lower the effective fer-
tility of matings between different genotypes in mammals. Wherever a
father can induce immunity reactions in a mother the same is likely to be
the case. If I am right, under the pressure of disease every species will
pursue a more or less random path of biochemical evolution. Antigens
originally universal will disappear because a pathogen had become
adapted to hosts carrying them, and be replaced by a new set, not intrin-
sically more valuable, but favouring resistance to that particular pathogen.
Once a pair of races is geographically separated they will be exposed to
different pathogens. Such races will tend to diverge antigenically, and
some of this divergence may lower the fertility of crosses. It is very strik-
ing that Irwin (1947) finds that related, and still crossable, species of
Columba, Streplopelia, and allied genera differ in respect of large num-
bers of antigens. | am quite aware that random mutation would ultimately
have the same effect. But once we have a mechanism which gives a
mutant gene as such an advantage, even if it be only an advantage of one
per thousand, the process will be enormously accelerated, particularly in
large populations.

There is still another way in which parasitism may favour specia-
tion. Consider an insect in which a parasitoid, say an ichneumon fly, lays
its eggs. And let us suppose both host and parasite to have an annual
cycle, the parasite being specific to that particular host. To simplify mat-
ters still further, we shall suppose that the parasite is the only density-
dependent factor limiting the growth of the host population, whilst the
density-dependent factor limiting the growth of the parasite population
is the difficulty of finding hosts. It is further assumed that the parasitoid
only lays one egg in each host, or that only one develops if several are
laid. Varley showed that all these assumptions are roughly true for
Urophora jaceana and Eurytoma curta.

Let ¢ be the effective fertility of the host, that is to say let k be the
mean value of the natural logarithm of the number of female-producing
eggs laid per female. Let k, be the killing power of agents killing during
the part of the life cycle before the host is not infested. Let &, be the
killing power of agents other than the parasite killing during that part of
the life cycle when it is infested, and therefore killing the same fraction
1—e of parasites as of hosts. Let &, be the killing power of agents killing
after the parasites have emerged as imagines.

Let x be the equilibrium density of adult hosts, y that of parasitoids,
and a the mean area of search of the parasitoid.
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Then the fraction of hosts which are not parasitized must be e,
where k +k,+k,+k,=K: Nicholson and Bailey (1933) showed that k,=ay.
But the host density available for parasitism is e£*. Of these (1-¢™)
ekk are parasitized. And X%k (1—ek) of the parasites live to emerge.
This is diminished by a factor e*. The equilibrium densities are given by

k, — k,
X=7K —ek —k —yk )
e R |

_Kk|_kz_ks
y_ a 5

though there is perpetual oscillation round this equilibrium. Now consider
the effect of changes in these parameters. Any gene in the host which
increases K — k, — k, — k, will give its carriers a selective advantage over
their fellows, and will therefore spread through the population. This will
cause an increase in the density of parasitoids. If it acts before or during
parasitisation, thus diminishing , or %,, it will diminish the equilibrium
value of x. If it acts after parasitisation is over, thus diminishing £, it will
increase the equilibrium value of x, though not very much. But since we
have supposed that the parasitoids only emerge shortly before the end of
the hosts life cycle, every increase in its adaptation to environmental fac-
tors other than the specific parasite will diminish the numbers of adult
hosts, though it may increase the number of their larvae at an early stage.
This is a striking example of the way in which the survival of the fittest
can make a species less fit.

A concrete case would be a gene which, by improving cryptic or
aposematic coloration of the larvae, enabled more of them to escape
predators, and therefore more parasites to do so. Since the host popula-
tion is denser they will parasitise a larger fraction of the hosts and thus
reduce their number. Since a larger fraction of parasites escape, equilib-
rium will be reached with a lower host density. Fewer of the caterpillars
«nati a far I’angelica farfallay will achieve this end. More of them will
give rise to ichneumons or chalcids.

Natural selection will also favour genes which enable the bost to
resist the parasitoid, but the latter will also increase its efficiency by nat-
ural selection. As Nicholson and Bailey showed, every increase in the
area searched by it will diminish the density of both hosts and parasites.

The best that can be said for this tendency, from the host’s point of
view, is that it makes it less likely to become extinct as the result of other
agencies. For the parasitoid being dependent on the density of the host pop-
ulation, will allow its numbers to increase rapidly after any temporary fall.

The host can hardly hope to throw off the parasite permanently by
changing its life cycle, developing immunity (if this is possible) or oth-
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erwise. But it can reduce its numbers by speciating. For suppose that the
pair of species is replaced by two host-parasitoid pairs, the population
will be doubled, in so far as the parasitoid is the regulator. It is unlikely
that a species can divide sympatrically, but the reduction in numbers
caused by parasitoidism will leave food available for other immigrant
species of similar habits, even if they are equally parasitised.

Thus certain types of parasitism will tend to encourage speciation,
as others encourage polymorphism. This will specially be the case where
the parasite is very highly adapted to its host, the most striking cases of
adaptation being probably those of the parasitoid insects.

