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Plasmodium vivax apical membrane antigen 1 (PvAMA-1) is an important malaria vaccine candidate. We present the first
comprehensive analysis of nucleotide diversity across the entire PvAMA-/ gene using a single population sample from Sri
Lanka. In contrast to what has been observed at the AMA-/ locus of Plasmodium falciparum, the signature of diversifying
selection is seen most strongly in Domain II of PvAMA-1, indicating that the different domains in each species may be
subject to varying selective pressures and functional constraints. We also find that recombination plays an important role in
generating haplotype diversity at this locus, even in a region of low endemicity such as Sri Lanka. Mapping of diversity and
recombination hotspots onto a 3-dimensional structural model of the protein indicates that one surface of the molecule may
be particularly likely to bear epitopes for antibody recognition. Regions of this surface that show constrained variability

may prove to be promising vaccine targets.

Introduction

Each year, the malarial parasite Plasmodium vivax
infects 70-80 million people worldwide (Mendis et al.
2001; Sina 2002). In parts of Asia and South America, it
is the most prevalent form of the 4 Plasmodium species af-
fecting humans. Unlike Plasmodium falciparum, infections
caused by P. vivax are rarely lethal. However, P. vivax has
a significant impact on the productivity of local populations
as the course of infection is usually protracted in nature and
development of acquired immunity in holoendemic areas
takes several years (Mendis et al. 2001; Sina 2002). The
recent emergence of drug resistant strains (Wilairatana
et al. 1999; Imwong et al. 2001) further complicates the
burden of P. vivax malaria and calls for the intensification
of research aimed at alternate control methods, such as
vaccine development.

Population diversity studies that analyze individual
parasite antigens provide useful information on the impact
of genetic variation on vaccine efficacy (Cui et al. 2003).
Characterizing antigenic polymorphism will also determine
whether particular regions of a protein are subject to bal-
ancing selection, which, in turn, may uncover targets of
naturally acquired immunity in P. vivax, as has been dem-
onstrated in P. falciparum (Conway et al. 2000). Traditional
population genetic analyses predict that patterns of nucle-
otide polymorphisms within genes (or domains) under se-
lection should statistically depart from those predicted by
neutral evolution models (Escalante et al. 2004). Newer
approaches that detect variation in both the selection param-
eter and the recombination rate along a sequence (Wilson and
McVean 2006), together with the recent determination of the
3-dimensional crystal structure of various P. vivax antigens
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(Pizarroetal. 2005; Singh etal. 2006) may help pinpointexact
targets of protective immunity to P. vivax, and hence, will be
of tremendous relevance to vaccine research.

Effective vaccine targets should show limited
sequence diversity because antigenic variation presents
a major hurdle in successful vaccine design. Several malar-
ial antigens, including merozoite surface proteins 1 and 2,
display high levels of polymorphism, whereas functional
constraints limit the degree of variation in others, such
as apical membrane antigen-1 (AMA-1) (reviewed in
Mahajan et al. 2005). Indeed, AMA-1 is highly immuno-
genic, protecting against Plasmodium chabaudi challenge
infection in mice (Crewther et al. 1996) and displaying sig-
nificant antibody and T cell responses in endemic human
populations (Thomas et al. 1994; Lal et al. 1996; Rodrigues
et al. 2005; Wickramarachchi et al. 2006). In fact, AMA-1
is currently in clinical trials as a vaccine against P. falcipa-
rum (Malkin et al. 2005; Saul et al. 2005).

AMA-1 is a microneme-derived surface protein
(Waters et al. 1990) that is transported to the parasite
exterior just prior to red blood cell invasion. This essential
gene (Triglia et al. 2000) is highly conserved among Plas-
modium species (Cheng and Saul 1994). The disulfide bond
pattern between 16 invariant cysteine residues divides the
ectoplasmic region of AMA-1 into 3 distinct domains
(Hodder et al. 1996; Nair et al. 2002). The recent crystal
structure of P. vivax apical membrane antigen 1
(PvAMA-1I) reveals that domains I and II belong to the
PAN motif, implicated in receptor binding (Pizarro et al.
2005). Indeed, cell lines expressing recombinant domains
of the antigen specifically bound red blood cells (rbc’s)
(Fraser et al. 2001; Kato et al. 2005). These results, together
with the mapping of an epitope of an invasion-inhibitory
monoclonal antibody to a putative receptor-binding site
within the PAN domain (Pizarro et al. 2005), suggest a crit-
ical role for Domain II in rbc invasion.

