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SUMMARY

Detecting signals of selection in the genome of malaria parasites is a key to identify targets for drug and vaccine
development. Malaria parasites have a unique life cycle alternating between vector and host organism with a population
bottleneck at each transition. These recurrent bottlenecks could influence the patterns of genetic diversity and the power of
existing population genetic tools to identify sites under positive selection. We therefore simulated the site-frequency
spectrum of a beneficial mutant allele through time under the malaria life cycle. We investigated the power of current
population genetic methods to detect positive selection based on the site-frequency spectrum as well as temporal changes in
allele frequency. We found that a within-host selective advantage is difficult to detect using these methods. Although a
between-host transmission advantage could be detected, the power is decreased when compared with the classical Wright–
Fisher (WF) population model. Using an adjusted null site-frequency spectrum that takes the malaria life cycle into
account, the power of tests based on the site-frequency spectrum to detect positive selection is greatly improved. Our study
demonstrates the importance of considering the life cycle in genetic analysis, especially in parasites with complex life cycles.
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INTRODUCTION

With advances in sequencing technology, malaria
parasites from various geographical locations were
genotyped or sequenced, and genetic diversity was
used to infer demographic history (Joy et al. 2003;
Chang et al. 2012) and population structure
(Anderson et al. 2000; Mu et al. 2005; Manske et al.
2012). These same data were examined to reveal
genes or nucleotide sites putatively under selection
(Volkman et al. 2007; Mu et al. 2010; Amambua-
Ngwa et al. 2012). An important component of these
analyses is the site-frequency spectrum, which is
a histogram depicting the proportion of alleles
in different frequency classes. Because the site-
frequency spectrum can be influenced by changes
in population size and natural selection, the site-
frequency spectrum of single-nucleotide polymorph-
isms (SNPs) can be used to infer changes in
population size and identify selective events. For
example, the site-frequency spectrum was used by
Chang et al. (2012) to estimate a recent population
expansion of 60-fold in Senegal, and Tajima’s D
(one of the summary statistics of the site-frequency
spectrum) was used by Amambua-Ngwa et al. (2012)

to identify genes under balancing selection in an
endemic population in The Gambia.

One alternative to analysing the site-frequency
spectrum is to examine temporal changes in allele
frequency. Because allele-frequency fluctuations
are largely determined by population size whereas
temporal trends depend on selection, population
size and selective effects can be estimated based on
temporal changes in allele frequency and fluctuations
around the trend values. These methods have been
developed and implemented in humans, horses
and other species (Waples, 1989; Anderson, 2005;
Bollback et al. 2008; Malaspinas et al. 2012).
Temporal samples of malaria parasites are also
available and have been used to infer recent parasite
dynamics. For instance, Nkhoma et al. (2012) used
allele frequency fluctuations across 10 years to
estimate the effective population size (Ne) on the
Thai–Burma border (Nkhoma et al. 2012), and
Daniels et al. (2013) estimated a small Ne of less
than 100 following enhanced intervention in Senegal
by analysis of molecular barcode genotypes of
samples from 2006–2011 (Daniels et al. 2013).
Moreover, temporal changes in microsatellite allele
frequencies were used to estimateNe of lizard malaria
parasites, and a decrease of Ne associated with
reduction in prevalence was reported (Schall and St
Denis, 2013).

These genetic studies were mostly based on the
population genetic tools that assume the Wright–
Fisher (WF) population model, which is widely used
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in organisms including Drosophila and humans.
A WF population is constant in size, generations are
non-overlapping, and each offspring generation is
formed from a sample of gametes of the parental
generation. We wondered whether the unique and
complicated life cycle of malaria could yield allele-
frequency dynamics, including the allele-frequency
spectrum, allele-frequency changes through time,
and variation in allele-frequency changes, when
mutations are neutral or under selection, that are
qualitatively different from those in theWFmodel. If
so, this would affect inferences from analyses based
on such summary statistics as Tajima’s D (Tajima,
1989), Fu and Li’s F* andD* (Fu and Li, 1993), and
Fay and Wu’s H (Fay and Wu, 2000). Our initial
study (Chang et al. 2013) has shown that, in
comparison with the WF model, both genetic drift
and the efficiency of purifying selection are higher
under the malaria life cycle, and that the null
distribution of the site-frequency spectrum is skewed
toward lower-frequency alleles. These findings sug-
gest that the malaria life cycle leads to biases in
estimating demographic history and identifying
signals of selection. However, it is as yet unclear
how these intrinsic differences between the WF
model and the malaria life cycle affect the power to
detect sites under selection using typical statistics
based on temporal changes in allele frequency or on
the site-frequency spectrum.
Here, we examined how the malaria life cycle

