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MALARIA AND HUMAN POLYMORPHISMS
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Malaria has probably killed more human beings than any other single
disease (Garnham 1). In 1952 Russell (2) estimated that there were about
350 million cases of malaria per year with an estimated 1 percent mortality.
More recently Bruce-Chwatt (3) has estimated that 1741 million people
now live in areas that were once malarious; of that number 381 million are
still subjected to endemic malaria, and 710 million inhabit areas where
malaria is only partially controlled. As a leading cause of human morbidity
and mortality, malaria has undoubtedly been a major agent of natural se-
lection and consequently a determinant of man’s genetic evolution. Haldane
(4-6) was primarily responsible for directing the attention of geneticists
to the importance of infectious disease including malaria in man's recent
evolution. Although man undoubtedly has had many parasites during his
long history as a hunter and collector, the domestication of animals and
plants about 9000 years ago increased the number and severity of parasitic
infections, since it enormously increased the population density of the human
species and madeit one of the most available hosts for parasites. The effects
of either epidemic or endemic malaria are also so disruptive to human affairs
that malaria has often been considered a major cause of historical events
from the declines of Greece and Rome to the failure of the Crusades and the
Gallipoli campaign of World War I (Jones 7, Hackett 8, Garnham 1). Shortt
(9) has discussed the economic importance of malaria and given examples of
its disastrous effects. He also points out that this disease may have prevented
the settling of some areas of India.

Because of its distinctive symptoms, malaria can be traced more pre-
cisely than most infectious diseases in the writings of antiquity. References
on papyri of the 16th century B. C. to splenomegaly, and hieroglyphic
inscriptions referring to intermittent fever seem to indicate the presence of
malaria in ancient Egypt (Hoeppli 10, Garnham 1). But the characteristic
symptoms of malaria, tertian or quartan fever and an enlarged spleen, were
specifically recorded in Greece by Hippocrates in the 4th century B. C. and
were also known in Roman times in Italy (Boyd 11, Russell 12). Pre-
Christian written records from China and India also refer to the same
symptoms (Gwei-Djen & Needham 13, Hoeppli 14, Russell 10); so we know
that malaria was present throughout the civilizations of antiquity.
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Epidemiology of malarie.—Although malaria has been present for mil-
lenia in most human populations of the tropical and sub-tropical regions of
the Old World, its importance as a selective factor in these populations is a
more complicated question. Selection results from either differential fertility
or mortality among the genotypes of a particular locus and is dependent,
obviously, upon the total effect of the selective factor. In a population with
endemic malaria, the effects of the disease fall primarily on the infants and
children. With the most intense transmission of malaria, on the average a
person is bitten by an infected mosquito every 10 days or even more fre-
quently; so that everyone is infected in the first year of life, and close to 100
percent of the young children will have detectable parasites and an enlarged
spleen. Although the adultsin the population will be continuously re-infected
and occasionally show parasites, there will be little adult morbidity or mor-
tality due to the disease. With less transmission, the child parasite rate will
drop to 50 percent or less, theadult parasite rate will increase, and there may
be some adult mortality. However, malaria is still continuously present, and
everyone is infected. Malaria becomes epidemic when transmission is inter-
rupted for considerable lengths of time. In an epidemic all ages are almost
equally affected, and the mortality rate can exceed that for endemic malaria
for the same period of time.

As for any disease, the amount of transmission of malaria can vary in
any population. In arid or temperate climates such as Northern Europe,
there can be pronounced seasonal variation in transmission, but the disease
will still remain endemic. MacDonald (15) developed an index to measure
the stability of the transmission of malaria which depends only on the life
expectancy of the mosquito species transmitting malaria and the probability
that it will bite man. Stability and endemicity are closely correlated, and
with greater stability the demographic and selective effects of malaria would
be more constant and operate continuously generation after generation.

On the other hand, sincc epidemic malaria is not constantly present, its
selective and demographic effects are not continous and consequently not as
great. A disastrous epidemic of malaria or any other disease, since it is only
a single occurrence, is comparable to a single generation of selection in its
effect on gene frequencies. For example, if an epidemic caused a mortality
of 10 percent and the difference in fitness was 10 percent, then for the usual
models of gene frequency change this would result in a selection coefficient
of 1 percent, and it takes many generations of epidemics to effect appreciable
gene change with this amount of selection. There are few data on the selective
advantage of heterozygotes at loci that are considered to be balanced by
infectious disease. The presumed higher equilibrium frequency of the sickle
cell gene (hemoglobin S) and the very low fitness of homozygotes for this
gene would seem to indicate that its selective advantage is the highest of
any, and with an average equilibrium gene frequency of about .13, the selec-
tive advantage would be 15 percent. But even for this gene a malaria epi-
demic with 25 percent mortality would increase the heterozygotes by 2-4
percent, depending on their frequency. Similar epidemics would have to
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occur continuously over a considerable length of time to change the gene
frequency significantly, and most epidemic diseases do not have such a con-
sistent pattern. The absence of high frequencies of abnormal hemoglobins
and the glucose-6-phosphate dehydrogenase deficiency in many populations
of India, Spain, and Portugal may well be due to the fact that malaria is
more epidemic than endemic in these areas.

For several years there has been a controversy as to how the mortality
and morbidity due to malaria vary with the endemicity of the disease. With
the great advances in the program of world-wide eradication of malaria, this
debate has tended to lose its significance for public health policy, but the
significance remains for the evolutionary effects of malaria. Wilson, Garnham
& Swellengrebel (16) in an extensive review of hyperendemic malaria [now
called holoendemic (Covell, Russell & Swellengrebel 17)] expressed the view
that there was less mortality and morbidity under conditions of greatest
transmission. They cite the parasite rates and spleen rates of populations
from many different parts of the world to support this position and infer from
these data that a solid immunity to malaria is acquired in childhood with
little effect on the health of the population. BWespite the diversity of the
populations involved, the authors considered that the ability to acquire
this immunity has an innate or racial component. Garnham (18) has pre-
sented the most extensive data to support this view, from the Kavirondo
Gulf region of Kenya, which in addition seem to show that malaria has
little effect on the outcome of pregnancy. Shortt (9) and Macdonald (19)
disagreed with this view, and Macdonald pointed out the deficiencies of the
data supporting it. The controversy did result in the publication of some
data on the age-specific mortality rates for malaria (Colbourne & Edington
20, Bruce-Chwatt 21, Duren 22); but since these data referred to urban or
cosmopolitan populations, the debate was not resolved. In the intervening
years there has still been no study of the age-specific mortality rates for
malaria in a holoendemic population; and since such populations are now
almost nonexistent, the crucial data may never be collected. Hence the con-
troversy is moot.

Nevertheless, if small isolated human populations could evolve a com-
mensal relationship with malaria that is based on a very high transmission
rate, this would imply that any human polymorphism that is maintained
by malaria would occur in higher frequencies in populations with less intense
malaria. By considering various models for the age-specific mortality from
malaria, Lehmann & Raper (23) attempted to determine the malaria mor-
tality necessary to balance the sickle cell polymorphism among the Bwamba
tribe of Uganda, who have one of the highest sickle cell frequencies in the
world (.195). They found that if the malaria mortality occurred later in life,
as would be the case with less transmission, then a lower mortality would be
necessary to sustain this high frequency. The parasite rates for the Bwamba,
which they cite, seem to reflect a lower endemicity than the hyperendemic
rates in Wilson, Garnham & Swellengrebel (16). However, Wilson (24) and
Brass (25) disputed L.ehmann & Raper’s conclusions, and Wilson also at-
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tempted to show that the malaria mortality known in Africa was not suf-
ficient to maintain the sickle cell polymorphism. Many others (e.g. Neel 26)
have speculated on this problem because the mortality does seem to be less
than is necessary. More recently, Raper (27) has constructed the hypotheti-
cal age-specific mortalities that would be associated with different endemic-
ities of malaria. These malaria death rates are constructed to show that
malaria could both balance the sickle cell polymorphism and result in higher
frequencies of this gene at lower endemicities. However, he concludes by
suggesting that criticisms by malariologists would be helpful to resolve the
problem, but I am unaware of any further contributions to the issue.