The immunologic relevance of each of the 3 domains
of P. falciparum apical membrane antigen 1 (PfAMA-1) was
specifically evaluated by diversity studies on single endemic
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populations; these analyses found significant evidence for
positive diversifying selection on polymorphisms within do-
main [ and IIT of the molecule, where the rate of nonsyn-
onymous substitution (dN) was found to be much higher
than that of synonymous substitution (dS) (Escalante et al.
2001; Polley and Conway 2001; Polley et al. 2003). In com-
parison with P. falciparum, molecular studies on the genetic
diversity of PvAMA-I are less complete. All analyses to date
have focused solely on domain I of the antigen (Figtree et al.
2000; Rodriguesetal. 2005) and have not recovered evidence
for diversifying selection in this region (Figtree et al. 2000).

The current investigation undertakes a comprehensive
analysis of nucleotide diversity at the entire PvAMA-1 locus
from a single population in Sri Lanka. Using this population
sample, we examined variation in the intensity of selection
and recombination across the PvAMA-1 gene. In contrast to
studies on PfAMA-1, the signature of diversifying selection
is seen most strongly in Domain II and to a lesser extent in
Domain I of PvAMA-I. We also find that recombination
plays an important role in generating haplotype diversity
across the entire sequence, even in this low endemic setting.
Finally, we characterize the specific distribution of selec-
tion in the 3-dimensional structure of the protein and eval-
uate the prospects of PvAMA-1 as a vaccine target in light of
this information.

Materials and Methods
Sample Selection and DNA Extraction

Following review/ethical approval by the Institutional
Review Boards of the Faculty of Medicine, University of
Colombo, Sri Lanka, and the Harvard School of Public
Health, Boston, MA, blood samples were collected with in-
formed consent from P. vivax-infected patients (age >15
years) from Kataragama (endemic setting; 6°25'N,
81°20'E; n = 35) and from Colombo (nonendemic setting;
7°55'N,79°50"E; n = 4). Patients presenting at hospitals in
the latter site were returning from visits to regions with
significant P. vivax transmission in Sri Lanka. Only blood
samples positive for P. vivax infection as determined by
Giemsa-stained thick smears were considered. Percent para-
sitemia ranged from 0.0001 to 0.025. The proportion of male
to female patients was 34:5.

Genomic parasite DNA was extracted from 5 ml of
venous blood as described in (Thomas et al. 2002). Briefly,
plasma and white blood cells were removed from whole
blood samples following centrifugation and filtration
through a CF11 column. Red blood cells were then lysed with
0.015% saponin in NET buffer (150 mM sodium chloride, 10
mM ethylenediaminetetraacetic acid (EDTA), 50 mM Tris,
pH 7.5). Parasite pellets were treated with 1% N-lauroyl-
sarcosine (Sarkosyl), RNase A (100 pg/ml) and proteinase
K (200 g/ml). Parasite DN A was extracted twice with phenol:
chloroform:isoamyl alcohol (25:24:1) and precipitated with
0.3 M sodium acetate and absolute ethanol. DNA pellets were
air dried, resuspended in Tris buffer (10 mM Tris and 1 mM
EDTA), and stored at —20 °C until further use.

Parasite Genotyping

Parasite stages that infect the human host are haploid
and thus, each contains only 1 allele of a given locus from

the vivax genome. A patient blood sample may, however,
be infected with multiple strains of P. vivax. In order to
exclude multiclonal infections from the present study, each
of the 39 DNA samples were genotyped at the polymorphic
MSP-3a locus using a combined nested polymerase chain
reaction (PCR) and restriction fragment length polymor-
phism strategy described by (Bruce et al. 1999). Thirty-four
single clone infections were chosen for further study.

PvAMAI PCR Amplification and Sequencing

PvAMA-1 is encoded by a single locus (~1.7 kb). The
entire PvAMA-1 gene, including a portion of the upstream
untranslated region, the prodomain, ectodomain, and
C-terminal tail, was PCR amplified and sequenced. Four
overlapping templates (see supplementary material I,
Supplementary Material online) were amplified separately
using the following primer pairs: Uf, 5'-CACTGGGC-
GCTTAAAAAGATTATGTAG - 3'; Ur, 5'-CTTTTTTT-
GCTCCCCTTTTTTGCTCC-3'; 1f, 5'-CCTACCAGCG-
GTTACTTCCA-3'; 1r, 5'-CCCATATTTTCCTGCGCT-
GATAAATAC-3'; 2f, 5'-GGCAAGGTATAAAGACAA-
TGTAGAG-3'; 2r, 5'-CAGATTCATGTTCCTCGATTG-
TTTC-3"; 3f, 5'-GAGGATTTAACTGGGCAAATTTCG-
3’; 3r, 5'-TCAGTAGTACGGCTTCTCCAT-3".

