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Abstract: The inherited disorders of hemoglobin are by far the commonest monogenic 
diseases and there is considerable evidence that they have reached their very high frequencies 
due to heterozygote advantage against malaria.  Recent studies have begun 
of interactions between malaria and some of the more severe inherited hemoglobin disorders 
and demonstrated how complex epistatic interactions between different hemoglobin variants 
with respect to malaria resistance and modification o
the remarkable heterogeneity of distribution and the frequency of these conditions both 
between and within individual populations.

Introduction: It was estimated recently that 
over seven million babies are born each year with 
either a congenital abnormality or genetic disease, 
and that up to 90% of these births occur in low or 
middle-income countries.1  Of these conditions, 
approximately 25% are made up of five disorders, 
two of which, the inherited disorders of hemoglobin 
and glucose-6-phosphate dehydrogenase deficiency, 
are monogenic diseases. It is estimated that in 
excess of three hundred thousand children are born 
each year with either sickle cell anemia or one of its 
variants or one or other form of thalassemia.

There is now extensive eviden
extremely high frequency of the hemoglobin 
disorders compared with other monogenic diseases 
reflects natural selection mediated by the relative 
persistence of carriers against P. falciparum
malaria.  Other factors that maybe involved include 
the widespread practice of consanguineous 
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The inherited disorders of hemoglobin are by far the commonest monogenic 
diseases and there is considerable evidence that they have reached their very high frequencies 
due to heterozygote advantage against malaria.  Recent studies have begun to clarify the effect 
of interactions between malaria and some of the more severe inherited hemoglobin disorders 
and demonstrated how complex epistatic interactions between different hemoglobin variants 
with respect to malaria resistance and modification of their phenotypic severity may explain 
the remarkable heterogeneity of distribution and the frequency of these conditions both 
between and within individual populations.

It was estimated recently that 
over seven million babies are born each year with 
either a congenital abnormality or genetic disease, 
and that up to 90% of these births occur in low or 

Of these conditions, 
approximately 25% are made up of five disorders, 
two of which, the inherited disorders of hemoglobin 

dehydrogenase deficiency, 
are monogenic diseases. It is estimated that in 
excess of three hundred thousand children are born 
each year with either sickle cell anemia or one of its 
variants or one or other form of thalassemia.

There is now extensive evidence that the 
extremely high frequency of the hemoglobin 
disorders compared with other monogenic diseases 
reflects natural selection mediated by the relative 

P. falciparum
malaria.  Other factors that maybe involved include 

e widespread practice of consanguineous 

marriage, increased maternal age in the poorer 
countries, and gene drift and founder effects.

Over recent years there has been a major revival 
in interest in the study of interactions between the 
inherited hemoglobin disorders and 
malaria, work that has been the subject of several 
extensive reviews.2,3  Here, we shall focus on recent 
developments in this field, particularly with respect 
to interactions between malaria and more severe 
forms of the hemoglobin disorders and how a study 
of this interplay is starting to provide some insights 
into the remarkable variability of the distribution of 
these diseases among different populations.  We 
shall also address briefly some of the potential 
practical implications of this new information.

The current state of malaria transmission
Despite progress towards its control malaria is still 
the most important parasitic disease.  It is estimated 
that some three billion people reside in malarious 
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areas and that the disease is responsible for between 
one and three million deaths each year.  Until 
recently it was thought that only four species of 
malarial parasite (Plasmodium) have humans as 
their natural hosts; P. falciparum, P. vivax, P. 
malariae, and P. ovale.  More recently it has been 
found that many cases of malaria that were 
previously diagnosed as being due to P. malariae 
infection are in fact due to a fifth parasite, P. 
knowlesi, particularly in Malaysia and Borneo.4

Until recently, it was thought that the P. 
falciparum malaria is by far the most severe form of 
the condition and, globally, the major cause of 
mortality.  However, over recent years there has 
been increasing evidence that malaria due to P. 
vivax, which occurs at extremely high frequencies 
in parts of Asia and South America, may be a much 
more serious condition than was previously 
realised.5,6  Recent evidence suggests that it may 
cause many of the serious complications of malaria 
that have usually been associated only with P. 
falciparum, involvement of the brain for example.  
Thus in considering the interactions of malaria with 
the haemoglobin disorders it is important now to 
focus not only on P. falciparum but also on P. vivax
malaria. 

