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Highlights
In malaria-endemic populations, the
malaria hypothesis predicts balancing
selection on protective loci that interfere
with red blood cell (RBC) function.

Novel variants in the RBCgenesPIEZO1,
ATP2B4, and GYPA/GYPB are asso-
ciated with strong protection from
severe malaria and are more common
in Africans than Europeans, consis-
tent with the malaria hypothesis.
The malaria hypothesis predicts local, balancing selection of deleterious alleles
that confer strong protection from malaria. Three protective variants, recently
discovered in red cell genes, are indeed more common in African than
European populations. Still, up to 89% of the heritability of severe malaria is
attributed to many genome-wide loci with individually small effects. Recent
analyses of hundreds of genome-wide association studies (GWAS) in humans
suggest that most functional, polygenic variation is pleiotropic for multiple traits.
Interestingly, GWAS alleles and red cell traits associated with small reductions in
malaria risk are not enriched in African populations.We propose that other selec-
tive and neutral forces, in addition to malaria prevalence, explain the global dis-
tribution of most genetic variation impacting malaria risk.
Genome-wide association studies
(GWAS) attribute most of the heritability
of severe malaria risk to many loci with
small effects spread across the genome.

African populations are not enriched
for small-effect alleles associated with
protection from severe malaria. Similarly,
healthy RBC traits associated with
reduced Plasmodium falciparum growth
in vitro are not positively associated with
African ancestry.

Pervasive pleiotropy may limit adaptation
in complex traits. Therefore, host varia-
tion that impacts malaria may not neces-
sarily conform to the malaria hypothesis.
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The malaria hypothesis predicts strong selection on protective variants of large
effect
Malaria caused by the parasite Plasmodium falciparum has caused hundreds of millions of deaths
over the course of human history. Consequently, even deleterious genetic variants that limit malaria
severity are expected to be maintained by balancing selection (see Glossary) within malaria-
endemic populations. This 'malaria hypothesis' is supported by geographical patterns of
monogenic disorders of red blood cells (RBCs) that confer protection against severe malaria
(Box 1). For example, the sickle cell allele of hemoglobin beta (HbS) arose and is maintained in
sub-Saharan Africa [1], where the vast majority of malaria deaths occur [2]. Sickle cell disease
and other RBC disorders (Box 1) provide compelling evidence that malaria has imposed strong
selective pressures on human populations throughout the world [3]. Here we focus on selection
in Africa from P. falciparum, the deadliest malaria parasite, although RBC disorders and
Plasmodium species are found in tropical regions worldwide.

The malaria hypothesis is based on RBC disorders with simple genetic causes (Box 1), but
it is sometimes extended to polygenic traits such as RBC volume, RBC membrane fragility,
and malaria resistance itself [4–9]. Here, we explore whether the simple predictions of the
malaria hypothesis can be easily generalized to complex traits. Simultaneous analyses of
hundreds of genome-wide association studies (GWAS) have suggested that most functional
variants in humans have small effects and are pleiotropic, or associated with more than
one phenotype. We hypothesize that complex traits related to malaria may not conform to
the malaria hypothesis – even when several large-effect alleles do – because of pleiotropy
and selective constraint on genetically correlated traits. Furthermore, because most com-
mon variants have a global distribution [10], we expect that most alleles that impact malaria
are present in all human populations (Box 2). An overly narrow focus on the malaria
hypothesis may distract from progress on the complex biological pathways that contribute to the
pathogenesis of severe malaria.
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Box 1. History of the malaria hypothesis

The malaria hypothesis offers an explanation for the high prevalence of hematologic disease in malaria-endemic areas. It is
frequently attributed to the population geneticist J.B.S. Haldane, who in the late 1940s, recognized that the prevalence of
thalassemia in the Mediterranean was far higher than could be explained by mutation alone [65]. Thalassemia is a life-
threatening anemia caused by a homozygous deletion of one of the genes encoding hemoglobin. Haldane proposed that
the causal allele could be maintained within a population, despite its fitness cost in homozygotes, by offering a fitness
benefit to heterozygotes – a phenomenon now known as balancing selection. RBCs of heterozygous carriers of thalassemia
are unusually small and resistant to hypotonic solutions, so Haldane reasoned that they might also be resistant to
Plasmodium parasites. Thalassemia has since been associated with reduced clinical malaria [3] and slower P. falciparum
growth in vitro [15], although the full mechanism of protection remains unknown.

