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Widespread use of antimalarial agents can profoundly influence
the evolution of the human malaria parasite Plasmodium falci-
parum. Recent selective sweeps for drug-resistant genotypes may
have restricted the genetic diversity of this parasite, resembling
effects attributed in current debates'™ to a historic population
bottleneck. Chloroquine-resistant (CQR) parasites were initially
reported about 45 years ago from two foci in southeast Asia and
South America’, but the number of CQR founder mutations and
the impact of chlorquine on parasite genomes worldwide have
been difficult to evaluate. Using 342 highly polymorphic micro-
satellite markers from a genetic map®, here we show that the level
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of genetic diversity varies substantially among different regions
of the parasite genome, revealing extensive linkage disequili-
brium surrounding the key CQR gene pfcrt’ and at least four
CQR founder events. This disequilibrium and its decay rate in the
pfert-flanking region are consistent with strong directional
selective sweeps occurring over only ~20-80 sexual generations,
especially a single resistant pfcrt haplotype spreading to very high
frequencies throughout most of Asia and Africa. The presence of
linkage disequilibrium provides a basis for mapping genes under
drug selection in P. falciparum.

We examined microsatellite markers covering the 14 haploid
chromosomes, at an average interval of ~75 kilobases (kb), from 87
P. falciparum worldwide isolates (Supplementary Information Fig.
1). Eighty-five per cent of the markers are highly polymorphic with
10 or more alleles. To evaluate whether genotypes reflect the
geographical origins of the isolates, we tested the hypothesis of no
allele sharing within a continental subset of isolates (Fig. 1a). The
American isolates show very significant allele sharing for all
chromosomes (P = 1.5 X 107 genome-wide), as do Asian isolates
for most chromosomes except 1, 2, 8 and 14 (P = 2.15 X 1077).In
contrast, African isolates are very diverse and have a level of allele
sharing similar to the bootstrap controls. This analysis adds gen-
ome-wide support to previous claims®' that distinct parasite
population structures exist on different continents, and that African
parasites could be the common ancestors of P. falciparum parasites
worldwide because of their higher diversity.

However, substantial differences in allelic diversity exist among
chromosomes (Fig. 1a), possibly reflecting recent directional selec-
tion superimposed on the patterns of geographical diversity. The
CQR isolates from Africa and Asia shared many more alleles on
chromosome 7 (where pfcrt is located) than the chloroquine
sensitive (CQS) isolates (Fig. 1b), suggesting common origins for
CQR parasites. To further explore the extent of allele sharing
on chromosome 7, we analysed the pfcrt alleles and flanking
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Figure 1 Genome-wide allele sharing analysis of P. falciparum isolates from various
geographical regions or CQR/CQS (chloroquine-resistant/chloroquine sensitive) subsets.
For the individual chromosomes, bars represent the negative log4o(P) values for obtaining
by chance the amount of allele sharing observed, based on 20,000 bootstrap samples
(see Methods; higher bars indicate more significant allele sharing). a, Allele sharing
among parasites from Asia (blue), Africa (purple) and South America (red). Yellow,
bootstrap controls. b, Higher allele sharing among CQR (red) than CQS (blue) parasites
from Africa and Asia for chromosome 7 (P = 1.76 x 10~ %) and to a lesser extent for
chromosomes 3, 5 and 14. Yellow, bootstrap controls.
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microsatellite haplotypes.

We found that nearly all CQR isolates from both Papua New
Guinea and the Brazilian/Peruvian Amazon have the same pfcrt
allele, coding for five amino-acid substitutions (S-MNT-H-S-Q-D-
L-R, Fig. 2a). This allele probably evolved independently in South
America and Papua New Guinea because the pfert-flanking micro-
satellite haplotypes are notably different (Fig. 2a); and the genome-
wide allele sharing between Papua New Guinea and the Amazon is
not significantly different from the background sharing between
other Asian and American isolates (P = 0.34). In contrast, a distinct
allele (C-MET-Q-S-Q-N-I-T) in Columbian parasite JAV evolved
with an ECU-like flanking haplotype and genetic background (see
Fig. 2a). African and Asian (excluding Papua New Guinea) CQR
parasites have a near-identical P. falciparum chloroquine-resistance
transporter (PfCRT) with 6-8 amino-acid substitutions and a
common pfert-flanking haplotype (Fig. 2a). Asian isolates (except
FCB and its close relatives) have a C-IET-H-S-E-S-T-I variant,
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whereas most African isolates and FCB have C-IET-H-S-E-S-I-],
suggesting that a back mutation in an Asian CQR parasite pre-dated
the spread of CQR parasites in Africa. These pfcrt alleles, the
flanking microsatellite markers, and the lack of admixture shown
by genome-wide haplotypes demonstrate—in contrast to the two
origins previously proposed®—at least four independent CQR
founder events: one in Asia spreading to Africa, one in Papua
New Guinea, and two in South America.