To balance the sickle cell polymorphism when it is the only abnormal
allele present, we can use the formula, § =s/(s-+t), where s and ¢ are the selec-
tions against the 44 and SS homozygotes, respectively, and § is the equilib-
rium frequency of the S gene. If we assume that ¢=1.0, which seems reason-
able for most primitive populations in Africa (Lehmann & Raper 23), then
for §=.2, s=.25, and for §=.1, s=.11. In these cases s is the proportion of
A 4 homozygotes who would have to die of malaria if mortality from malaria
was the only force balancing the polymorphism and no heterozygotes died
from malaria. For the total population, these would be approximately .16
and .09 dying from malaria.

The calculation of the amount of selection due to malarxa is complicated
by the fact that only about 50 percent of the individuals born survive to the
age of reproduction in Africa and in most other regions with highly endemic
malaria. If the other deaths are assumed to be random with respect to the
sickle cell genotypes, then the total population to which the selection would
apply is the number (V) surviving to reproductive age plus the number (M)
dying of malaria. Thus, with our assumptions, s = M/(M+ N). The total and
malaria age-specific mortalities do not seem to be approximated by any
general equation, but for any number of individuals born into a population
we can compute from numerical estimates of these mortalities the number
who survive to reproduction and the number who die of malaria. Colbourne
& Edington’s (20) data from Accra, Ghana, yield estimates of s ranging from
.08 to .11, which would seem to be adequate to maintain the S gene frequency
of about .1 found there. The presence of hemoglobin C, however, complicates
the population dynamics in Ghana. For example, in 1948 Wards A and B on
the outskirts of Accra had an infant mortality rate of 297/1000 and an
infant mortality from malaria of 22/1000. The death rates of the older age
classes were much lower, so that of 1000 born 583 survived to reproductive
age and 57 died of malaria. Thus, s=57/(583+457) =.09. For Ward D in the
center of Accra, the infant mortality is 86, but the malaria mortality is
somewhat higher so that s=.088.

The age-specific mortalities of many African populations are now known
(Caldwell & Okonjo 28, Brass et al 29), and many tend to be higher for ages
2-5 than Colbourne & Edington’s figures indicate. Malaria mortality also
seems to be higher in other areas (Janssens et al 30, McGregor et al 31).
McGregor et al followed two groups of children for the first three years of
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life in a holoendemic population in the Gambia. One of the groups was given
antimalarial drugs, the other was not. The groups were small, 26 in each at
the start. While only 3.8 percent of the protected group died, 19.2 percent
of the unprotected group died. This difference seems to indicate that malaria
may be responsible for as much as 15 percent of the childhood deaths in a
holoendemic population. If the age-specific malaria mortality rate for young
children is estimated as 15-20/1000 instead of 11/1000, the figure of Col-
bourne & Edington, then estimates of sfrom .13 to.18 can be generated with
many reasonable age-specific mortality estimates. With the assumptions of
the model itis also easy to show that malaria mortality among older children
makes a greater proportional contribution to s. This analysis thus supports
Raper’s (27) conclusions: malaria can maintain the sickle cell polymorphism
and lower frequencies of the sickle cell gene may be expected with holoen-
demic malaria.

There are many populations in West Africa, Cameroons, and the Congo
with very low sickle cell frequencies and holoendemic malaria. For those in
West Africa, I have postulated that they were until comparatively recently
hunters and collectors and would not have had endemic malaria in their
unbroken tropical rain forest habitat (Livingstone 32). However, these popu-
lations may have had holoendemic malaria but a commensal relationship
with the parasite, although at present there is considerable mortality due to
malaria. In West Africa malaria is endemic almost everywhere, but there is
a correlation between the frequencies of the sickle cell gene and population
density (Livingstone 33). The high death rate from infectious diseases, par-
ticularly among infants and children, is one of the major factors controlling
population size among primitive agriculturalists. The correlation between
sickling and population density seems to implicate malaria as one of the
major diseases controlling population in West Africa. Haldane (5, 6) has
emphasized that causes of mortality that act homeostatically to control the
size of a population, or what he called ‘‘negative density-dependent factors,”’
have the most effect as agents of natural selection. Thus, malaria may have
increased in importance as a selective factor as it increasingly became a
factor controlling population size.

The effect of malaria on population growth.—Just as natural selection
results from differential mortality and fertility, the growth rate of any
population, which can be approximated by the difference between the crude
birth rate and the crude death rate, is also determined by the forces con-
trolling mortality and fertility. In addition to the data on the effect of
malaria on mortality and fertility, indirect evidence for its effect can be
inferred from the changes in the birth and death rates that have resulted
from the eradication of malaria. Populations with endemic malaria have
among the highest birth and death rates found in the world today, and these
are comparable to the rates found in most human populations prior to the
control of infectious disease. The average birth rate is perhaps 40/1000; and
since these populations were comparatively stable until recently, the death
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rate averaged perhaps 39/1000. As Coale (34) has pointed out, the growth
rate of the whole human population has averaged about 1/1000 from the
time of Julius Caesar to the 19th century. Malaria will have a maximum
effect on the growth rate since most malaria mortality occurs before repro-
ductive age. Precise estimates of this effect require age-specific mortalities,
but in the absence of such data a comparison of crude death rates from
malaria can provide a rough indication. Henceforth, as in previous discus-
sion, all birth, death, and growth rates will be expressed per 1000 per year.

For the Western Hemisphere, the estimates of the crude death rate from
malaria are higher than those for Africa despite the fact that endemicity is
generally lower. For Central America Russell (12) has estimated the crude
mortality rate from malaria to be 4.32, and Faust (35) gives figures of over 10
for parts of Guatemala and Honduras. In South America, the malarious
districts of Guyana had malaria death rates up to 3-4, and when deaths
from nephritis are added, the total due to malaria would be 5-7 (Giglioli
36, 37, Newman 38). In Trinidad the crude malaria mortality rates ranged
up to 2 for the most malarious districts (Downs et al 39), and even in Arkan-
sas in 1933 the malaria mortality rate was .5, which was the highest rate in
the United States at that time (Faust 35). Since less than half of the popula-
tion of Arkansas was subjected to malaria, the amount of selection there was
comparable to many areas of endemic malaria in Africa. Colbourne & Eding-
ton’s (20) data show a crude malaria mortality rate of 2.0 for Wards A and
B on the outskirts of Accra, Ghana, and 2.5 for Ward D in the center of the
city, which has a lower endemicity. In Lagos, Nigeria, Bruce-Chwatt (21)
recorded a crude mortality rate from malaria of 1.4, and Duren (22) in a
summary of the data from the Congo found an average death rate from ma-
laria of 1.7. More recent data from endemic areas of the Sudan show the
extremely low malaria death rates of .04 in the south and .03 for the Central
Sudan (Wernsdorfer & Wernsdorfer 40).

Given an average mortality rate of 30—40, these data from Africa imply
that malaria has only a minimal effect on the growth rate of populations with
endemic malaria. However, the recorded declines in the crude mortality
rates that follow the control of malaria in endemic populations seem to con-
tradict this conclusion. In one of the pioneer studies of human ecology,
Hackett (8) states that the mortality rate in Sermoneta, a small village on
the Pontine Marshes of Central Italy, fell from 40 to less than 20 after the
eradication of malaria. The Montagnard populations of the highlands of
South Vietnam were subjected to some of the most severe holoendemic ma-
laria in the world, and with malaria control the crude death rate fell by
15-20 (Farinaud et al 41, Farinaud & Choumara 42). In East Africa Pringle
(43) found that the death rate decreased by 10 after residual insecticide
spraying to control malaria; but since the death rate stayed at its lower level,
after the resumption of malaria transmission, other factors seem to be in-
volved. In any case, these studies all indicate a crude death rate due to
malaria in holoendemic populations of perhaps 10-15, which is much larger
than any recorded malaria death rates.
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Malaria may contribute indirectly to death from other causes, nephritis
being an obvious case, and these indirect effects may be the reason for such
drastic declines in the death rate after malaria control. The most extensive
data are from Guyana and Ceylon, the drastic decline in the death rate in
the latter after malaria control is very frequently cited to show the demo-
graphic effects of malaria (Coale & Hoover 44). Newman (38) has made an
extensive analysis of these two declines in the death rate. He attributes a
major role to malaria and considers its effect on the death rate to be 4-5
times higher than recorded malaria death rates. However, there is still some
controversy over the role of malaria in the decline of mortality rates in
Ceylon (Frederiksen 45, Meegama 46), since this decline shortly after World
War II was comparable in both malarious and nonmalarious districts. In
Guyana there are records of the malaria mortality rates (Newman 38); and
although these range up to 4 in hyperendemic districts, the decline in the
death rate is still much greater. Thus, although it would appear plausible
that malaria has been one of the major diseases controlling the size of human
populations, conclusive evidence is still lacking. In reviewing the controversy
on Ceylon, Bruce-Chwatt & Meade (47) point out that there has been a
recent epidemic of malaria on Ceylon and its demographic effects may
contribute further evidence.

