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bstract

Many surface antigens of the human malaria parasite Plasmodium falciparum show extraordinary diversity, with different alleles being so
ivergent as to be unalignable in some coding regions. To better understand the population history and modes of selection on such loci, we
equenced genomic regions flanking the highly polymorphic genes merozoite surface protein-1, merozoite surface protein-2, and circumsporozoite
rotein, from reference isolates of P. falciparum. Diversity was much lower in genomic flanking regions than in the coding sequences. Average
airwise nucleotide diversity for these regions was 0.00088, similar to other genomic regions not thought to be evolving under balancing selection,

uggesting against balancing selection acting on promoter regions of these genes. Most observed polymorphisms were singletons. A higher ratio
f SNPs to indels than previously reported for P. falciparum was observed. An 11 bp repeat upstream of msp2 showed an intriguing pattern of
olymorphism possibly suggestive of purifying selection on total allele length.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Plasmodium falciparum, the most virulent form of human
alaria, remains a leading cause of global morbidity and mor-

ality, with some 300–500 million clinical cases and 1–2 million
eaths annually, most in sub-Saharan Africa [1]. The genetic
iversity of P. falciparum appears to be a major reason that
atients only acquire cross-strain immunity after repeated infec-
ions [2]. For instance, in vivo and in vitro studies suggest that
ffective immunity to one strain of a given malaria parasite does
ot imply immunity to other distantly related strains. This lack

f cross-strain immunity is likely a central reason why it has
een so difficult to develop species-wide vaccines to malaria
arasites.
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In keeping with the importance of immunogenic diversity
ithin P. falciparum, levels of intraspecific polymorphism in
. falciparum differ vastly among and within loci and between
lasses of mutations. Silent polymorphisms, thought to be nearly
electively neutral, are fairly rare or even absent in nuclear genes
3,4], in the 6 kb mitochondrial genome [5] and in introns [6].
y contrast, some regions of genes encoding proteins expressed
n the parasite’s surface show extensive protein-level polymor-
hism, probably due to balancing/diversifying selection driven
y interaction with the host immune system [3,7–20]. Inter-
stingly, highly divergent regions often lie directly adjacent to
ear-monomorphic regions [7,12].

Here, we studied three promising vaccine targets for which
rials are currently under way. Merozoite surface protein-1
MSP1) shows extensive polymorphism in two distinct sub-
egions of its coding sequence [7]. One, termed block 2, is a
ong repetitive region, and exhibits three distinct and widely

iverged allelic classes. The other, termed blocks 6–16, shows
nly two distinct and widely diverged allelic classes. While
here was initially debate about the age of alleles at this locus,
he recent report of an ortholog from the chimpanzee parasite
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Table 1
Primers for the three P. falciparum genes

Locus Primers

Msp-1
Ends5d.f CCTTTTCAATATATTCACTTTGAACC
Ends5d.r GCACTTTATCGAATATGAATTTACAC
Ends5e.f CATTTATTTTTGCATTTTACATTAGCC
Ends5e.r GGGAAATTGTGTAAATTCATATTC
Ends3a.f CCATCAAAATTCTTATTTATTTTTCC
Ends3a.r CGATGGTATTTTACTGCAGTTCC
Ends3b.f CATCTTCCCATAAAACAATTTTCC
Ends3b.r TAAAACAACATATGAAGAAAAGAAGAA

Msp-2
Ms2 5a.f AAAAGACACTGCAAGTTGG
Ms2 5a.r TTCTCTTCATTTTAAAACATTGAC
Ms2 5b.f TGTGAGATTTCAGATACATTGG
Ms2 5b.r TTTGACAAATAGCTTGCGTA
Ms2 a.f CAATGTTTTAATTACCTTCATTTTGA
Ms2 a.r TCGACTAATCAATTTACAATTTCCA
Ms2 b.f TTTTTGTGTGTGTGCATTTGA
Ms2 b.r TCCCTCGGATAATTTTTCACC