A hallmark of a selective sweep is a chromosomal region with
reduced allelic diversity associated with a specific phenotype. One
example is the pfcrt allele (C-IET-H-S-E-S-T-I) that has over-
whelmed most of Asia and Africa with current allele frequencies
of ~40-100% (refs 11, 12). Chromosomal segments spanning
>200kb surrounding pfcrt have been maintained in most of the
CQR parasites, but decline gradually with distance, whereas those
in the CQS parasites are highly diverse in these flanking regions
(Fig. 2a—c). On the basis of the high recombination rates inferred
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Figure 2 Extensive linkage disequilibrium (LD), microsatellite (MS) haplotypes flanking
pfert, and the rate of LD decline in CQR isolates. a, Amino-acid substitutions in PFCRT and
its flanking MS haplotypes. MS and their distances from pfcrt are indicated at the top. ‘Pf
CQS isolates’ represents 38 CQS isolates having the ancestral C-MNK-H-A-Q-N-I-R allele
(blue shading), but with highly variable flanking MS haplotypes (Supplementary
Information Table 1). CQR parasites are grouped according to their genotypes and
geographic origins (Ecu, Ecuador; Col, Columbia); and dashes represent the same MS
allele as the one at the top of each section. The substitutions in some P. falciparum
isolates and the orthologues from Plasmodium vivax, Plasmodium berghei, and
Plasmodium knowlesi are from refs 7 and 20. b, Decreased diversity in CQR isolates
surrounding pfert (arrow) suggests chloroguine selection. Black, CQR parasites from Asia
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Africa. ¢, Decline of LD from pfert (at position 0) in Asian/African CQR isolates. The points
represent the percentage of shared alleles of each marker. The thin lines are the expected
LD decay curves obtained by simulation from equation (2), using known recombination
rate®, an inbreeding coefficient of 0.5 and a range, in steps of 2, of 25 (top ling) to 75
sexual generations. The thick lines are the best-fit regression curves corresponding to
~40 generations for inbreeding coefficient of 0.5. d, Estimation of the selection
coefficients and numbers of generations required to fix a drug resistant allele under
different initial allele proportions (po): 10~ (upper lines); 10~° (middle lines); 10~
(lower lines). Final allele proportions (p 5): 0.5 (red lines); 0.99 (black lines). The results
show no possibility of generating the observed high CQR pfcrt allele frequencies by
genetic drift in the 20-80 generation period (horizontal lines) inferred from LD.
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from a genetic cross® and field populations®", and inbreeding
coefficients previously estimated for Africa and Asia as 0.3-0.9
(refs 14-16), we estimate that this linkage disequilibrium decay has
occurred over 20-80 parasite sexual generations. The timescale
corresponding to 20-80 generations is ~6-30 years in endemic
areas, emphasizing the profound influence of chloroquine on recent
P. falciparum evolution.

Fixation of this CQR haplotype by genetic drift alone would
require hundreds or thousands of generations (Fig. 2d). Although
genetic drift, especially during epidemic expansions, could fix
neutral alleles in isolated populations, neutral mechanisms cannot
fix the same allele as observed for CQR on the continental scale
across many parasite populations with different endemicity and
transmission levels. Simulations using a wide range of initial allele
frequencies to model the effects of different rates of migration and
mutation showed that very high selection coefficients of about 0.1-
0.7 are necessary to produce the level of linkage disequilibrium
observed (Fig. 2¢, d, and Supplementary Information Fig. 2). These
are substantially larger than selection coefficients (<<0.0002) esti-
mated from effective population sizes>® that would typically fix
effectively-neutral alleles by stochastic dynamics. From computer
simulation (Supplementary Information Fig. 2), linkage disequili-
brium segment lengths encompassing the pfcrt locus after 40
generations of directional selection are consistent with the 10—
200 kb observed.

