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Malaria remains a major killer

WHO >600,000 deaths due to P.falciparum malaria in 2020 
The vast majority are among young children in Africa.

Tu Youyou
Nobel Prize 2015

青蒿素
(Qinghaosu)
Artemisinin

Artemisia 
annua

Current frontline 
treatments are based 
on the compound 
artemisinin, famously 
rediscovered in the 
1970s by screening 
traditional Chinese 
medicines.

Artemisinin works but…



Resistance to artemisinin and other antimalarials is rising

“Recent evidence of the independent emergence of artemisinin partial 
resistance in [Africa] is of great global concern” - WHO

Frequency of 
artemisinin resistance

Figures: Ashley et al, N. Engl. J. Med. 2014, Stokes et al, eLife 2021



Why study malaria genetics?

1. Uncover new aspects of infection biology
2. Study natural selection and evolution



Sickle haemoglobin 
(HbS)

A mutation of the HBB gene

Protection against infection…

Meta-analysis

Taylor et al Lancet Infect. Dis 2012

290 FEB. 6, 1954 THE BASIS OF SENSATION BJOL
In view of the regional differences in sensitivity found in

the earlier experiments one would expect that the units
responding, for exampk, to acetone would be found more
often in the front part of the bulb and those responding to
heavy oil at the back. There is undoubtedly a segregation
of this kind, although, in the middle region, unit discharges
have been obtained with substances from all the groups.
It is true that most of these units can be made to discharge
to a wide range of stimuli if the concentration is raised, but
there will always be outlying parts of the olfactory organ
where it has the threshold value needed to bring out the
differential effects.

Assessment of the Different Factors
A great deal remains to be done before we can assess the

different factors concerned in olfactory discrimination, but
the important point is that neighbouring groups of olfactory
receptors have marked differences in their sensitivity to
different smells. I have no doubt, therefore, that olfactory
discrimination is not due solely to the complex structure of
the organ-that is, to the deposition of the material in
different patterns on its surface owing to differences in the
rate of air flow, size of molecules, etc.

In fact the olfactory epithelium proves to be a large
collection of nerve cells which look alike, apart from the
position of the nucleus, but differ so much in their pro-
perties that some will be excited by a trace of acetone
vapour and others by a trace of benzene. This, of course,
is no more than would be expected by anyone who con-
templates the remarkable discriminative power of the nose.
But it is an important point to have established, and I do
not regret the time I have spent in trying to develop a
different hypothesis.

It may be that the point is important only in connexion
with the working of the olfactory organ; the receptors
there may be the only cells which have developed such a
high degree of chemical discrimination. But nerve cells in
other places may show traces of the same discriminative
power. Let us suppose, then, that there are sheets of such
cells in the central nervous system with dendrites ending
freely amongst the dendrites of afferent neurones, so that
material liberated from these might come into contact with
the dendrites from more than one cell. It cannot be
expected that the terminations of the afferent neurones
would liberate molecules as different as acetone and ben-
zene, but if some neurones liberate acetylcholine and some
noradrenaline it is not impossible that the molecules
liberated by the fibre from a temperature receptor might
differ considerably from those liberated by a pain fibre.
The ultimate destination of the different signals reaching
the dendritic network would then be determinated by the
different chemical sensitivities of the neurones whose
dendrites are stimulated.

It is perhaps worth pointing out that the excitation of
an olfactory receptor is a rapid process which ceases usually
at the end of inspiration when the delivery of vapour is
suspended, that the number of molecules needed to excite
must be very small, and that they must be removed or
neutralized rapidly. The same could be said of the excita-
tion of a nerve cell by a humoral transmitter. I am bound
to admit the difficulty of believing that all the different
groups of molecules which stimulate the olfactory receptors
are dealt with by different specific enzymes, as cholin-
esterase deals with acetylcholine, but they are certainly in-
activated rapidly and completely.

Speculations which cannot be put to experimental test
are seldom worth elaborating, and I cannot pretend that we
should be in a much better position if this speculation
turned out to be correct. A selective transmission deter-
mined by the nature of the material set free in the den-
dritic network might allow more variation than one deter-
mined by the detailed connexion of dendrites, but that is
all that can be claimed for it.
Yet I think the olfactory organ may have something to

teach us about the organization of the nervous system.