affects signals of selection identified by temporal
changes in allele frequency or by the site-frequency
spectrum. We first simulated the changes in fre-
quency of beneficial alleles through time, estimated
selection coefficients from temporal changes in allele
frequency, and determined the conditions in which
sites under positive selection could be detected.
We also simulated the site-frequency spectrum for
beneficial alleles and compared the power to identify
sites under selection when analysed either the typical
null distribution with the WF-model assumption or
the adjusted null distribution under the malaria life
cycle. Finally, we discuss potential future directions
and the importance of considering the life cycle when
studying malaria parasites or other species with
unconventional life histories.

MATERIALS AND METHODS

Simulations of allele frequency changes and the
site-frequency spectrum

Simulations for allele frequency changes and the site-
frequency spectrum were performed as described in
Chang et al. (2013). Three kinds of models were
examined. In one, selection is assumed to take place
only in the host organism (the host selectionmodel); in
another, the selection is effected through trans-
mission from host to vector (the transmission selection

model); and in the third, selection takes place both in
the host as well as through transmission (the host/
transmission selection model). Drug resistance genes
and genes that function in haemoglobin breakdown
and metabolism are examples of host selection; genes
for sporozoite development and migration to the
salivary glands and genes related to the development
of the sexual forms of malaria parasites are examples
of transmission selection. The quantity h is the
selection coefficient measuring the advantage or
disadvantage of a mutant allele within the human
host per asexual cycle, and t is the selection coefficient
measuring the advantage or disadvantage of a mutant
allele in host-to-vector transmission. In the host
selection model h≠0 but t = 0, and in the trans-
mission selection model h = 0 but t≠0. The host/
transmission selection model with h = t≠0 assumes
equality of the selection coefficients for the sake of
simplicity and to compare the relative importance of
h and t. In what follows, the usual symbol of the
selection coefficient (s) in the WF model, when used
in reference tomalaria, refers to h in the host selection
model, t in the transmission selection model, and
h = t in the host/transmission selection model. The
default values of parameters from Chang et al. (2013)
were used in the simulations unless stated otherwise.
We assume that population sizes of human host and
mosquito vector are both 1000, and the number of
parasites transmitted between the vector and the
human host is 10. If population sizes of human host
and mosquito vector are different, there is another
level of bottleneck, and it is likely that variation in
allele-frequency changes is higher and the estimated
selection coefficient less accurate than shown here.
The site-frequency spectrum was obtained by sam-
pling one allele within each of n randomly chosen
(without replacement) human hosts, with n = 50. The
simulationmodel does not allow formixed infections,
hence it assumes complete inbreeding. The level of
mixed infection affects the rate of recombination
in the population, and a model that allows mixed
infection would be of great interest (see Chang et al.
2013).

Estimating the selection coefficient (s)

Selection coefficients were estimated using allele
frequency changes through time by the program
sel2ns (Bollback et al. 2008). Allele frequencies at
three time points separated by intervals of five
generations were used for estimation. Sample allele
frequencies were obtained by sampling one allele
from each of 1000 human hosts. One generation
under the malaria model is defined as one complete
life cycle that includes a vector-host transmission
bottleneck, population expansion within the host, a
host-vector bottleneck, and population expansion
within the vector. When estimating the selection
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coefficient (s) from allele frequency changes in the
initial stage of the host selection model, exponential
grid spacing was used (spacing ratio = 100 and
λ = 0·5) because allele frequency is close to 0; equal
grid spacing was used for all other estimations. The
number of grid points was set to 500. Only mutations
that eventually become fixed in the population were
used for estimating s under the malaria model
(condfix = 1). The number of replicates for each
selection coefficient of each model was 10. Effective
population size under the malaria model was esti-
mated from simulated frequency changes of neutral
alleles using the program CoNe (Anderson, 2005).
The effective population size, 1000, was used when
estimating s in themalariamodel because the estimate
of effective population size from neutral alleles is in
the order of 1000. The significance of a selection
coefficient is determined by a likelihood ratio test.
The estimated s is significantly different from 0 if the
difference in log-likelihoods of the estimated s and 0 is
greater than 1·92, which is half of the 95th quantile of
a chi-square distribution with 1 degree of freedom.

