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Malaria parasites are continually evolving to evade the immune system and human attempts to control the
disease. To eliminate malaria from regions where it is deeply entrenched we need ways of monitoring what is
going on in the parasite population, detecting problematic changes as soon as they arise, and executing a
prompt and effective response based on a deep understanding of this natural evolutionary process. Powerful
new tools to address this problem are emerging from the fast-growing field of genomic epidemiology, driven
by new sequencing technologies and computational methods that allow parasite genome variation to be
studied in much greater detail and in many more samples than was previously considered possible. These
new tools will provide a deep understanding of what is going on in the parasite population, generating actionable
knowledge for strategic planning of control interventions, for monitoring their effects and steering them for
greatest impact, and for raising the alert if things start to go wrong.
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Over a century ago, it was discovered that human malaria is
caused by several distinct species of Plasmodium that cause dif-
ferent patterns of clinical illness. The discovery was made by
microscopic examination of blood films, and this method of
species identification has remained the mainstay of malaria epi-
demiology to the present day. However, if we examine parasite
diversity at a deeper level, beyond the level of resolution achiev-
able by microscopy, it turns out that each Plasmodium species is
made up of a genetically heterogeneous population of parasites
that is continually changing.1 These changes partly reflect popu-
lation flux (i.e., the ebb and flow of different genetic types due to
the movements of humans and mosquitoes) and other demo-
graphic factors. Other changes are due to evolutionary adapta-
tion, e.g., parasite genes involved in erythrocyte invasion and
endothelial cytoadherence maintain extraordinarily high levels
of diversity to evade host defence mechanisms, an evolutionary
arms race that has ancient origins and is still ongoing.2,3

Malaria control interventions cause the parasite population to
changebut not always in theway thatwas intended. The use of anti-
malarial drugs over the past 60 years has saved millions of lives but
can also be viewed as an evolutionary experiment with a disastrous
result as P. falciparum is now resistant to chloroquine and pyrimeth-
amine almost everywhere, and resistance to artemisinin, the current
frontline drug, is spreading through Southeast Asia.4–6 Evidently,
malaria parasites have massive capacity for evolutionary adapta-
tion, and any control strategy that involves scaling-up the use of
antimalarial drugs or introducing a vaccine must prepare to

encounter new forms of resistance. To eliminate malaria from
regions where it is deeply entrenched, we need ways of monitoring
what is going on in the parasite population, detecting problematic
changes as soon as they arise, and executing a prompt and effective
response basedon adeepunderstanding of this natural evolutionary
process.

Powerful new tools to address this problem are emerging from
the fast-growing field of genomic epidemiology, driven by new
sequencing technologies and computational methods that allow
parasite genome variation to be studied in much greater detail
(and in manymore samples) than was previously considered pos-
sible. This revolution in parasite genetics began with construction
of a reference genome sequence for P. falciparum, which revealed
all of the genes that encode the protein building blocks of this
parasite, numbering more than 5000, and enabled the first sys-
tematic efforts to characterise common patterns of variation
throughout the genome.7 Another crucial advance was the
advent of next-generation sequencing technologies and the
development of practical methods to sequence the parasite
genome directly from clinical blood samples.1 Large collaborative
initiatives, such as the MalariaGEN Plasmodium falciparum Com-
munity Project and the Pf3k Consortium have been instrumental
in providing researchers in malaria-endemic countries with
access to these new technologies and in developing data-sharing
policies that encourage researchers to share genome variation
data at an early stage.8,9 As a result, a huge amount of data on
P. falciparum genome variation is now openly available through
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easily accessible web applications, including sequencing data
on thousands of samples from around the world and allele fre-
quency data on almost amillion single nucleotide polymorphisms
(SNPs).

We still have only a partial view of the landscape of P. falciparum
genome variation, based primarily on SNPs, but omitting regions of
the genome that are difficult to analyse with current technologies,
and also omitting other classes of polymorphism such as small
insertions and deletions (indels), copy number variants, large struc-
tural variants and the hypervariable var, rifin and stevor gene fam-
ilies. The goal of the Pf3k Consortium is to lay out the whole
landscape of P. falciparum genome variation by progressive techno-
logical and analytical improvements that will ultimately allow
detailed characterisation of all classes of polymorphism in large epi-
demiological surveys.8 However, much useful information can be
gleaned from the available data, e.g., about the distribution and
flow of drug resistance, candidate vaccine polymorphisms, genes
that have undergone recent evolutionary selection and gene-
tic differences between parasite populations in different loca-
tions.1,2,10–14 Simple tools are emerging from these complex
analyses, such as genetic assays that define the likely geographi-
cal origin of a malaria infection.15 The power of these tools will
increase as the amount of genome variation data grows in scale
and resolution.

