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There are few concepts that have been used across dis-
ciplines; one of them is natural selection. The impact
that this process has on parasite genetic diversity is
reviewed here by discussing examples on drug resist-
ance and vaccine antigens. Emphasis is made on how
mechanisms need to be addressed rather than associ-
ations, and how such investigations were out of reach
of biomedical researchers only a decade ago.

Malaria is endemic in most of the tropical and subtropical
ecosystems worldwide, and exhibits great geographical
diversity. This diversity includes not only ecological and
epidemiological characteristics, but also extensive poly-
morphisms in the genes encoding antigenic proteins. This
expressed phenotypic variation is the raw material on
which natural selection operates.

Natural selection is brought up in the malaria literature
whenever an elicited immune response is detected, or
linkage is found between alleles and a phenotype, such as
drug resistance. However, evidence to support such state-
ments might not be easy to obtain.

Evolution by natural selection is the outcome of differences
in reproduction of phenotypic variants in a given environ-
ment; this differential reproduction affects the frequencies of
the associated genotypes in the next generation. Thus, there
are three necessary conditions for evolution by natural
selection to occur: (i) phenotypic variation; (ii) differences in
the reproductive capacity of those phenotypic variants, given
the environment; and (iii) genetic variation associated with
the phenotypic variation.

The processes driving natural selection (also called
selective forces or selective pressure) are those capable of
affecting the reproduction of the exposed phenotypes. In
the context of malaria parasites, studies of natural
selection have focused on antimalarial drugs and immune
responses as selective pressures; however, natural selec-
tion will occur as the result of any process that
differentially affects the reproduction of the parasite
population, based on phenotypes linked to genetic vari-
ation. As a result, genetic variants favored by a selective
pressure will increase in frequency or be maintained in the
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population (positive selection), whereas those negatively
selected will decrease or have been eliminated (negative
selection). These apparently simple processes represent
what we try to capture wherever we suspect that natural
selection is important in explaining the observed genetic
diversity.

Current investigations point out that phenotypes
frequently associated solely to parasite genetic variants
are a result of interactions among vertebrate, mosquito
and parasite populations [1,2]. Virulence, for example, is
associated with transmission dynamics that could select
variants locally as a result of competition among lineages
and/or by selecting those with a high replication rate [2].
Point mutations known to be associated with drug
resistance in vitro, however, do not necessarily predict
clinical outcome [3,4] because we try to infer the effect of
the drug on a parasite subpopulation (the infection) by
looking in the host (the clinical outcome). Thus, the
parasite intrahost dynamics are essential in understand-
ing the origin of phenotypes of public health relevance.
Natural selection is part of this dynamic.

It is not debatable, for example, that part of the
phenotypic diversity exhibited by malaria worldwide is
associated with the host genetic make up and immuno-
logical conditions; however, commonly, the genetic basis of
complex phenotypes are investigated solely in the para-
site. This ‘parasite determinism’ is usually a consequence
of the logistic complications of studies that include human
genetics rather than a conceptual issue. Historically, the
importance of the interaction between host genetics and
the parasite has received attention [5,6], and evidence
supporting a role for host genetics is continuously
gathered in issues such as disease severity [7—9] or drug
resistance [10].

This review covers only part of the story — the role
played by natural selection in shaping the genetic
diversity of parasite population and its implications in
biomedical research. Nevertheless, the role of the host and
transmission dynamics will be addressed in those cases
where its inclusion is necessary.

Formal analyses for detecting evidence of natural
selection acting on the parasite population are relatively
new. As an example, the diversity observed in genes
encoding antigens, especially those in the merozoite and
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sporozoite, were attributed to the action of natural
selection imposed by the host immune system [11,12].
The assumption is that genes encoding antigenic proteins
accumulate mutations that allow the parasite to hamper
the host capacity of building up efficient immune
responses; thus, accumulation of mutations will be favored
by natural selection. This idea was originally tested in only
a few studies [13—17]. Nevertheless, there is an increasing
interest in studying the polymorphism and molecular
evolution of genes encoding malaria antigens [18-23].
Nowadays, studies on malaria parasite populations
include a broad range of issues from loci to genome-
based analyses. Indeed, current studies on malaria drug
resistance [24,25] could become textbook examples of
selective sweeps.