Site-frequency spectrum

Tajima’s D statistic was used to summarize site-
frequency spectrum (Tajima, 1989). The null dis-
tributions of Tajima’sD under theWFmodel and the
malaria model were generated by randomly sampling
n alleles from the site-frequency spectra 10000 times,
with n = 50. The probability that Tajima’s D of
selected alleles is significant was obtained by compar-
ing 100 simulated Tajima’s D values of selected
alleles with standard (WF) or adjusted (malaria)
null distributions and calculating the proportion
of Tajima’s D values greater than the 95th quantile
of the null distribution (one-sided test). When
comparing two Tajima’s D distributions, a one-
sided Mann–Whitney test was used (with the
alternative hypothesis that Tajima’s D of beneficial
alleles is larger than Tajima’s D of neutral alleles).

RESULTS

Allele frequency changes through time

We first compared the changes in frequency of
beneficial alleles with s= 0·1 in three malaria models:
host selectionmodel (selection only in red-cell stages),
transmission selection model (selection only via trans-
mission), and host/transmission selectionmodel (selec-
tion in both red-cell stages and transmission). The
results are summarized in Figs 1 and 2. Note that
these are cases when beneficial alleles are eventually
fixed in the population. Figure 1 shows that
frequency of beneficial alleles increases faster in the
initial generation if there is a selective advantage
within the human host (that is, in the host selection
and host/transmission selection models). Afterwards,

the transmission advantage gradually overtakes, and
the allele frequency in the transmission selection and
host/transmission selection models increases more
rapidly (Fig. 2). Figure 2 also shows that the fixation
time is more sensitive to selection affecting trans-
mission. The fixation time under the host/trans-
mission selection and transmission selection models
is much shorter than the host selection model.
Without a transmission advantage, the frequency
of the beneficial allele in the host selection model
fluctuates stochastically before becoming fixed in
the population. The reason that the fixation time in
the host/transmission selection model is shorter
than that in the transmission selection model is
because the mutant allele has both a within-host
selective advantage and a between-host transmission
advantage.

Estimation of selection coefficients

We then estimated s using temporal allele-frequency
changes (Fig. 3) and tested whether estimated
values are significantly different from 0 (Table 1).
We found that, under theWFmodel with population
size 10000 and sample size 1000, the median of
the estimated s is highly correlated with the true s
(P value = 5×10−6), although the absolute values of
the estimates are not exactly correct (Fig. 3).
Moreover, under theWFmodel, the estimated values
of s within the simulated range of selection coeffi-
cients (s = 0·05*0·1) are all significantly different
from 0. Under the malaria life cycle, on the other
hand, the allele-frequency trajectories and the esti-
mates of s are highly dependent on the model (host
selection, transmission selection or host/transmission
selection).

In the host selection model, we estimated s using
allele-frequency changes in both the initial stage
when the allele frequency is still low and at an
intermediate stage when the allele frequency is
greater than 20%. The selective advantage appears
almost immediately in the host selection model, but
once the beneficial allele becomes fixed within a
human host, allele-frequency changes are dominated
by the neutral process and any selective advantage is
unlikely to be detected because there is no trans-
mission advantage between hosts. This is the
rationale for the estimates of s using both the initial
and intermediate stages of allele-frequency change.
The results show that the medians of estimates
from both stages are not correlated with the true
s [P values = 0·68 (initial) and 0·64 (intermediate),
Fig. 3] and are unlikely to be significantly different
from 0 [15% (initial) and 8% (intermediate)]
(Table 1). Although the estimates of s from the
initial frequency changes are slightly more likely to
be significantly different from 0 than those from the
intermediate stages, only 15% of the estimates are
significantly different from 0, demonstrating that the
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selective advantage within the human host is difficult
to detect. In fact, Fig. 1 shows that selective
advantage is only obvious during the first two
generations when h is 0·1. Moreover, it is unlikely
that a random sample includes alleles of low
frequency.
In the transmission selection model, the median of

estimates of the selection coefficient is significantly
correlated with the true value (P value = 0·003) and
the median of estimates from the WF model (P
value = 0·003) (Fig. 3), and the estimates are likely to
be significantly different from 0 (69%, Table 1). In
the host/transmission selection model, while the
estimated coefficients are likely to be significantly
different from 0 (69%, Table 1), the median of the
estimates is not significantly correlated with the true
value (P value = 0·1) or the median of estimates from
the WF model (P value = 0·1). These results suggest
that a transmission advantage is more likely to be

detected as statistically significant than a selective
advantage within the human host.