PCR conditions were optimal when DNA templates
were incubated with 0.2 mM dNTP, 1X PCR buffer (Prom-
ega), 2 mM MgCl,, 0.5 Units of Taq polymerase and 0.2
UM of each primer pair, and taken through a denaturation
step at 94 °C; 39 cycles of amplification at 94 °C for 1 min,
57 °C for 1 min, and 72 °C for 1 min; and a final extension
step at 72 °C for 10 min. The resulting PCR products
(~700-800 bp) were resolved on agarose gels and
purified by the PCR Purification Column kit (Qiagen,
Crawley, United Kingdom), by the Gel Extraction spin
kit (Qiagen, Crawley, United Kingdom), or by ExoSAP-
IT treatment (USB, Ohio) as per the manufacturer’s proto-
col for preparation of templates for direct sequencing. Three
separate PCR samples for each region of the gene being
amplified were sequenced in both the forward and reverse
directions using Big Dye termination chemistry (ABI prism
automated sequencer). Hence, all single nucleotide poly-
morphisms uncovered in the current study were confirmed
by achieving 6-fold sequence coverage at each of the sam-
ples analyzed.

Sequence Alignment and Analysis

A single continuous sequence of 1,504 nucleotides at
6-fold coverage was derived from 23 patient isolates and
deposited in GenBank (accession number EF218679—
EF218701). Raw sequence data were checked and aligned
using Seqman II and the Clustal algorithm in MegAlign
(DNAStar, Madison, WI). DNAStar was also used to trans-
late the sequence and identify synonymous and nonsynon-
ymous amino acid substitutions between all 23 samples.
Statistical analyses were carried out using DnaSP version
4.0 (Rozas J and Rozas R 1999), and phylogenetic and mo-
lecular evolutionary analyses were conducted using MEGA
version 3.1 (Kumar et al. 2004; http://www.megasoftware.
net/).
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Tests for DNA Diversity

Several measures of genetic diversity were employed
in this study. DnaSP was used to calculate 1) m: an estimate
of the average number of substitutions between any 2
sequences, assuming the sample is random (all sites—
synonymous and replacement substitutions—were consid-
ered in this calculation); 2) S: the number of polymorphic
sites in the sample, which is dependant on the sample size
and length of sequence; and 3) H: the number of haplotypes.
Because transitions are generally more frequent than trans-
versions, we also used the Tamura 3 parameter model to
estimate d (MEGA 3.1). This statistic is comparable to
m, but corrects for biases in GC content and the transi-
tion/transversion ratio. We obtained similar values for both
d and 7 in all 3 ectodomains (data not shown).

Tests of Neutrality

The ratio of nonsynonymous to synonymous substitu-
tions (dN/dS) is widely used as an indicator of the action of
natural selection in gene sequences. An excess of nonsynon-
ymous relative to synonymous mutations is a clear signal of
positive selection, whereas alack of nonsynonymousrelative
to synonymous polymorphisms suggests negative or purify-
ing selection imposed by functional constraint. These rates of
substitution within species were estimated using the method
of Nei and Gojobori (Nei and Gojobori 1986) with the Jukes
and Cantor correction (Jukes and Cantor 1969) as imple-
mented in the MEGA 3.1 software. Standard error was
determined by 1,000 bootstrap replications and the 2 rates
were compared with the Z-test of selection (MEGA 3.1).

The McDonald—Kreitman test was applied as a second
test of natural selection. Here, the ratio of nonsynonymous
to synonymous changes within and between species is com-
pared. The Plasmodium cynomolgi (Dutta et al. 1995)
AMAI1 sequence was used for interspecific comparison
with P. vivax (88% sequence identity). Under neutrality
these ratios will be similar, whereas an excess of intraspe-
cific nonsynonymous polymorphisms is suggestive of diver-
sifying positive selection or relaxed purifying selection.
Fisher’s exact test was applied to the data to test for signif-
icant nonrandomness (P < 0.05), and the skew from ran-
domness was calculated as the Neutrality Index in DnaSP.

