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Abstract

Malaria is a deadly disease that causes nearly one million deaths each year. To develop methods to control and eradicate malaria,
it is important to understand the genetic basis of Plasmodium falciparum adaptations to antimalarial treatments and the human
immune system while taking into account its demographic history. To study the demographic history and identify genes under
selection more efficiently, we sequenced the complete genomes of 25 culture-adapted P. falciparum isolates from three sites in
Senegal. We show that there is no significant population structure among these Senegal sampling sites. By fitting demographic
models to the synonymous allele-frequency spectrum, we also estimated a major 60-fold population expansion of this parasite
population �20,000–40,000 years ago. Using inferred demographic history as a null model for coalescent simulation, we iden-
tified candidate genes under selection, including genes identified before, such as pfcrt and PfAMA1, as well as new candidate
genes. Interestingly, we also found selection against G/C to A/T changes that offsets the large mutational bias toward A/T, and
two unusual patterns: similar synonymous and nonsynonymous allele-frequency spectra, and 18% of genes having a
nonsynonymous-to-synonymous polymorphism ratio >1.
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Introduction
Malaria caused by Plasmodium falciparum is one of the major
fatal diseases in the world that infects more than 200 million
people and causes nearly one million deaths annually (WHO
World Malaria Report 2010). The main strategies for control-
ling the disease have been chemotherapy and mosquito con-
trol; however, the emergence of drug-resistant parasites and
insecticide-resistant mosquitoes allowed a resurgence of
malaria (reviewed in Hartl 2004). Understanding the demo-
graphic history and evolutionary forces shaping sequence
variation across the genome has practical implications for
developing methods of disease control.

Studying the demographic history of malaria parasites is
useful for multiple reasons. First, inferences about the timing
and magnitude of population size changes can provide clues
to the causes of those changes. In addition, demographic
history and natural selection are the two major forces affect-
ing genome variation, and therefore attaining a thorough
understanding of selection from genome variation requires

disentangling its effects from those of demography. Genes
involved in evading the natural defenses of the human
immune system or offering resistance to antimalarial drugs
are under strong selective pressure. To identify selective
sweeps and drug-resistant alleles, the influence of demo-
graphic history or population substructure on genome varia-
tion must be considered. For example, to evaluate evidence
for selection, it is important to have a null distribution of a
population genetic statistic, such as Tajima’s D (Tajima
1989b), under the proper demographic model.

Previous studies have given evidence for worldwide
population structure and identified some regions with signa-
tures of recent selective sweeps in drug-resistant parasites
(Anderson et al. 2000; Conway et al. 2000; Joy et al. 2003;
Mu et al. 2005; Volkman et al. 2007). However, previous stud-
ies of demographic changes of P. falciparum are not comple-
tely consistent (Hartl et al. 2002; Su et al. 2003; Hartl 2004),
and this question was strongly contested 10 years ago. The
original studies could not adequately account for demo-
graphic changes because they were based on too few loci,
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had problems of ascertainment bias, or included too few
parasite isolates from each sampled location. Some evidence
suggests that the current worldwide population derives
from a small number of parasites in the recent past, inferred
from the paucity of genetic diversity in synonymous and
noncoding regions (Rich et al. 1998; Conway et al. 2000;
Volkman et al. 2001); however, regions with high polymor-
phism suggest that the current worldwide populations are
descended from multiple ancient lineages (Verra and Hughes
2000; Hughes and Verra 2001; Polley and Conway 2001;
Volkman et al. 2002). Among the clearest studies is that of
Joy et al. (2003), who studied the 6 kb mitochondrial genome
of 96 worldwide parasites and found evidence supporting a
demographic model in which some ancient lineages emerged
out of Africa 50,000 to 100,000 years ago and a major popu-
lation expansion occurred in Africa �10,000 years ago fol-
lowed by extensive migration to other regions. This model
helped explain the conflicting patterns of genetic diversity in
the previous studies. Because of recombination breaking up
linkage, different regions in the genome have different demo-
graphic histories. Regions having their most recent common
ancestor before migration out of Africa can have high diver-
sity while regions having their most recent common ancestor
after migration out of Africa have lower genetic diversity. The
estimated times are point estimates, however, and lack of
recombination in mitochondrial DNA leaves many details
about demographic history in doubt. Moreover, owing
again to the lack of recombination, the estimate from mito-
chondrial sequences could be biased by selection.

To make stronger inferences about demographic history,
identify genes under selection, and understand the
genome-wide patterns of genetic diversity in P. falciparum,
we fully sequenced 25 isolates from a local population in
Senegal. Because P. falciparum likely originated in Africa
(Conway et al. 2000), studying an African population may
yield more information about its population history.
Studying a local population in depth has two advantages
over worldwide samples. First, polymorphisms within a local
population are better at revealing signatures of recent selec-
tion than worldwide polymorphisms, and second, the exis-
tence of population structure in worldwide samples can
result in patterns of linkage disequilibrium (LD) and the
allele-frequency spectrum that artifactually resemble those
expected from selection.

In this study, we investigated the genome-wide variation
patterns of P. falciparum. We used principal component anal-
ysis and Bayesian clustering methods to test whether there is
any significant population substructure in Senegal; we esti-
mated demographic history using the allele-frequency spec-
trum; and we identified genes and gene categories under
various forces of selection based on deviations from the
null allele-frequency spectrum obtained by coalescent simu-
lations with the inferred demographic parameters. Finally, we
find evidence that the unusually high A/T composition of the
P. falciparum genome (81%; Gardner et al. 2002) is main-
tained as a dynamic equilibrium between mutation and
selection pressures operating on nucleotide composition.

Materials and Methods

Data Set and Data Processing

Twenty-five culture-adapted isolates of P. falciparum from
different sites in Senegal were sequenced and investigated
in this study. Ten of them are from Pikine (P05.02, P08.04,
P09.04, P11.02, P19.04, P26.04, P27.02, P31.01, P51.02, and
P60.02), 4 from Velingara (V34.04, V35.04, V42.05, and
V92.05), and 11 from Thiès (T074.08, T10.04, T105.07,
T113.09, T130.09, T15.04, T230.08, T231.08, T232.08, T26.04,
and T28.04). The first letter in the isolate names indicates the
site of collection (P for Pikine; V for Velingara; and, T for
Thiès), and the last two digits in the isolate names indicate
the year of collection (e.g., P05.02 was isolated in 2002).