Site-frequency spectrum of selected alleles

Tests based on the site-frequency spectrum are
commonly used for detecting signals of selection.
Here, we investigated the power to detect signals of
selection by Tajima’s D, a test based on the site-
frequency spectrum, under themalaria life cycle. The
site-frequency spectra of selected alleles under three
malaria models were simulated and are shown in
Fig. 4, along with the malaria neutral site-frequency
spectrum and the WF neutral site-frequency spec-
trum. Under the host selection model, the spectra of
alleles with s= 0·1 and 0·01 are more skewed toward
high frequency alleles than the malaria neutral site-
frequency spectrum, but less skewed than the WF

Fig. 1. Allele frequency changes in the first five generations. One generation is defined as one complete life cycle. The
trajectories of beneficial mutations with s= 0·1 in three models showing that the frequency of beneficial alleles increases
faster from generation 1 to generation 2 if there is a selective advantage in the red-blood-cell stages in the human host
(i.e. the host selection and host/transmission selection models). The five differently coloured lines represent independent
replicates with the same initial frequency.
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neutral site-frequency spectrum. This comparison
indicates that uncritical use of the WF neutral site-
frequency spectrum can sometimes lead one to
interpret a statistical signal of selection as having
the wrong sign. Under the transmission selection
and host/transmission selection models, the spectra
of alleles with s = 0·1 and 0·01 are more skewed
toward high frequency alleles than either neutral
frequency spectra, while the spectra of alleles with
s = 0·001 are more skewed than the malaria neutral
frequency spectrum but not that of WF.

We then compared Tajima’s D values of selected
alleles to the null Tajima’s D distributions generated
from both the WF model (standard null) and the
malaria model (adjusted null) (Table 2). Under the
host selection model, Tajima’s D values of selected
alleles are significantly higher than Tajima’sD under
the neutral malaria model, but not significantly

different from Tajima’s D of the neutral WF model
(Table 2, left column). In the transmission selection
and host/transmission selection model, Tajima’s D
values of selected alleles are significantly higher than
Tajima’s D from both neutral models if the number
of segregating sites (S) is larger and/or s = 0·01
(Table 2, left column). Tajima’s D values are more
likely to be significantly greater than 0when using the
null distribution of the malaria model, and the
improvement is more obvious under the transmission
selection and host/transmission selection models
when the number of segregating sites is larger and
s = 0·1 or 0·01 (Table 2, right column). Note that
Tajima’s D is less likely to be significantly positive
when s = 0·1 than when s = 0·01 because there are
more high-frequency derived alleles when s = 0·1 and
the higher proportion of alleles with frequency close
to 1 decreases Tajima’sD value. In this situation, Fay

Fig. 2. Allele frequency changes until fixation. Transmission advantage influences the trajectories of beneficial alleles
(s = 0·1) more than selective advantage in red-cell stages. Allele frequency in the transmission selection and host/
transmission selection models increases much faster than in the host selection model. The five differently coloured lines
represent independent replicates with the same initial frequency.
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and Wu’s test (Fay and Wu, 2000) might be more
powerful to detect positive selection because it is
sensitive to the excess of high-frequency derived
alleles.

DISCUSSION

Malaria is one of the leading causes of morbidity and
mortality worldwide, and efforts have been made to
detect signals of selection in the genome of malaria
parasites in order to identify targets for intervention.
In this study, we investigated the power to detect
signals of selection under the malaria life cycle.
We showed that allele-frequency changes through

time are more sensitive to transmission advantage
than to selective advantage within the human
host. Similarly, transmission advantage also affects
the site-frequency spectrum to a greater extent.
Transmission advantage predominates because with-
in-host selection is important only when mutations

are still segregating within a host. After a beneficial
mutation becomes fixed within a host, it is trans-
mission selection that determines the changes of
allele frequency in the overall parasite population.
Because of multiple asexual generations within a
host, a mutation under positive selection within the
human host reaches high frequency or becomes fixed
within a host quickly and therefore, with single
infections, transmission selection usually predomi-
nates over host selection. However, even though
allele-frequency changes are more sensitive to trans-
mission advantage, the power to detect selection by
following temporal changes in allele frequency is
smaller under the malaria life cycle than under the
WF model (Table 1). The reduced power occurs
because the changes in allele frequency depend on
serial passages of alleles within and between hosts,
and during these passages genetic drift is enhanced
by the bottlenecks and the selective and transmission
effects of a mutation may differ. For example,
the genes related to the development of the sexual
forms of the malaria parasite are expected to be
under transmission selection but not host selection.
These serial passages enhance the variance in allele-
frequency changes and the difficulty to detect
selection. The power to detect selection could be
potentially increased when the number of hosts is
large because signals of selection are expected to be
clearer with decreased level of genetic drift.
The power of tests based on the site-frequency