Also in the mid-20th century, the South African scientist A.C. Allison compiled extensive epidemiological data for sickle cell
trait and malaria in Africa [66]. Similar to thalassemia, sickle cell disease is a life-threatening anemia caused by a homozygous
point mutation in the hemoglobin beta gene. Heterozygous carriers lack serious symptoms, though they may have clinically
abnormal RBCs. Allison recorded amuch higher prevalence of sickle cell trait inmalaria-hyperendemic areas of East Africa. In
1954, he experimentally confirmed his own malaria hypothesis by infecting 30 native Luo men with P. falciparum parasites
and charting the course of their disease for 40 days [67]. His study provided strong evidence of the antimalarial effects of
HbS, but it included no record of the informed consent process, if any such process existed [68]. HbS appears to offer
protection via hemoglobin polymerization in low oxygen conditions, leading to parasite growth arrest [69].

The malaria hypothesis is also generally accepted to explain the prevalence of hemoglobin C disease, hemoglobin E disease,
Southeast Asian ovalocytosis, and G6PD deficiency [70–73]. In the first three diseases, the heterozygous state provides a
clinical advantage against malaria while the rare homozygous state is strongly deleterious. G6PD deficiency, by contrast,
involves several common alleles with complex effects onmalaria andmetabolism [71]. Anemia can be induced in G6PD-deficient
individuals by fava beans, infection, and other factors, though most carriers have a mild deficiency with no symptoms.
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Glossary
Anemia: a condition in which red blood
cell quantity or hemoglobin concentration
is lower than normal.
Balancing selection: the active
maintenance of multiple alleles at one
genetic locus.
Bayes factor (BF): a ratio of the
likelihood of one hypothesis over
another. In GWAS, larger values are
interpreted as stronger evidence of
association between an allele and a trait,
compared with a null hypothesis of no
association.
Bottleneck: a sharp decline in
population size that reduces genetic
diversity.
Complex trait: a phenotype influenced
by many genetic and environmental
factors.
Drift: a change in allele frequency due to
chance, such as random sampling of
chromosomes during meiosis. Drift has
stronger impacts in smaller populations.
Effect size: when estimated from an
association study, the coefficient of an
allele in a linear regression model of a
trait.
Fitness: a relative, average measure of
the genetic contribution to the next
generation from individuals with a certain
genotype or phenotype.
Gametocytogenesis: the production
of sexual cells. In P. falciparum,
gametocytes produced from asexual
blood stages are essential to mosquito
Three novel alleles with large protective effects conform to themalaria hypothesis
In the past 5 years, genetic variants at three RBC loci have been associated with strong protec-
tion from severe malaria and replicated in independent studies (Table 1). The first locus, ATP2B4,
encodes the main calcium transporter of RBCs. An ATP2B4 haplotype associated with decreased
risk of severe malaria [7] was recently linked to decreased calcium export and increased
dehydration in RBCs [7,11–14]. RBC dehydration may directly contribute to malaria resistance
by decreasing P. falciparum growth rate in RBCs [15,16]. Similarly, PIEZO1 encodes a
Box 2. Genetic structure and similarity of all human populations

Most common genetic variation present in humans today is descended from populations living in Africa between 100 and
250 thousand years ago (ka) [74]. Between 40 and 60 ka, a population carrying a subset of this African diversity expanded
throughout the rest of the world. As they migrated, human populations experienced a series of bottlenecks that reduced their
genetic diversity relative to their distance from Africa [75]. Some populations of Homo sapiens mixed with Neanderthals and
Denisovans [74], and all populations experienced mutation, recombination, drift, and selection on their unique genetic back-
grounds.Genetic variation is clearly structured across human populations (Figure I), primarily by geography and demography [76].

Human population structure allows the regional ancestry of an individual to be inferred from a sufficiently large panel of
genetic markers (Figure I). For example, around 1.3 million SNPs are common across Africans but rare or undetected in
the rest of the world. Since much of this population structure was created by the loss of SNPs in out-of-Africa bottlenecks,
it is unlikely that most of these SNPs are strongly related to malaria.

Furthermore, the majority of common genetic variants in humans are shared among all major populations [10] (Figure I), due
to our fairly recent common ancestor. This fact was first demonstrated in 1972 using red blood cell genes [77], including
several associated with Plasmodium. In terms of variance partitioning, a large majority (~94%) of human genetic diversity is
found within populations, as opposed to across them [75]. In fact, if we were to randomly sample two members of different
populations, they would have on average only ~5% more alleles that differ than two members of the same population [75].