Csp
Cs 5b.f CCATTTAAAAATAGAACACCGTATGA
Cs 5.br CAACTGAAACCTTTAAATGATCCTAA
Cs 5a.f GGATCATTTAAAGGTTTCAGTTGTG
Cs 5a.r GAATATTTAATTACGTTTGCGATT
Cs 3a.f CGTGGTTTCTACTTATTTTTACACGA
Cs 3a.r TTTTACACATGCGATTTGGAT
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lasmodium reichenowi that clearly more closely resembles
ne of the two allelic types indicates a deep allelic divergence
21]. Strikingly, the 5′ and 3′ regions of the gene, as well as
egions between the two highly divergent regions, show near
onomorphism [7]. The second gene, MSP2, has a central

epetitive region with two very distinct allelic classes, though
hese two classes are thought to have diverged much more
ecently than the MSP1 classes [10]. As with Msp1, the 5′ and
′ regions show much lower levels of diversity. Finally, the
ircumsporozoite protein (CSP) is expressed in the sporozoite
tage of parasite invasion [12]. The CSP gene shows extensive
llelic diversity. Unlike MSP1 and MSP2, CSP does not show
wo distinct alleleic classes, but like the other two genes 5′ and
′ regions show much lower levels of diversity than the central
ortion of the gene. The great diversity of each of these genes
eems to correspond to decreased cross-strain immune system
eaction, and thus understanding the pattern of polymorphism is
mportant.

We sequenced 1000–1500 bp regions flanking the three genes
rom a variety of P. falciparum lab isolates. We find that levels of
olymorphism in these regions are similar to previously reported
alues for a variety of loci not thought to be evolving under
alancing selection. Interestingly, the ratio of SNP to indel poly-
orphisms is lower in these regions than previously reported for
variety of loci. The distribution of polymorphisms suggests that

hese regions themselves are likely not under balancing selec-
ion, and that recombination between the genes’ coding regions
nd flanking regions has homogenized these flanking regions.
his pattern is in stark contrast to some previously studied cases
f balancing selection.

. Methods

.1. Plasmodium falciparum strains sequenced

For all three genes we sequenced: HB3 (Honduras), 7G8
Brazil), D6 (Sierra Leone), W2 (Laos), and 3D7 (The Nether-
ands). For msp1, we additionally sequenced Muz12.4 (Papua
ew Guinea); for msp2 and csp, we additionally sequenced D10

Papua New Guinea). For the region upstream of msp1 we addi-
ionally sequenced FCB-1 (Columbia), FCR-3 (The Gambia),
06/1 (Sudan), T-994 (Thailand), D10 and RO33 (Ghana). Par-
sites were grown in culture for short periods using standard
ulture techniques. DNA was isolated as previously described
6].

.2. Primer design, PCR amplification, cloning and
equencing

Primers (Table 1) were designed based on the published 3D7
enome sequence as obtained from PlasmoDB using Primer 3
21]. PCR amplifications were performed using the HotStarTaq
NA Master Mix (Qiagen, CA) with 35 cycles of 2 min at 94 ◦C,

min at 57–60 ◦C (usually 57 ◦C), and 5 min at 72 ◦C. Single
CR bands were purified using shrimp alkaline phosphatase
nd exonuclease 1 (USB Biochemicals). The Invitrogen TOPO
A cloning kit was used for constructing plasmids which were

a
w
M
f

Cs 3b.f TTTTGGTTTACCACCAATCCA
Cs 3b.r TTTCCTTTTTAAAGCACGTGATAA

urified using the Perfectprep® Plasmid 96 Vac, Direct Bind
rom Eppendorf. Plasmids were sequenced using the TOPO TA
loning kit primers. Products from two separate colonies were
equenced in both directions on a 3100 DNA capillary sequencer
Applied Biosystems) using Big Dye chemistry. Editing of raw
hromatograms and multiple sequence alignments was carried
ut using the Sequencher version 4.1 software. Final alignments
ere carried out with the ClustalW program and alignments
ere adjusted by hand and analyzed by eye.

. Results

We sequenced 6–12 strains for 1000–1500 bp of the genomic
egions directly flanking the surface antigens Msp1, Msp2, and
sp. These sequences are available in GenBank as accession
umbers DQ286461–DQ286502. The results are summarized
n Table 2.