Since its nerve cells are found to have such selective pro-
perties we must be ready to look for similar properties in
nerve cells elsewhere.

Conclusion
That, I am afraid, is a poor conclusion to a lecture which

commemorates a man whose researches were of such im-
mediate practical benefit to so many people. I wish I had
something better to offer than these incomplete results on
a sense organ which has never roused much interest. I
can still recall the intense interest which the work of
Banting and Best aroused in all of us, in physiologists as
well as in every doctor. But such triumphant victories
come very rarely, and they are separated by the slow,
plodding attack on a wide front. I have described a minor
incident in that attack with a speculation attached to it;
but I have done so because most of our research is like
that, and because it is with such inconclusive results that
you must contrast the spectacular advance which came with
the finding of insulin.

PROTECTION AFFORDED BY SICKLE-
CELL TRAIT AGAINST SUBTERTIAN

MALARIAL INFECTION
BY

A. C. ALLISON, D.PhiI., B.M.*
(From the Clinical Pathology Laboratory, the Radcliffe

Infirmary, Oxford)

The aetiology of sickle-cell anaemia presents an out-
standing problem common to both genetics and medi-
cine. It is now universally accepted that the sickle-cell
anomaly is caused by a single mutant gene which is
responsible for the production of a type of haemo-
globin differing in several important respects from
normal adult haemoglobin (Pauling et al., 1949; Perutz
and Mitchison, 1950). Carriers of the sickle-cell trait
who are heterozygous for the sickle-cell gene have a
mixture of this relatively insoluble haemoglobin and
normal haemoglobin; hence their erythrocytes do not
sickle in vivo, whereas some at least of the homo-
zygotes, who have a much greater proportion of sickle-
cell haemoglobin, have sickle cells in the circulating
blood, with inevitable haemolysis and a severe, often
fatal, haemolytic anaemia. There is also a much
smaller group of sickle-cell anaemia patients who are
heterozygous for the sickle-cell gene as well as for
some other hereditary abnormality of haemoglobin
synthesis (Neel, 1952).

It is thus possible to approach the problem from the
clinical or the genetical side. From the clinical point
of view it is important to distinguish between carriers
of the sickle-cell trait who show no other haemato-
logical abnormalities and patients with sickle-cell
anaemia, who have a haemolytic disease which
can reasonably be attributed to sickling of the
erythrocytes. From the genetical point of view the
main distinction is to be drawn between those who are
homozygous and those who are heterozygous for the
sickle-cell gene. In the great majority of instances two
classifications coincide-that is, most individuals with
the sickle-cell trait are heterozygous and most cases of
sickle-cell anaemia, in Africa at least, are homozygous
for the sickle-cell gene.

*Staines Medical Research Fellow of Exeter College, in
receipt of a grant from the Medical Research Council.

(1954)

Carrying one copy of HbS is thought to 
have about a ten-fold protective effect



Malaria endemicity Frequency of HbS

Piel et al Nature Communications (2010)

Protection against infection… and natural selection



Allison Br Med. J. (1954)

O blood type
frequency ~ 50%
RR ~ 0.75 
(recessive)

Dantu blood type
frequency ~ 0-10%
RR ~ 0.6
(additive)

Sickle haemoglobin
(HbS)

Frequency ~ 2-20%
RR ~ 0.1-0.2
(heterozygote)

ATP2B4 calcium 
pump variation
frequency ~ 50%
RR ~ 0.66
(recessive)

Estimates from our multi-population GWAS of severe malaria susceptibility - MalariaGEN Nature Communications 2019



?
P.falciparum

23Mb genome
>5,000 genes

millions of variants

O blood type Dantu blood type

Sickle haemoglobin
(HbS)ATP2B4 calcium 

pump variation

Have parasite populations adapted?
(And is this detectable in current populations?)



Searching for host-parasite genetic interactions

Band et al Nature 2021 doi.org/10.1038/s41586-021-04288-3 



Plan of attack:

1. Take DNA samples from a large set of severe malaria cases. 
(These were previously collected and contain both human and parasite 
DNA)

2. Amplify and sequence the parasite DNA.

3. Test for association between human and parasite genetic variants

Investigating human-parasite genetic interaction in severe malaria cases

*MalariaGEN human GWAS, Nature Communications 2019



Quick genome sequencing cheat sheet

1. Take DNA sample 2. Amplify parasite DNA
Using A/T-rich primers

3. Fragment DNA into 
small (400-500bp) 

pieces!