The spread of artemisinin resistant P. falciparum across South-
east Asia provides a good illustration of the epidemiological insights
that can come fromgenome variation data and their practical rele-
vance for malaria control. Important clues about the genetic basis
of artemisinin resistance came from genome sequencing of a
laboratory strain of P. falciparum with experimentally-induced
resistance,16 and also from genome-wide analyses of evolutionary
selection, phenotypic association and population genetics in clin-
ical samples.10,16–18 These genome-wide analyses pointed to a
specific molecular marker of artemisinin resistance, the propeller
domain of kelch13, a gene that had previously gone unnoticed
and whose precise biological function remains unknown.16

Further epidemiological and experimental studies have provided
compelling evidence that artemisinin resistance is caused by
any one of multiple independent mutations at this specific locus
in the P. falciparum genome.6,14,19–21 This remarkable discovery
provides a scientific foundation for investigating the mechanism
of resistance as well as some surprising new insights into the
way that artemisinin resistance is spreading.

A critical finding is that the geographical diffusion of artemisi-
nin resistance is driven largely by the emergence of new kelch13
mutations, which have occurred independently in multiple loca-
tions, rather than by the spread of a single mutation. Over 20
independent kelch13 propeller mutations have now been asso-
ciated with artemisinin resistance and the most common of
these, C580Y, has multiple origins.6,14,19 Strong founder effects
can be observed as new mutations spread through the parasite
population, analogous to the clonal expansion of cancer cells
that acquire driver mutations.10,19Why have so many resistance-
causing mutations emerged independently in this particular geo-
graphical region of Southeast Asia? A recent multi-centre clinical
study, in which P. falciparum genome sequencing was performed
on more than 1000 cases, has identified genetic markers of pre-
disposition to artemisinin resistance, i.e., markers of the risk that
an artemisinin-sensitive parasite will acquire a resistance-causing
kelch13 mutation.19 These new markers essentially define the

geographical boundaries of artemisinin resistance in Southeast
Asia and raise fundamental questions about how resistance
emerges and spreads, e.g., whether kelch13 mutations need to
occur on a particular genetic background in order to cause resist-
ance or to ensure their biological fitness.

An important practical question is whether kelch13 mutations
are a reliable indicator of artemisinin resistance outside Southeast
Asia. There are growing reports of kelch13 propeller mutations in
Africa whose clinical significance remains to be defined, but the
available evidence suggests that they are less likely to be asso-
ciated with artemisinin resistance. This highlights the importance
of understanding how kelch13 mutations interact with their
genetic background.6,22,23 Efforts to develop reliable markers of
resistance need to take account of the evolving nature of the
artemisinin resistance phenotype in Southeast Asia: it began as
delayed parasite clearance, but there are increasing reports of
complete treatment failure, which may affect the likelihood of
spread to Africa. Also, there is growing resistance to partner
drugs used in artemisinin combination therapy such as pipera-
quine. Moving forward, there is a strong case for collecting clinical
data on resistance together with parasite sequencing data when-
ever this is practically feasible, both in Southeast Asia and in other
parts of the world, and continually updating genetic analyses to
keep track of an epidemiological phenomenon that remains
poorly understood and is rapidly evolving.

Over the past decade, Plasmodium genome sequencing has
been transformed from an activity restricted to world-leading
genome centres into a relatively well-defined set of procedures
and pipelines that are potentially accessible to all malaria resear-
chers. Assemblyof the full genome sequence of a parasite remains
challenging and expensive with current technologies, but reliable
data on most genes can now be feasibly generated on tens of
thousands of samples with continually falling unit costs. The
main challenge is not so much in generating data but in analysing
and making sense of it; and the useful information that can be
obtained from an individual sample is greatly increased if it is ana-
lysed in the context of thousands of other samples. As with any
other type of epidemiological data, analyses become with larger
sample sizes and higher quality of metadata, such as reliable
spatiotemporal information and clinical phenotypes. Information
systems are needed for integrating and analysing data on a global
scale, with simple mechanisms to allow clinicians, researchers
and malaria control teams to submit samples or data and to
get back useful information in a timely and comprehensible man-
ner. The intention is not to replace blood film microscopy or rapid
diagnostic tests, which are clearly more appropriate for decision
making at the point of care. The need is to gain actionable knowl-
edge for strategic planning of control interventions based on a deep
understanding of what is going on in the parasite population, for
monitoring the effects of interventions and steering them for great-
est impact, and for raising the alert if things start to go wrong.
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