Evidence for the influence of malaria on the birth rate of human popula-
tions is even more equivocal than for the death rate. The eradication of
malaria does not have a constant effect on the birth rate (Pampana 48, Gill
49), although Khan & Zia-ud-Din (50) found a significant negative correla-
lation between epidemics and the next year’s birth rate in the Punjab. On
the other hand, there is considerable evidence that malaria infection during
pregnancy causes prematurity (Blacklock & Gordon, 51, Bruce-Chwatt 52,
Jelliffe 53, Gilles et al 54), which surely would result in increased risk of
neonatal death. The pronounced decrease in the infant mortality rate that
follows malaria control could thus be primarily a result of the decline in
malaria infections of the placenta. Such an effect would obviously result in a
very marked population control.

Evolution of human malaria parasites.—Heretofore malaria has been
considered as a single entity, but, as is well known, human malaria can be
caused by several different organisms all of which have generally been classi-
fied in the genus, Plasmodia. Man is the major host for four species, P.
falciparum, P. vivax, P. malariae, and P. ovale. The falciparum parasite is so
different from the others in its morphology and life cycle that it has been
classified in a different genus, Lavarania, by Bray (55), and this view seems
to be gaining acceptance. The great majority of the obvious deaths from
malaria are caused by cerebral complications, and most of these are due to
falciparum malaria. But all four parasites cause the typical malaria symp-
toms of chills and fever and cause considerable morbidity and perhaps
mortality. Mortality from malaria is closely correlated with the density of
parasitemia, but chronic malaria, especially that due to P. malariae, has been
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implicated in many diseases. It is one of the major causes of nephritis or
nephrosis, which are common in many tropical countries with endemic
malaria and cause a significant mortality (Giglioli 37, van der Kuyp 56,
Gilles 57, Kibukamusoke 58).

There are malaria parasites of other primates that can on occasion infect
humans. Most of the Plasmodia of the higher primates were considered to
be quite species-specific until recent experimental transmissions between
man and other primates of many of their malaria parasites (Bruce-Chwatt
59, Contacos et al 60). It seems that the major reasons for the absence of
infections being transferred so infrequently between mammalian hosts are
ecological. For example, the mosquitos that infect monkeysin South America
live and breed in treetops and so have little contact with man, but they do
occasionally infect humans with malaria (Deane et al 61). On the other hand,
in Southeast Asia the same anopheline mosquitos bite man and other pri-
mates (Eyles et al 62, Warren et al 63), and there are more malaria zoonoses
in that region. '

The two malaria parasites of the South American monkeys, P. brastlianum
and P. simium, are morphologically identical to the human parasites, P.
malarige and P. vivax respectively; and since P. brasilianum has been experi-
mentally transmitted by mosquito bite to man from the spider monkey and
back again (Contacos et al 64), it would appear to be the same parasite as
P. malariae. The lack of variation in the Plasmodia of South American
monkeys and their identity with human malaria parasites leads to the con-
clusion that these monkeys were recently infected with what were originally
human parasites (Dunn 65). Since the American Indians populated the New
World via the Bering Straits, it would have been impossible for them to have
brought malaria parasites to the New World. Thus, malaria seems to be
comparable to yellow fever in having been brought here by European expan-
sion and to be post-Columbian, although Bruce-Chwatt (66) has postulated
an earlier transatlantic crossing during the Bronze Age. This implies that
the American Indians have been subjected to naturalselection by malaria for
only the last few hundred years, and their populations seem to have no gene
frequencies at the loci that have presumably been selected by malaria to
contradict this hypothesis (Arends 67).

In the Old World, malaria would also seem to be relatively recent as a
cause of natural selection in most human populations. During the course of
man’s evolution from an anthropoid ape, it is now obvious that he spent
millions of years as a hunter on the tropical savannas of the Old World.
During this stage of his evolution, population densities averaged at most
about 1 per 10 square miles, and the species was confined to the relatively
mosquito-free grasslands. Such a species would not be an adequate host for
the current human malaria parasites, and this raises the question as to how
these parasites evolved to their present form.

The development of drug resistance in the malaria parasites in the last
few years indicates that these parasites can evolve much faster than their
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hosts, so that the present malaria parasites may have been quite different
in the past and adapted to a sparse hunting host. But it seems more likely
that other primates in the tropical forest, which have population densities
of about 10 per square mile, were the principal hosts in the past. When man
became more populous and began to change drastically the flora and fauna
in his environment, he became infected with the parasites of other mammals.
At first these parasites would be zoonoses, but with the elimination of the
other host the parasite would become totally adapted to man. Assuming host
transfer to be the mode of evolution of human malaria parasites, one can
then attempt to find the nearest malaria ancestor among the similar para-
sites of other primates from which possible alternate hosts can be deter-
mined (Bruce-Chwatt 59, Livingstone 68). It should be pointed out, how-
ever, that there is a strong tendency among parasitologists to assume that
parasites co-evolve with their host (Bruce-Chwatt 66). This phenomenon
has been given a name, vicariance (Garnham 1), and would obviously mini-
mize the importance of host transfers.

Man’s closest relative, the chimpanzee, has two malaria parasites, P.
reichenowt and P. schwetzi, which are very similar to the human parasites,
P. falciparum and P. vivax, respectively, and a third parasite, P. malariae,
is found in both man and the chimpanzee. It is thus a zoonosis, although
there seems to be little opportunity for transfer between hosts (Bruce-
Chwatt 59). P. vivax is also extremely similar to P. cynomolgi of the macaque
and other Old World monkeys. The other human malaria parasite, P. ovale,
is not very much like any other parasite, but it does share some similarities
with P. gondert of the African monkeys, with P. fieldi of Malayan macaques,
and with P. simiovale of Ceylonese macaques (Garnham 1).

All the human malaria parasites are found throughout most of the range
of human malaria, but the more localized distributions of the alternate hosts
or similar simian parasites, or both, make it possible to speculate as to the
possible places and times of evolution of the human parasites from zoonoses.
P. vivax is more adapted than the others to northern temperate climates
where thereis a marked interruption in transmission during one season. Since
it is almost identical to P. cynomolgi of the macaques who were once ex-
tremely widespread from Europe through the Middle East and India to
Japan, the elimination of the macaque in many of these areas by man’s
agricultural activities created the circumstances for P. cynomolgi to evolve
into P. vivax. Thus, it would seem that P. vivax was the first major human
malaria parasite and the primary one in the civilizations of antiquity.

The close relatives of P. ovale are widespread, so that its origins are ob-
scure. However, it is most frequent in West Africa, where most of the mon-
keys are infected with P. gonderi, which could be an ancestor. On the other
hand, P. falciparum and P. malariae would both seem to have been acquired
from the chimpanzee. Since P. malariae is a low density, chronic infection,
which is adapted to a low rate of transmission, it has survived relatively
unchanged in its new niche. On the other hand, P. falciparum has evolved
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into an extremely virulent parasite with many of the same pathological
symptoms as P. knowlest when it infects macaques other than its normal
host. It would thus appear that man acquired falciparum malaria in Africa,
and since the tropical forest and thereby one of its inhabitants, the chim-
panzee, have been greatly reduced in geographic range in the last 2000 years
due to man’s activity, the circumstances for host transfer of parasites have
surely arisen many times. In Africa the major anopheline carriers of human
malaria, 4. gambiae and A. funestus, are adapted to water sources that arise
with human disruption of the forest. There is thus little opportunity for
zoonoses with apes, and hunters would not be expected to have endemic
malaria. In Southeast Asia, however, many zoonoses are possible in the
tropical forest (Eyles et al 62, Warren et al 63), so that hunters may be
expected to have had endemic malaria.