.1. Msp1

We sequenced 1119 bp upstream of the Msp1 coding
equence from 12 P. falciparum lab isolates from four different
ontinents. In all, we found 3 SNPs and 13 indels. This region
howed an average θ of 4.5 × 10−4. All three of the SNPs, as well

s all six of the indels which exhibited only two distinct alleles,
ere singletons. We also sequenced 1057 bp downstream of the
sp1 coding sequence from six P. falciparum lab isolates from

our different continents and found six indels but no SNPs. Two
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Table 2
Observed polymorphisms in analyzed regions

Length (bp) SNPs Indels (2-allele) Ins:Del Singletons Singleton distribution θ

SNPs Indels

Msp1
5′a 1119 3 13 (6) 2:4 3/3 6/6 (3,2,2,1,1) 0.00045
3′ 1057 0 6 (3) 1:2 – 2/3 (2) 0.00000

Msp2
5′ 1290 (5,2,2,1)

Msp5 CDS 314 3 0 (0) – 3/3 – (3)
Msp5 intron 136 0 0 (0) – – – – 0.00000
Intergenicb 840 3 11 (5) 1:5 3/3 4/5 (2,2,2,1) 0.00117

3′ 1116 (2,2,2,1)
Intergenic 655 2 3 (2) 2:0 2/2 2/2 (2,2) 0.00102
A.L CDS 461 3 0 (0) – 3/3 – (2,1)

Csp
5′ 1081 5 5 (4) 2:2 4/5 3/4 (3,2,1,1) 0.00173
3′ 1113 6 8 (5) 1:4 6/6 5/5 (3,3,2,2,1) 0.00180

Total intergenic 5689 25 46 (25) 9:17 24/25 22/25 0.00088

n, number of different isolates sequenced; indels, all indels and, in parentheses, those in regions with only two alleles so that a single local change may confidently
be inferred; ins:del, among indel sites with only two alleles, the number of cases in which the rarer allele represents an insertion, or deletion, relative to the more
common one; singletons, number of polymorphisms in which one allele is represented by a single sequence in the sample; singleton distribution, the number of
singletons per sequence: for instance (3,2,2,1,1,1) indicates that out of the ten total singletons, one sequence had three, two had two, and three had one (thus six of
t nes fl
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he twelve sequences had none). Msp5 and A.L. (adenylosuccinate lyase) are ge
a 12 isolates were sequenced for the 5′ region of msp1, 6 for all other regions
b Excluding highly polymorphic 16-copy 11 bp repeat described in text.

f the indels were singletons, while three others exhibited more
han two distinct alleles.

.2. Csp

We sequenced 1081 bp upstream and 1113 downstream of
he Csp coding sequenced from six P. falciparum isolates from
our different continents. In the upstream region, were five indels
nd five SNPs (θ = 0.00173). One indel showed more than two
lleles. Otherwise, 4/5 SNPs and 3/4 indels were singletons.
n the downstream region, there were eight indels and six SNPs
θ = 0.0080). Aside from three indels that showed more than two
lleles, all polymorphisms were singletons.

.3. Msp2

The genomic regions flanking Msp2 are more complicated,
wing to nearby upstream and downstream protein-coding genes
nd to the presence of a 16-copy repeat of an 11 bp variable
equence. In total we sequenced 1116 of flanking downstream
equence from six isolates from four continents. In the immedi-
tely adjacent 655 bp of intergenic sequence, we found two SNPs
nd three indels. Aside from one indel which showed more than
wo alleles, all polymorphisms were singletons. In 461 coding
ases of the adjacent adenylosuccinate lyase gene, there were

hree SNPs, all singletons.

The genomic region upstream of Msp2 comprises four dis-
inct regions (Fig. 1A). Within 314 bp of coding sequence from
he flanking Msp5 gene, we found 3 singleton SNPs and no

c
6
D

anking msp2 that overlap the sequenced regions.

ndels. No polymorphism was found within a 136 bp intron
ithin Msp5. Within the intergenic region, there was a 11 bp

epeat region below that showed complex patterns of polymor-
hism (see below). Outside of that region, there were 3 SNPs
nd 5 indels in 840 bp. 7/8 of the observed polymorphisms were
ingletons.