Regardless of the increasing amount of information and
sophistication of the current population studies, formal
evolutionary analyses are still rare in malaria literature.
Investigating the effect of natural selection on parasite
genetic diversity goes beyond a statistical technicality; it is
testing biological models that allow us to make inferences
on the mechanisms behind the genetic diversity rather
than simply talking about correlations. The practical side
of the problem is that ignoring mechanisms could lead to
spurious associations of genotypes with phenotypes of
public health relevance.

In general, questions lead us to collect samples (the
opposite order is usually not recommended). How we
perceive the organization of the parasite genetic diversity
in the population affects how we collect the samples and
generate genetic data. In this context, the question, is it a
strain or not a strain, is not a rhetorical one.

Strains as units of selection

The term strain has been used when parasite genetic
diversity has been implicated in a clinical end point.
Strains have become a unit on which selection might
operate. The term usually refers to a group of parasites
with a particular phenotypic trait. The implicit assump-
tion is that these groups of parasites share the genetic
make up behind the observed phenotype and that they are
stable entities, although their stability in time or space is
seldom addressed.

The term strain is properly used with two major formal
connotations: one based on population genetic structure,
where the parasite population is subdivided into linked
multi-locus genotypes that have some temporal and
spatial stability [26]; and the other based on phenotypes,
in which the phenotypes are transmitted independently
[27]. The phenotypic definition was originally used to
describe groups of parasites based on the specificity of
their immune responses (without cross-immunity). These
two concepts are related if linkage among loci is generated
by natural selection [28]. Despite these two formal strain
definitions, the term is still used in a casual way.

The application of a formal definition for the term strain
is not easy. If, for example, we applied the population
structure concept of strain when we refer to strain-specific
immunity, we are implying that linkage among loci
encoding antigens was observed and that it is main-
tained by the host immune response [28]. Following this
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argument, because linkage groups can originate by
inbreeding if transmission is low [29], evidence is needed
to confirm that the observed linkage cannot be explained
by the population demographics alone. This can be tested
by studying linkage among neutral genetic markers that
are not linked themselves with the antigens under
consideration (loci that can freely segregate during meiosis
and that are not themselves under a selective pressure). If
linkage is not found in neutral markers, then the linkage
among the antigens can be used as evidence of selection by
the host immune response; such evidence is yet to be seen
in studies on malaria parasites. Given this context, the
term strain is usually not an observation or a hypothesis —
it only expresses confusion.

At this point, it is noteworthy that detectable linkage
among genetic markers could increase with control
measures that reduce transmission (and the parasite
population size), for example, the use of bednets [30].
Careful epidemiological and population genetic designs
are needed to rule out spurious associations of genetic
variants with phenotypes of biomedical interest.

The term strain could also refer to phenotypes that are
independently transmitted [27]. This is a robust use of
terms such as strain-specific immunity. However, the term
applied to any single antigen generates unnecessary
confusion because information on cross-reactivity among
alleles is usually limited or absent. A term such as allele-
elicited immunity, specific or not, might better describe
the immunological implications of the genetic polymorph-
ism in an antigen. Indeed, more often, we only have
limited data that just begins to unveil the interaction of
the observed polymorphism with the host immune
response [12,31-33].

The term strain is also widely used in the case of drug
resistance. As we look for specific mutations [3,4], it seems
inappropriate to talk about strains when we are talking
about alleles.

After all these arguments, probably the most conserva-
tive approach is to eradicate the term strain if we do not
mean, or provide data supporting, any of the two formal
definitions described above, the one based on population
structure and the other based on independently trans-
mitted phenotypes.

Why should we worry about using the term strain as
similes of multi-loci genotype, phenotype, isolate and
group of parasites? These casual uses sometimes make
researchers miss the point that, in most cases, we detect
transient associations of genetic variants of phenotypes,
given a process rather than entities with their own
existence. This misunderstanding distracts our attention
from the processes, which is what matters, thus reducing
the problem to correlate typologically defined strains with
a phenotype of interest. This approach tells us little about
how phenotypes originated and dispersed.

The strain-free space: documenting selective sweeps

Biomedical scientists working on drug resistance often
look for evidence of selective sweeps [24,25], that is, the
process of a favorable mutation increasing in frequency
(positive selection) carrying with it the neutral mutations
linked by proximity. The expected pattern after a selective
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sweep is a reduction in the overall genetic diversity around
the mutations targeted by the selective force [34,35]
because linked neutral mutations will also increase in
frequency (see Figure 1). Finding evidence of a selective
sweep is a demonstration that selection is acting by
favoring the fixation of an allele; thus, it is also a method to
find the genetic basis of a phenotype [24].