Only a small repertoire of amino-acid substitutions in PfCRT
appears to be compatible with the constraints imposed by drug
selection and the biological function of the protein. A minimum of
three changes, at positions that are highly conserved in different
Plasmodium species and CQS parasites, are present in addition to
the critical 76T substitution (Fig. 2a). These substitutions may have
evolved to compensate deleterious effects of 76T and/or as quanti-
tative modulators of the chloroquine response. To investigate if
compensatory mutations elsewhere in the genome have evolved
under chloroquine selection together with pfcrt mutations, we
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Figure 3 Genome-wide scans for loci of reduced diversity and association of reduced
diversity with the CQR phenotype. The numbered panels represent the 14 chromosomes
covered by 342 markers. a, b, Allelic diversity, plotted as (1 — median adjusted allelic
diversity of five contiguous markers), for CQS (red) and CQR (black) isolates from Africa (a)
and Asia (b, excluding CQR PNG isolates). Peaks represent regions with reduced diversity.
¢, d, allelic diversity ratio (ADR, plotted as the median log likelihood statistic over three
contiguous markers) comparing CQR and CQS from Africa (¢) and Asia (d), respectively. In
both cases, a highly significant peak of log likelihood ratio at the pfcrt locus on
chromosome 7 was correctly identified, demonstrating the power of this approach for
detecting drug-resistant genes in malaria parasites. Peaks with ADR < 3 are not
statistically significant.
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mapped potential regions of linkage disequilibrium using gen-
ome-wide scans (Fig. 3). We found evidence of reduced allelic
diversity, additional to pfcrt, especially on chromosomes 1, 5, 6, 7, 10
and 12 (Fig. 3a, b). However, none of these loci (except the pfcrt
locus) can be attributed directly to the chloroquine selective sweep
because most of the peaks are present in both CQS and CQR
isolates. The flat baselines (Fig. 3¢) in African isolates suggest that
no other genes with effects similar to pfert spread throughout the
continent, although genes with minor effects could escape our
detection at present marker resolution.

Our genome-wide analysis shows highly diverse P. falciparum
populations, with variable levels of polymorphisms in different
chromosomal regions. Such a genomic structure is consistent with a
history of multiple selective sweeps, and raises questions concerning
the debate on a recent major bottleneck of P. falciparum evolution'
*. Successive selective sweeps or a bottleneck could present a picture
of limited genetic diversity if relatively few loci are tested in local
populations. Concerted genome-wide analyses of both single
nucleotide polymorphism and microsatellite variation may give
further insight into these and other questions related to diversifying,
directional, stabilizing and balancing selection in P. falciparum
evolution.

The reduced diversity and shared chromosomal segments at the
pfert locus show that linkage-disequilibrium based methods could
be used to map P. falciparum genes under drug selection. Associ-
ation studies with other antimalarial drugs, singly or in combi-
nation, could reveal new drug-response genes and contribute
further information on the diversity and evolutionary potential of
the P. falciparum genome.

Methods

Genotyping, DNA sequencing and drug assay

Parasite culture and DNA extraction were as described'”'®. For microsatellite typing,
polymerase chain reaction (PCR) products were labelled with fluorescent dyes and
detected on an ABI377 automatic sequencer as described®, using ROX 500XL size
standards (PE Biosystem) and Genotyper software. PCR products amplified from
genomic DNA were sequenced directly without cloning. Half maximal inhibitory
concentrations (ICsgs) of the isolates in responses to chloroquine were determined as
described'® after culturing the parasites for 48 h followed by the addition of *H
hypoxanthine for another 24 h.

Statistical and computational analysis
To analyse allele sharing in a geographical or phenotypic subset of # isolates (Fig. 1), an
average haplotype distance was measured:

I\
Dy = (;) 3OS M/ Ms ;) o)
=1 j=1
M is the total number or markers compared between isolate i and j, and M is the number
of shared alleles. Negative log probabilities of D, were estimated using empirical
distributions obtained from 20,000 bootstrap samples of randomly picked isolates.
Decline of linkage disequilibrium was calculated using"”

Li = 100[1 — dic(1 — ) &)

where d; is the distance (kb) between the gene under selection (pfcrt) and the ith marker, L;
is the percentage of isolates in which the entire progenitor haplotype was maintained over
d;, ¢ is the crossover frequency per meiosis (one crossover per 1,700 kb per meiosis®), F is
the inbreeding coefficient, and g is the number of sexual generations.