Despite the speculation involved in these attempts to derive human
malaria parasites from those of other primates, many of the broad conclu-
sions can aid insolving the problems concerning thedistributions of abnormal
hemoglobin and other human genes related to malaria. After the evidence
for the effect of malaria on human genes is reviewed, their distributions will
be considered in more detail. Some of the conclusions based on parasite
evolution seem to be in accord with expectations from genetic distributions.
The absence of abnormal hemoglobins and the recency of malaria in the
New World has already been mentioned as one of the most striking of these
concordances.

Racial immunity to malaria.—With the expansion of Western European
culture in the 16th century, modern ideas on the nature and extent of human
genetic variability began to develop. In the 18th century Linnaeus, Blumen-
bach, and others constructed racial classifications of mankind, and their
major outlines have persisted to this day. In addition to genetic traits many
other biological and even cultural characteristics were associated with the
different races. The great differences in the intensity of infectious diseases
among the world’s populations, and the obvious differences in susceptibility
to various diseases including malaria, were thus easily considered to have a
racial basis. The fact that malaria contributed more than any other factor
to making West Africa the “White Man’s Grave” seemed to be convincing
evidence that races differed in their immunity to malaria. More recently
Wilson, Garnham & Swellengrebel (16) have suggested that the solid im-
munity found in hyperendemic regions has a genetic basis, but it is not
confined to any one race. However, for malaria and many other diseases the
importance of the specific epidemiological circumstances are being increas-
ingly recognized as the major determinant of differences in the susceptibility
of the individual to the disease and of its severity.

On the other hand, the evidence for the existence of differences among
human populations in their resistance to some species of malaria is quite
concrete. Many studies have shown that American Negroes are refractory
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to infection with P. vivax (Boyd & Stratman-Thomas 69, Young et al 70),
and Liberians have a similar resistance (Bray 71). In addition, Negroes in
the South had proportionally less vivax malaria than Whites (Rice & Watson
72), and recent experimental transmissions to man of simian parasites similar
to P. vivax have shown that Negroes are less susceptible to these parasites
(Beye et al 73, Contacos et al 60).

Despite these apparent differences among human populations in their
ability to resist vivax infections, the differences cannot at present be associ-
ated with any specific genetic or biochemical difference. For some time hu-
man populations have been known to vary in their levels of ¥ globulin, with
those in the tropics usually having marked elevations. Recent advances have
shown that these elevations in West Africans (McFarlane 74, Rowe et al
75), in populations of West African origin (Low-Beer et al 76), and in New
Guinea (Wells 77) are due principally to [gG, which also contains most
malaria antibodies (Zuckerman 78, McFarlane & Voller 79). Curtain &
Baumgarten (80) did not find malaria antibody to be associated with the
Gm factors of immunoglobulin. Cohen & Butcher (81) have found that the
bivalent portion had to be present to have an antimalarial effect. Targett
(82) has found that the increase in IgG is correlated with the malaria anti-
body titer, and in addition the IgM fraction is higher in those with malaria
antibodies. In any case the current rapid advances in the genetics of the
immunoglobulins will surely contribute to the solution of many problems of
malaria antibody formation and its genetic basis.

Another kind of recent evidence for racial differences in susceptibility to
malaria is the varying amounts of adenosine triphosphate (ATP) in the red
cells of different populations. Brewer & Powell (83) found a relationship
between ATP content of the red cells and the course of falciparum malaria
infection, and Eaton & Brewer (84) found the same inverse relationship
between ATP and P. cynomolgi infection in the rhesus monkey. Brewer (85)
provided some evidence for the inheritance of the level of ATP in red cells,
and Brewer & Coan (86) showed that hyperoxia leads to a lowering of the
red cell ATP, which could alleviate the severity of a malaria infection. There
is also some evidence (Brewer 87) that heterozygotes for 8 thalassemia have
a lower level of red cell ATP, which could contribute to their presumed re-
sistance to malaria.

Malaria and the blood groups.—The ABO blood groups were the first
genetic polymorphism found to vary significantly among human popula-
tions, and in the early part of the century many studies were done on the
association of the ABO blood groups with a great variety of diseases. Ma-
laria was one of the diseases tested, and, as for most of the other diseases, the
results were equivocal and subsequently forgotten. The largest study was
done in Russia (Rubaschkin & Leisermann 88), and a x? test of the results
indicates a very significant association between malaria and the ABO blood
groups, with AB having a greater frequency in malaria patients. Other
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studies (Parr, see 88) were not significant. Still others claimed significance
in another direction; but since the blood group frequencies diverge consider-
ably from the Hardy-Weinberg expectations, doubt is cast on these associa-
tions.

In the past few years with the recognition of the problems raised by the
distributions of the ABO blood group genes, there has been renewed interest
in the association of the blood groups with infectious disease. Malaria, like
many other infectious diseases, shares common antigens with the ABO
blood groups (Oliver-Gonzalez & Torregrosa 89), which has led Athreya &
Coriell (90) to postulate that blood group B may have an advantage in
malarious regions. However, in what must be the most extensive controlled
experiment with malaria, 3500 patients have been therapeutically treated
with malaria in Rumania, and the blood groups of the patients have been
recorded. Raper’s (91) analysis of the data shows no evidence of an associa-
tion of the ABO blood groups with malaria.

To my knowledge there has been little work on the relationship between
the other blood groups and malaria. Butts (92) postulated an association
between the Rh- blood group and blackwater fever. Gorman (93) has also
postulated that the Rh- gene would be selected against in the tropics by
malaria and other infectious diseases that raise antibody production. These
diseases would select for good antibody producers that would select against
the Rh- gene by increasing the probability of erythroblastosis fetalis. How-
ever, there seems to be little evidence for this hypothesis. Winston (94) in
Nigeria and Livingstone et al (95) in Liberia found no cases of anti-D in
pregnant women, although in the latter study the frequency of Rh- was
increased above expectation in pregnant women. More recently, a larger
study by Worlledge et al (96) in Nigeria has found a lower frequency of
immunization in multiparous females than expected.

Malaria and hemoglobin S.—1In the last decade the association between
the sickle cell gene (Hemoglobin S) and falciparum malaria has become the
classic example of natural selection in man and the textbook illustration of
the concept of balanced polymorphism. Despite the uncertainty of much of
the evidence, malaria seems to be the only factor that could balance the
sickle cell polymorphism throughout the range of its high frequencies. As
Bowman (97), one of the more cautious investigators of the malaria hy-
pothesis, has said, ‘‘Although the author has presented reservations, he
cannot reject the thesis; for one who does so must provide a substitute; this
has not been done. The lack of another reasonable explanation for the high
frequencies of certain genetic abnormalities of the erythrocyte is, perhaps,
the best evidence for the malarial selective effect.” If the evidence for the
association of malaria with the sickle cell gene is not all one would hope for,
the evidence for the other abnormal hemoglobins and red cell defects is
practically nonexistent.

When Allison first produced some evidence for the malaria hypothesis,
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he attempted to show three different kinds of associations between the sickle
cell gene and malaria. First, he showed that children with the sickle cell
trait (heterozygotes) had a lower frequency of malaria parasitemia; second,
that adult sicklers inoculated with falciparum malaria did not show infec-
tions as frequently or as severely; and third, that the frequency of the sickle
cell gene in East Africa was correlated with the endemicity of malaria (for
recent reviews, see Rucknagel & Neel 98, Allison 99, Motulsky 100, Jonxis
101, Livingstone 102). Immediately after Allison’s work, a spate of investiga-
tions attempted to duplicate his results. Most were concerned with the
different frequencies of parasitemia in sicklers and nonsicklers, and these
were almost equally divided between those finding significant differences and
those that did not. Allison's inoculation experiment was repeated on non-
immunes in the United States, and no significant differences were found
(Beutler et al 103). Others also quickly pointed out that the correlation be-
tween sickling and malaria endemicity was not very pronounced in many
tropical areas and even in East Africa. If sicklers have a higher fitness than
nonsicklers in a malarious area, then it should be possible to detect a sig-
nificant age trend in the frequency of sickling. The studies cited in Ruck-
nagel & Neel (98) and Allison (104) tend to support the malaria hypothesis,
since adults have a higher sickling frequency than children. But earlier
studies (Neel 26) were more equivocal, and in the most extensive study to
date (Burke et al 105) in which over 33,000 individuals were examined, no
significant trend was detected except that the frequency of sickling was
somewhat higher in individuals over 45 years old.