Despite sharing many alleles inherited from common ancestors, human populations obviously do exhibit differences in
phenotypes and allele frequencies. Understanding the extent of local, balancing selection in shaping these differences
requires an appropriate neutral (demographic) model; recognition of environmental factors; and knowledge of genetically
correlated traits [41,78].

Trend

transmission.
Genome-wide significant: refers to
an association between a trait and allele
with P <5 × 10–8, based on a Bonferroni
correction of all common independent
SNPs in the human genome. Alleles with
larger effect sizes and higher frequency
are more likely to be genome-wide
significant.
GWAS: genome-wide association
studies – observational studies of the
association between a trait and
genome-wide genetic markers, usually
conducted in many individuals.
Heritability (narrow sense): the
fraction of variance in a trait explained by
additive genetic variation, as opposed to
environment and measurement error.
Linkage disequilibrium: correlation
between alleles within a population,
usually on the same physical
chromosome.
Neutral: not selected; having no impact
on fitness.
Odds ratio (OR): the likelihood of an
outcome for one group relative to
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Figure I. Most common
human alleles have
a broad geographic
distribution. Data are
summarized across
~92 million biallelic variants
from 1000 Genomes.
Within each cell, C =
common (>5% frequency),
R = rare (<5%), u=
unobserved (0%). The
number and proportion of
variants with a given
geographical distribution
is indicated by the text
on the right, as well
as the height of the
row. Abbreviations: AFR,
African; AMR, Admixed
American; EAS, East
Asian; EUR, European;
SAS, South Asian; Figure
reproduced from [10].
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another. For example, the likelihood of
severe malaria for individuals with a
particular allele.
Omnigenic: influenced by all genes
expressed in cell types relevant to a trait.
The omnigenic model proposes that
expression of a trait’s ‘core’ genes is
regulated by many ‘peripheral’ genes in
an interconnected network, allowing any
variant within that network to have
indirect effects on the trait.
Osmotic fragility: the propensity of a
red cell to lyse while absorbing water
under hypotonic stress, which reflects
biophysical membrane properties.
Pleiotropic: (of an allele) influencing two
or more traits.
Polygenic: traditionally, influenced by
more than one gene. Today, this term is
commonly used for traits influenced by
hundreds or thousands of genetic
variants, each with a small effect on total
trait variation.
Population structure: the organization
of genetic variation among populations,
driven by the evolutionary processes of
mutation, recombination, drift, and
selection.
Red cell indices: standardized blood
tests of red cell count, size, hemoglobin
content, and variability.
mechanosensitive ion channel implicated in xerocytosis, a rare disease characterized by extreme
RBC dehydration [6]. The microsatellite variant PIEZO1 E756del has been associated with strong
protection from severe malaria [17], reduced P. falciparum growth [6,15], and mild RBC
292 Trends in Parasitology, April 2022, Vol. 38, No. 4
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Table 1. Novel alleles associated with strong protection from severe malaria

Gene Protective
variant

Malaria
phenotype
in vivoa

Possible protective
mechanisms

Other associated
phenotypes

Geographic distribution
of allele frequency

Refs

ATP2B4/PMC4a
(calcium channel)

Haplotype with
>50 variants,
including one
disrupting a
GATA binding
site

23–35%
protection
against severe
malaria and
placental
malaria

Reduction of
parasitemia in vivo;
reduction of P.
falciparum growth
in vitro; RBC
dehydration;
additional
pleiotropic effects

Decreased transcript
and protein expression;
decreased calcium
export; increased
MCHCb; increased
HGBc; decreased
RDWd; decreased
reticulocytes

African: 35%
European: 11%
South Asian: 15%
East Asian: 3%
Admixed American: 11%
(chr1:203684896-T-G)

[7,11–15,43,
79,80]

PIEZO1
(mechanosensitive
ion channel)

E756del 50% protection
against severe
malaria in a
Gabonese
population

Variable reduction of
P. falciparum growth
in vitro. Some
studies suggest RBC
dehydration, but
others find no
association. Also
associated with
reduced var2csa
expression

Macrophage-mediated
iron overload;
increased jumping
performance

African: 17%
European: <0.06%
South Asian: <0.2%
East Asian: <0.08%
Admixed American: 1.5%
(chr16:88733964-GTCC-G)