Sequencing reads (101 bp, paired-end) were generated
using Illumina HiSeq machines and were aligned to the
P. falciparum 3D7 reference available from PlasmoDB version
7.1 (Gardner et al. 2002) using the Picard pipeline. The Picard
pipeline includes BWA aligner (Li and Durbin 2010) and the
Samtools data processing tool (Li et al. 2009). Genotypes were
called from the reads using the Unified Genotyper (DePristo
et al. 2011), which is part of the GATK package, for each
isolate separately. Ambiguous calls as well as genotypes
with a PHRED-style quality score of less than 30 were dis-
carded. Repeat-rich sequences near the telomeres of each
chromosome arm were excluded from the analyses (using
the same bounds as in Volkman et al. [2007]). PfEMP1 (var)
genes were excluded from the analyses because the reads
from these genes are difficult to align to the reference
genome correctly due to their extremely high variability
and the fact that they undergo ectopic recombination. The
average depth (number of reads that map to the same loca-
tion) is 46 per site. The mean of the number of isolates se-
quenced per aligned base is 20. More than one-half (51.68%)
of sites have nucleotide information of all 25 isolates. Single
nucleotide polymorphisms (SNPs) have been submitted to
dbSNP (submitter handle BROAD-GENOMEBIO; batch id
Pf_0004) and will be released with dbSNP build B136,
mid-2012.

Genetic Diversity and LD

We measured genetic diversity using � (the average number
of pairwise differences per site among different isolates) and
Watterson’s theta �W (number of segregating sites normal-
ized by

Pn�1
i¼1

1
i , where n is the number of aligned parasite

sequences) (Watterson 1975). Confidence intervals were
obtained by bootstrapping 10,000 times over genes or chro-
mosomes. We used the yn00 program in the PAML package
(Yang and Nielsen 2000) to calculate the synonymous substi-
tution rate (dS). LD, measured by r2 (Hill and Robertson 1968),
was calculated for pairs of SNPs with different physical sepa-
ration. The r2 measure is the square of the correlation coef-
ficient between two SNPs. Because the distance between
SNPs affects the level of LD, sliding LD was calculated only
for SNP pairs that were 1–3 kb from each other, and the
average distance within each window was also calculated.
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The background level of LD was estimated by calculating r2

between pairs of SNPs from different chromosomes.
Nonsynonymous and synonymous polymorphism

(�N and �S) were calculated by dividing the average
number of nonsynonymous or synonymous pairwise differ-
ences by the number of nonsynonymous or synonymous
sites, respectively. The number of nonsynonymous or synon-
ymous sites was calculated using the method described in
table 1 of Ina (1995), and the mutation matrix estimated by
the divergence of intergenic regions between P. reichenowi
and P. falciparum (table 3).

Population Substructure

We investigated population structure in Senegal using two
kinds of analyses: principal component analysis and a
Bayesian model-based clustering method. Principal compo-
nent analysis (PCA) was conducted using the program
SMARTPCA (Patterson et al. 2006) in the software
EIGENSOFT 3.0. We applied a local LD correction
(nsnpldregress = 2) and calculated the top 10 eigenvectors
or principal components from all the SNPs of the Senegal
population. The Bayesian model-based clustering method
was performed using the program STRUCTURE (version
2.2.3) (Pritchard et al. 2000; Falush et al. 2003). Each run
used 20,000 iterations after a burn-in of 10,000 iterations
and a model allowing for admixture and correlated allele fre-
quencies. We conducted a series of independent runs with
different numbers of clusters. Analyses with or without a prior
based on geographical location were both applied. All other
parameters were set to the default parameters. To ensure the
consistency of results, we performed five independent repli-
cates for each condition.

Demographic Modeling and Inference

We used the deviations in the allele-frequency spectrum from
that expected under a neutral, panmictic, constant-size
model to assess demographic history. The “folded” allele-
frequency spectrum is the frequency spectrum of minor
alleles, which is useful when outgroup sequence data is
sparse, as is the case with P. reichenowi. Demographic history
parameters were inferred using the program @a@i version 1.5.2
(Gutenkunst et al. 2009), which infers demographic parame-
ters by fitting different demographic models to the allele-
frequency spectrum. We used the folded allele-frequency
spectrum of synonymous SNPs for demographic inference.
Two demographic models (a two-epoch model and an expo-
nential growth model) were used. The parameters in these
two models are the time in the past at which the change in
size began (T) and the ratio of current to ancient population
size (NA/N0). Ten independent runs were performed on each
model, and the parameter set with the highest log-likelihood
was selected as the point estimate of the parameters. For each
model, 100 conventional bootstraps were performed to
obtain the 95% confidence intervals (CI). Optimized � from
the output of qa@i is equal to 2NA�L (for haploid), where� is
mutation rate and L is the effective sequence length. With L
and �, NA can be calculated and the unit of time (T) can be

converted to years. Coalescent simulations under the best-fit
demographic models were performed using the ms program
of Hudson (2002).

Identifying Genes under Selection

An allele-frequency spectrum-based test, Tajima’s D (Tajima
1989b), a long range haplotype test (Voight et al. 2006), and
the ratio of nonsynonymous and synonymous polymorphism
(�N/�S) were applied to identify genes or gene categories
under selection. The null distribution of Tajima’s D was ob-
tained by coalescent simulations using the ms program and
inferred demographic parameters from @a@i. As the null
distribution is sensitive to mutation rate per gene, the null
distributions of different genes were simulated separately
with different mutation rates that are proportional to
their gene lengths. We investigated the broader biological
basis of evolution by determining whether certain Gene
Ontology (GO) terms were overrepresented among the
genes found to be significant in Tajima’s D test. The associa-
tions between Plasmodb gene IDs and GO terms were down-
loaded from the FTP site of the Wellcome Trust Sanger
Institute (ftp://ftp.sanger.ac.uk/pub/pathogens/Plasmodium/
falciparum/3D7/3D7.archive/gene_association_file/gene_asso
ciation.GeneDB_Pfalciparum.20100519). P values were deter-
mined according to a hypergeometric distribution. A Mann-
Whitney U test was used to test whether a GO term had
significant higher or lower �N/�S than the rest of genes. We
considered the problem of multiple testing by estimating q
values using the qvalue package (Storey and Tibshirani 2003)
in the R-environment.