Despite the uncertainty of much of the preceding evidence, the most
conclusive data to support a selective effect would be differential mortality
rates from falciparum malaria for sicklers and nonsicklers, and a significant
difference in these rates has been found in every study. Raper (106) in
Uganda, Vandepitte & Delaisse (107) and the Lambotte-Legrands (108) in
the Congo, and Edington & Watson-Williams (109) in Ghana and Nigeria
have all found that mortality from cerebral malaria is practically nonexis-
tent in sicklers. Rey et al (110) in the Senegal found less cerebral malaria in
sicklers, and Gilles et al (111) in Nigeria found fewer severe falciparum in-
fections in sicklers. In Ibadan, Nigeria, Brew & Edington (112) found 15.7
percent sicklers in post-mortems of children from 1 to 4 years old, and in
Lagos Smith (113) found only 4.8 percent sicklers in child post-mortems.
Since the frequency of sickling is about 25 percent in this part of Nigeria,
these data seem to be further evidence of a selective advantage. Recent
studies on the frequency of parasitemia in sicklers and nonsicklers have con-
tinued to beless conclusive but do tend to show lower rates for sicklers (Rey
et al 110, Santos David & Trincao 114, Motulsky et al 115).

In addition to the differences in mortality from malaria, itis also possible
that the selective advantage of sicklers is due to differential fertility. Since
malaria has serious effects on the outcome of pregnancy (51-54), female
sicklers may have an increased ability to cope with malaria infections during
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pregnancy (Livingstone 116). Bodmer (117) has given the solutions for
various mathematical models of differential fertility, and Firschein’s (118)
data for the Black Carib show an increased fertility of female sicklers suff-
cient to balance the polymorphism. There seems to be less evidence for
differential fertility in Africa (99), but significant differences have been
found (Delbrouck 119). Allison (99) has remarked that the absence of differ-
ences in Africa in contrast to the New World may indicate that fertility
differences are important only with less malaria transmission. Ashcroft et al
(120) have found an increased fertility of female sicklers in a Jamaican
population with very little malaria, but the difference is not significant.
Recent studies in Africa (Gilles et al 54, Jilly 121) on the effect of malaria
in pregnancy are inconclusive with regard to sickling, but in Jilly’s study
there were no sicklers with greater than 100,000 parasites per cu mm which
is usually considered to be the level associated with severe effects. Fleming
et al (122) found a lower frequency of sicklers with anemia in pregnancy,
which is highly significant, and the ten stillbirths in Fletcher’s (123) study
all occurred in normals in a population with 30 percent sickling.

Some studies (Allard 124) have shown male sicklers to have a higher
fertility. Eaton & Mucha (125) have suggested that this may be the result
of malaria, since high fever is known to reduce fertility by decreasing sper-
matogenesis. Miller (126) found that resistant adult African males suffered
from 1.5 malaria attacks per year on the average and these were always
accompanied by fever. If sicklers have a resistance to malaria, they would
presumably also have less fever from the disease, which makes this a plau-
sible hypothesis, but its quantitative effect may be small. Since sicklers
apparently survive with a greater frequency to old age, the fertility effects
may be the result of this greater survival.

Although the sickle cell gene has been correlated with almost every
known disease, recent advances in medical knowledge have led to new as-
sociations of sickling with diseases or syndromes related to malaria. Beet
(127) first noted an inverse correlation between sickling and the spleen rate,
which is the percentage of individuals with a palpable spleen and is a good
indication of the endemicity of malaria. Monekosso & Ibiama (128) found
a similar association in Nigeria, and further studies (Fleming et al 123,
Hamilton et al 129) have shown an almost total absence of the tropical
splenomegaly syndrome in sicklers. This syndrome now seems to be pri-
marily due to an abnormal immune response to malaria (Wells 77, Ziegler
et al 130) and can be cured by antimalarial drugs (Watson-Williams & Allan
131). Malarial nephrosis also seems to be due to a hyper-immune response to
malaria (Allison et al 132, Kibukamusoke & Voller 133), but there seems to
be no association with hemoglobins S or C (Gilles et al 111). However,
malarial nephrosis is due primarily to P. malariae; and, although Garlick
(134) found an association between sickling and P. malariae, most other
surveys have not.

The stress on the immune mechanism by malaria causes two other com-
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plications that could affect the selective advantage of sicklers. Shaper et al
(135) found high levels of malaria antibodies, particularly of IgM, to be
associated with high levels of autoantibodies to heart and other cells. This
may increase susceptibility to endomyocardial fibrosis, but to my knowledge
no studies have been done on sickling and this disease. The geographical
distribution of Burkitt’s lymphoma within the malaria belt of Africa has
led to considerable speculation about their association (136), and there does
seem to be a strong correlation between the two diseases in Uganda (Kafuko
et al 137). Olufemi Williams (138) and Pike et al (139) have reported a lower
frequency of sicklers with Burkitt’s lymphoma, although only the former
was statistically significant. Since malaria causes similar lymphomas in mice
(Jerusalem 140, Wedderburn 141), the lower frequency in sicklers would
seem to be further indirect evidence of their increased ability to resist ma-
laria infections. Furthermore, these recently discovered complications of
malaria may be the factor causing the greater survival of sicklers to old age
in Africa.

Finally, there have been some laboratory experiments that have at-
tempted to elucidate the physiological mechanism that is the basis of the
resistance of sicklers to malaria. At first, thisresistance wasgenerally thought
to be due to some biochemical cause such as the inability of the parasite to
metabolize hemoglobin S. However, Raper (142) found that falciparum
malaria seemed to develop as well in red cells with hemoglobin S as in normal
cells. He was able to grow the parasites for only one generation; but more
recent advances in the cultivation of malaria parasites (Siddiqui et al 143)
may permit more conclusive experiments in the future—not only for hemo-
globin S but for all the red cell defects that seem to be associated with ma-
laria. Since sickling seems to confer a resistance to falciparum malaria but
not to the other human malaria species, it seems more probable that the
basis of the sickler’s resistance lies in the fact that later stages of the falci-
parum parasite are removed from circulation and lodge in the capillaries
where they mature. The lower oxygen tension in this environment would
increase the likelihood of sickling and thus cause an interruption of parasite
multiplication (Miller et al 144). The reduced blood flow in the spleen in
malaria infection (Sheagren et al 145) would also increased the tendency of
the cells to sickle. Recently Luzzatto et al (146) have shown that parasitized
red cells have a greater tendency to sickle in vitro. This tendency should also
occur in vivo and would presumably increase as the parasite matures. As
Luzzatto et al say, this amounts toa ‘‘suicidal” infection and would probably
resultin most parasiticized cells being phagocytized. This evidence seems to
show conclusively that it is the sickling process that results in the resistance
of hemoglobin S to malaria.

As the evidence for an association between hemoglobin S and falciparum
malaria began to accumulate, the implications for the explanation of other
genetic variation quickly began to be explored. It was perhaps the primary
evidence that has led to increased awareness of the importance of balanced
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polymorphism as a mechanism maintaining genetic variability. In partic-
ular, the sickling-malaria association seemed to have two broad implica-
tions: (a) other deleterious genes found in appreciable frequencies in some
human populations may be explained by selection against normal homozy-
gotes by some disease, and (b) malaria may be responsible for balancing
many other genetic traits of the red cell that vary in human populations.
This review will explore only the second of these implications, but as ex-
amples of the first, recent studies have suggested that such diverse genetic
conditions as Tay-Sachs disease (Myrianthopoulos & Aronson 147), cystic
fibrosis (Knudson et al 148), and schizophrenia (Huxley et al 149) may be
balanced polymorphisms.