[6,15,17–19,
27,28,79]

GYPA/GYPB hybrid
(RBC membrane
sialoglycoprotein)

Haplotype of a
duplicated
chimeric protein
known as the
Dantu antigen

33–40%
protection
against severe
malaria

Significant reduction
of P. falciparum
invasion and growth
in vitro; partially
mediated by
increased RBC
membrane tension

Reduced MCVe and
MCHf in heterozygotes
and especially
homozygotes;
substantial changes to
expression of RBC
membrane proteome

Absent from most of Africa
and the rest of the world,
but present at 2–13%
frequency in parts of
East Africa

[22–24,80]

aBased on odds ratio for the broadest category of severe malaria in an additive or recessive association model with one copy of the allele.
bMean corpuscular hemoglobin concentration (g/dl red blood cells).
cHemoglobin (g/dl whole blood).
dRed blood cell distribution width (% coefficient of variation).
eMean corpuscular volume of red blood cells (fl).
fMean cell hemoglobin of red blood cells (pg).
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dehydration [6,18], although these phenotypes have not been replicated in all studies [15,17,19,20].
Genes at the glycophorin locus (GYPA/GYPB) encode red cell surface receptors, coated with sialic
acid, which facilitate parasite invasion by specific binding toP. falciparum ligands [21]. TheDantu allele
at this locus encodes a hybrid protein in which the extracellular domain ofGYPB is fused to the trans-
membrane and intracellular domains ofGYPA [22]. Interestingly, the protective effect of Dantu against
severe malaria is mediated not through receptor–ligand interactions but through an increase in RBC
membrane tension that inhibits P. falciparum invasion [23]. For all three of these loci, the same poly-
morphism that is associated with strong protection from clinical malaria [7,17,22] is also associated
with RBC trait variation [6,11,14,15,23] and impaired P. falciparum development in vitro [6,15,17,23].

All three protective variants in Table 1 occur at a higher frequency in Africa than Europe,
consistent with the malaria hypothesis. PIEZO1 E756del is found in about one-third of Africans
in 1000 Genomes, which motivated its initial selection for detailed study [6]. The Dantu variant
of GYPA/GYPB has a frequency of 2–13% in some parts of East Africa, but is absent from
most of Africa and the rest of the world [22,24]. The protective ATP2B4 haplotype, like variation
in the ABO blood group, is found at appreciable frequency (~11–15%) in Europe and South Asia
and higher frequency (~35%) across Africa.

The degree of protection observed for these variants in vitro has been smaller than in clinical
studies, which has been interpreted as evidence of pleiotropic effects through additional tissues
Trends in Parasitology, April 2022, Vol. 38, No. 4 293
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or phenotypes [7,15,17]. For example, the protective ATP2B4 haplotype is associated with up to
35% reduction in severe malaria risk, but only ~6% slower growth of P. falciparum in RBCs
(Table 1). The same haplotype is associated by GWAS with lymphocyte counts, in addition to
RBC dehydration and size [25], which may contribute to its larger effect on severe malaria. How-
ever, part of the difference between GWAS and in vitro models might be explained by limitations
of current methods of parasite culture. P. falciparum is typically cultured within RBCs in richmedia
and at low density P. falciparum is independent of immune cells and normal circulation. These
conditions necessarily represent only a fraction of the host biology involved in malaria disease.
Furthermore, laboratory culture conditions are known to select for deleterious parasite traits,
including the loss of gametocytogenesis [26].

Similar to the pleiotropic effects of ATP2B4, PIEZO1 E756del has been linked to macrophage-
mediated iron metabolism and athletic jumping performance [27,28] in addition to RBC pheno-
types. Both ATP2B4 and PIEZO1 are widely expressed throughout the body, so variants impacting
their function could potentially be pleiotropic through immune cells, the vasculature, or other tissue
types. Glycophorin proteins are expressed exclusively on RBCs, but the Dantu variant is associated
with altered expression of 100 RBC surface proteins [23] that could be pleiotropic for interactions
with immune cells or other tissues. The glycophorins and PIEZO1 are both exceptionally polymor-
phic among RBC genes [15,22,24], with growing GWAS evidence linking multiple variants to
multiple traits [25]. Glycophorin loci are also thought to be ancient sites of positive and balancing
selection, perhaps because of their roles in several infectious diseases [22,29,30].