Linking genotypes with phenotypes is seldom a short
and clean story. Conflicting or non-conclusive results are
found to some extent in the literature. Examples can be
found when looking for the role of specific point mutations
associated with malaria protection [36]. Generally, the
discrepancies are explained by differences in experimental
design, case definition (how the phenotype is defined),
reagents or sample sizes. These are all valid concerns.
However, beyond the methodological differences, a pheno-
type could represent the convergence of genotypes from
different genetic background precisely because natural
selection is operating. An example of convergence on a
specific phenotype, chloroquine (CQ) resistance, has been
documented.

The gene encoding the digestive vacuole transmem-
brane protein, pfert, was suspected to be linked with CQ
resistance in Plasmodium falciparum [37]. Molecular
studies of population genetics have revealed that CQ
resistance originated independently three times, by show-
ing three selective sweeps in the pfert region [24]. This
convergent phenotype, from different genetic back-
grounds, provides exceptional evidence incriminating
this gene with CQ resistance, but also indicate that the
same phenotype could emerge independently because it is
under natural selection. In this specific case, the same
locus was involved, however, this might not be the case in
more-complex phenotypic traits.

Sometimes evidence of selection is not observed because
the experimental data are collected without consideration
of the underlying mechanism. In the case of mutations in
the dihydrofolate reductase thymidylate synthase (DHFR)
gene of P. falciparum, associated with resistance to
sulfadoxine—pyrimethamine (SP), the parasite population
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Figure 1. A selective sweep. Colored bars represent chromosomes; orange bars
are chromosomes that only have neutral mutations and green bars represent
chromosomes that have a selected allele at a specific locus (positions in the
chromosome). (a) Before an event of selective sweep, the genetic diversity is as
high as would be expected under neutrality (neutral mutations are represented by
blue triangles). (b) After an event of selective sweep, an advantageous mutation
(red star) rises to fixation by positive natural selection; thus, the genetic diversity
around the locus targeted by positive selection is reduced considerably and the
neutral linked mutations (orange square) are carried out together with the selected
variant. (c) After a period of recovery, the genetic diversity in the flanking regions
increase as result of recombination or new mutations, but the region around the
locus under selection remains with low diversity. The different parasite popu-
lations are indicated (P1, P2 and P3).
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dynamics hamper our capacity to find associations in some
epidemiological settings [3,4]. The DHFR mutations confer
resistance to SP in vitro [38]; however, their association
with a clinical drug failure in vivo might depend on their
frequency in the host. If the surviving parasites carrying
the DHFR mutants replace the parasite subpopulation
participating in the infection after drug application, we
could see a clinical failure, but this scenario depends on the
capacity of the host immune response to control the
remaining parasitemia and other aspects of the intrahost
dynamics [39]. Thus, to understand the data, we need to
look at the process rather than relying solely on corre-
lations. If we consider the process, then it becomes clear
why the association of point mutations with drug
resistance varies in a case-by-case basis [3,4]. However,
the overall effect on the parasite population can be
observed in the form of selective sweeps [25]. The
challenge for public health researchers is to integrate
the dynamics of the process [39], which affect short-term
clinical correlations, with the fact that natural selection is
favoring the fixation of mutations [25] into a meaningful
drug resistance surveillance system that supports public
health policy.

Inferring positive natural selection on vaccine candidates
Another way to look for the effect of natural selection in the
parasite population is the one used by researchers working
on antigens. In the case of drug resistance, we look for
positive selection that reduces genetic diversity around the
mutation targeted by the selective pressure, whereas for
antigens we usually expect positive natural selection to
maintain genetic diversity. The term balancing selection is
used when selection is maintaining genetic polymorphism
for a longer time than the one expected under a pure
random genetic drift model [40], that is, alleles are
maintained in the population for a longer period of time
than expected by the random lost or fixation of genetic
variants as a result of the limited population size. The term
is also used as a synonym of heterozygote advantage, a
type of balancing selection that does not apply to malaria
antigens expressed in the vertebrate host because the host
immune system is acting on a haploid stage.

As stated earlier, high levels of genetic diversity
observed in antigens have been attributed to the action
of natural selection imposed by the host immune system.
However, an alternative scenario is that such variation
could be neutral or irrelevant in terms of the host immune
response.