Malaria and structural hemoglobin variants: 
There is now extensive evidence suggesting that 
relative resistance on the part of heterozygotes to P. 
falciparum malaria has been the major factor 
underlying the extremely high gene frequencies of 
hemoglobins S, C and E.

Hemoglobin S.  Early comparative studies of 
parasite rates and density in children with the sickle 
cell trait and controls, together with the discovery of 
the relative rarity of Hb S in patients with severe 
malaria in Africa, provided convincing evidence 
that the sickle cell trait provides at least some 
degree of protection against severe malarial 
infection.7  More recent studies in East Africa 
suggest that the major impact of Hb S seems to be 
on protection against either death or severe disease, 
that is profound anemia or cerebral malaria, while 
having less effect on infection rates per se.8  Indeed, 
these studies indicate that Hb S carriers have 
approximately 60-80% protection against the severe 
complications of malaria.  Several cellular 
mechanisms that might underlie this protective 
effect have been clearly defined3 although there are 
also data which suggest that an immune mechanism 
may also be involved.9  

For many years it was believed that at least part 
of the extremely high mortality of babies with 

sickle cell anemia in Africa might reflect death due 
to malarial infection.  However, in a recent study 
carried out on the coast of Kenya no evidence was 
found to support the concept that the risk of malaria 
is higher among children with sickle cell disease 
than among normal children.10  In fact, a related 
study from the same region has demonstrated that 
the pattern of infection in the early years of life of 
children with sickle cell disease is very similar to 
that in Western countries.11  If confirmed in other 
regions, these findings have important implications 
regarding antibiotic and malaria prophylaxis for 
patients with this disease in malaria-endemic 
regions.

Hemoglobin C  Work in West Africa has 
demonstrated quite unequivocally that the relatively 
high frequencies of Hb C have also been maintained 
by resistance to P. falciparum malaria 12.  In this 
case it appears that both heterozygotes and 
homozygotes are protected, suggesting that Hb C 
could be an example of a transient polymorphism, 
that is a variant that might be moving to fixation in 
a population in which the selective process 
continues.  This concept is based on the apparent 
lack of clinical disability in Hb C homozygotes.  
However, further work is required to assess whether 
homozygotes for Hb C are, in genetic terms, 
completely fit, that is whether the homozygous state 
is associated with absolutely no clinical disability.

Recent studies suggest that the expression of 
the malarial antigen PfEMP1, an important 
adhesion molecule, is reduced in Hb C-containing 
red cells, an effect that is most marked in 
homozygotes.13  The functional importance of this 
finding compared with the unusual rheological 
properties of Hb C-containing red cells remain to be 
determined.

Hemoglobin E  Hb E, which produces a mild 
thalassaemia phenotype in homozygotes, occurs at 
an extremely high frequency in parts of the Indian 
subcontinent, Bangladesh, Myanmar, and 
throughout Southeast Asia, reaching carrier rates of 
up to 70% in parts of northern Thailand and 
Cambodia.  So far there have been no formal case 
control studies to analyse the interaction between 
Hb E and malaria but population studies in Thailand 
have suggested that those with the Hb E trait show 
less severe disease when admitted to hospital with 
acute P. falciparum malaria.14 Furthermore, 
convincing in vitro culture studies have shown that 
the red cells from Hb E heterozygotes, but not 
homozygotes, are more resistant to invasion by P. 
falciparum.15
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Thalassemia and P. falciparum malaria: 
Although the malaria hypothesis, as first proposed 
by Haldane, was first developed to explain the high 
frequency of the thalassemias it has taken many 
years to confirm that Haldane was correct.  There is 
now extensive evidence to suggest that the mild 
forms of  thalassemia reach their extraordinary 
high frequencies due to protection against P.
falciparum and at least some suggestive evidence 
that the same applies to the  thalassemias.