Overall, it is plausible that the higher frequencies of protective alleles in ATP2B4, PIEZO1, and
GYPA/GYPB in sub-Saharan Africa, compared with the rest of the world, have been driven by
selection consistent with the malaria hypothesis (Box 1). Understanding the degree of protection
that can be attributed to red cells, as opposed to other tissue types, will require more functional
studies. Given the available evidence of pleiotropy (Table 1), it is also possible that selective
forces besides malaria have contributed to the observed frequency variation. Discovery and
characterization of additional traits linked to these loci may aid in the design of novel treatments
and preventative therapies for malaria.

Malaria susceptibility is highly polygenic
The largest GWAS of severe malaria to date sampled more than 17 000 individuals across
11 countries and three continents [7]. It successfully identified five genome-wide significant
variants – in the genes HBB, GYPA/GYPB, ATP2B4, ABO, and an intergenic region on chromo-
some 6 – that collectively explain ~11% of the heritability of severe malaria risk. Aside from the
identities of these specific variants, then, a major GWAS result is that the majority of heritability
cannot yet be attributed to specific genomic loci (Figure 1A, Key figure).

This 'missing heritability' has a number of potential explanations that have been reviewed recently
elsewhere [31,32]. As one example, GWAS have found variable associations between HbS and
severe malaria because of variation in technical design (e.g., genotyping method) and environ-
mental factors (e.g., local parasite genotype [33]). Furthermore, because Africans do not com-
prise a single, homogeneous population, detection of some variants (like Dantu) will depend on
their local frequency and population structure. For these reasons, additional loci with large
effects may remain to be identified by future studies, particularly those using African-centric
SNP arrays or whole-genome sequencing.

Despite these limitations of GWAS, most authors still interpret large fractions of 'missing heritability'
as evidence that complex traits are highly polygenic [7,34,35]. From this perspective, nearly nine-
294 Trends in Parasitology, April 2022, Vol. 38, No. 4
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Key figure

The main polygenic component of malaria resistance is not enriched in African populations
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Figure 1. (A) Of the estimated heritability of severe malaria risk, 89% is attributed to variants with effects too small to be confidently detected by genome-wide association
studies (GWAS). Reproduced from [7]. (B) SNP heritability of severe malaria risk is distributed across chromosomes proportional to their length. Replotted from [36].
(C) Strongly associated (large-effect) alleles from GWAS for severe malaria risk occur at higher frequencies in African populations, compared with European populations
(red oval). Smaller-effect alleles, which are less confidently associated, are equally likely to be more frequent in European populations (blue oval). RankEUR is the conditional
rank of the allele in European populations, given the African allele count; values greater than/less than 50% indicate that the allele is more common in Europe/Africa.
Reproduced from [7]. (D) Alleles from healthy red blood cells (RBCs) associated with reduced Plasmodium falciparum growth rate in vitro are not enriched for higher fre-
quencies in African populations (blue oval). Polarized FST indicates the differentiation in allele frequencies between African and European populations in 1000 genomes;
values greater than/less than 0 indicate that the allele is more common in Europe/Africa. Replotted from [15]. (E) In donors who lack large-effect alleles for malaria
resistance, red cell osmotic fragility is negatively related to exome-wide African ancestry. Replotted from [15]. (F) In donors who lack large-effect alleles for malaria resis-
tance, higher red cell osmotic fragility predicts slower P. falciparum growth in vitro. Replotted from [15]. Panels A and C are reproduced with minor modifications under
a Creative Commons license (https://creativecommons.org/licenses/by/4.0/).
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tenths of the heritability of severe malaria risk could be attributed to variants with individual effects
too small to be detected by GWAS of feasible size. Yet these variants appear to be so numerous
that the sum of their tiny effects outweighs the much larger effects of the few most dramatic alleles
(Figure 1A). A recent heritability analysis [36] demonstrated that the polygenic variation shaping
severe malaria risk is distributed throughout the human genome, with each chromosome contrib-
uting a share of heritability roughly proportional to its physical size (Figure 1B). This diffuse genetic
Trends in Parasitology, April 2022, Vol. 38, No. 4 295
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architecture resembles many other human traits, from red cell volume to type 1 diabetes [34,37].
How and whether polygenic variation may contribute to adaptation is an active area of interest in
human population genetics [38–41]. Since severe malaria is well established as a strong selective
pressure (Box 1), it offers a unique opportunity to contrast the evolution of protective alleles with
small and large effects.