The neutral theory is currently the null hypothesis
against which patterns of genetic variation are contrasted.
Under the neutral theory, mutations are seen as deleteri-
ous or selectively neutral [40,41]. Those belonging to the
first category are expected to be eliminated by negative
natural selection; thus, they contribute little to the genetic
polymorphism in a population. Under the neutral theory,
the vast majority of the observed polymorphism in popu-
lations is considered a transient distribution of neutral
alleles toward getting lost or fixed by genetic drift. The
theory has been enriched with new models that include a
third category of mutations considered semi-deleterious,
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which behave as neutral or deleterious depending on the
effective population size [42].

Under neutrality, it is expected that genes on which
negative selection operates differently will differ in their
levels of genetic diversity, so diversity alone, in the absence
of any other criteria, does not imply that a gene is more or
less neutral. Thus, silent substitutions in a coding protein
could be taken as neutral regardless of whether the protein
itself is under constraint by negative selection. The
implications of the theory are discussed elsewhere (see
Refs [40-42]). The neutral theory does not imply that
natural selection is not taking place; indeed, negative
natural selection is an important part of the model. The
model implicates that positive selection maintaining the
genetic polymorphism will be a rejection of the neutral
model in a given dataset.

There are a variety of tests for detecting departures
from neutrality. It is noteworthy that each test has its own
assumptions and power limitations. The fact that a
polymorphism is not explained by neutrality (reject the
null hypothesis) does not imply that the only alternative is
positive natural selection.

To discuss this issue, we separate the tests that have
been used in the malaria literature into two groups:
(i) those based on the distribution of allele frequencies
and/or segregating sites; and (ii) those that explicitly try to
associate the pattern of polymorphisms with a phenotypic
change. In the first group, we include the D test developed
by Tajima [43], and the tests D* and F*, developed by Fu
and Li [44]. In the second group, we include the Fgr, used
as a measure of genetic differentiation around a gene
under selection [32,45—47], the McDonald—Kreitman test
(MK) [48] and the rate of synonymous versus nonsynony-
mous substitutions [49]. It is important to note that these
are not the only tests available for detecting departure
from neutrality.

As an example of tests on the first group, we will discuss
Tajima’s D test [43]. This test is based on the neutral model
prediction that there are two different ways of estimating
the expected heterozygosity under the neutral model from
a random sample of alleles obtained from a population
(summarized in the parameter 6). One of the estimates is
based on the number of segregating sites and the other on
pairwise differences among alleles. If these two estimates
of 6 show a statistically significant discrepancy, then the
null hypothesis, the neutral model, is rejected.

Under which scenarios could we expect rejection of
the null hypothesis? The number of alleles in low
frequency affects the number of segregating sites in the
sample, whereas the number of alleles in intermediate
frequency affects the pairwise differences. A negative
value of D will imply an excess of alleles in low frequency,
whereas a positive value will imply an excess of alleles in
intermediate frequencies. Balancing selection (hetero-
zygote advantage or frequency-dependent selection) will
give an excess of alleles in intermediate frequency
(positive D), whereas a selective sweep will give an excess
of alleles in low frequency (negative D). However, an excess
of alleles in intermediate frequencies is expected in a
structured population, whereas an excess of alleles in
low frequency is expected if the population is growing.
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Nevertheless, this test has been successfully applied in
studies of the P. falciparum apical membrane antigen 1
(AMA-1) [18,19,23].

How can one separate the effect of history or demo-
graphy from natural selection? As in the case of linkage,
historical and demographic processes affect complete
genomes, whereas selection is usually assessed at a
specific locus in organisms that are not clonal. Thus, we
can investigate neutral markers to differentiate histori-
cal-demographic processes from selection at a specific
locus. Neutral and selected markers are usually included
to document selective sweeps [24,25]. However, neutral
markers are seldom included in the same study in cases
where balancing selection is suspected. This brings us to
the discussion of the second group of tests, where a link
with a phenotype is made, rather than simply investi-
gating the pattern of heterozygosity.