The significance of �N/�S is determined by the null distri-
bution obtained from sampling 10,000 times two values of �S

from the empirical distribution of �S and calculating the ratio
of them. This is a very conservative test because the variation
in the empirical distribution of �S could be caused by varia-
tion in coalescent time between genes due to recombination,
whereas �N and �S for the same gene should be based on
similar coalescent histories.

The integrated haplotype score (iHS) statistic was com-
puted according to the methods of Voight et al. (2006).
Recombination maps were generated with LDhat 2.1
(McVean et al. 2002) using a block penalty of 5.0, 10 million
rjMCMC iterations, a missing data cutoff of 20%, minimum
minor allele frequency of 8%, and all other parameters set to
default values. Because the iHS test does not tolerate missing
data, SNPs with data in at least 80% of individuals were im-
puted with PHASE 2.1.1 (Stephens and Donnelly 2003). As
PHASE requires “diploid” data, we dropped the sample with
the lowest call rate (SenP60.02) to create an even number of
haploid individuals, randomly paired. 17,572 fully imputed
SNPs had at least 2 minor alleles among the remaining 24
individuals. The unstandardized iHS was defined as ln (iHHA/
iHHD), where iHHA is the integrated EHH in both directions
for haplotypes with the major allele at the core SNP, and iHHD

is the integrated EHH for haplotypes with the minor allele.
These unstandardized iHS scores were then normalized
within allele frequency bins. Because the P. reichenowi
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sequence is sparse and the ancestral allele is not available for
most SNPs in our data set, we ignored the sign of the nor-
malized iHS score and instead present the scores as P values
based on a two-tailed conversion from a normal distribution.

Nucleotide Transition Matrix and Equilibrium Base
Compositions

To obtain empirical nucleotide transition matrices, we used
P. reichenowi to infer the ancestral state for observed P. fal-
ciparum polymorphisms. The P. reichenowi genomic se-
quences (Jeffares et al. 2007) were aligned to P. falciparum
3D7 genomic sequence using the NUCmer program from the
MUMmer 3.22 package (http://mummer.sourceforge.net)
(Kurtz et al. 2004). Reciprocal best hits were selected and
trimmed by 10 bases from each end to avoid errors stemming
from poor alignment at the ends of segments. Additionally,
subtelomeric regions (using the same bounds as in Volkman
et al. [2007]) and PfEMP1 genes were also filtered out from
the alignment set. Because the P. reichenowi sequence is
sparse, only 21.6% of the P. falciparum genome has informa-
tive P. reichenowi alleles. We excluded nucleotide positions
where there is a lack of a P. reichenowi allele, and for each
nucleotide position, we examined all the alleles for the 25
Senegal P. falciparum isolates. If any of these alleles matched
the P. reichenowi allele, we used the P. reichenowi allele as the
ancestral allele and inferred the nucleotide change, and oth-
erwise we excluded that position. Then, we summed up all
the changes to obtain empirical nucleotide transition matri-
ces with the counts, and normalized them by dividing units of
each row by the sum of each row (so each row sums up to 1).
From the empirical nucleotide transition matrix, we obtained
the equilibrium base compositions by solving for the left ei-
genvector of the empirical nucleotide transition matrix. We
did not correct for multiple hits, but the low level of diver-
gence between P. falciparum and P. reichenowi makes this
correction negligible.

Results
The genomic sequencing was carried out on a sample of
parasites isolated from a relatively small geographical region
in Senegal. After verifying that the sample appeared to consist
of isolates from a single, genetically homogeneous population,
we set out to infer the population’s demographic history,
estimate key population genetic parameters, identify the se-
lective forces (balancing, positive, and negative) likely impact-
ing individual genes, and obtain genome-wide estimates of
mutation bias.

Polymorphism and LD

Among the 25 isolates from Senegal, we found 78,596 poly-
morphic sites (SNPs). The average polymorphism (pairwise
mismatches, �, and normalized segregating sites, �W) on dif-
ferent chromosomes is shown in supplementary tables S1
and S2, Supplementary Material online. Average pairwise syn-
onymous polymorphism (�S) (0.000601, 95% [CI = 0.000544,
0.000663]) is higher than average pairwise nonsynonymous
polymorphism (�N) (0.000317, 95% CI = [0.000298,

0.000337]), indicating that many nonsynonymous changes
are harmful and are removed from the population by puri-
fying selection. Moreover, average polymorphism in inter-
genic regions (�intergenic) (0.000478, 95% CI =[ 0.000415,
0.000544]) and polymorphism in introns (�intron) (0.000420,
95% CI = [0.000378, 0.000464]) are not significantly different,
and there are fewer polymorphisms, on average, in both
these regions than the average for synonymous polymor-
phism. The finding of apparent selective constraints in inter-
genic regions and introns suggests that functionally
important nucleotide sites in these regions affecting pro-
cesses such as gene expression and RNA processing are suf-
ficiently numerous that uniform selective neutrality across
these regions should not be assumed. The value of �W for
synonymous sites, nonsynonymous sites, introns, and inter-
genic regions show similar patterns (supplementary table S2,
Supplementary Material online).

Furthermore, synonymous polymorphism varies between
chromosomes (supplementary fig. S1A, Supplementary
Material online). The maximum and minimum average chro-
mosomal �S are 5� 10�4 and 9� 10�4, respectively. Three
possible explanations are as follows: first, regions of extremely
high diversity cause the variation between chromosomes;
second, variation in the rate of recombination among chro-
mosomes causes variation in polymorphism reduction due to
selective sweeps or background selection at adjacent sites; or,
third, mutation rates might vary substantially from one chro-
mosome to the next. To rule out the possibility that this
variation is caused by regions of extremely high diversity,
such as antigenic genes, we performed a nonparametric
test (Mann–Whitney U test) to examine the difference of
�S among chromosomes, and the results are consistent.