Polygenic variation linked to malaria protection is not enriched in African
populations
The seven SNPs most strongly associated with malaria protection by GWAS [Bayes factor (BF)
>100 000] are all more common in Africans than in Europeans [7] (Figure 1C, red oval). Although
neither continental group represents a homogeneous population, this pattern is consistent with
the malaria hypothesis, which predicts local balancing selection of variants with large protective
effects (Box 1). By contrast, only 45 of the top 91 SNPs associated with malaria protection
(BF >1000) are more common in Africans than in Europeans [7] (Figure 1C, blue oval). Although
these weaker associations likely contain more false positives, this proportion is not meaningfully
different from neutral (nonselective) expectations based on demography and population struc-
ture (Box 2). Since SNPs with weaker evidence of association also tend to have smaller effect
sizes, this result could suggest a distinct mode of evolution for the small-effect, polygenic varia-
tion underlying the majority of malaria susceptibility. Our group recently found a similar result for
RBC variants associated with P. falciparum growth in laboratory experiments [15]. Using RBCs
sampled from healthy donors with a range of African ancestry, we identified 24 alleles (including
PIEZO1 E756del and the ATP2B4 haplotype; Table 1) associated with reduced parasite growth.
About half of these protective RBC variants are more frequent in Africans than in Europeans
(Figure 1D, blue oval), which does not differ from expectations based on random exomic SNPs
[15]. Notably, the sickle allele of hemoglobin (HbS) was the only single variant with a dramatic protec-
tive effect in these RBC assays (Figure 1D, red oval). Although large-effect alleles from both GWAS
and in vitro studies do conform to the malaria hypothesis, it does not appear that small-effect
alleles are, as a group, similarly differentiated between endemic and nonendemic populations.

Protective red cell traits are not enriched in African populations
RBC phenotypes have been a constant focus of malaria research, from the initial formation of the
malaria hypothesis (Box 1) to modern GWAS of protective loci (Table 1). Red cell traits related to
volume, density, and hemoglobin content – known as red cell indices – are routinely measured
in clinical settings around the globe. RBCmembrane properties such as fragility and deformability
are also key to red cell function, blood storage, and diagnosis of hemolytic disease [5,8]. Most red
cell traits have high heritability (40–90%), which large GWAS in multiple populations have attributed
to polygenic variation [8,12,13,42,43].

Our recent study of healthy variation in RBCs without disease alleles (Box 1) identified ten poly-
genic traits, including RBC volume, that were strongly associated with P. falciparum growth in
vitro [15]. Intriguingly, none of these protective traits (e.g., smaller RBC volume) were positively
associated with African ancestry in noncarriers of disease alleles. Some RBC phenotypes were
related to African ancestry, but not in the direction predicted by the malaria hypothesis. For
example, African ancestry and African American ethnicity are strongly associated with decreased
osmotic fragility of the RBC membrane [5,15] (Figure 1E). Membrane fragility, similar to
'tension' measured by other studies [23], can be understood as an inverse of membrane
deformability [15,44]. Our study found that lower osmotic fragility was associated with increased
parasite growth [15] (Figure 1F), implying that RBCs with greater African ancestry are more sus-
ceptible tomalaria parasites. Indeed, greater African ancestry in individuals without disease alleles
predicted greater invasion efficiency of a clinical P. falciparum strain from Senegal [15].
296 Trends in Parasitology, April 2022, Vol. 38, No. 4
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An exaggerated protective effect of similar membrane properties has also been observed in African
RBCs carrying the rare Dantu variant [23] (Table 1). In that study, high-frame-rate video microscopy
was used to simultaneously measure red cell tension and P. falciparum invasion, revealing that para-
sites preferentially invade RBCs with lower membrane tension. Accordingly, RBCs with higher base-
line tension also experienced less membrane deformation when contacted by P. falciparum
merozoites. Other recent studies have confirmed that RBC deformability upon merozoite contact is
essential for, and correlated with, P. falciparum invasion success [45,46]. Together, these data
suggest that the low membrane fragility characteristic of RBCs with African ancestry makes them
relatively more susceptible to P. falciparum parasites. It is possible that decreased membrane fragility
serves another functional purpose, unrelated to malaria, that is yet to be discovered. We note that
P. falciparum may adapt to the red cell traits that it usually encounters, more quickly than the red
cell traits themselves can evolve. Indeed, recent work has shown that the protective effect of HbS
varies by parasite genotype, consistent with HbS imposing selection on parasite alleles [33].