spectrum is also decreased by the malaria life cycle
unless one adjusts the null distribution in accordance
with the malaria life cycle. When using the standard
WF null distribution of Tajima’s D, the highest rate
of detecting positive selection in our simulation is
only 21% (Table 2). When the null distribution is
adjusted for the malaria life cycle, the power of
detecting positive selection is greatly improved
(the highest rate is 78%, Table 2). Because the true
demographic parameters (such as the numbers of
human hosts and mosquito vectors) of a real
population are unknown, they need to be estimated
when attempting to obtain an adjusted null distri-
bution by simulations. However, demographic para-
meters are unlikely to be estimated accurately

Table 1. Proportion of estimated selection coefficients significantly different from 0

Selection coefficient s

0·05 0·06 0·07 0·08 0·09 0·1 All

Wright–Fisher model 10/10a 10/10 10/10 10/10 10/10 10/10 60/60
Host selection model, initial stage 2/10 2/10 1/10 2/10 1/10 1/10 9/60
Host selection model, intermediate stage 1/10 0/10 1/10 1/10 0/10 2/10 5/60
Transmission selection model 5/10 5/10 5/10 8/10 10/10 8/9 41/59
Host/transmission selection model 2/10 8/10 8/10 8/10 7/10 7/8 40/58

a The number preceding the virgule (‘/’) represents the number of cases with the estimated selection coefficient significantly
different from 0; the number following it is the sample size.

Fig. 3. The estimates of the selection coefficient (s) under
the WF and malaria models. The medians of estimates of
the selection coefficients under the WF and transmission
selection models are correlated with the true values, while
the median of estimates in the host selection and host/
transmission selection models are not. The medians of 10
replicates are shown here.
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because, even if we only consider neutral sites, both
the demographic history and the malaria life cycle act
on patterns of polymorphism, and no currentmethod
is known that can separate them. An alternative
approach to obtaining an adjusted null distribution
of Tajima’s D is by randomly sampling alleles
from empirical site-frequency spectrum of a group
of SNPs that are thought to be neutral or nearly
neutral, such as synonymous sites. In this way, the
adjusted null distribution of Tajima’sD is influenced
by both demographic history and the malaria life
cycle and could be used to improve the power of
detecting positive selection or balancing selection in
the genome of malaria parasites. This is similar to the
analysis in Chang et al. (2012), in which demographic
parameters were estimated by fitting a demographic
model to the synonymous site-frequency spectrum
(Gutenkunst et al. 2009), and Tajima’s D null
distribution was generated by the estimated

demographic model. This approach reduces the
extent to which the malaria life cycle reduces the
power to identify genes under positive or balancing
selection using positive Tajima’s D. In contrast,
Amambua-Ngwa et al. (2012) only examined genes
with positive Tajima’s D, whereas even negative
Tajima’s D could be ‘effectively positive’ if demo-
graphic history and the malaria life cycle were taken
into account.

The importance of considering life history in
studying population dynamics and evolution has
been discussed and reviewed (Barrett et al. 2008).
The factors such as epidemiological dynamics and
host life history or behaviour could potentially
affect transmission of parasites between hosts, effec-
tive population size, and patterns of genetic diversity.
For example, it was shown that Microbotryum
violaceum from plant host species with different life
histories have different patterns of genetic diversity

Fig. 4. Allele frequency spectra of selected alleles under three malaria models. Under the host selection model, the
spectra of alleles with s= 0·1 and 0·01 are more skewed toward high frequency alleles than the malaria neutral site-
frequency spectrum, but less skewed than the WF neutral site-frequency spectrum. Under the transmission selection
and host/transmission selection models, the spectra of alleles with s= 0·1 and 0·01 are more skewed toward high
frequency alleles than both neutral frequency spectra, while the spectra of alleles with s= 0·001 are only more skewed
than the malaria neutral frequency spectrum.
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Table 2. Comparing Tajima’s D of selected alleles with null distributions