Analysis of Recombination and Linkage Disequilibrium

Analysis of recombination in PvAMA-I was per-
formed on the alignment of the 23 sequences by DnaSP
in order to calculate the minimum number of recombination
events that have occurred along the sequence and to esti-
mate the recombination parameter, C. This statistic incorpo-
rates the effective population size and probability of
recombination between adjacent nucleotides per generation.
The D' and R? indices of linkage disequilibrium (LD) were
also estimated across all polymorphic sites (DnaSP), and the
relationship between LD and distance between nucleotide
sites of each pairwise comparison was plotted (see supple-
mentary material II, Supplementary Material online).

D’ has a potential range from —1 to 1 and the mag-
nitude of disequilibrium is indicated by its departure from
zero in either direction. The statistical significance of each
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Table 1
Prior Distributions

Objective Subjective

a

Improper inverse (0.1)°
Improper inverse (3.0)"
Improper inverse (0.1)
Inverse (0.01,100)°
Inverse (0.01,100)°

Exponential mean 0.015
Exponential mean 2.86
Exponential mean 0.1
Exponential mean 1.0
Exponential mean 0.1

a

csexT

# starting value.
b range (min, max).

pairwise test of LD on these haploid data was evaluated by
x> test. All pairwise analyses are not fully independent
because of LD itself; hence, the proportion of significant
(P < 0.05) pairwise tests was compared for pairs of sites
separated by different molecular map distances (< 300
bp or >300 bp). Comparison of these ratios over the 2 sep-
arate distance ranges was carried out by x” analysis.

Characterizing Selection in the Presence of Recombination

Variation in selection (®) and recombination rate (p)
across the PYAMA-1 locus was analyzed using the omega-
Map software package (Wilson and McVean 2006). This
method employs a Bayesian approach to parameter estima-
tion that is independent of phylogeny, and therefore, less
likely to falsely identify sites subject to diversifying selec-
tion in sequences that display clear evidence of recombina-
tion. Positional variation in ® and p was investigated using
a sliding window of 30 codons. Analyses were conducted
using both an objective and a subjective set of priors (table
1) to test the sensitivity of the outcome to prior distribution.
Means for subjective priors for | (mutation rate), k¥ (tran-
sition/transversion ratio), and p were chosen using the pos-
terior distributions generated with the objective prior set. A
mean value of 1 was used for the ® subjective prior based
on a null hypothesis of selective neutrality. For each set of
priors, 2 independent MCMC chains were run for 500,000
iterations, with a 20,000 iteration burn-in. Paired chains
were found to have converged in less than 250,000 itera-
tions and were therefore merged to infer posterior distribu-
tions over ® and p. The posterior probability of selection at
each codon location was mapped onto a 3-dimensional
structure file of PvAMA-I (PDB file: 1W8K; Pizarro
et al. 2005) to visualize the spatial distribution of selected
sites. Protein structure was visualized using Protein
Explorer (www.proteinexplorer.org; Martz 2002).

Results
Sequence Polymorphism across PvAMA-1

We find evidence for high allelic diversity among P.
vivax parasites in Sri Lanka, following sequence analysis of
the entire coding region of PvAMA-I. Fifteen haplotypes
were identified among the 23 Sri Lankan isolates analyzed.
There are a total of 34 polymorphic sites and 35 nucleotide
polymorphisms. Only one of these sites was trimorphic,
whereas the rest were dimorphic. Twenty-seven of the
35 nucleotide polymorphisms uncovered here caused
amino acid replacements (nonsynonymous changes). All
but one (site 188) of the amino acid substitutions in domain
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I were previously reported from worldwide isolates (Figtree
et al. 2000; Chesne-Seck et al. 2005). Two thirds of the sites
previously defined in domain I of 219 isolates (Figtree et al.
2000) were also found in the present study, despite the fact
that sample size was 10-fold lower here, suggesting that sin-
gle nucleotide polymorphism (SNP) hotspots are conserved
across isolates from different geographic locations.

The recent modeling of the PfAMA-I sequence onto
the crystal structure of PvAMAL1 (Chesne-Seck et al.
2005) made it possible for us to compare the distribution
of SNPs between the 2 species (59% sequence identify).
Nonsynonymous variations uncovered in domains II and
IIT were specifically compared, because other studies had
previously focused on domain I (Chesne-Seck et al.
2005). We found that 5 (residue 253, 277, 352, 380, and
384) of the 9 polymorphic sites in domain II and 1 (residue
438) of the 2 polymorphic sites in domain III were also
polymorphic in PAMA-1. The hitherto uncovered substitu-
tion at position 188 (Domain I) of PvAMA-1 was also poly-
morphic at its comparable residue in PFAMA-1, position 243
(Bai et al. 2005; Chesne-Seck et al. 2005); interestingly res-
idue 243 was 1 of 5 sites categorized as “highly polymor-
phic” in PfAMA-1 (Bai et al. 2005).