Lower red cell volume (MCV) has also been linked to reducedP. falciparum growth and/or invasion in
diverse healthy adults [15], anemic African children [4], and chemically dehydrated RBCs [16]. Some
earlier studies described a lower MCV in African Americans, compared with European Americans,
which has been attributed to selection for malaria resistance [4]. However, the deletion allele that
causes α-thalassemia (Box 1) strongly diminishes MCV [15,47] and is more common in African
Americans. When carriers of thalassemia are excluded, the apparent association between MCV
and ancestry disappears, although the association between MCV and parasite growth remains
[15,48]. While environmental variation can complicate inference of population-specific selection
[49], Africans and Europeans might be expected to have distinct MCV optima, given differences
in malaria prevalence and the protective value of lowMCV. This lack of differentiation in a protective
trait may suggest that other evolutionary forces are important for shaping polygenic variation in
RBC volume, or that environmental factors have obscured the effects of selection.

One phenotype that has repeatedly and robustly been observed to differ between African- and
European-Americans is hemoglobin concentration [50]. Polygenic, nonenvironmental factors
appear to drive 6–7% lower blood hemoglobin concentration in African Americans [50]. In
malaria-endemic settings, this difference may be minor compared with anemia from nongenetic
factors, which can reduce hemoglobin concentrations to 60% or less of reference values [51]. In
16 sub-Saharan African countries surveyed from 2010 to 2016, moderate to severe anemia was
present in an average of 39.7% of children under 5 years of age [51]. Various recent studies have
also found that hemoglobin concentration either improves [4,52], exacerbates [51,53], or has no
effect [54] on malaria outcomes. This uncertainty, combined with the much larger impact of
environment compared with genetics, raises the possibility that additional factors besides malaria
pressure may have contributed to differences in hemoglobin concentration between Africans and
Europeans.

Overall, there is currently little evidence that mean RBC trait differences between Africans and
Europeans contribute to greater malaria resistance in Africans without known disease alleles.
Since the RBC traits discussed here are strongly polygenic, this finding is consistent with the
lack of differentiation of detectable, small-effect alleles between populations (Figure 1C,D). How
can these conclusions be reconciled with evidence from large-effect alleles (Box 1), which
indicates strong selection to reduce P. falciparum growth in African RBCs?

Pervasive pleiotropy may limit polygenic adaptation to malaria
Many functional alleles, including those that confer malaria resistance (Table 1 and Box 1), have
pleiotropic effects on multiple phenotypes. In recent years, the explosion of GWAS for human
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Outstanding questions
What are the pleiotropic effects of the
malaria-protective variants in ATP2B4,
PIEZO1, and GYPA/GYPB?

Besides RBCs, which tissues express
genes that contribute to the heritability
of severe malaria?

What traits are genetically correlated
with severe malaria risk?

How many common variants adhering
to the malaria hypothesis remain to be
identified, particularly as knowledge of
African genetic diversity improves?

Would larger GWAS or in vitro studies
yield more robust signals of polygenic
adaptation to malaria?

Why are red cell traits so variable within
and across human populations?

Is common red cell variation important
for P. falciparum parasites in vivo?
How does common red cell variation
contribute to severe malaria?
traits has enabled direct assessments of the extent of pleiotropy in the human genome. So far,
50–60% of SNPs that have been associated with one human trait are also associated with at
least one more [55,56], consistent with widespread pleiotropy. A recent analysis of 558 GWAS
traits found that overlapping, associated loci cover over half of the human genome, with over
90% of such loci associated with multiple traits [56]. In many cases, pleiotropic variants impact
broadly expressed genes and signaling pathway components that are active in a multitude of
cell types [55]. However, since SNPs identified by GWAS are usually in linkage disequilibrium
with the true causal SNPs, it is theoretically possible that they tag multiple causal alleles with
independent effects on multiple traits. We note that other limitations of GWAS, including technical
explanations for missing heritability, also apply to these meta-analyses of multiple traits.

Four years ago, an influential model was proposed in which complex traits may be not just ‘poly-
genic’, but ‘omnigenic’: affected by all genetic variants that impact gene expression in
relevant cell types [34]. Such a model is plausible because biological networks, including
transcriptional networks, are highly interconnected [57]. For example, a genetic variant that
changes the transcription of one unit in a protein complex could consequently alter the folding,
stability, physical interactions, or other activity of any number of functionally related proteins.
The omnigenic model thus predicts extreme pleiotropy, even beyond what is directly observable
from current GWAS data. It also helps to explain why the heritability of most complex traits is
spread so broadly throughout the genome (Figure 1B).