To understand whether the variation of synonymous
polymorphism can be explained by differences in recom-
bination rates, we calculated the correlation between
chromosomal recombination rates estimated by Jiang et al.
(2011) and synonymous polymorphism. The correlation is
significant (Spearman’s rank correlation �= 0.54, two-sided
P value = 0.048), suggesting that the variation in recombina-
tion rates can explain some of the variation in polymorphism
among chromosomes. Divergence between species is less
affected by recombination rates than polymorphism within
species and is a better indicator of mutation rate than poly-
morphism. Synonymous substitution rates (dS) between
P. falciparum and the chimpanzee parasite P. reichenowi
also differ among chromosomes (supplementary fig. S1B,
Supplementary Material online) and dS is positively correlated
with �S (Spearman’s rank correlation �= 0.75, two-sided
P value = 0.003), suggesting that the variation of �S can at
least in part be explained by differences in mutation rate
among chromosomes. We emphasize that recombination
rates and synonymous substitution rates are not highly cor-
related (Spearman’s rank correlation test, two-sided
P value = 0.10), and therefore we are detecting two different
correlations. Furthermore, the difference in �S and dS among
chromosomes cannot be explained by the variation of gene
density between chromosomes (Spearman’s rank correlation
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test, two-sided P value = 0.37 and 0.74 for �S and dS,
respectively).

We then looked at LD (r2) and polymorphism (� and �W)
across all chromosomes using a sliding windows approach
(supplementary fig. S2, Supplementary Material online) and
determined that LD decays rapidly in the Senegal population
(supplementary fig. S3, Supplementary Material online). The
average r2 decreases to the baseline level at a distance of only
1 kb, which is consistent with previous studies (Neafsey et al.
2008; Van Tyne et al. 2011); however, the present study is at a
finer scale. Low LD suggests high levels of recombination in
Senegal. Because most mosquitoes bite only once and meiosis
and recombination happen in the mosquito gut, outcrossing
(and effective recombination) only happens when patients
are infected with multiple strains. Therefore, high levels of
recombination in the Senegal population suggest relatively
high transmission intensity as compared with regions with
higher levels of LD, such as Brazil and Thailand (Neafsey et al.
2008). Moreover, high levels of recombination suggest the
potential of fine-scale genetic mapping from genomic se-
quences. High recombination rates also mean that the signa-
tures of positive selection persist for a shorter period of time.
Hence, any significant long-range haplotypes indicate a very
recent episode of positive selection.

The abundance of dramatic LD spikes in supplementary
figure S2, Supplementary Material online, could be due to
both selection and variation in recombination rate. For ex-
ample, the dramatic LD spikes between 0.75 and 0.85 Mb on
chromosome 5 (supplementary fig. S2, Supplementary
Material online) are likely to be caused by a selective sweep
because the iHS test of selection also captures this region
(supplementary table S7, Supplementary Material online). A
high variation of recombination rate has also been found in
other organisms, such as human and Drosophila (McVean
et al. 2004; Kulathinal et al. 2008). Sella et al. (2009) showed
that level of synonymous polymorphism is positively corre-
lated with estimated recombination rates.

Evident Absence of Population Substructure

Because population substructure could cause false-positive
results when examining the data for signals of selection, we
next investigated whether there is any population substruc-
ture among the samples from three different cities in Senegal
that are less than 250 miles away from each other. Van Tyne
et al. (2011) found no population substructure within the
Senegal when studying worldwide strains, but that study em-
ployed a SNP genotyping array rather than sequencing, and
therefore may have been less sensitive than the present ap-
proach. We also find no significant principal component for
this population using SMARTPCA. The likely cause is the lack
of population substructure, however we cannot formally ex-
clude the possibility that unsupervised principal component
analysis failed to detect variation among samples from the
three locations.

The second analysis for population structure made use of a
Bayesian model-based clustering approach implemented in
the software STRUCTURE. Similar to PCA, this analysis

suggests that there is no obvious population substructure
in Senegal. The number of clusters (K) with K = 1 fits the
data much better than K = 2 or K = 3, irrespective of whether
the sampling location is used as a prior (log-likelihoods of
K = 1, K = 2, and K = 3 with the sampling location as a prior
are –508380.7, –527733.4, and –529739.8, respectively;
log-likelihoods of K = 1, K = 2, and K = 3 without the sampling
location as a prior are –508313.1, –518471.7, and –668800.1,
respectively). The large differences in log-likelihoods for K = 1,
K = 2, and K = 3 mean that, if we assume that the prior prob-
abilities of K = 1, K = 2, and K = 3 are equal, the posterior
probability of K = 1 is almost 100% (specifically,

e�508380:7

e�508380:7+e�527733:4+e�529739:8 � 1). In addition, inconsistent individ-
ual membership coefficients among five replicate runs when
K> 1 support the inference that there is no significant pop-
ulation substructure detected by genetic diversity in Senegal.
Thus, if we nevertheless set K = 3, isolates from the three
different cities are intermixed among the three clusters,
again consistent with the observations that there is a lack
of significant substructure among parasites in this study pop-
ulation from Senegal. The estimated ancestry proportion of
each isolate when K = 3 is shown in supplementary figure S4A
and supplementary table S3, Supplementary Material online.
Because isolates that are used in this study are samples from 7
years between 2001 and 2009, we also set K = 7 (supplemen-
tary fig. S4B, Supplementary Material online), with the result
that isolates from different years have similar patterns of an-
cestry proportion indicating no significant differences among
years.

Demographic History

A proper null model for identifying genes under selection
must incorporate the demographic history of the sampled
population. To know whether the Senegal population under-
went demographic changes in the past, we compared
the folded allele-frequency spectrum of biallelic polymorphic
sites in the data with the expected allele-frequency spectrum
under the standard Wright–Fisher model with constant
population size. In a folded allele-frequency spectrum, the
ancestral states of alleles are assumed to be unknown, and
hence alleles with frequency x are pooled with those of
frequency 25 – x, so the allele frequencies in the folded fre-
quency spectrum range from 1 to 12. In the Senegal data, the
folded allele-frequency spectra of all polymorphic sites, genic
sites, and intergenic sites are all much more skewed than
expected under neutrality with a constant population size
(fig. 1). This result suggests that there was a population ex-
pansion in the recent past, since the number of low-frequency
alleles in the population increases when a population grows in
size.