Obviously thalassemia and the other abnormal hemoglobins found in
high frequencies were quickly assumed to be balanced by malaria, but many
other genetic polymorphisms that were being discovered in rapid succession
were also considered for a possible relationship to malaria. There was es-
pecially much speculation about the haptoglobin polymorphism. Blumberg
et al (150) tested the effect of malaria infection on haptoglobin level, and
Curtain et al (151) examined the spleen rate and parasitemia in relation to
haptoglobin type. They found no associations, but populations in malarious
areas did have higher frequencies of anhaptoglobinemia and the Hpl allele,
which has been considered to have a selective advantage to malaria since it
can bind hemoglobin more efficiently. However, there seems to be no con-
clusive evidence for an association of malaria with any of the serum poly-
morphisms (Buettner-Janusch 152).

Malaria and the glucose-6-phosphate dehydrogenase deficiency.—Of the red
cell traits that have been investigated following the sickling-malaria de-
velopments, the deficiency of the enzyme, glucose-6-phosphate dehydro-
genase, at present has the most evidence supporting its association with
malaria. Earlier studies on the level of parasitemia in G6PD deficients and
normals provided some evidence for an association (Motulsky 153), and
some later studies have been claimed to support it (Santos David & Trincao
114, Motulsky et al 115), while others have not (Edington & Watson-
Williams 109, Pene et al 154). Similarly, in some studies severe malaria
infections were found to be less frequent in G6PD deficients (Gilles et al 111,
Kruatrachue et al 155), but no difference was found in another (Rey et al
110). Although Krautrachue et al (155) found very high parasite densities
to be significantly less frequent in G6PD deficients, they found no differ-
ences in mortality rates from malaria. Inoculation experiments on nonim-
munes in the United States have also proved inconclusive both for P. falci-
parum infections (Powell & Brewer 156) and for those due to P. vivax
(Powell et al 157), but Devakul et al (158) found no very heavy infections
in G6PD deficients in a study of induced falciparum malaria. As in the case
of hemoglobin S, the experimental data on the parasitization of individual
red cells have shown G6PD deficient red cells to be much less frequently
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parasitized in both hemizygous males and homozygous and heterozygous
females (Kruatrachue et al 159, Luzzatto et al 160). This would seem to be
the best evidence for malaria balancing the G6PD polymorphism, but the
correlation of the G6PD deficiency frequencies with those of hemoglobin S
in Africa, with thalassemia in the Mediterranean area, and with hemoglobin
E in Southeast Asia (Motulsky 153) is usually cited as the major evidence.
However, the distribution of the G6PD deficiency frequencies in human
populations raises many questions since it is not always associated with
malaria, and these will be discussed later in this review.

Since the first indications that the G6PD deficiency may be related to
malaria, the lower level of reduced glutathione (GSH) in G6PD deficient
red cells has been considered to be a possible deterrent to malaria parasite
growth and hence the mechanism by which G6PD deficients are resistant
to malaria (153). Pollack et al (161) simulated the effects of G6PD defi-
ciency with chemicals in mice and found that in some cases it conferred a
resistance to P. berghez malaria. However, the chemicals that did prolong
survival did not scem to have much effect on the level of GSH. Beaconsfield
et al (162) discussed the importance of the pentose phosphate shunt to rapid
cell growth and immunological response, and Peters (163) pointed out that
it would have the same increased significance for a rapidly growing malaria
parasite. Recently Kosower & Kosower (164) have proposed that since
oxidized glutathione (GSSG) inhibits protein synthesis, higher levels of
GSSG in the red cells of G6PD deficients would inhibit parasite growth.
Despite earlier contradictory results, the G6PD deficient red cells do have
increased levels of GSSG (Srivastava & Beutler 165). Although the data
seem to support the Kosower’s hypothesis, the reluctance to accept not only
their hypothesis but any association of the G6PD deficiency with malaria
is illustrated by the editorial comment (166) on their paper. On the other
hand, the fact that there are many other red cell enzymes that would also
change GSH/GSSG levels and for which inherited variants are now known
(Beutler 167, Bloom & Zarkowsky 168) raises the question as to why these
enzyme variants are not increased by malaria selection.

Any association between the G6PD deficiency and malaria is complicated
by the fact that this locus is sex-linked. The fitnesses of the hemizygotes and
homozygotes for the G6PD deficiency are certainly diminished by favism,
allergic drug reactions, neonatal jaundice (Valaes et al 169), and by their
susceptibility to viral infections (Kattamis & Tjortjatou 170, Nagaratnam
et al 171). Petrakis et al (172) have found that in the United States there is
a significant decrease of G6PD deficiency with age in American Negroes, and
Wiesenfeld et al (173) found an association of the deficiency with elevated
blood pressure and other physiological variables. The question then arises
that if these individuals have a resistance to malaria, how much does this
resistance increase their fitness and counteract the deleterious effects of the
gene? According to the models of fitness values proposed by Siniscalco et al
(174) it would increase their fitnesses to a value greater than those of the
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normal hemizygotes and homozygotes. This would make the equilibrium
gene frequency for the G6PD deficiency greater than .5, and if the female
heterozygotes are intermediate in fitness, then the G6PD deficiency should
become fixed in populations with malaria. Siniscalco et al (174) consider that
this is the most likely possibility, but since there are only a few populations
of Jews and Arabs that have frequencies of G6PD deficiency greater than .5
(Livingstone 102) and most human populations average about .2, it does not
seem to me to be the most probable. Of course, the fitness values will vary
from one population to another, but since it takes only about 100-200 gener-
ations to attain equilibrium, surely we would encounter more frequencies
close to equilibrium. With an equilibrium gene frequency of about .2-.3 for
the G6PD deficiency in a malarious region and a maximum fitness for the
heterozygote, thereis perhaps a 10 percent decrease in fitness of the hemizy-
gotes and homozygotes for the G6PD deficiency compared to normal hemi-
zygotes and homozygotes. However, this decrease depends on the decrease
in fitness of the normal homozygotes and hemizygotes relative to the hetero-
zygote, and if this is very small, the difference in fitness between the two sets
of hemizygotes and homozygotes could be as little as 1 percent. In this case,
the G6PD deficient alleles would take much longer to increase in frequency,
and one would not expect to find any age trends in the frequency of the
G6PD deficiency, which in fact have not been found.

Advances in electrophoretic techniques have led to the discovery of
many different alleles that can resultin the deficiency of G6PD (Motulsky
& Yoshida 175), and these alleles vary considerably in their biochemical
properties and the amount by which they decrease the activity of G6PD.
Throughout tropical Africa, the G6PD deficiency is due to a fast electro-
phoretic variant that is only moderately deficient, and among Chinese, it is
due to a comparable although different fast variant. In the Mediterranean
area most of the deficiency is due to a variant with no electrophoretic differ-
ence from normal G6PD but with a very severe decrease in enzyme activity.
However, there are several variants in this area, and one with moderate
deficiency is rather common (Stamatoyannopoulos et al 176). The popula-
tions of New Guinea also have a severe and a moderately deficient variant
in polymorphic frequencies (Kirkman et al 177). The presence of this great
number of G6PD variants raises problems as to the equilibrium frequencies.
Variants with all degrees of G6PD deficiency are found in most populations,
so that it would seem possible for any degree of deficiency to increase in any
population. It seems paradoxical that a moderate deficiency is most frequent
in tropical Africa, which has the most severely endemic malaria, and that
this variant occurs in a lower average frequency than the severely deficient
variant in malarious areas of the Mediterranean. Perhaps part of the answer
lies in the relationship of G6PD deficiency to the various species of human
malaria. In the Mediteranean area the severely deficient allele also affects
the parenchyma cells of the liver, which are the host cells for the pre-ery-
throcytic and exoerythrocytic phases of malaria (Brunetti et al 178, Garn-
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ham 1). P. falciparum has only one cycle in the liver, but the three other
human malaria species continue to re-infect the liver cells, which leads to
malaria relapses after several years. Since P. vivax assumes more importance
as a selective agent in the Mediteranean area, this could account for some of
the variation in G6PD deficient allelic frequencies in human populations.
However, other factors seem to be necessary to explain the Chinese-Africa
and Mediterranean-New Guinea similarities. Carson & Frischer (179) sug-
gested that plague may have played a selective role on the G6PD deficiency,
although many populations with high frequencies have not been subjected
to this disease for many generations. More recently, Carson (180) has sug-
gested nutritional factors, but in any case malaria seems to have played a
major role in determining the frequencies of the G6PD deficiency.