Conway et al. [32] used Fgr to point out that the
polymorphism in block 2 of the merozoite surface protein 1
(MSP-1) is maintained by balancing selection. The Fgr is
not by itself a test for natural selection; however, it can be
used if there is a clear notion of the expectations of our
model. The patterns expected under balancing selection
and population structure in Conway’s study are depicted
in Figure 2. In this case, under balancing selection, allele
frequencies are expected to be maintained at a given locus
because genetic diversity will be advantageous (Figure 2),
whereas the population will differentiate at neutral loci as
a result of genetic drift (Figure 2). Then, a measure of
genetic differentiation at the population level, such as Fgr,
can be used because genetic differentiation among
populations at the loci under balancing selection is
expected to be less (Figure 2) than the population differ-
entiation by genetic drift (population structure, Figure 2)
estimated on other independent genetic markers. This is
exactly the observation made on the MSP-1 block-2; there
was not a meaningful differentiation on the allele
frequencies of the MSP-1 block 2 among populations,
whereas there was evidence of population structure using
other genetic markers. Conway’s approach worked per-
fectly because: (i) there was enough gene flow among
populations, so they shared the same alleles; and
(i1) balancing selection on the block 2 was strong enough
to stabilize the allele frequencies reducing the genetic
differentiation.

Keeping in mind the expectations under balancing
selection, another way to look at these results is to
acknowledge that there is no evidence of local adaptations
in the case of MSP-1 block 2 (Figure 2). Local adaptations
are genetic variants that have been selected in a given
environment by local processes. A local adaptation could
be, for example, an association between alleles encoding a
cytotoxic T lymphocyte (CTL) epitope in the parasite
population and the local frequency of human leukocyte
antigen (HLA) alleles in the human population. As a
result, the selected alleles of the CTL epitopes will change,
depending on the frequencies of the HLA alleles in the
human populations. This process will favor genetic
differentiation among the parasite populations at the loci
under selection (Figure 2). Thus, Fgrestimates on the gene
under selection are expected to be higher than those
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Figure 2. Expected genetic differentiation among parasite populations. The differ-
ent colored squares represent alleles at a neutral locus and the colored circles are
alleles of a selected locus. (a) Under a population genetic structure scenario with-
out selection, populations differentiate as a result of changes in allele frequencies
caused by genetic drift. (b) Under a scenario of population structure with a locus
under balancing selection, the locus under selection (circles) shows a lower degree
of differentiation in its allele frequencies among populations than expected by
genetic drift in a neutral locus (squares). (¢) By contrast, under the local adaptation
scenario, the locus under selection (circles) has a higher degree of differentiation
in its allele frequencies among populations than would be expected for a neutral
locus (squares) as a result of differentiation by genetic drift.

predicted by population structure [45-47]; this is the
opposite pattern to that expected under balancing
selection.

Testing for local adaptations is intrinsically difficult in
that we need to separate differentiation by selection from
the expected differentiation because of the population
structure, which is generated by genetic drift. Separating
the sources of variation demands very careful sampling
designs [45-47]. As an example, a phenotype found
worldwide, such as CQ resistance, will be almost impos-
sible to study by using an approach based on Fgr. These are
the kind of problems faced when explaining whether the
genetic differentiation observed in antigens worldwide are
local adaptations or an outcome of population structure
[18,23].

Other tests that include an explicit use of the phenotype
are those based in the comparison of the synonymous and
nonsynonymous substitution rates. A synonymous substi-
tution is a nucleotide replacement that does not change the
amino acid and a nonsynonymous substitution is a
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nucleotide replacement that changes the amino acid.
Thus, nonsynonymous substitutions are more often sub-
ject to negative natural selection (they change the protein)
and are eliminated from the population. Therefore, under
neutrality, a faster accumulation of synonymous substi-
tution is expected [49]. An excess of nonsynonymous
substitutions can be taken as evidence that these muta-
tions might confer an adaptive advantage because they are
maintained by natural selection in the population.