+ thalassemia:   The + thalassemias, which 
are most commonly due to deletions of one of the 
linked  globin genes, -/, are the commonest 
monogenic diseases in the world population.  They 
occur in a broad band stretching through sub-
Saharan Africa and the Mediterranean, through the 
Middle East and the Indian subcontinent to 
Southeast Asia.  The frequency in these regions 
varies fro 5-40% although in parts of Northern India 
and Papua New Guinea close on 80% of the 
population are carriers.16

Extensive population studies in the Southwest
Pacific showed a strong correlation between the 
distribution of + thalassemia and malaria, and 
related molecular analyses indicated that the 
particular form of + thalassemia in these 
populations is different to that and the Asian 
mainland.17  An unusual feature of the distribution 
of + thalassemia in this region is that it is also 
found in Fiji in the west and Tahiti in the east and in 
other populations in which malaria has never been 
recorded. However in these regions all the +

thalassemias can be accounted for by a single 
mutation which was first identified in Vanuatu, 
suggesting that their occurrence in these areas has 
been the result of population migration and founder 
effect.18

These findings were later augmented by case 
control studies in Papua New Guinea where it was 
found that, compared with normal children, the risk 
of being admitted to hospital with severe malaria 
was significantly reduced, both for + thalassemia 
homozygotes and heterozygotes.19  More recently 
these findings have been replicated in several 
African populations and it is now absolutely clear 
that the + thalassemias do offer protection against 
P. falciparum.20,21  Both cellular and immune 
mechanisms have been found that may offer at least 
a partial explanation to the protective effect of +

thalassemia against malaria.  The red cells of 
individuals with + thalassemia bind more malaria-
immune globulin than normal and appear to be 
more susceptible to phagocytosis in vitro.22  In 
particular, they are less able than normal to form 

rosettes, an in vitro phenomena whereby uninfected 
red cells bind to infected cells.  This may affect a 
reduced expression of complement receptor 1 
(CR1) expression on  thalassemic red cells.23

These cells are also less able to adhere to human 
umbilical vein endothelial cells.24  Taken together it 
does appear that  thalassemic red cells may be less 
able to sequester in blood vessels, an important 
mechanism for virulence of infection.  It has also 
been suggested recently that the relatively high red 
cell counts in this condition may offer some degree 
of protection against the profound anemia of 
malaria in early life.25 We will consider other 
possible immune mechanisms mediated by +

thalassemia in a later section.
 thalassemia:  With the exception of a small-

scale case control study in Liberia, which suggested 
that the  thalassemia trait is protective against 
severe malaria, there have been no large-scale 
studies of this type.26  There is however a 
considerable body of epidemiological data relating 
the frequency of  thalassemia to malaria 
transmission that indicates that it too may be a 
protective polymorphism against malaria, a 
conclusion that is strengthened by the pattern of 
haplotype analysis of the  globin genes in 
relationship to different  thalassemia mutations.16  
Furthermore, work in both human blood cells27 and 
in the cells of transgenic mice carrying human 
globin genes,28 it has been found that red cells 
which contain human fetal hemoglobin are 
associated with ineffective development of P. 
falciparum or P. yoelli.  Since there is clear 
evidence that the rate of decline of fetal hemoglobin 
production after birth is delayed in  thalassemia
heterozygotes16 this could offer a further 
mechanism of protection during the first year of 
life.  

Plasmodium vivax infection and the 
hemoglobinopathies: Early studies in Africa,29 and 
later in Papua New Guinea,30 revealed a very high 
frequency of the Duffy-negative blood group 
phenotype in populations in which malaria is 
common.  Red cells lacking the Duffy determinant 
are resistant to invasion by both P. vivax and P. 
knowlesi, explaining the almost complete absence 
of P. vivax malaria in many parts of Africa.31  This 
red cell phenotype results from a mutation in a 
GATA-1 binding site in the gene for the Duffy 
antigen chemokine receptor (DARC) which 
prevents its expression and hence the Duffy 
negative phenotype.32

Given this remarkable example of a malaria 
protective polymorphism it is surprising that there 
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have been, to date, very few studies of the possible 
interaction between the hemoglobin disorders and 
P. vivax malaria.  In a cohort study of babies in 
Vanuatu it was found, surprisingly, that those with 
 thalassemia had a higher frequency of malaria 
during the very early years of life than normal 
infants and that this was most marked in the case of 
P. vivax malaria.33  This led to the suggestion that
one of the possible mechanisms of resistance to 
falciparum malaria in children with  thalassemia 
might reflect early immunization with P. vivax
malaria, the later protection against P. falciparum
reflecting cross-immunization between the two 
varieties of malarial parasite.33  A later study in 
Papua New Guinea also observed a highly 
significant increase in parasitemias in babies with 
thalassemia compared with normal infants.19  There 
is a possible mechanism for this observation.   The 
Duffy antigen is expressed at a greater level in 
young red cell precursors and hence in any 
condition where there is a rapid turnover of red 
cells, and hence a younger red cell population in the 
peripheral blood, an increased susceptibility to P. 
vivax might occur.  