4. Sequence

5. Computationally align reads back to reference genome

Complex region (difficult to align) A mutation relative to the reference
Sequencing error



Banjul, The Gambia
N = 2,721

Kilifi, Kenya
N = 2,375

Variant calling and quality control

Overlap with human data
N = 3,346 samples

1. Sequence the P.falciparum genome
in severe malaria cases from our previously published human GWAS

Previously generated 
human genome-wide 

genotypes and 
imputation

Collected in 1995-2009 

Investigating human-parasite genetic interaction in severe malaria cases



2. Test for association pairwise between human and Pf variants

Focus on candidates:

• Known protective mutations
• Further putative associations
• Blood group gene variants
• HLA alleles

Focus on ‘easy’ parts:

• Biallelic variants in core genome
• Seen in at least 25 infections across the sample.
• 51,552 variants in total

(…excludes multiallelics and complex regions)

Software at: www.well.ox.ac.uk/~gav/hptest

𝑔Pf ~ 𝑔human + country

using a simple logistic regression framework:



Three regions of the Pf genome are associated…

P.falciparum genetic variants

Evidence for association
for P.falciparum variants

(averaged over human variants)



Three regions of the Pf genome are associated with…

Evidence for association
for human variants

(averaged over Pf variants)

Evidence for association
for P.falciparum variants

(averaged over human variants)



Three regions of the Pf genome are associated with HbS

Sickle haemoglobin (HbS)

Pfsa1

Pfsa2

Pfsa3

Evidence for association
for human variants

(averaged over Pf variants)

Evidence for association
for P.falciparum variants

(averaged over human variants)



Three regions of the Pf genome are associated with HbS

Sickle haemoglobin (HbS)

Pfsa1

Pfsa2

Pfsa3

Zoom in to 
Pf genome:

Evidence for association
for P.falciparum variants

with HbS

Evidence for association
for human variants

(averaged over Pf variants)

Evidence for association
for P.falciparum variants

(averaged over human variants)

Pfsa1 Pfsa2 Pfsa3



The protective effect of HbS varies with Pfsa genotype

Pfsa1
Pfsa2

Pfsa3

Pfsa
genotype

- = reference allele
+ = HbS-associated 

allele

Sample counts 𝑁 = 4,071 severe malaria cases

45 of 49 severe infections of individuals with HbS genotypes
were with Pfsa+ parasites



The protective effect of HbS varies with Pfsa genotype

Pfsa1
Pfsa2

Pfsa3

Pfsa
genotype

- = reference allele
+ = HbS-associated 

allele

𝑅𝑅 = 0.012

𝑅𝑅 = 0.09

𝑅𝑅 = 0.17

Population controls

+ caveats!

Sample counts Relative risk of HbS
by Pfsa genotype

𝑅𝑅 = 0.83

45 of 49 severe infections of individuals with HbS genotypes
were with Pfsa+ parasites



Parasite population genetics



Pfsa frequencies vary widely within and between populations

African pops non-African pops
100  |   
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Abstract
High-throughput Plasmodium genomic data is increasingly useful in assessing prevalence of clinically important mutations and malaria transmission patterns. Understanding parasite diversity is important for identification of specific human or parasite populations that can be targeted by control programmes, and to monitor the spread of mutations associated with drug resistance. An up-to-date understanding of regional parasite population dynamics is also critical to monitor the impact of con-trol efforts. However, this data is largely absent from high-burden nations in Africa, and to date, no such analysis has been conducted for malaria parasites in Tanzania countrywide. To this end, over 1,000 P. falciparum clinical isolates were collected in 2017 from 13 sites in seven administrative regions across Tanzania, and parasites were genotyped at 1,800 variable positions genome-wide using molecular inversion probes. Population structure was detectable among Tanzanian P. falciparum para-sites, approximately separating parasites from the northern and southern districts and identifying genetically admixed populations in the north. Isolates from nearby districts were more likely to be genetically related compared to parasites sampled from more distant districts. Known drug resistance mutations were seen at increased frequency in northern districts (including two infections carrying pfk13-R561H), and additional variants with undetermined significance for antimalarial resistance also varied by geography. Malaria Indicator Survey (2017) data corresponded with genetic 
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The impact of antimalarial resistance on the