The MK test [48] compares patterns of polymorphism
(diversity within species) and divergence (substitutions
between species) by subdividing them into synonymous
and nonsynonymous substitutions. The substitutions are
counted, and the synonymous and nonsynonymous of the
divergence is compared with the number of synonymous
and nonsynonymous substitutions in the polymorphism by
using a 2 X 2 contingency table. When we compare the
synonymous and nonsynonymous polymorphism (within a
species), we are comparing the synonymous and non-
synonymous mutation rates, as in the case of divergence
(between species). The MK test is very powerful in
detecting selection because it is less sensitive to depar-
tures of neutrality such as population structure and
population growth. The species used to estimate the
divergence need to be outside the observed polymorphism;
that is, the time to the most recent common ancestor
(MRCA) of the alleles within the species should be less
than the time to the MRCA in alleles between species;
hence, fixed changes between species (divergence) can be
used for comparisons. However, the time to the MRCA
should not allow the neutral accumulation of nonsynony-
mous mutations [50] (i.e. very distant species are not
useful for comparison). In the case of P. falciparum,
Plasmodium reichenowi can be used to estimate the
divergence [17,51], whereas for Plasmodium vivax there
are several closely related species, such as Plasmodium
cynomolgi [52]. In addition to choosing an appropriate
species for comparison, the test could be affected by
changes in the effective population size [53] and does not
consider mutations with small effects on fitness, or slightly
deleterious mutations that are selected against in large
populations, but behave as neutral in small populations
[54]. Despite these limitations, we believe that the MK test
is still a valuable tool for studying genetic polymorphism.
This test has been used for several genes encoding
antigens in P. falciparum, including AMA-1 [17-19] and
erythrocyte-binding antigen (EBA) [21].

The most widely used test for detecting positive natural
selection in malaria parasites is the synonymous (Ds) to
nonsynonymous (Dn) substitution rates ratio [15,17]. The
Dn:Ds ratio has been widely used in other organisms for
testing neutrality (for review, see Ref. [55]). It is a simple
test, which is little affected by the population demo-
graphics and other departures from the neutral model
that do not relate with positive selection. Synonymous
substitutions are assumed to be neutral, and the null
hypothesis of neutrality is rejected if Dn:Ds is >1. It
should be noted that in a gene under negative selection,
Dn:Ds is expected to be <1; however, this is accounted by
the neutral theory. This is a conservative test in that
selection should be strong enough to allow for the
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accumulation of nonsynonymous substitutions at a higher
rate than synonymous substitutions. Ds and Dn are
calculated by pairwise comparison in a set of aligned
sequences, and Dn:Ds is estimated per pairwise compari-
son. Significance of the ratio can be tested by bootstrap
methods; however, a more adequate way is to compute
D = Dn — Ds, and its variance which can be approximated
to a Z test based on the normal distribution [56].
Significantly, explicit hypotheses are usually tested when-
ever the Dn:Ds test is used. For example, comparisons
between the 5 and 3’ portions of the circumsporozoite
protein (CSP) gene and studies on the regions encoding its
T-cell epitopes in P. falciparum [13,20], the domains of
P falciparum AMA-1 and MSP-1 [14,18], or specific
regions in the thrombospondin-related adhesive protein
(TRAP) antigen of P. vivax [57]. Thus, using the Dn:Ds test
goes beyond a simple ratio calculation on a set of aligned
sequences.

In the case of P. falciparum, there is a complication in
applying the Dn:Ds ratio in that synonymous substi-
tutions could be under selection by the strong codon bias
and A + T richness of its genome [17]. Nevertheless, it has
been shown that the observed differences cannot be
accounted by codon bias under the models used to estimate
Ds and Dn to date [13,17].

In the malaria literature, there have been discrepancies
on how to estimate the rate of synonymous substitutions
per synonymous sites [58—60]. Although these discrepan-
cies have been outside the discussion of testing the null
hypothesis of Dn:Ds = 1, the incongruities highlighted the
fact that estimating substitution rates goes beyond simply
counting them. Small changes in Ds, for example, could
affect Dn:Ds. There are several methods that can be used
to calculate Dn and Ds, and we studied their performance
in four antigens in both P. falciparum and P. vivax.
Extensive reviews of the available methods for calculating
Ds and Dn have been published elsewhere [40,56,61]. The
methods can be separated into two major categories. First,
methods based on simple models that count the number of
synonymous and nonsynonymous sites, and then estimate
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the rate of nucleotide substitutions per each class of sites
correcting with a model, usually Jukes and Cantor or
Kimura two parameters [56]. These methods have the
advantage of being relatively easy to calculate and demand
little computing time. This group will be referred to here as
simple models.

The second group of methods uses maximum likelihood
(ML) models; they estimate Dn and Ds by considering the
codon as unity of observation [61]. The advantage of the
ML models is that they account for the differences in
nucleotide composition and unequal codon usage, extreme
characteristics found in the P. falciparum genome. The
goal of this comparison is to detect if violations in the
assumptions of the simple models have an effect on
rejecting the null hypothesis of Dn:Ds = 1.