Very recently a study has been reported from 
Sri Lanka in which the susceptibility of children 
with HbE  thalassemia to both P. vivax and P. 
falciparum malaria was assessed.34  Compared with 
control subjects, it appeared that those with HbE 
thalassemia were more susceptible to both forms of 
malaria, but particularly to P. vivax.  Interestingly, 
those who had been splenectomized appeared to be 
particularly susceptible, but even the malarial-
antibody levels in children with intact spleens were 
significantly higher than those in age-matched 
controls.  Evidence of previous vivax infection was 
also related to spleen size and hence to the severity 
of the thalassemic phenotype.  Again, it is possible 
that the increased susceptibility to P. vivax reflects 
the rapidly-turning-over red cell population of 
children with HbE  thalassemia.

Clearly therefore it will now be important to 
study the effects of the heterozygous states for 
thalassemia and hemoglobin E with respect to 
susceptibility to P. vivax.  From a clinical point of 
view, since P. vivax malaria is presenting an 
increasingly serious health problem in Asian 
populations where HbE  thalassemia is so common 
it will also be important to repeat these studies in 
other parts of Asia to determine whether P. vivax
prophylaxis should become an integral part of 
thalassemia control programs in countries where 
this form of malaria is particularly common.

The significance of interactions between 
different malaria-resistant polymorphisms

Since different hemoglobin variants or forms of 
thalassemia that offer protection against malaria 
frequently occur together in the same population it
is important to determine how they interact with 
one another with respect to the level of malaria 
protection.  The term epistasis is used to describe 
potential interaction between two or more loci of 
this kind.  Interestingly, the first study of this kind, 
in east Africa, has shown that there is negative 
epistasis between the sickle cell and  thalassemia 
genes with respect to protection against P. 
falciparum.35  As discussed above, while the sickle 
cell trait or the heterozygous or homozygous state 
for  thalassemia alone provide significant 
protection, this effect is almost completely nullified 
in those who are heterozygous for Hb S and 
homozygous or heterozygous for + thalassemia.  
This may reflect the intracellular level of Hb S.  
Those who inherit the  thalassemia gene together 
with the sickle cell trait have significantly lower 
levels of Hb S compared with those who have the 
sickle cell trait alone.

Recently, there has been a particularly 
interesting twist to the story of these interactions 
with respect to the distribution of the sickle cell and 
thalassemia genes in Africa and the Mediterranean 
populations.  Although the sickle cell gene occurs to 
a modest degree in some though not all 
Mediterranean populations the predominant 
hemoglobin variants in these regions are the  and 
 thalassemias.  On the other hand,  thalassemia, 
with the exception of some localized parts of 
Liberia, is relatively rare across the African sub-
continent, where the sickle-cell and  thalassemia 
mutations predominate.  It has been shown recently 
that this state of affairs can be explained by two 
epistatic interactions, one that we have just 
described in the case of the sickle cell trait and 
thalassemia, together with the ameliorating effect of 
 thalassemia on the phenotype of the severe forms 
of  thalassemia.36  By modelling these two 
interactions within populations it has been possible 
to explain much of the present discrepancies in the 
regional distribution of these hemoglobin variants 
in Africa and the Mediterranean region.  Since the 
disparate distribution of different hemoglobin 
variants in different parts of the world has always 
remained a puzzle, it will be interesting to apply a 
similar approach to their distribution in other 
populations.
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Conclusion: In this short review I have tried to 
highlight some recent information obtained from 
the studies of the relationship between the 
hemoglobin disorders and malaria, set against the 
background of the considerable amount of progress 
that has been made in this field over recent years.  
Several aspects of this work have interesting and 
potentially important implications for the 
hemoglobin field.