Malaria and other abnormal hemoglobins.—In addition to hemoglobin S,
two other abnormal hemoglobins, C and E, attain high frequencies in a
great number of human populations. There are also appreciable frequencies,
which would seem to be polymorphic, of hemoglobin D in 1ndia, hemoglobin
K in North and West Africa, and hemoglobin O in Indonesia; and perhaps
others yet to be discovered in more isolated populations. Since homozygosity
for any of these abnormal hemoglobins would seem to result in reduced fit-
ness, there seems to be no evidence from the human hemoglobin variants
for non-Darwinian evolution. In fact, the most frequent hemoglobin variants
seem to have the most selection against them and thus are the most likely
examples of balanced polymorphism. However, King & Jukes (180a) have
stated that the evolution of hemoglobin differences among animal species is
non-Darwinian, or due to the constant random replacement of one neutral
variant by another, and Arnheim & Taylor (180b) have suggested that 50
percent of the human hemoglobin alleles are neutral or not associated with
any difference in fitness. Nevertheless, within the human species there seems
to be no known high frequency of a neutral variant that would be in the
process of replacing the normal allele. It would appear instead that some
selective factor is balancing the human hemoglobin polymorphisms.

All of the elevated frequencies of abnormal hemoglobins are found in
populations that are or have been subjected to endemic malaria, which seems
to implicate malaria as the selective factor. Nevertheless, no conclusive
evidence has been produced to show the resistance to malaria of the carriers
of any abnormal hemoglobin other than hemoglobin S. Thompson (181)
reported a lower frequency of parasitemia in hemoglobin C carriers in Accra,
Ghana, but an earlier study (Edington & Laing 182) and later studies (109-
111) have failed to reveal any differences. Among deaths from cerebral
malaria and cases of cerebral malaria, hemoglobin C carriers were found in
the same frequency as normals (109, 110). Gilles et al (111) also state that
hemoglobin C is equally frequent among children with the nephrotic syn-
drome due to P. malariae. More work has been done on hemoglobin E in
Southeast Asia, and the results are also rather inconclusive. Kruatrachue et
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al (183) found no differences in parasitemia or very high density infections,
and Kruatrachue et al (184) found similar frequencies of cerebral complica-
tions in hemoglobin E carriers and normals. On the other hand, they also
found the mortality rate from falciparum malaria for hemoglobin E carriers
was about one half that of normals, but the numbers are too small for this
difference to be significant. In Cambodia So Satta et al (185) have shown
that hemoglobin E carriers with malaria have a higher hemoglobin level than
normals, which seems to indicate a better ability to handle this infection.
They also did not find any hemoglobin E carriers with cerebral malaria but
16 cases in normals, which is significant for a population with 32 percent
carriers of hemoglobin E. Goueffon & du Saussay (186) found a slight de-
crease in the frequency of parasitemia among hemoglobin E carriers, and
their four cases of cerebral malaria all had normal hemoglobin.

Despite the equivocal nature of these results, they are suggestive of a
relationship of these hemoglobins to malaria, particularly when the small
numbers in these studies and the expected magnitude of the association are
taken into consideration. In contrast to hemoglobin S, homozygosity for
either hemoglobin C or E does notresultin a severe anemia and consequently
in a greatly reduced fitness. Estimates of the fitness of hemoglobin E homo-
zygotes range from about .6 to .9 that of normals (Flatz 187); and since the
consequences of homozygosity for hemoglobin C are comparable, their fitness
should be similar. For this range of homozygote fitness values, the heterozy-
gote for either hemoglobin C or E would have a selective advantage of at
most 10 percent over normal homozygotes, which is about one third the
advantage of the hemoglobin S heterozygote. For other abnormal hemo-
globins found in lower frequencies, the selective advantage would be even
less, assuming homozygosity results in a moderate depression of fitness.
Given the difficulties associated with demonstrating the selective advantage
of hemoglobin S heterozygotes, it seems likely that with the increasing
eradication of malaria a selective advantage for any other abnormal hemo-
globin will never be ‘‘proven” for a natural human population.

If a selective advantage is to be demonstrated for other abnormal hemo-
globins, it will probably associate the hematological characteristics of these
hemoglobin carriers with an inhibition of the growth of the malaria parasites.
No other polymorphic abnormal hemoglobin results in the sickling phe-
nomenon, but the red cells of hemoglobin C or E heterozygotes are signif-
icantly different from normal red cells despite the fact that their hemato-
logical indices fall within the normal range. Hemoglobin C heterozygotes
have a decreased red cell survival time (Prindle & McCurdy 188), an excess
of target cells, which are flatter with an increased surface area and normal
volume, and an increased red cell osmotic resistance (Wintrobe 189). Hemo-
globin E heterozygotes have a slightly lower mean cell volume (Chernoff et
al 190, Lie-Injo 191), which leads to an increased osmotic resistance; but to
my knowledge no survival studies have been done on them. Although from a
standpoint of pathology these differences from normal are minimal, they
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could very easily result in a fitness advantage of 5 percent by altering the
growthrate of the malaria parasite by a similar amount.

Since individuals who are simultaneously heterozygous for two abnormal
B hemoglobin alleles have a markedly reduced fitness, these alleles are in
competition with one another and hence tend to eliminate each other from
any population (Kirkman 192). Homozygosity for either hemoglobin C or E
is less deleterious than for hemoglobin S or 8 thalassemia, so it seems most
likely that the former alleles would replace the latter. Hemoglobin E does
seem to be replacing 8 thalassemia in Southeast Asia (Flatz 187), but with
the most plausible set of fitness values for the six genotypes hemoglobin S
seems to be replacing hemoglobin C in West Africa (Livingstone 193). The al-
most exclusive distributions of hemoglobins S and E do not give any clues as
to their interrelationships or possible replacement of one by the other. How-
ever, hemoglobin E is found among the Eti-Turks of Southeast Turkey and
sporadically elsewhere in the Middle East and tropical Africa; so that it
seems to have had the “opportunity’ to replace hemoglobin S. On the other
hand, the distribution of hemoglobin S is much more contiguous and ap-
parently is duc to the diffusion of a very few or perhaps only a single mutant.
It seems to have replaced most other abnormal 8 alleles in East Africa and
Saudi Arabia, which may indicateitsoriginin thisarea. The high frequencies
of other abnormal hemoglobins occur in populations that are usually charac-
terized by an absence of the major abnormal hemoglobins and by an absence
of gene flow from populations with these variants. They are different re-
sponses to malaria selection but lose out in competition with the major vari-
ants.

Malaria in relation to thalassemia and other red cell defects.—Prior to the
discovery of the sickling-malaria association, Haldane (4) suggested that the
high frequencies of thalassemia could be due to selection by malaria. Earlier
work (Vezzoso 194) indicated that the distribution of thalassemia in Italy
was correlated with that of malaria, but despite the strong possibility of an
association between malaria and thalassemia, no studies of parasitemia were
done until recent work in Thailand (Kruatrachue et al 183,184), in which
the numbers are quite small and the results inconclusive.

The overall correlation of thalassemia with malaria has continued to be
the only evidence in favor of malaria balancing this polymorphism. In Sar-
dinia and other regions of Italy there is a strong correlation, but in Greece
(Stamatoyannopoulos & Fessas 195), Cyprus (Plato et al 196), Malta, the
Sudan, and New Guinea (102) this association is less striking or even non-
existent. Thalassemia has not been correlated with any other disease, but
because of its inconsistent relationship to malaria and its altered iron me-
tabolism, a resistance to iron deficiency anemia and particularly that caused
by hookworms has been suggested (Sijpesteijn 197).