Using partial sequences of the malaria antigens AMA-1,
MSP-1 (42 kDa), and complete non-repetitive sequences
of CSP and TRAP genes of P. falciparum and P. vivax
(all the available sequences in the GenBank by March
2003), we estimated Dn and Ds using simple methods,
calculating the mean over all pairwise comparisons and
their bootstrap standard errors. In the case of ML
methods, we first estimated Dn and Ds for all pairwise
comparisons, and then estimated the average. Second, we
chose the best model by using likelihood ratio tests. We
found that for all four genes and both parasites, the models
that fit the data better were always complex such as the
general time reverse models [62,63].

How does this finding affect the available evidence that
Dn:Ds is >1 in several malaria antigens? As an example,
Table 1 shows the results obtained using three of the
methods tested for the P. falciparum genes. Overall, all
methods (simple models or ML) reached comparable
estimates of the rate of nonsynonymous substitutions
when used to estimate Dn and Ds on the average of
pairwise comparisons (Table 1). However, differences were
observed in the rate of synonymous substitutions,
especially in P. falciparum MSP-1, where Ds was system-
atically underestimated. Nevertheless, the observed devi-
ations between simple and ML models did not change the

Table 1. Synonymous and nonsynonymous substitutions in Plasmodium falciparum genes®

-InL Ds (SE) Dy (SE)
Nei Gojobori model
AMA-1 NA 0.001 (0.001) 0.032 (0.007)
42-kDa NA 0.102 (0.015) 0.071 (0.007)
CSP NA 0.095 (0.012) 0.011 (0.0016)
TRAP NA 0.001 (0.001) 0.01 (0.002)
Pamilo-Bianchi-Li model
AMA-1 NA 0.008 (0.006) 0.033 (0.007)
42-kDA NA 0.116 (0.020) 0.072 (0.007)
CSP NA 0.105 (0.015) 0.01205 (0.0019)
TRAP NA 0.001 (0.001) 0.011 (0.002)
Yang model
AMA-1 —575.536° 0.000765 (0.00355) 0.02955 (0.01088)
42-kDA —1560.04° 0.299114 (0.35101) 0.06501 (0.071923)
CSP —1504.98° 0.081972 (0.06074) 0.01222 (0.01158)
TRAP —2043.50¢ 0.001578 (0.00327) 0.008901 (0.00418)

®The rates of Ds and Dy substitution are estimated according to the Nei Gojobori model [64], Pamilo-Bianchi-Li model [65] and Yang model with 60 free-parameters and Ts/Tv
fixed (F61, [66]). Ds, Dy and the log likelihood are averaged over the range of pairwise comparisons. Abbreviations: AMA-1, apical membrane antigen 1; CSP, circumsporozoite
protein; df, degrees of freedom; Dy, nonsynonymous; Ds, synonymous; -/nL, negative natural logarithm of the likelihood or likelihood score; NA, not applicable; SE, standard

error; TRAP, thrombospondin-related adhesive protein.
PLikelihood ratio test is significant (p < 0.01, df = 51).
°Likelihood ratio test is significant (p < 0.001, df = 51)
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overall result of the Dn:Ds ratio. In summary, simple
models appear to be suitable as a first approximation for
testing departures from neutrality on Plasmodium genes
regardless of the fact that their assumptions are violated.

Perspectives

The analysis of malaria genome sequences will allow the
discovery of thousands of new genes and proteins. This
abundance of molecular data and the diversity of tech-
niques to detect DNA polymorphisms sometimes make us
forget that biomedical researchers, especially epidemiol-
ogists, usually investigate phenotypes in time and space.
Characterizing the factors leading to their maintenance or
emergence unveils complex processes where the parasite
genetic diversity interacts with the environment. In such
cases, the balance of natural selection and demographic
processes plays an important role in defining when, how
and where a given phenotypic trait will be maintained,
dispersed or disappear.

A mechanistic model, regardless of its simplicity, can
always offer the opportunity to explore the consequences and
limitations of our observations in a general context. The
studies included in this review all address the apparently
simple phenomena of genetic variants favored by a selective
pressure increasing in frequency, whereas those negatively
selected decrease. Indeed, we have shown examples of how
natural selection is playing a role in shaping the pattern of
polymorphism in parasite populations.

Testing for processes, rather than only looking for
associations, opens new possibilities for those interested in
public health issues. An integration of laboratory and field
base studies, and close coordination between evolutionary
biologists and biomedical researchers will provide excel-
lent opportunities to understand the phenotypic variation
of malaria.
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