The nonsynonymous allele-frequency spectrum is only
slightly more skewed than the synonymous allele-frequency
spectrum. If nonsynonymous changes are disfavored by selec-
tion (as suggested by lower nonsynonymous pairwise poly-
morphism than nonsynonymous polymorphism), then the
nonsynonymous allele-frequency spectrum should be more
skewed toward low-frequency variants than the synonymous
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allele-frequency spectrum. The possible explanations for the
lack of a larger difference are discussed later in the context of
the ratio of nonsynonymous to synonymous polymorphism.

To further estimate demographic parameters, we fit the
synonymous allele-frequency spectrum of observed data to
two kinds of demographic models—a two-epoch model and
an exponential growth model (fig. 2)—by using likelihood-

based software @a@i (Gutenkunst et al. 2009). We used the
synonymous allele-frequency spectrum because it is less likely
to be affected by selection. Both models include two demo-
graphic parameters: the time elapsed since the change in size
took place (T) and the ratio of ancient to current population
size (NA/N0). The only difference between these two models is
that population size changes instantaneously in the
two-epoch model whereas population size grows exponen-
tially in the exponential growth model (N0 = NAe�T, where� is
the growth rate).

To solve the equations for population size and population
expansion time in the two models, an estimate of mutation
rate is required. For this estimate, we calculated substitution
rates (dS) between P. falciparum and P. reichenowi. As Liu
et al. (2010) showed that P. falciparum likely originated
from parasites of gorilla origin, we assume that P. falciparum
and P. reichenowi diverged at the same time as the ancestors
of chimpanzees and gorillas, and used the divergence time
between chimpanzees and gorillas, 7.3 million years (Chen
and Li 2001), as the credible upper limit of divergence time
between P. falciparum and P. reichenowi. The resulting mu-
tation rate was estimated to be 6.82� 10�9 per site per year.
We then applied this estimate to the two models and ob-
tained the estimates of population sizes and expansion time
(table 1). The estimated two-epoch model starts with an an-
cestral population size of 43,000, followed by an increase of
62.03-fold at a time 24,000 years ago. Under the exponential
growth model, the ancestral population size is estimated as
40,000 and the population size increases exponentially by
395.93-fold beginning 30,000 years ago. A three-epoch
model was also used, but it did not show significantly lower
likelihood, and the estimates from replicated runs are
different.
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FIG. 1. Folded allele-frequency spectrum. Allele-frequency spectra of different classes of nucleotide sites all show excess of rare alleles. The neutral
allele-frequency spectrum was obtained assuming a constant population size. The excess of rare alleles in the empirical spectrum indicates a population
expansion in the past.

Table 1. Inferred Demographic Parameters Under Two-Epoch Model
and Exponential Growth Model.

Model Parameter Estimate 95% CI

Two-epoch NA (�105) 0.43 0.34–0.55
N0 (�105) 26.97 22.36–32.16
T (�104 years) 2.41 2.26–2.55
N0/NA 62.03 42.84–82.28

Exponential growth NA (�105) 0.40 0.20–0.52
N0 (�105) 107.79 1.20–180.39
T (�104 years) 3.07 2.63–4.02
N0/NA 395.93 69.77–671.29

NOTE.—CI, confidence interval.

FIG. 2. Demographic models. In the exponential growth model, popu-
lation size starts increasing earlier than in the two-epoch model, and the
current population size is larger.
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Identification of Genes under Selection

To identify genes under selection, Tajima’s D was calculated
for genes that are polymorphic. Positive Tajima’s D is consid-
ered as an indicator of balancing selection or partial sweep,
and negative Tajima’s D could be caused by either negative
selection or selective sweep. Because the null distribution of
Tajima’s D under the neutral hypothesis is sensitive to the
demographic history and gene length (mutation rate per
gene), the significance level was estimated using the null dis-
tribution from coalescent simulations that consider both
gene length and inferred demographic parameters. Among
4,281 genes examined, 29 genes have extremely high or low
Tajima’s D scores and q-values (estimated false discovery
rates, Storey and Tibshirani 2003) of less than 0.30 (supple-
mentary table S4, Supplementary Material online). Among
these genes, 26 have positive Tajima’s D, including PfAMA1
(PF11_0344), which has been found to be under balancing
selection in many previous studies, and genes related to
host-parasite interaction, such as acyl-CoA synthetase
(PFB0695c) and tryptophan-rich antigen (PF10_0026). Only
three of the genes have significant negative Tajima’s D
values, and these genes are of unknown function. GO enrich-
ment analysis was used for summarizing the genes with ex-
treme Tajima’s D values to obtain an overall picture of genes
that are under selection. GO terms that enriched for signifi-
cant positive Tajima’s D, such as pathogenesis (GO:0009405),
COPI vesicle coat (GO:0030126), and RNA helicase activity
(GO:0003724), are listed in supplementary table S5,
Supplementary Material online. However, no GO term was
found to be enriched for significant negative Tajima’s D
values.

The ratio of nonsynonymous and synonymous polymor-
phism (�N/�S) was also used to find genes that are under
potential selection. In contrast to Tajima’s D, �N/�S is less
sensitive to demographic history because synonymous sites
and nonsynonymous sites are both affected by demographic
history. The top 10 highest �N/�S genes are exported protein
(PFL0070c), acyl-CoA synthetase PfACS8 (PFB0695c),
acyl-CoA synthetase PfACS7 (PFL0035c), sporozoite inva-
sion-associated protein 1 (PFD0425w), cysteine repeat mod-
ular protein 1 (PFI0550w), cysteine repeat modular protein 3
(PFL0410w), protein kinase (PFB0520w), oocyst capsule pro-
tein (PFC0905c), cysteine-rich surface protein (PF13_0338),
and subtilisin-like protease 2 (PF11_0381). Among these,
acyl-CoA synthetase was reported to have high genetic diver-
sity and long-range haplotype before (Bethke et al. 2006; Van
Tyne et al. 2011). We also tested whether any GO term has
significantly higher or lower�N/�S than others. GO categories
with significant higher or lower �N/�S (q-values< 0.05) are
listed in supplementary table S5, Supplementary Material
online.