We see then that in certain circumstances, parasitism will be a fac-
tor promoting polymorphism and the formation of new species. And this
evolution will in a sense be random. Thus any sufficiently large differ-
ence in the times of emergence or oviposition of two similar insect
species will make it very difficult for the same parasitoid to attack both
of them efficiently. So will any sufficiently large difference in their
odours. We may have here a cause for some of the apparently unadaptive
differences between related species.

Besides these random effects, disease will of course have others. It
is clear that natural selection will favour the development of all kinds of
mechanisms of resistance, including tough cuticles, phagocytes, the pro-
duction of immune bodies, and so on. It will have other less obvious
effects. It will be on the whole an antisocial agency. Disease will be less
of a menace to animals living singly or in family groups than to those
which live in large communities. Thus it is doubtful if all birds could sur-
vive amid the faecal contamination which characterises the colonies of
many sea birds. A factor favouring dispersion will favour the develop-
ment of methods of sexual recognition at great distances such as are
found in some Lepidoptera.

Again, disease will set a premium on the finding of radically new
habitats. When our ancestors left the water, they must have left many of
their parasites behind them. A predator which ceases to feed on a partic-
ular prey, either through migration or changed habits, may shake off a
cestode which depends on this feeding habit. When cerebral develop-
ment has gone far enough to make this possible, it will favour a nega-
tive reaction to faecal odours and an objection to cannibalism, and will
so far be of social value. A vast variety of apparently irrelevant habits
and instincts may prove to have selective value as a means of avoiding
disease.

A few words may be said on non-infectious diseases. These include
congenital diseases due to lethal and sub-lethal genes. Since mutation
seems to be non-specific as between harmful and neutral or beneficial
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genes, and mutation rate is to some extent inherited, it follows that natu-
ral selection will tend to lower the mutation rate, and this tendency may
perhaps go so far as to slow down evolution. It will also tend to select other
genes which neutralise the effect of mutants, and thus to make them reces-
sive or even ineffective, as Fisher has pointed out. Whether the advantage
thus given to polyploids is ever important, we do not know. But the evolu-
tion of dominance must tend to make the normal genes act more intensely
and thus probably earlier in ontogeny, so that a character originally appear-
ing late in the life cycle will tend to develop earlier as time goes on.

Deaths from old age are due to the breakdown of one organ or
another, in fact to disease, and the study of the mouse has shown that
senile diseases such as cancer and nephrosis are often congenital. In ani-
mals with a limited reproductive period senile disease does not lower the
fitness of the individual, and increases that of the species. A small human
community where every woman died of cancer at 55, would be more
prosperous and fertile than one where this did not occur. Senile disease
may be an advantage wherever the reproductive period is limited; and
even where it is not, a genotype which lead to disease in the 10 % or so
of individuals which live longest may be selected if it confers vigour on
the majority. As Simpson (1944) has emphasized, some of the alleged
cases of hypertely can be explained in this way.

Deficiency diseases are due to the lack of a particular food con-
stituent which an organism or its symbionts cannot synthesize or make
from larger molecules. They must act as a selective agent against the loss
of synthetic capacity which is a very common type of mutation in sim-
ple organisms at least, and in favour of genotypes with a varied symbi-
otic flora. They might thus have speeded up the evolution of the
ruminants, whose symbionts probably make vitamins as weir as sim-
ple nutrients like acetic acid. To be precise it might be an advantage to
have a small rumen where symbionts made B vitamins before it got large
enough to add appreciably to the available calories.

On the other hand Rudkin and Schulz (1948) have shown that defi-
ciency diseases can select mutants which utilize the nutrilite in question
less than does the normal type. In particular the vermilion mutant of
Drosophila melanogaster does not form the brown eye pigment ommatin
from tryptophane. It is more viable than the wild type on a diet seriously
deficient in tryptophane. Thus deficiency diseases may cause a regres-
sive type of evolution characterized by the loss of capacity to utilise rare
nutrilites for synthesis.

In this brief communication [ have no more than attempted to suggest
some lines of thought. Many or all of them may prove to be sterile. Few of
them can be followed profitably except on the basis of much field work.
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Discussion

MONTALENTI. Sottolinea I’importanza delle vedute espresse dal
Prof. Haldane. Ricorda il caso della microcitemia o talassemia, studiato
da Silvestroni, Bianco e Montalenti. Qui un gene, letale allo stato
omozigote (morbo di Cooley) si trova, allo stato eterozigote, con tale fre-
quenza in alcune popolazioni (piu del 10 %) che bisogna ammettere che
esso rappresenli in questa condizione un vantaggio per gli individui che
lo portano. Poiché da alcune ricerche, tutt’altro che complete, sembra
che il gene sia piu frequente in zone malariche, il Prof. Haldane ha sug-
gerito in comanicazione verbale che gli individui microcitemici, i quali
fra I’altro hanno resistenza globulare aumentata, possano essere piu
resistenti all’infezione malarica. Comunque ¢ questo un caso interes-
sante di eterosi, che si ricollega a quanto ha illustrato il Prof. Haldane.