Currently, we have only an extremely 
approximate estimate of the global burden of 
disease that is being produced by the hemoglobin 
disorders.  This is largely due to lack of accurate 
information about gene frequencies in individual 
populations 16.  Recent micro-mapping studies 
suggest that, even within relatively small population 
groups, Sri Lanka for example, there is a 
remarkable heterogeneity in the distribution of the 
hemoglobin variants.37  While it always seemed 
possible that this reflected similar heterogeneity in 
the distribution of malaria, and indeed this appears 
to be the case in Sri Lanka, it is now apparent that it 
may also result from complex epistatic interactions, 
not just between the variants themselves but also 
with respect to the resulting effect on malaria 
resistance.  The epistatic interaction between the 
sickle cell and  thalassemia traits in Africa are 
quite remarkable.  If malarial vaccines are going to 
be tested in populations with a high frequency of 
these traits, particularly if they are attenuating 
vaccines, it will be extremely important to 
understand the genetic background of the 
populations being tested with respect to the 
frequency and potential interactions of these 
variants.  And of course these interactions are also 
of major biological and evolutionary interest with 

respect to the distribution of the hemoglobin 
variants in the current global population.

The early data that has come from studies of the 
interaction of malaria with the more severe forms of 
thalassemia, notably sickle cell anemia and Hb E 
thalassemia, are also of potential importance.  It 
will be extremely important, for example, to repeat 
the susceptibility studies to P. vivax malaria of 
patients with Hb E  thalassemia in those parts of 
Asia where P. vivax malaria is presenting a major 
health problem and where Hb E  thalassemia is 
particularly common.  Similarly, the observations of 
the apparent lack of susceptibility of patients with 
sickle cell disease to P. falciparum malaria provides 
important information about future design of 
programs for the better control and management of 
sickle cell anemia in African populations.

Finally, although some progress has been made 
the precise mechanisms of malaria protection by the 
hemoglobin variants and different forms of 
thalassemia is still uncertain.  This is an important 
question because it is possible that if these 
mechanisms were better understood they might 
offer valuable clues to the development of 
completely different approaches to the control and 
management of malaria.  It is interesting that the 
discovery that DARC is the receptor for P. vivax on 
red cells, which led to the discovery of the parasite 
antigen which interacts with this receptor, has led to 
the development of at least one promising target for 
vaccine production.38  It is very important to 
determine whether there are other lessons of this 
kind that remain to be learned from a better 
appreciation of the mechanisms of protection 
against malaria by other hemoglobin or related red 
cell polymorphisms.

References
1. Christianson A, Howson CP, Modell B. March of Dimes 

Global Report on Birth Defects. New York: March of Dimes 
Birth Defects Foundation; 2006.

2. Kwiatkowski DP. How malaria has affected the human genome 
and what human genetics can teach us about malaria. Am J 
Hum Genet. 2005;77 (2):171-192.

3. Weatherall DJ. Genetic variation and susceptibility to 
infection: the red cell and malaria. Br J Haematol. 2008;141 
(3):276-286.

4. Singh B, Kim Sung L, Matusop A, Radhakrishnan A, Shamsul 
SS, Cox-Singh J, Thomas A, Conway DJ. A large focus of 
naturally acquired Plasmodium knowlesi infections in human 
beings. Lancet. 2004;363 (9414):1017-1024.

5. Mendis K, Sina BJ, Marchesini P, Carter R. The neglected 
burden of Plasmodium vivax malaria. Am J Trop Med Hyg. 
2001;64 (1-2 Suppl):97-106.

6. Rogerson SJ, Carter R. Severe vivax malaria: newly recognised 
or rediscovered. PLoS Med. 2008;5 (6):e136.

7. Allison AC. Protection afforded by sickle-cell trait against 
subtertian malarial infection. BMJ. 1954;i:290-294.

8. Williams TN, Mwangi TW, Wambua S, Alexander ND, Kortok 
M, Snow RW, Marsh K. Sickle cell trait and the risk of 
Plasmodium falciparum malaria and other childhood diseases. J 
Infect Dis. 2005;192 (1):178-186.

9. Williams TN, Mwangi TW, Roberts DJ, Alexander ND, 
Weatherall DJ, Wambua S, Kortok M, Snow RW, Marsh K. An 
immune basis for malaria protection by the sickle cell trait. 
PLoS Med. 2005;2 (5):e128.

10. McAuley CF, Webb C, Makani J, Macharia A, Uyoga S, Opi 
H, Ndila C, Ngatia A, Scott JAG, Marsh K, Williams TN. P. 
falciparum malaria is a minor cause of morbidity in children 
living with sickle cell anemia on the coast of Kenya. 2009:In 
press.