Because �N/�S is not expected to be higher under positive
selection before the favorable allele is fixed (�S is expected to
increase with �N in this situation), it is helpful for distinguish-
ing two potential selective forces suggested by positive
Tajima’s D, balancing selection and partial sweep.
Supplementary figure S6, Supplementary Material online,

and figure 3 compare Tajima’s D and �N/�S. Genes with
high Tajima’s D and high �N/�S, such as acyl-CoA synthetase
(PFL0035c and PFB0695c), are more likely to be under balanc-
ing selection. Genes with �N/�S greater than three have sig-
nificantly higher Tajima’s D than genes with�N/�S lower than
three (Mann–Whitney U test, P value = 0.002), suggesting
that genes with higher �N/�S tend to be under balancing
selection. Genes with high Tajima’s D but not high �N/�S,
such as single-strand binding protein (PFE0435c), might indi-
cate partial sweeps caused by positive selection, recent bal-
ancing selection (before the selected allele reaches the
equilibrium frequency), or balancing selection on noncoding
sites like UTRs or introns. Genes having high �N/�S but not
high Tajima’s D, such as cysteine repeat modular protein 1
(PFI0550w), might be under balancing selection, and Tajima’s
D is not significant due to the occurrence of rare alleles.

Interestingly, 18% of genes with synonymous polymorph-
ism greater than 0 have �N/�S greater than 1 (supplementary
fig. S7 and supplementary table S6, Supplementary Material
online). Such a high value is very unusual and to our knowl-
edge has not been reported in any other organism. This find-
ing, together with the observed similar synonymous and
nonsynonymous spectra, may be due to one or more of
the following. First, one must consider sequencing artifacts
or faulty annotation. Sequencing error could increase the
number of singletons, and if the number of false singletons
is much larger than the number of true ones, the difference
between synonymous and nonsynonymous spectra would be
diminished. Sequencing error could also increase �N/�S. To
test this possibility, we increased the quality score threshold
from 30 to 50, and found that the nonsynonymous and syn-
onymous frequency spectra are still very similar (supplemen-
tary fig. S5, Supplementary Material online), with 17% of
genes having �N/�S greater than 1. In regard to annotation,
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FIG. 3. Tajima’s D versus log(�N/�S). Tajima’s D and �N/�S do not
always have the same pattern. By considering both together, genes
under selection can more readily be identified. Orange dots show
genes with both high Tajima’s D (P value< 0.05) and �N/�S (top
5%), red dots show genes with only high Tajima’s D, and blue dots
represent genes with only high �N/�S.
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incorrect annotation could cause high �N/�S and similar syn-
onymous and nonsynonymous spectra. However, this is un-
likely to be a major factor because 456 out of 556 genes (82%
of genes) with �N/�S greater than 1 were found to have mass
spectrometry-based evidence of expression (PlasmoDB,
http://plasmodb.org/plasmo/).

A second possibility is relaxed selection. Relaxed constraint
or inefficient selection could contribute to the patterns. The
possible relaxed constraint or inefficient selection could be
caused by population expansion, recent intervention to
reduce transmission, and clonal interference within the
human host. Deleterious mutations have more chance to
stay in population under population expansion. Recent inter-
vention by drug treatments or bed net distribution may have
reduced the effective population size very recently and hence
reduced the efficacy of selection. This effect would not be
captured by the allele frequency spectrum because it is so
recent, and also because the effect is smaller than that of
population expansion. Clonal interference within the
human host could also increase the probability of deleterious
mutations remaining in the population if they are linked to
beneficial mutations. The finding of significantly lower poly-
morphism in nonsynonymous sites compared with synony-
mous sites indicates that some genes at least are under
effective purifying selection.

Another factor might be purifying selection. Purifying se-
lection on synonymous sites could increase�N/�S and reduce
the difference between synonymous and nonsynonymous
spectra. Finally, the abundance of genes under long-term bal-
ancing selection or diversifying selection due to strong selec-
tive pressure from the host immune system could explain the
pattern. It is possible that the effect on the nonsynonymous
frequency spectrum of genes that are under balancing or
diversifying selection offsets the effect of purifying selection,
and genes under long-term multi-allelic balancing selection or
diversifying selection tend to have higher �N/�S ratio. We
observed 26 genes with significantly positive Tajima’s D,
and 17 genes have significant�N/�S ratio. However, it requires
very high number of genes under multi-allelic balancing se-
lection or diversifying selection to explain the whole pattern,
and this high amount has never been seen in other organisms.

LD-based tests were also used for finding regions affected
by putative selective sweeps. A quantile–quantile plot of iHS
is shown in supplementary figure S8, Supplementary Material
online. We performed an iHS test for positive selection on
17,572 imputed SNPs (fig. 4). Contiguous regions of positive
selection were identified by taking each genome-wide signif-
icant core SNP from the iHS test, and extending out in each
direction until the extended haplotype of the major allele at a
site (EHHA) and the extended haplotype of the minor allele at
a site (EHHD) both decayed below 0.05. Each core SNP thereby
defined a window of putative positive selection, and over-
lapping windows were merged to define the regions described
in supplementary table S7, Supplementary Material online.
The linkage-based tests suggest several regions of recent pos-
itive selection, including areas near the known drug resistance
loci pfcrt (MAL7P1.27) and pfmdr1 (PFE1150w). Additional
regions include areas on chromosomes 2, 4, 5, 6, 7, 8, and

12. Because partial selective sweep also causes positive
Tajima’s D, Tajima’s D values are also listed in supplementary
table S7, Supplementary Material online, for comparison.