Juccl. La relazione del Prof. Haldane ha sviluppato magistral-
mente, in modo quanto mai suggestivo, un argomento del piu alto inter-
esse. Desidero fare qualche commento su qualcuno dei tanti aspetti del
problema. Non conoscevo le ricerche di Varley su Urophora. Certo g i
insetti gallicoli offrono un materiale particolarmente adatto. Anni fa
comincial a raccog’iere dati analoghi sul cecidomide Mikiola fagi. Ma la
mia attenzione fu particolarmente assorbita dal fatto che nella zona da
me esplorata — ogni singolo faggio iungo la strada che saie al Terminillo,
nel tratto da 1000 a 1200 metri di altezza — si presentava una varieta di
comportamento spiccatissima. Accanto a un faggio carico di galle spesso
un altro ne era del tutto sprovvisto, come per una variabilita genetica di
comportamento della pianta ospite. Le ricerche verranno riprese ed
approfondite ora che stiamo per organizzare una Stazione montana di
Genetica sul Terminillo, all’altezza di 1700 m. Suggestive le consider-
azioni del Prof. Haldane sul pericolo che per la specie presenta una
eccessiva omogeneita e sel vantaggip di una capacita a presentare
mutazioni biochimiche in rapporto alla possibilita di esprimere dalla
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costituzione genetica razze resistenti a parassiti lo ho avuto occasione di
studiare a lungo le diverse recettivita di due bombici serigeni,
Phylosamia ricini € Ph. cynthia, al virus del giallume. La ricini, forma
domestica, ¢ resistente: portatore sano; la cynthia, selvatica sull’ailanto,
recettiva come il Bombyx. Forse € per questa ragione che in Italia la cyn-
thia ¢ diffusa largamente, ma ovunque poco abbondante. Una o poche
mutazioni (nella F2 dell’incrocio si ha la disgiunzione dei fattori con
ritorno a forme resistenti e recettive, come le parentali) possono aver
determinato nella ricini la capacita ad essere allevate in massa. A propos-
ito della tendenza antisociale che il periodo delle malattie infettive puo
imprimere a molte specie di organismi, notero che per I’evoluzione degli
insetti sociali deve certo avere avuto larga importanza 1’acquisizione di
forte resistenza alle infezioni. Sarebbe interessante paragonare a questo
riguardo la recettivita della forma domestica (Apis mellifica) e di forme
affini selvatiche alla peste delle api e simili forme epidemiche. Una delle
vie per le quali il fattore malattia da infestione o infezione deve avere
profondamente influenzato il processo evolutivo ¢ stata certo quella della
simbiosi, che va considerata come uno stato di alleanza subentrato a un
periodo pit 0 meno lungo di guerra fra due organismi. Caratteristico il
caso dei batteri simbionti nel tessuto adiposo di Blattidi e di Termiti.
La simbiosi risale ai Protoblattoidi del Carbonifero, come lo dimostra I’i-
dentita dei processi di trasmissione dei batteri da una generazione all’al-
tra nei Blattidi e nel Mastotermes. Gli Isotteri hanno lasciato cadere
lungo la via filogenetica la simbiosi con i batteri forse perché hanno
trovato assai piu vantaggiosa la simbiosi con i flagellati dell’intestino che
hanno loro permesso la conquista del mondo della cellulosa.
Interessantissimo 1’accenno del Prof. Haldane alle malattie di carenza:
mutazioni in questo senso possono aver sollecitato lo stabilirsi di simbiosi
nelle quali I’associato veniva ad offrire il fattore accessorio che 1’ospite
non era piu capace di produrre e che non poteva trovare nell’ambiente.

HADORN. Bei Bakterien gibt es zahlreiche Beispiele, die zeigen
dass biochemische Mutationen die zu synthetischen Defekten fiihren,
gleichzeitig eine Resistenz gegen Infektionen (Phagen) bedingen.
Vielleicht konnte dies also Modell dienen fiir den positiven
Selektionswert im Falle von Thalassemia.

Wie kann man erkldren, dass die Negerbevolkerung von
Zentralafrika gegeniiber der tropischen Schlafkrankheit weniger
resistent ist als die eingewanderten Europiier ? Es wire vielmebr zu
erwarten dass die Selektion bei der schwarzen Bevolkerung eine erhohte
Immunitét begiinstigt hétte.

HALDANE. 1. I agree with Dr. Montalenti’s project. Another possi-
bility is that (by analogy with the advantage possessed by vermilion
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Drosophila on media deficient in tryptophan) microcythemic heterozy-
gotes may be at an advantage on diets deficient in iron or other sub-
stances, thus leading to anacmia.

2. Perhaps the theory that most diseases evolve into symbioses
is somewhat panglossist. I doubt if it occurs as a general
rule, though it may do so. The position for the original host is
however best.
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