Changes in frequencies of two alleles (R and S) conferring drug resistance versus
sensitivity were modelled for haploid inheritance using:

P ) (ko L
() ()~ () ®

where p and p 4 are the proportions of the R allele, respectively, initially and at generation
& and s is the selection coefficient against the S allele (relative fitness of R and S: 1 and
(1 — s) respectively). To encompass the effects of a wide range of population structures
and initial conditions, p, was varied from 0.1 (high introduction frequency of the R allele
by human migration) to 10~ >* (the estimated frequency of a double or triple mutation
arising de novo). Values of p, were computed over 10,000 generations for s values ranging
from 0.0005 (near-neutrality) to 1, to determine the average times required to give R allele
P values of 0.5 to 0.99.

The ‘adjusted allelic diversity’ (Fig. 3a, b) is heterozygosity normalized for the marker-
specific stepwise mutational component. The estimated number (A) of 2-bp or 3-bp steps
available to a marker was computed from the range and intervals observed in its allele size
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distribution. Then:
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where p; is the proportion of the ith allele.
The allelic diversity ratio (ADR, Fig. 3c, d) was used to detect significant diversity
differences between two phenotypically distinct sets of isolates (CQS and CQR):

G
ADR = TN S
(T) S b
where the isolates of the two phenotypes have 7, and 7, individuals and k, and k, alleles at
proportions p; and pj. Log likelihoods for ADR were obtained empirically using 1,000
permutations of the indices of all isolates over their fixed genome-wide microsatellite
haplotypes together with an empirical correction for the degree of relatedness among
isolates. ADR, which cancels out biases owing to different intrinsic microsatellite mutation
modes and homoplasy rates, was determined for all individual markers, then plotted (Fig.
3¢, d) as the median filtered log likelihood over three-marker windows.
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The Malaria’s Eve hypothesis, proposing a severe recent popu-
lation bottleneck (about 3,000-5,000 years ago) of the human
malaria parasite Plasmodium falciparum, has prompted a debate
about the origin and evolution of the parasite'~. The hypothesis
implies that the parasite population is relatively homogeneous,
favouring malaria control measures. Other studies, however,
suggested an ancient origin and large effective population
size>'°. To test the hypothesis, we analysed single nucleotide
polymorphisms (SNPs) from 204 genes on chromosome 3 of P.
falciparum. We have identified 403 polymorphic sites, including
238 SNPs and 165 microsatellites, from five parasite clones,
establishing chromosome-wide haplotypes and a dense map
with one polymorphic marker per ~2.3 kilobases. On the basis
of synonymous SNPs and non-coding SNPs, we estimate the time
to the most recent common ancestor to be ~100,000-180,000
years, significantly older than the proposed bottleneck. Our
estimated divergence time coincides approximately with the
start of human population expansion'', and is consistent with a
genetically complex organism able to evade host immunity and
other antimalarial efforts.

The launching of the international project to sequence the
genome of P. falciparum, and the completion of chromosomes 2
and 3 (refs 12, 13), have enabled us to search directly for SNPs from
the parasite genes. Here we analyse coding sequences (202 kilobases,
kb) and non-coding sequences (16 kb) on chromosome 3 from five
independent parasite clones originating from Southeast Asia (Dd2),
Africa (3D7, sequences obtained from PlasmoDB; see Methods),
South America (7G8), Central America (Hb3) and Papua New
Guinea (D10). Their identities and geographical origins were
verified by genotyping the parasite DNA with 348 microsatellite
(MS) markers, which showed highly diverse genetic backgrounds
(mean genetic diversity H = 0.8776 = 0.0079). Oligonucleotide
primers were synthesized to amplify 1.2-1.5kb DNA fragments
from each predicted gene. Polymerase chain reaction (PCR) pro-
ducts were sequenced directly without cloning into bacteria, and
SNPs were identified after alignment of the DNA sequences. We also
independently amplified and sequenced DNA covering 56 SNPs,
including 32 randomly chosen and all 24 SNPs with single strand
coverage, to validate the accuracy of the SNPs. Fifty-four of the SNPs
were verified (~96%). Both of the two false SNPs were base call
errors from regions of single strand coverage.

Despite not being distributed evenly, SNPs occur across the
chromosome, with most of the genes (80.5%) containing only
one or two SNPs (Fig. la, b). Of the 238 SNPs identified from
118 of 204 predicted genes (57.8%), including 153 complete or
partial introns (Table 1), 207 were in coding regions (cSNP) and 31
in non-coding regions (ncSNP), although the frequency of SNPs
was greater in non-coding regions (Table 1). There were more than
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