P value of Mann–Whitney test in Tajima’s D
distributions Tajima’s D rejection rate

sa = 0·001 s= 0·01 s= 0·1 s= 0·001 s= 0·01 s= 0·1

Sb = 5
Host selection model Standard null 0·82 0·81 0·87 3% 3% 4%

Adjusted null 0·001 0·002 0·002 9% 10% 9%
Transmission selection model Standard null 0·61 0·05 0·47 4% 5% 5%

Adjusted null 0·0001 3·4×10−8 2·9×10−5 13% 15% 9%
Host/transmission selection model Standard null 0·14 0·009 0·26 7% 7% 7%

Adjusted null 3·7×10−7 2·3×10−10 3·9×10−6 14% 15% 15%

S= 10
Host selection model Standard null 0·95 0·98 0·98 4% 5% 3%

Adjusted null 6·9×10−5 0·0003 0·0004 14% 11% 11%
Transmission selection model Standard null 0·74 0·0001 0·17 5% 8% 6%

Adjusted null 6·4×10−7 <2×10−16 6×10−11 16% 22% 13%
Host/transmission selection model Standard null 0·02 8·9×10−5 0·03 9% 15% 8%

Adjusted null 1·4×10−12 <2×10−16 1·2×10−13 24% 26% 18%

S= 50
Host selection model Standard null 1 1 1 0% 3% 2%

Adjusted null 2·5×10−7 5·6×10−16 <2×10−16 21% 23% 27%
Transmission selection model Standard null 0·22 6·9×10−11 0·42 4% 25% 6%

Adjusted null <2×10−16 <2×10−16 <2×10−16 45% 63% 40%
Host/transmission selection model Standard null 1·3×10−7 <2×10−16 0·008 16% 21% 8%

Adjusted null <2×10−16 <2×10−16 <2×10−16 59% 78% 46%

a s is selection coefficient, referring to h in the host selection model, t in the transmission selection model, and h= t in the host/transmission selection model.
b S is the number of segregating sites that are sampled from the site-frequency spectrum to calculate Tajima’s D.
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(Bucheli et al. 2001). Unless life history is taken
into proper consideration, inferences with regard to
parasite evolution and effectiveness of intervention
could possibly be misleading.

Future work

This study underlines the importance of developing
modelling and methods that take life histories into
account when studying malaria parasites or other
species with unconventional life histories. Ignoring
life histories could potentially lead to misinterpret-
ation of selection signals and mislead our under-
standing of how selection has shaped the Plasmodium
falciparum genome. Questions including which
features of life history are important for studying
parasite dynamics and/or parasite evolution, how
they are important, and methods to incorporate
them into analytical tools, remain to be studied.
More specifically, among the population genetic tools
that need to be investigated and re-examined under
themalaria life cycle are tests comparing both within-
species diversity and between-species divergence (the
McDonald–Kreitman or MK test) (McDonald and
Kreitman, 1991), approaches based on the relation-
ship between phenotype (such as drug resistance) and
genotype (genome-wide association study, GWAS),
linkage disequilibrium-based tests (EHH test and
iHS test) (Sabeti et al. 2002; Voight et al. 2006) and
tools based on between-population differentiation
(Fst-based test).

In population genetics, the MK test is thought to
be robust to demographic changes because synony-
mous and non-synonymous mutations are both
affected by the same demography (Nielsen, 2001).
However, the malaria life cycle might influence
fixation and polymorphism in different ways than in
the WF model, and so the robustness of the MK test
could be compromised. Even more importantly,
different species that are used to calculate divergence
(such as P. falciparum and Plasmodium reichenowi)
may have different hosts and life histories, and this
adds another complexity and potential bias in tests
in which between-species divergence is required.
Genome-wide association tests and linkage disequili-
brium-based tests have been used in malaria parasites
to identify loci related to drug resistance (Van Tyne
et al. 2011; Chang et al. 2012; Park et al. 2012), yet the
power of these tools under the malaria life cycle and
their relationship with effective recombination rate
and transmission intensity have not been investi-
gated. It remains to be determined how recombi-
nation and enhanced genetic drift under the malaria
life cycle interact to affect the decay of linkage
disequilibrium through time. With genomic se-
quences of samples from different geographical
locations available, Fst-based tests could be useful to
detect local adaptation, but again the interaction of

migration between populations, drift and selection
under the malaria life cycle need to be studied. In the
meantime, researchers should be cautious and are
encouraged to consider potential biases introduced
by life history when interpreting patterns of genetic
diversity and/or drawing inferences from genetic
analysis of malaria parasites.
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