Thalassemia is now known to be due to alterations of both a and 8 chain
synthesis. For the most part the high frequencies of thalassemia are due to 8
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chain mutants, and thusall of the high frequency hemoglobin polymorphisms
are 8 chain variants. But a thalassemia is polymorphic in many diverse
populations. Within the human species there now seems to be evidence for a
polymorphism in the number of @ chain loci, since two loci are present in
European populations (Kattamis & Lehmann 198) and most likely one locus
in some Melanesian populations (Abramson et al 199). Since hemoglobin H
disease seems to be due to three a thalassemia alleles and one normal allele
(Lehmann 200), the absence of this disease in most of tropical Africa may
indicate that one a locus is most frequent in these populations. There seems
to be no obvious association between this new discovery of hemoglobin syn-
thesis and malaria, but if the a thalassemia polymorphism is balanced by
malaria, this variation should be of significance.

No work has been done on the individual red cells of thalassemics in rela-
tion to malaria infection. But since their red cells differ from normal ones in
many of the same measurements as those of hemoglobin C and E heterozy-
gotes (174), the same possible reductions in the growth of the malaria para-
sites would be expected. In fact thalassemic red cells are even more abnor-
mal and in particularare much smaller. Since malaria parasites fill the entire
cell, the growth of the later stages may be inhibited in the smaller cells. P.
vivax enlarges the red cell, which would seem to increase even more the re-
sistance of thalassemics to this parasite. Perhaps for the same physiological
reasons polycythemic mice have a resistance to P. berghet (Ladda & Lalli
201), although erythropoesis is reduced in polycythemic mice in contrast to
its increase in thalassemia due to their decreased red cell survival time. The
alterations of GSH, ATP, and G6PD levels in thalassemia seem comparable
to other traits that have also been postulated to have a resistance to malaria
(Chatterjea et al 202).

Thalassemia is more widespread than the other specific abnormal hemo-
globins, and this would be expected since it encompasses more than one
specific change from normal hemoglobin synthesis. When malaria becomes
an important selective factor, it is more likely first to encounter one of the
thalassemia mutants and begin to increase its frequency. However, the low
fitness of the thalassemia homozygotes results in the replacement of these
alleles by hemoglobin E in Thailand (187) and by hemoglobin S in Greece
(Barnicot et al 203), Saudi Arabia, and East Africa (102).

The restricted distributions of the abnormal hemoglobins point out the
recency of the importance of malaria as a selectivefactor, and they also show
that when it becomes a selective factor it will act on any genetic variability
that is present. Any abnormality that in some way decreases the ability of
the malaria parasite to grow will be selected for. Thus increased frequencies
of other red cell abnormalities in small tropicalisolates may be more common
than elsewhere and be explained by malaria. For example, elliptocytosis is
found in high frequencies in Malaya and in a small area of Sulawesi (Lie Injo
204). It also seems to be slightly more frequent in Negroes in United States
and in Southern Italy (Torlontano et al 205). The clinical consequences of
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this trait vary, but homozygosity does lead to a hemolytic anemia (Nielsen
& Strunk 206, Geerdink et al 207). Chastel & Thomas (208) have suggested
that this trait may protect against malaria, and thus these isolated frequen-
cies may be the result of such selection. On the other hand, the absence of
high frequencies of other red cell defects in large populations may be due to
their deleterious interaction with the widespread abnormal hemoglobins or
thalassemia.

Problems of the distributions of the red cell defects.—Although the major
evidence for malaria balancing the hemoglobin and G6PD polymorphisms
is the correlation of the distributions of the high frequencies of the abnormal
alleles with endemic malaria, there are nevertheless many populations whose
frequencies do not appear to be explained by the amount of malaria to which
the population has been exposed. In addition, there are many populations
for which the frequencies of the hemoglobinopathies and the G6PD de-
ficiency are not correlated. However, as Allison (99) and Motulsky (100)
have pointed out, these problematic frequencies do not by themselves ‘‘dis-
prove'’ the malaria hypothesis. This hypothesis states that malaria selection
maintains the high frequencies of the abnormal alleles, so that to disproveit,
a high frequency would have to be found in a population with no history of
malaria. Some have been cited, but it is first of all necessary to show that
these contradictions cannot be explained by other evolutionary forces. Ob-
viously, these frequencies are not close to the deterministic equilibrium if
malaria is the major selective factor, hence they necessitate first an examina-
tion of the world’s frequencies with regard to the presence of genetic equilib-
rium. Haldane (209) gave several reasons for the absence of genetic equi-
librium in modern human populations, and these apply especially to the
hemoglobinopathies and the G6PD deficiency.

All American Indian populations with endemic malaria have an almost
complete absence of the abnormal alleles at these loci and thus are far from
equilibrium. Since malaria is post-Columbian in America (65), these popula-
tions have obviously not had enough time to attain equilibrium. Some Indian
populations in the Guianas haveintermediate frequencies of thalassemia and
the G6PD deficiency, which would be the most likely to be initially present
and thus first to be acted on by selection. Malaria also seems to have spread
in recent years in the Southwest Pacific (Lambert 210), and thus thc ab-
sence of high frequencics of abnormal alleles in many populations in this
area with endemic malaria seems to be due to the same lack of time to attain
equilibrium. It should also be noted that thalassemia and the G6PD de-
ficiency are the abnormal alleles present here.

From the standpoint of the ultimate equilibrium frequencies with en-
demic malaria, most populations in the Old World would also appear to be
far from equilibrium. The distributions of hemoglobin S in the Mediter-
ranean, Middle East, India, and Africa, and of hemoglobin E in Southeast
Asia, would seem to be due to recent diffusions and hence indicate that
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malaria has become a selective factor only since these populations have been
in their present habitats. The border of the two hemoglobin distributions in
India near Calcutta is also the approximate border of the expansions into the
Indian sub-continent from the west by Middle Eastern peoples and from the
east by Oriental groups. This border thus seems to be determined to a greater
extent by “‘ethnic” factors or migration than by selection.

There are many problematic frequencies in the Mediterranean area, the
Middle East, and Africa, and these seem to be more difficult to explain. In
the Po River Valley of Italy, which was highly malarious, there are high
frequencies of thalassemia but very low frequencies of the G6PD deficiency
(Gandini et al 211). This may indicate that it takes more time for the G6PD
deficiency to attain equilibrium or perhaps that it is not as effective against
falciparum malaria. On the other hand, in the Middle East the G6PD de-
ficiency seems to be more correlated with malaria (Beaconsfield et al 212).
But in the oasis villages of Saudi Arabia there seems to be no correlation
between sickling and the G6PD deficiency, and neither is correlated with
malaria endemicity (Gelpi 213). In the Nile Delta of Egypt there are high
frequencies of the G6PD deficiency (102) and endemic malaria but appar-
ently very low frequencies of abnormal hemoglobin alleles. In the Sudan
higher sickling frequencies are found in the central region than in the south,
but there seems to be more malaria in the south (40). There are also tribes
in the adjacent areas of northern Uganda with endemic malaria but very low
sickling frequencies. On the island of Zanzibar there is great variation in the
frequency of sickling, which does not seem to be correlated with differences
in malaria endemicity (Chopra & Mbaye 214). Finally, in South Africa and
Mozambique the Bantu tribes have high frequencies of the G6PD deficiency
(Reys et al 215) but low frequencies of sickling (102), while on Madagascar,
which has been settled for only the last 2000 years, there seems to be a close
correlation of these abnormal alleles.

Despite all these contradications to the malaria hypothesis, it is possible
to develop explanations for them. Differences in time to attain equilibrium
is one possibility. Differences in the endemicity of malaria and in the inter-
actions between the different malaria parasites and abnormal alleles are
others. Other factorsin addition to malaria will have to be examined, and, as
was previously suggested, the demographic or ecological circumstances of
the population through their influence on the total birth and death rates can
be a major determinant of genetic change. In any case, there is considerable
evidence both circumstantial and factual to indicate that malaria has played
a major role in determining the frequencies of these abnormal red cell alleles
in human populations. By examining in more detail the apparent contradic-
tions between the general malaria hypothesis and the gene frequencies in
human populations, further advances in our knowledge of the importance
and variability of selective forces and of the effects of other genetic and
demographic factors on evolution will surely be forthcoming.
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