11. Williams TN, Uyoga S, Macharia A, Ndila C, McAuley CF, 
Opi DH, Mwarumba S, Makani J, Komba A, Ndiritu MN, 
Sharif SK, Marsh K, Berkley JA, Scott JA. Bacteraemia in 
Kenyan children with sickle-cell anaemia: a retrospective 
cohort and case-control study. Lancet. 2009;374 (9698):1364-
1370.



Medit J Hemat Infect Dis 2009; 1(1): Open Journal System

12. Modiano D, Luoni G, Sirima BS, Simporé J, Verra F, Konaté 
A, Rastrelli E, Olivieri A, Calissano C, Paganotti GM, 
D'Urbano L, Sanou I, Sawadogo A, Modano G, Coluzzi M. 
Haemoglobin C protects against clinical Plasmodium 
falciparum malaria. Nature. 2001;414:305-308.

13. Fairhurst RM, Baruch DI, Brittain NJ, Ostera GR, Wallach JS, 
Hoang HL, Hayton K, Guindo A, Makobongo MO, Schwartz 
OM, Tounkara A, Doumbo OK, Diallo DA, Fujioka H, Ho M, 
Wellems TE. Abnormal display of PfEMP-1 on erythrocytes 
carrying haemoglobin C may protect against malaria. Nature. 
2005;435 (7045):1117-1121.

14. Hutagalung R, Wilairatana P, Looareesuwan S, Brittenham 
GM, Aikawa M, Gordeuk VR. Influence of hemoglobin E trait 
on the severity of Falciparum malaria. J Infect Dis. 1999;179 
(1):283-286.

15. Chotivanich K, Udomsangpetch R, Pattanapanyasat K, 
Chierakul W, Simpson J, Looareesuwan S, White N. 
Hemoglobin E: a balanced polymorphism protective against 
high parasitemias and thus severe P falciparum malaria. Blood. 
2002;100 (4):1172-1176.

16. Weatherall DJ, Clegg JB. The Thalassaemia Syndromes (ed 
4th). Oxford: Blackwell Science; 2001.

17. Flint J, Hill AVS, Bowden DK, Oppenheimer SJ, Sill PR, 
Serjeantson SW, Bana-Koiri J, Bhatia K, Alpers MP, Boyce 
AJ, Weatherall DJ, Clegg JB. High frequencies of 
thalassaemia are the result of natural selection by malaria. 
Nature. 1986;321:744-749.

18. O'Shaughnessy DF, Hill AVS, Bowden DK, Weatherall DJ, 
Clegg JB, with collaborators. Globin genes in Micronesia: 
origins and affinities of Pacific Island peoples. American 
Journal of Human Genetics. 1990;46:144-155.

19. Allen SJ, O'Donnell A, Alexander NDE, Alpers MP, Peto 
TEA, Clegg JB, Weatherall DJ. +-thalassaemia protects 
children against disease due to malaria and other infections. 
Proceedings of the National Academy of Sciences, USA. 
1997;94:14736-14741.

20. Mockenhaupt FP, Ehrhardt S, Gellert S, Otchwemah RN, Dietz 
E, Anemana SD, Bienzle U. Alpha(+)-thalassemia protects 
African children from severe malaria. Blood. 2004;104 
(7):2003-2006.

21. Williams TN, Wambua S, Uyoga S, Macharia A, Mwacharo 
JK, Newton CR, Maitland K. Both heterozygous and 
homozygous alpha+ thalassemias protect against severe and 
fatal Plasmodium falciparum malaria on the coast of Kenya. 
Blood. 2005;106 (1):368-371.

22. Luzzi GA, Merry AH, Newbold CI, Marsh K, Pasvol G, 
Weatherall DJ. Surface antigen expression on Plasmodium 
falciparum-infected erythrocytes is modified in - and -
thalassemia. Journal of Experimental Medicine. 1991;173:785-
791.

23. Cockburn IA, Mackinnon MJ, O'Donnell A, Allen SJ, Moulds 
JM, Baisor M, Bockarie M, Reeder JC, Rowe JA. A human 
complement receptor 1 polymorphism that reduces 
Plasmodium falciparum rosetting confers protection against 
severe malaria. Proc Natl Acad Sci U S A. 2004;101 (1):272-
277.