Selection on Base Composition

The genomes of P. falciparum and P. reichenowi have an A/T
base composition of 81% (Pollack et al. 1982; Gardner et al.
2002; Jeffares et al. 2007). This is much higher than what is
observed in the genomes of other primate malarial parasites
like P. vivax and P. knowlesi, which have an A/T content of
�60% (Williamson et al. 1985; Carlton 2003; Pain et al. 2008).
To study the dynamics of changes in base composition, we
used P. reichenowi to infer the ancestral state for observed
P. falciparum polymorphisms. We first generated empirical
nucleotide transition matrices and calculated the equilibrium
states (tables 2 and 3). We found that the observed mean A/T
composition at 4-fold degenerate sites in coding regions as
well as in intergenic regions are close to the predicted equi-
librium A/T composition based on the empirical nucleotide
transition matrices. This suggests that the nucleotide compo-
sition in P. falciparum may be close to equilibrium.

Within-species polymorphism provides suitable material
to study to what extent the high A/T percentage in the
genome is due to mutation pressure offset by selection. We
generated separate derived allele-frequency spectra for
mutations that would serve to decrease the A/T composition
(“A/T to G/C”) and mutations that would increase the A/T
composition “G/C to A/T”) in silent coding and intergenic
regions (fig. 5). The G/C to A/T spectrum has more rare
derived alleles and fewer high frequency derived alleles than
the A/T to G/C spectrum in both intergenic and silent coding
regions, suggesting purifying selection against A/T nucleotides
and/or positive selection favoring C/G nucleotides. That is, on
average, mutations that would result in a higher A/T compo-
sition of the genome are acted against by selection, and/or
mutations that would result in lower G/C composition are
selected for, and therefore the high equilibrium AT compo-
sition in P. falciparum likely reflects a dynamic equilibrium
balanced between A/T biased mutation pressure and selec-
tion to augment the relative fixation probability of G/C mu-
tations. Although an incorrect ascertainment of ancestral
state due to ancestral polymorphism could be responsible
for a small fraction of the high frequency derived alleles ob-
served, we do not expect a difference in the accuracy of an-
cestral state inferences between the two classes of mutations;
therefore, the observation of a relative difference in the fre-
quencies of mutations that would further increase versus
decrease A/T composition should be robust.

Discussion
In this study, we carried out whole-genome sequencing of 25
isolates of P. falciparum from Senegal and used population
genetic methods to investigate the evolutionary forces shap-
ing genetic diversity in this local African population. Fully
sequenced population genomic data provide an important
resource for understanding genome-wide patterns of diversity
as well as the evolution of genes of particular interest.
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Previous studies of the evolutionary history of P. falciparum
are not completely consistent (Hartl et al. 2002; Su et al. 2003;
Hartl 2004), which may in part reflect variation in the evolu-
tionary history and genetic diversity across different regions or
genes in the genome due to both selection and recombina-
tion. With the complete genome sequences of a deep sample
from a single African population, we have been able to use
genome-wide synonymous changes that are known to be
minimally affected by selective forces (especially when LD is
low) to better estimate demographic parameters than in pre-
vious studies which relied on only a few loci. Moreover, the

absence of any obvious population substructure, which can
also affect the allele-frequency spectrum (Tajima 1989a), sug-
gests that our estimates for Senegal are not biased by sub-
structure. Because the effect on the synonymous frequency
spectrum of selection on AT content (fig. 5) may bias the
estimates of demographic parameters, we also fitted the same
model to the synonymous frequency spectrum with only A/T
to T/A and C/G to G/C changes, and the estimates of demo-
graphic parameters were consistent. However, it should be
noted that selection on linked sites could affect synonymous
sites and bias our estimates of demographic parameters, even
if average LD over the genome is low.

We estimate a major 60-fold population expansion
approximately 20,000–40,000 years ago by fitting demo-
graphic models to the synonymous allele-frequency spec-
trum. The effective population size prior to the population
expansion was about 20,000–55,000. Although the effective
population size after the expansion is sensitive to the demo-
graphic model (varying from 2.2 million to 18 million), it is
consistently very large. Our estimate of population expansion
time in Africa is close to the 95% confidence interval
(2,000–14,500) of the estimate in Joy et al. (2003) based on
mitochondrial DNA of pan-African strains and different
methods of analysis. Moreover, it was recently suggested
that P. falciparum first infected human ancestors 365,000
years ago (Baron et al. 2011). This indicates that this event
was well before the population expansion we identified and
our estimates are unlikely biased by it. However, it should be
noted that our estimates of population sizes and population
expansion time are highly dependent on the estimate of
mutation rate, and therefore on the choice of divergence
time between P. falciparum and P. reichenowi. Although
we have curated our data as carefully as possible, any
remaining sequencing error, reference-sequence bias, and
alignment error caused by nearby insertions or deletions,
would all potentially bias the allele-frequency spectrum
and therefore our estimate of demographic parameters.
Sequencing errors and reference-sequence bias both can
skew the site-frequency spectrum to rare alleles, resulting in

FIG. 4. Manhattan plot of iHS P-values on a negative log10 scale. The dashed line indicates a Bonferroni threshold for significance. Dots are colored by
chromosome, and their sizes are scaled according to P value. Several regions of recent positive selection are suggested by the iHS statistic, including areas
near the known drug resistance loci pfcrt and pfmdr1.

Table 2. Empirical Nucleotide Transition Matrices.

A T C G

Four-fold degenerate sites

A 0.9905 0.0033 0.0020 0.0043

T 0.0033 0.9903 0.0043 0.0021

C 0.0078 0.0154 0.9717 0.0051

G 0.0141 0.0062 0.0043 0.9754

Intergenic regions

A 0.9947 0.0028 0.0007 0.0019

T 0.0028 0.9945 0.0020 0.0007

C 0.0042 0.0084 0.9853 0.0020

G 0.0085 0.0042 0.0021 0.9852

Table 3. The Observed and Predicted Equilibrium Nucleotide
Composition.

Four-fold degenerate sites Intergenic regions

Predicted Observed Predicted Observed

A 0.40 0.41 0.42 0.43

T 0.38 0.41 0.41 0.42

C 0.10 0.09 0.09 0.08

G 0.12 0.09 0.08 0.07

A/T 0.78 0.82 0.83 0.85
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an overestimate of the changes in population sizes or the
population expansion time.