Sequence Diversity among Ectodomains of PvAMA-1

When diversity across each of the 3 ectodomains of
PvAMA-I was compared, we found SNPs to be most con-
centrated in Domains I and II of the antigen (table 2). It
follows that pairwise diversity (1) was highest in these 2
regions (0.0092 and 0.0097, respectively). Previous esti-
mates of diversity in Domain I of PvAMA-1 (0.0174) were
slightly larger and may reflect the larger number of isolates
and hence SNPs sampled in Figtree et al. (2000). Diversity
across the most polymorphic domain of the Duffy-binding
protein in P. vivax (Cole-Tobian and King 2003) was much
higher (1 = 0.0184; n = 9), as were diversity estimates
from a 249 bp region of PvMSP1 (0.0451 n = 175) (Figtree
et al. 2000), confirming earlier observations that AMA-1 is
relatively conserved in comparison to many blood stage
antigens in Plasmodium (Cheng and Saul 1994; Escalante
et al. 1998; Mahajan et al. 2005).

To determine whether natural selection contributes to
the diversity in Domain I and II, the ratio of nonsynony-
mous to synonymous substitutions (dN/dS) was evaluated
within species (table 2). The dN/dS ratio was significantly
greater than 1 in Domain II of PvAMA-1 (Z-test: P < 0.03),
suggesting that this part of the protein is most subject to
directional or diversifying selection. As found in a previous
study (Figtree et al. 2000), the dN/dS ratio in Domain I was
not significantly different from 1; this finding may reflect
the fact that both purifying and positive selection are acting
on this region.

McDonald—Kreitman Test

As a further test of selection, the McDonald—Kreitman
test for neutrality was applied to the entire PvAMA-I
sequence, as well as to each ectodomain (table 3). The
sequence as a whole shows significant departure from neu-
trality on the basis of excess intraspecific nonsynonymous

polymorphisms relative to nonsynonymous divergence
from P. cynomolgi. All 3 of the domains show the same
trend, however, this excess is statistically significant in Do-
mains I and I only. Within-population analyses of alleles
from Thai (Polley et al. 2003) and Nigerian (Polley and
Conway 2001) P. falciparum isolates yield significant ev-
idence for balancing selection on polymorphisms within
Domains I and III of PFAMAI. In contrast, our results sug-
gest that polymorphisms found in Domain II (and perhaps
to a lesser extent, those in Domain I) of PvAMA-1 are main-
tained by positive selection, presumably due to host
immune pressure.

Alternatively, the observed excess of nonsynonymous
polymorphisms in Domains I and II may indicate a relaxa-
tion of purifying selection in P. vivax, rather than the action
of diversifying selection. Indeed, Leclerc et al. (2004)
report evidence for a recent population bottleneck in
P. vivax, a demographic event that could result in relaxed
purifying selection. However, this study, which is based on
the paucity of microsatellite polymorphisms (dinucleotide
repeats) in the vivax genome, has since been challenged by
amore recent paper (Imwong et al. 2006) that reports a very
high level of microsatellite diversity when a longer set array
length is chosen. The lack of robust evidence for a recent
bottleneck in P. vivax, in addition to observations of balanc-
ing selection at the AMA-I locus in P. falciparum (Polley
and Conway 2001; Polley et al. 2003), suggests that the sig-
nificant McDonald—Kreitman result reported in the current
study may be most parsimoniously explained by balancing
selection, rather than relaxed purifying selection.

Recombination and Linkage Disequilibrium

We find evidence for a high rate of recombination at
the PvAMA-1 locus in our Sri Lankan study population. The
4-gamete test (Hudson and Kaplan 1985) suggests that at
least 9 recombination events have occurred among the
23 sequences. When meiotic recombination drives allelic
diversity, LD between polymorphic sites (measured by both
D’ and R?) is expected to decline with increasing distance
along the chromosome. Both R” and D’ were calculated for
all polymorphic sites across the gene and statistical signif-
icance values were calculated for all pairwise combinations.
For both R? and D', a weak negative correlation was
observed with nucleotide distance between pairs of sites
(see supplementary fig. II, Supplementary Material online).
To confirm this relationship, we compared the number of
significant comparisons among sites <300 bp apart and
>300 bp apart. Both the average value of R* and ID'| were
significantly larger among sites <<300 bp apart (see table 4)
and the percentage of significant pairwise comparison was
also significantly higher (P < 0.0001) in this group.
Together, these data suggest that recombination plays a role
in generating haplotype diversity across PvAMA-1. Similar
results were observed in PfAMA-I from Nigerian and Thai
isolates (Polley et al. 2003; Polley and Conway 2001).