24. Udomsangpetch R, Sueblinvong T, Pattanapanyasat K, 
Dharmkrong-at A, Kittilayawong A, Webster HK. Alteration in 
cytoadherence and rosetting of Plasmodium falciparum-

infected thalassemic red blood cells. Blood. 1993;82:3752-
3759.

25. Fowkes FJ, Allen SJ, Allen A, Alpers MP, Weatherall DJ, Day 
KP. Increased microerythrocyte count in homozygous 
alpha(+)-thalassaemia contributes to protection against severe 
malarial anaemia. PLoS Med. 2008;5 (3):e56.

26. Willcox MC, Björkman A, Brohult J. Falciparum malaria and 
-thalassaemia trait in northern Liberia. Annals of Tropical 
Medicine and Parasitology. 1983;77:335-347.

27. Pasvol G, Weatherall DJ, Wilson RJ. Effects of foetal 
haemoglobin on susceptibility of red cells to Plasmodium 
falciparum. Nature. 1977;270:171-173.

28. Shear HL, Grinberg L, Gilman J, Fabry ME, 
Stamatoyannopoulos G, Goldberg DE, Nagel RL. Transgenic 
mice expressing human fetal globin are protected from malaria 
by a novel mechanism. Blood. 1998;92 (7):2520-2526.

29. Miller LH, Mason SJ, Clyde DF, McGinniss MH. The 
resistance factor to Plasmodium vivax in Blacks. New England 
Journal of Medicine. 1976;295:302-304.

30. Zimmerman PA, Woolley I, Masinde GL, Miller SM, 
McNamara DT, Hazlett F, Mgone CS, Alpers MP, Genton B, 
Boatin BA, Kazura JW. Emergence of FY*A(null) in a 
Plasmodium vivax-endemic region of Papua New Guinea. Proc 
Natl Acad Sci U S A. 1999;96 (24):13973-13977.

31. Miller LH, Haynes JD, McAuliffe FM, Shiroishi T, Durocher 
JR, McGinniss MH. Evidence for differences in erythrocyte 
surface receptors for the malarial parasites, Plasmodium 
falciparum and Plasmodium knowlesi. J Exp Med. 1977;146 
(1):277-281.

32. Tournamille C, Colin Y, Cartron JP, Le Van Kim C. Disruption 
of a GATA motif in the Duffy gene promoter abolishes 
erythroid gene expression in Duffy-negative individuals. 
Nature Genetics. 1995;10:224-228.

33. Williams TN, Maitland K, Bennett S, Ganczakowski M, Peto 
TEA, Newbold CI, Bowden DK, Weatherall DJ, Clegg JB. 
High incidence of malaria in -thalassaemic children. Nature. 
1996;383:522-525.

34. O'Donnell A, Premawardhena A, Arambepola M, 
Samaranayake R, Allen SJ, Peto TE, Fisher CA, Cook J, 
Corran PH, Olivieri NF, Weatherall DJ. Interaction of malaria 
with a common form of severe thalassemia in an Asian 
population. Proc Natl Acad Sci U S A. 2009;106:18716-18721.

35. Williams TN, Mwangi TW, Wambua S, Peto TE, Weatherall 
DJ, Gupta S, Recker M, Penman BS, Uyoga S, Macharia A, 
Mwacharo JK, Snow RW, Marsh K. Negative epistasis 
between the malaria-protective effects of alpha+-thalassemia 
and the sickle cell trait. Nat Genet. 2005;37 (11):1253-1257.

36. Penman BS, Pybus OG, Weatherall DJ, Gupta S. Why is the 
sickle cell gene uncommon in the Mediterranean? Proc Natl 
Acad Sci U S A. 2009:in press.

37. de Silva S, Fisher CA, Premawardhena A, Lamabadusuriya SP, 
Peto TE, Perera G, Old JM, Clegg JB, Olivieri NF, Weatherall 
DJ. Thalassaemia in Sri Lanka: implications for the future 
health burden of Asian populations. Sri Lanka Thalassaemia 
Study Group. Lancet. 2000;355 (9206):786-791.

38. Beeson JG, Crabb BS. Towards a vaccine against Plasmodium 
vivax malaria. PLoS Med. 2007;4 (12):e350.