Our estimate of population expansion time of 20,000 to
40,000 years overlaps with the Upper Paleolithic era (10,000
to 40,000 years ago) and the Mousterian Pluvial (30,000 to
50,000 years ago) and is immediately after human migration
out of Africa (40,000 to 130,000 years ago). During the
Mousterian Pluvial, northern Africa was a land of lakes,
swamps, and rivers, and this may have increased the spread
of malaria parasites by mosquitoes and facilitated epidemic
transmission. As such, we believe that our estimate of the
date of expansion offers a good fit to archaeological and cli-
matological explanations.

The recent availability of large-scale genomic data sets such
as this one affords an opportunity to refine our understanding
of the general evolutionary patterns in P. falciparum. First, we
found that both synonymous polymorphism and synony-
mous substitution rates differ among chromosomes, suggest-
ing that the mutation rates are not the same for all
chromosomes. Since population genetic statistics, such as
Tajima’s D per gene, are sensitive to mutation rate, it is de-
sirable to correct for the variation in mutation rate when
conducting this test, provided that reliable estimates of mu-
tation rate for each chromosome are available. Second, lower
intergenic and intronic polymorphism as compared with syn-
onymous polymorphism suggests weak selection constraints
might be common in intergenic regions and introns.
Divergence between P. falciparum and P. reichenowi is also

lower in intergenic regions and introns (Neafsey et al. 2005).
Third, low LD indicates the potential of fine-scale mapping of
selection or association signals and fewer problems when
applying analytic tools that assume SNPs are unassociated
with each other, such as @a@i and STRUCTURE. Fourth, we
reported two unusual findings, the similar synonymous and
nonsynonymous allele-frequency spectra, and the large
number of genes with high nonsynonymous-to-synonymous
polymorphism, and discussed some possible explanations.

Fifth, we found that the nucleotide composition of P. fal-
ciparum, which has the highest A/T content of any eukaryotic
genomes described so far, is at or near equilibrium. Moreover,
we showed that the unfolded site-frequency spectra of G/C to
A/T polymorphic sites in both synonymous sites and inter-
genic regions have more rare alleles than that of A/T to C/G
polymorphic sites, which suggests that selection acts against
A/T at least at certain sites in the P. falciparum genome. In
contrast, the empirical nucleotide transition matrices
(table 3) support the trend toward high A/T composition,
because A, T, C, and G all tend to change to A or T, and A and
T also change less often. Because the empirical nucleotide
transition matrix is influenced by both mutation and selec-
tion and we know that selection acts, on average, against C/G
to A/T changes, it can be inferred that mutations are toward
A/T. This result differs from that of Escalante et al. (1998),
who found a trend toward higher A/T but no clear evidence
of A/T mutational bias in studies of 10 highly polymorphic
genes including six encoding surface antigens; signals of
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FIG. 5. Derived site-frequency spectrum. The unfolded site-frequency spectrum was generated by using P. reichenowi as an outgroup. The G/C to A/T
spectrum is more skewed toward low frequencies than the A/T to G/C spectrum, suggesting positive selection favoring C/G nucleotides or purifying
selection against A/T nucleotides.
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strong selection on five of the genes may have obscured a
signal of A/T biased mutation. Mutational bias toward A/T
has been found in other organisms (e.g., Hershberg and Petrov
2010), and selective advantages of biased mutation rates have
been discussed (Rocha and Danchin 2002; Dalpke et al. 2006).
It was suggested that G and C were less favored by natural
selection in obligatory pathogens and symbionts because GTP
and CTP nucleotides cost more energy and there is less avail-
ability of GTP and CTP in the cell (Rocha and Danchin 2002).
Also, as toll-like receptor 9 specifically recognizes
nonmethylated CpG dinucleotides (Dalpke et al. 2006), and
there is lack of evidence of DNA methylation in P. falciparum
(Choi et al. 2006), reducing G and C in the genome would be
one mechanism to reduce the innate immune response and
therefore be favored by selection. However, when mutations
are strongly biased to A/T, it may affect amino acid compo-
sition. Singer and Hickey (2000) found that A/T codon bias in
P. falciparum was so severe that it was affecting amino acid
composition. Although mutational bias can change amino
acid composition in some genes, genes under strong selective
constraint are less influenced by mutational bias. It was
shown in P. falciparum that amino acids encoded by
GC-rich codons are significantly more frequent in highly ex-
pressed genes (Chanda et al. 2005), perhaps because highly
expressed genes are more conserved, and the ancestral state
presumably exhibited less biased AT content. Our findings
that suggest a mutation-selection balance in the A/T content
of the genome (with mutation favoring higher A/T and se-
lection against A/T) add a new layer of understanding to this
otherwise puzzling aspect of P. falciparum’s genome
composition.

The absence of population substructure in Senegal means
that signatures of selection can be identified with greater
confidence. Here, we used the Tajima’s D test, the ratio of
nonsynonymous to synonymous polymorphism, and the
iHS test, and successfully detected signatures of selection in
some genes identified previously, such as pfcrt and pfmdr1, as
well as some new candidate genes, such as two acyl-CoA
synthetases (PFL0035c and PFB0695c). Additionally, we iden-
tified the gene categories that are more likely to be under
negative selection (e.g., ribosome and translation) and balanc-
ing/diversifying selection (e.g., membrane and attachment of
GPI anchor to protein). The identification of these GO
categories not only provides a broader view about types of
selection in various biological processes but also helps with
functional characterization of genes whose function is
unknown.

Our study provides the one of first population genomic
analyses of a deeply sampled local population of P. falciparum.
The estimation of demographic parameters by genome-wide
SNPs offers, for the first time, a proper null distribution for
identifying genes under various selective forces. Genes iden-
tified here could be validated by follow-up functional assays,
and the results have practical implications for finding func-
tional variants of medical relevance and developing methods
of disease control. If whole genome sequences of closely re-
lated species, such as P. reichenowi and other species from
chimpanzee and gorilla, are available in the future, our data

set can be used for investigating evolutionary questions with
more confidence, such as controlling for variation in muta-
tion rates and detecting selection using the ratio of divergence
to polymorphism.

Supplementary Material
Supplementary tables S1–S7 and figures S1–S8 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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