Estimating Diversifying Selection in the Presence of
Recombination

The abundant evidence of recombination within
PvAMA-1 suggests that different regions of the locus
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Table 2
Nucleotide Diversity at Different Regions of the PvAMA-1 Gene
Region Residues n (S.D)* sP H° dN (s.e)! ds (s.e)® dN/dS
Entire gene’ 1-501 0.0067 (0.00065) 34 15 0.008 (0.002) 0.006 (0.002) 1.33
Domain I 43-248 0.0092 (0.00138) 20 11 0.008 (0.003) 0.012 (0.006) 0.67
Domain 11 249-385 0.0097 (0.00075) 12 13 0.012 (0.004) 0.002 (0.002) 6*
Domain III 386487 0.0016 (0.00045) 2 3 0.0019 (0.0013) 0 —

Note.—***" indicates that N and dS were significantly different from one another, based on the Z-test of selection; P < 0.05.
* Nucleotide diversity (all sites—synonymous and replacement mutations—are considered in the calculation) and its standard deviation in parentheses.

® Number of polymorphic sites.
¢ Number of haplotypes.

9 Number of nonsynonymous mutations per nonsynonymous site using the Nei—Gojobori method with the Jukes—Cantor correction and standard error in parentheses.
¢ Number of synonymous mutations per synonymous site using the Nei~Gojobori method with the Jukes—Cantor correction and standard error in parentheses.

f From a total of 562 residues 501 were analyzed above.

may have experienced different evolutionary histories, and
therefore the inference of selection at this locus using max-
imum likelihood phylogenetic approaches (e.g., Nielsen
and Yang 1998) may be inappropriate. Analysis of PvA-
MA-1 using omegaMap (Wilson and McVean 2006) re-
vealed patterns of selection and recombination within the
locus congruent with estimates from more traditional ap-
proaches. Figure 2 shows the distribution of ® and p under
the subjective prior set. Posterior distributions of ® and p
across the protein were qualitatively similar regardless of
the set of priors used (supplementary fig. III, Supplemen-
tary Material online), suggesting that these results are not
significantly biased by the priors. There are 3 distinct peaks
in o, 2 within domain I (at approximately residue positions
110-150 and 190-240) and 1 in domain II (at approxi-
mately residue positions 350-390). Thus, the omegaMap
analysis reveals a heterogeneous mixture of sites subject
to positive selection or purifying selection along the length
of the gene and may explain why the regional estimate of
dN/dS in domain I was not significantly greater than 1 (table
2). Variation in p (although not as pronounced as that of ®)
tends to track variation in ®, suggesting that recombination
may facilitate diversification at this locus by shuffling SNPs
both within and among hotspots of selection.

Three-Dimensional Distribution of Polymorphic Sites

The 3-dimensional distribution of SNPs as well as
selection intensity across the PvAMA-1 locus was examined
in detail. The crystal structure of PvAMA-1 (Pizarro: PDB
file: 1TW8K) was color coded according to the posterior
probability of positive selection at each codon calculated
using omegaMap (fig. 3), with dark blue coloring indicating
strong functional constraint and lighter coloring indicating

Table 3

increasing likelihood of diversifying selection. As
expected, SNPs (colored dark brown) are distributed in
areas where positive selection is inferred to be relatively
intense. Similar to observations in PfAMA-1 (Bai et al.
2005), the location of polymorphic sites is highly biased
to one side of the molecule, suggesting that this surface
may be more exposed to the exterior environment (i.e., im-
mune pressure) and less susceptible to functional constraints.

Discussion

We report high allelic diversity within a Sri Lankan
population of parasites and find evidence that this diversity
is maintained by balancing selection at the PvAMA-I locus,
presumably to evade immune recognition by the host. We
tested for selection in PvAMA-I by traditional analyses as
well as a novel approach for estimating population genetic
parameters that is resilient to intralocus recombination
(Wilson and McVean 2006). All methods find evidence
for strong diversifying selection in Domain II of
PvAMA-I. Diversity studies in the PfAMA-I locus also
showed significant departure from neutrality for the mole-
cule as a whole (Verra and Hughes 1999, 2000; Escalante
et al. 2001; Polley and Conway 2001; Polley et al. 2003);
however, in this case, positive selection was strongest in
domain I and III of the protein (Polley and Conway
2001; Polley et al. 2003). Thus, different regions in PvA-
MA-1 versus PfAMA-1 could be under different pressures
in terms of immune selection, and structural and/or func-
tional constraints, as has been proposed for PvTRAP and
PfTRAP (Putaporntip et al. 2001).