genetic structure of Plasmodium falciparum

in the DRC
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The Democratic Republic of the Cong
o (DRC) harbors 11% of global malaria cases, yet little is

known about the spatial and genetic structure of the parasite population in that country. We

sequence 2537 Plasmodium falciparum infections, including a nationally representative

population sample from DRC and samples from surrounding countries, using molecular

inversion probes - a high-throughput genotyping tool. We identify an east-west divide in

haplotypes known to confer resistance to chloroquine and sulfadoxine-pyrimethamine. Fur-

thermore, we identify highly related parasites over large geographic distances, indicative of

gene flow and migration. Our results are consistent with a background of isolation by dis-

tance combined with the effects of selection for antimalarial drug resistance. This study

provides a high-resolution view of parasite genetic structure across a large country in Africa

and provides a baseline to study how implementation programs may impact parasite

populations.
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Pfsa frequencies vary widely within and between populations
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The Pfsa alleles are in strong linkage disequilibrium i.e. they co-occur

Pfsa1
Pfsa1

chromosome 2
Pfsa2

chromosome 2
Pfsa3

chromosome 11

r=0.80

r=0.66r=0.75

r=0.43

Gambia:

Kenya:

Country N r
Gambia 169 0.20
Guinea 133 0.79
Mali 379 0.84
Ghana 807 0.86
Cameroon 174 0.52
Congo 241 0.64
Malawi 239 0.79
Tanzania 282 0.59
Kenya 89 0.71

MalariaGEN Pf6

Correlation between 
Pfsa+ alleles in severe 
malaria cases…
After excluding HbS individuals

…or in milder infections:
Pfsa1+ vs Pfsa3+



Mother Father

Offspring

Random assortment of chromosomes and 
chromosome segments

Meiosis (germline cell division)



Parasites fuse and undergo meiosis

Parasites are haploid 
(one genome copy) and 

replicate clonally



The Pfsa alleles are in strong linkage disequilibrium i.e. they co-occur
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Kenya:

Parasites undergo sexual reproduction 
(meiosis) in mosquitos

This breaks down correlations over 
short genetic distances in the genome.
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Hypothesis

• Pfsa-carrying parasites are able to infect and cause disease in 
HbS-carrying individuals

• They are presumably +vely selected in individuals carrying HbS.

• Yet they have not been driven to 100% in any population

• It is possible that epistasis (fitness interaction between the 
three loci) is one of the factors contributing to this.



Towards understanding biological function



Puzzles and questions





Red cell

Parasitophorous
Vacuole

Protein export

‘PEXEL’ amino acid motif

The 1127000 protein product 
contains a Plasmodium export element 
(PEXEL) motif.  It is predicted to be 
exported to the host cytosol.



Hypothesis: the Pfsa+ mutations 
affect export of the protein to 
the host cell (likely increasing the 
degree of export).



Hypothesis: the Pfsa+ mutations increase expression of 
the1127000 gene (and presumably the corresponding protein)



T=9
Hours post-invasion

sickle-associated 
(Pfsa+) parasite

Pfsa- parasite

Parasite gene expression (RNA levels)

The parasite takes about 48 hours to replicate within red cells (then they burst and the parasites re-

invade).  What does gene expression look like across this cycle?
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(Pfsa+) parasite
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T=27
Hours post-invasion

sickle-associated 
(Pfsa+) parasite
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Hypothesis: the Pfsa+ mutations increase expression of the1127000 gene at 
trophozoite stage (blood feeding / growth stage).  And presumably the corresponding 
protein.



sickle-associated 
(Pfsa+) parasite

Pfsa- parasite

The Pfsa3 locus contains genome structural variation.  Does that influence the 
expression?



Conclusions

• Studying malaria genetics can lead to new insights into infection 
biology

• There seem to be parasite mutations that can overcome the 
protective effects of sickle haemoglobin

• We do not know the biology of these variants yet, but have some 
clues.

• The variants have very unusual population genetic properties that tell 
a tale of natural selection - and possibly epistasis.

(and genetics is fun!)
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