Understanding how abundant, functional variation is maintained within populations remains an
ongoing challenge for evolutionary biologists [58,59]. If pleiotropy is so widespread that each func-
tional allele has effects on many traits, then selection on all the traits – not just malaria resistance –

could be expected to shape its allele frequency. We therefore propose that widespread pleiotropy
may explain the current lack of observable differentiation between malaria-endemic and nonendemic
populations for healthy variation that impacts malaria resistance (Figure 1C,D).

The red cell disorders that inspired the malaria hypothesis (Box 1) are testaments to the strength
of malaria selection precisely because their large antimalarial effects outweigh their serious
damage to other organismal phenotypes. These examples, however, may be exceptions. Most
alleles associated with malaria protection have only small effects on individual risk (Figure 1C,D),
but their combined effects far outweigh the handful of large-effect alleles in explaining malaria risk
within a population (Figure 1A). Although malaria is a strong selective pressure, and RBC variation
appears to impact malaria, we propose that the frequency of any functional allele will depend on its
strength and direction of effect on many different traits – not only malaria resistance. Not all alleles
that limit malaria should be expected to experience strong, population-specific selection; just as
not every allele that is more common in Africa should be expected to impact malaria (Box 2).

Concluding remarks
Growing data from diverse human populations suggest that themalaria hypothesis may be amis-
leading heuristic for understanding global patterns of genetic variation, in part because malaria
susceptibility is highly polygenic and widespread pleiotropy may limit polygenic adaptation to
malaria. This interpretation may be subject to change, however, as statistical and experimental
methodologies improve. Current GWAS data are seriously limited by the large fraction of 'missing
heritability' for severe malaria risk (Figure 1A), but these limitations are expected to diminish as
genetic diversity from non-European populations is discovered and incorporated into GWAS
design. Similarly, steady increases in GWAS size, improved analysis of genetic correlations
[38,40,41], and steps toward controlling environmental variation [60] should enhance GWAS
performance for small-effect, polygenic variation.
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Our conclusions based on in vitro studies of P. falciparum and RBCs may also evolve as more
physiologic models of this complex disease are developed, though this will require a substantial
commitment of resources. For example, widespread adoption of improved humanized mouse
models [61] will allow more cohesive and physiologic studies of severe malaria as a multiorgan
disease. Increasingly detailed models of specific organ systems, such as the 3D architecture of
the microvasculature [62] and blood–brain barrier [63], may also reveal non-RBC variation that
is relevant to the malaria hypothesis. Still, the most direct test of the malaria hypothesis for poly-
genic variation may be large-scale, controlled infections of humans from diverse genetic back-
grounds. At present, we have little knowledge of whether non-African populations contain their
own large-effect variants for malaria resistance, nor whether the heritability of severe malaria
varies around the world. A similar test could also be performed with genetically diverse non-
human models, such as rodents sampled from wild populations.

As we await these developments, it is clear that continuing to explore aspects of malaria biology
that do not necessarily adhere to the malaria hypothesis has the potential to advance our under-
standing of the pathogenesis of this complex disease. For example, RBC membrane dynamics
clearly influenceP. falciparum fitness [15,23], despite the higher frequency of susceptible pheno-
types in African populations (Figure 1E,F). RBC membrane traits may represent a particularly
exciting avenue for malaria prevention and therapeutics, given that RBC membrane variation is
widespread and apparently well tolerated in humans.

Casual invocation of the malaria hypothesis is not without costs, as its racial basis is known to rein-
force misconceptions of biological heterogeneity within and across human groups [64] (Box 2).
Most genetic loci for malaria susceptibility likely have individually small effects, are spread across
the genome, are pleiotropic for other traits, and are shared among many human populations.
Despite evidence that protective alleles of large effect have experienced balancing selection, it is pos-
sible that polygenic variation shaping malaria susceptibility is constrained by correlation with other
traits. In our opinion, a major goal of studying genetic susceptibility to disease is to identify novel
biological pathways for therapeutic targeting (see Outstanding questions). Future research that
embraces the polygenic, interconnected basis of complex traits will provide new insights into the
progression of severe malaria.
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