Despite differences in relative selection intensities
across the 3 domains of PvAMA-I and PfAMA-I, the
distribution of polymorphic sites in the 3-dimensional

Nucleotide Diversity and Selection Pressure on Different Domains of PvAMA-1

Fixed Differences Polymorphic Changes within Neutrality Fisher’s Exact

between Species” Sri Lankan Isolates Index test
Region Synonymous Nonsynonymous Synonymous Nonsynonymous M-K test (2-tailed)
Entire coding sequence 111 61 5 27 9.826 <0.0000001
Domain I 45 23 4 13 6.359 0.0022
Domain II 31 13 1 12 28.615 0.00007
Domain III 18 20 0 2 — Not significant

* The AMA-1 sequence from Plasmodium cynomolgi (Dutta et al. 1995)was used as the outgroup species in the McDonald—Kreitman test.



944  Gunasekera et al.

DI

DII DIII

Hoow
HoRrWw
RQOUERWw
Honw
OrNdw
Poww
Poww
Hos oW
SR WIS
TOAONNS
Qs oW,
T uou;
> oo
N<uNgw
QQH®ONOO

Majority
LA-3
LA-4
LA-5
LA-8
LA-14
MR4719
MR4724
MR4727
MR4731
MR4733
MR4735

=

Mo

QN U
H P oo
QPN
TR Wwoo
HOS©O

Qo o3
P oOoN oo
TR Wwo o
QP s UOR
Qoo
QONYwOoORr
PworkRr
HOoORRR
NoOWwRrR
PowRrR
HRruoRR
QuuRrR
P ooR R
PwRwkR

Q-
@ Q-
Mo
Q- - a0 -
3 .

QOQ Q-

a -
Qe

H
H

UDwowr
RN R R
ZNWR
HHOK®R
PR AR
= oo
RO ®Rg
RowkrH
oW
YW o N
<OoORrN
<HSNN
U ®noNN
QwuN
RO AaN
HQoooN
HRNOW

M.

MR4744
MR4745
MR4746
MR4750
MR4755
MR4756
P002
MPv001
MPv002
AP239

g

g o.

A .

R oo W
mogw/H
0o Ww
o ow
H ;o w
R ooa|D
oo W

H H .
W . WY,

H o
oo

—
oo
. =]

oo
o

Fi6. I.—Nucleotide and amino acid polymorphisms in the AMA/-coding region of 23 Plasmodium vivax isolates from Sri Lanka. The entire coding
region of AMAI from 23 clonal P. vivax samples (isolate identifiers marked on the left) was PCR amplified and sequenced (at least 6 times coverage). (A)
Sequences were aligned using the Jotun Hein Method (DNAStar). The positions of SNPs are specified vertically above. Dots indicate majority residues.
The 5 synonymous polymorphisms are bolded and italicized, including site 336, which is part of a codon with a complex evolutionary history. (B) Amino
acid sequences were aligned by the Jotun Hein Method (DNAStar). The positions of amino acid substitutions are specified vertically above. Boxing indicates
PvAMA-1 domains (Domain I, DI; Domain II, DII; and Domain III, DIII) as specified in supplementary figure I (Supplementary Material online).

structure of both molecules is similar, being mostly situated
onto one surface of the antigen. More than 50% of the poly-
morphic sites detected in PvAMA-1 in this study have been
previously observed at comparable sites in PfAMA-I
(Chesne-Seck et al. 2005). This finding suggests that poly-
morphisms in both PvAMA-1 and PfAMA-1 serve a similar
purpose and likely the result of selective pressure on epit-
opes for antibody recognition.

In addition to natural selection, recombination also
contributed to the observed diversity of PvAMA-I in

Sri Lanka. Indeed, significant levels of recombination were
found within this antigenic locus among isolates collected
from this hypoendemic setting, where transmission is
described as low and unstable (entomologic inoculation rate
is 1 bite per person per year) (Mendis et al. 1990). Because
the diploid phase of the parasite life cycle takes place in the
mosquito midgut, it is expected that sexual outcrossing and
recombination is strongly associated with intensity of
malarial transmission. In fact, population studies in
P. falciparum have documented strong LD in areas with
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FiG. 2.—Spatial variation in selection, ® (A) and recombination p (B) across the AMA-1 locus in P. vivax. Parameter estimates were carried out using
the omegaMap software package using the “Subjective” set of prior distributions (Wilson and McVean 2006). The sitewise mean (solid line) and 95%

HPD intervals (dotted lines) are shown in each case.

low transmission rates (Anderson et al. 2000). Our results
may indicate that rare recombinant haplotypes generated
within the Sri Lankan population are highly selectively
advantageous or that new haplotypes generated by recom-
bination in areas of higher endemicity sweep into the
Sri Lankan population. If AMA-I is indeed subject to bal-
ancing selection, recombinant AMA-1 haplotypes would be
expected to accumulate in the worldwide population over
long periods of time, and their diffusion into hypoendemic
regions would bring the benefits of outcrossing to largely
clonal populations. Alternatively, these observations may
be related to the unique biological features of P. vivax in-
fection, such as earlier gametogenesis and relapse, which
increase the chance of mixed strain infections and sexual
outcrossing, even in areas of low endemicity. Indeed, ap-
proximately 13% of infections in the Sri Lanka population
were multiclonal in nature (data not shown).

PvAMA-1 polymorphic sites in the Sri Lankan popu-
lation, as well as corresponding substitutions, were well
conserved among P. vivax isolates worldwide. A gene
genealogy using the PvAMA-1 sequences of Sri Lanka iso-
lates in the current study and 245 previously deposited se-
quences in GenBank (www.ncbi.nlm.nih.gov), revealed no
significant geographic clustering of the samples from Sri
Lanka, despite the barrier to gene flow imposed on this pop-
ulation by its island status (data not shown). Our data to-
gether with previous analyses at the PvAMA-I locus
(Figtree et al. 2000) predict that a multiallelic vaccine based
on the rational identification of AMA-1 sequences will be

equally effective in protecting against vivax malaria in dif-
ferent endemic settings around the world.

It is predicted that those regions of PvAMA-I which
are functionally restricted yet remain sufficiently immuno-
genic will provide effective targets for vaccine develop-
ment. Half of the polymorphic residues uncovered in the
present investigation mapped to secondary structure com-
ponents of the PAN folding motif (a motif associated with
adhesion functions) in Domain I and II. However, consis-
tent with results in P. falciparum (Chesne-Seck et al. 2005),
we failed to detect polymorphisms in a segment of Domain
II (the domain II loop) that was shown to include the epitope

Table 4
Summary of LD Analysis for PvAMA-1
N % of Significant
(pairs) ID’I R? Pairwise Tests
<300 bp* 243 0.849 0.171 29
>300 bp” 285  0.767 0.068 11

P value for indices of LD —  0.0038 <<0.0001 —

NoTE.— N (pairs), Number of pairwise comparisons between sites; ID'l, Aver-
age of the absolute values for D"; R?, Average of R?; % of Significant Pairwise Tests,
The percent of significant pairwise tests by > analysis in each distance group. The
probability that the portion of significant pairwise test in each distance group (<300
bp and >300 bp) was significantly different was P < 0.0001 (y statistic: 24.89).

 Pairwise comparisons between sites less than 300 bp apart.

® Pairwise comparisons between sites greater than 300 bp apart.

© The probability that the mean values for indices of LD (D’ and R?) are sig-
nificantly different between distance groups (<300 bp and >300 bp) as evaluated by
independent sample r-tests.
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FiG. 3.—Three-dimensional structure of PvAMA-1 color coded
according to selection intensity. The molecular structure of PvAMA-1
was color coded according to the posterior probability of positive selection
at each codon, calculated using omegaMap. Dark blue coloring indicates
strong functional constraint whereas lighter colors indicate increasing like-
lihood of diversifying selection. Positions of amino acid replacements are
indicated in dark brown. This image was produced using Protein Explorer
(Martz 2002; http://proteinexplorer.org) and is represented as a space-
filling model.

of an anti—-PfAMA-I invasion-inhibitory antibody (Pizarro
et al. 2005). Functional constraints may limit antigenic var-
iation in the loop, which is proposed to form a putative
ligand-binding site within the PAN domain. Together, these
data suggest that the constrained areas defined by the
domain II loop may serve as a potential vaccine component
against P. vivax. Our data underscore the need for immu-
nologic evaluation of these and other potential target
sequences of acquired immunity within the PvAMA-1 locus.

Supplementary Material

Supplementary figures I-III are available at
Molecular  Biology and Evolution online (http://
www.mbe.oxfordjournals.org/). All sequence data obtained
in the current study are available in GenBank (accession
number: EF218679-EF218701).
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