.4. Repeat region upstream of Msp2

The single highly polymorphic region encompassed 16
opies of a variable 11 bp repeat, in the region upstream
f Msp2. The observed pattern of polymorphism in this
egion is summarized in Fig. 1, and the full alignment given
nline in Supplementary Material, online. Three repeat variants
TAATAAATATA, TTATAAATATA, and TAATATAAATA) are
bserved, and each allele shows exactly sixteen copies, the only
ength difference being attributable to a 1 bp insertion in strain
10. The sequence alignment yields a surprisingly large num-
er of SNPs, 13 over only 110 bp. However, the variation in the
attern of usage of the three different 11-mers suggests strand
lippage and/or unequal crossing over and gene conversion act-
ng at the locus. For instance, D6 shows seven copies of the first
f the three 11-mers (grey boxes in Fig. 1B) versus only five in
G8; similarly, D6 shows only six copies of the third 11-mer
white), versus eight in most of the other alleles.
Another intriguing pattern concerns the positions of the few
ytosines in the region, each of which is found in either the
th position within an 11-mer (8th copy in all alleles except
6, 9th copy in all alleles except D6 and 7G8) or in the 8th



4 O.K. Amodu et al. / Molecular & Biochemical Parasitology 159 (2008) 1–6

Fig. 1. Structure and repeat polymorphism flanking the MSP2 locus. (A) Layout of the Msp2 locus. Numbers give numbers of basepairs, square brackets show
sequenced regions. Boxes indicate exons, thick lines introns and thin lines intergenic regions. The curly bracket underneath the sequence indicates the repetitive
region illustrated in parts B and C. (B) Pattern of polymorphism at a microsatellite upstream of msp2. Colored boxes indicate the different common repeat forms.
Other shapes indicate alterations to the major forms, thus a grey triangle pointing up indicates an 11-mer identical to the grey box 11-mer, but with an 8th position
C (i.e. TAATAAACATA). The grey/white diamond indicates “TAATACACATA”. D/H/3 indicates the allele found in D10, HB3, and 3D7 (with the exception of a
s ndicat
o ading
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ingle inserted “T” in the D10 sequence relative to the other two). The bracket i
f the D/H/3 and D6 alleles are identical. (C) Possible double recombination le

osition (6th repeat copy in D6, 8th copy in W2, 10th copy
n D10, HB3, and 3D7). This pattern either requires recurrent

utation to C at the same two positions of the 11-mer or alterna-
ively strand slippage, unequal crossing over, or gene conversion.
ne possibility for such an event involves the sequence iden-

ity between the repeats 6–10 of D6 and 10–14 of the common
10/HB3/3D7 allele (hereafter the “3D7 allele”). Indeed, the
6 sequence is the exact product expected by a gene conversion
etween 3D7 and 7G8 (Fig. 1C). Though the actual relation-
hip between alleles in highly polymorphic repetitive regions
s notoriously hard to infer, the use of the same repeats in
ifferent patterns and the observed positions of cytosine sug-
ests expansions and deletions of repeats in the history of this
ocus.
It is of note, then, that all alleles show a variation in
ength of only a single basepair through the entire region.
epetitive regions in noncoding sequences tend to change

apidly in length, leading to a great range in lengths of

n
o
a
s

es the region of alignment given below the diagram. The underlined sequences
to the observed D6 sequence.

epetitive regions among alleles. The near complete lack of
ariation in allele length through this apparently very active
epetitive region is therefore surprising. One possibility is
hat this region is important for transcriptional regulation of
he downstream msp2, and that purifying selection is acting
o maintain the total length of the region. Further investi-
ation should clarify the possible role of selection in this
egion.

. Discussion

We sequenced genomic regions flanking three antigens
xpressed on the surface of P. falciparum. We found levels of

ucleotide diversity similar to those previously found for vari-
us loci not thought to be evolving under balancing selection,
nd a high frequency of singleton polymorphisms. Both patterns
uggest that balancing selection is not acting in these regions.
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.1. Level of polymorphism

The first major expectation for a locus under ancient balanc-
ng selection is that the level of polymorphism should be high,
ue to the greater age of alleles (e.g. [11]). However, pairwise
ucleotide diversity for all sequenced regions fell between zero
nd 0.00180, with a mean of 0.00088, consistent with previ-
us estimates from 204 genes not known to be evolving under
alancing selection (0.00103 and 0.00072 [4]) (Table 2), and
omparable to that found in a many-isolate genome-wide study
0.00116 [23]). Across all six regions, there is one SNP per
10 bp and one indel per 128 bp in the intergenic regions.

.2. High fraction of low-level polymorphisms

A second expectation under balancing selection is that the
raction of low-frequency polymorphisms should be low, due to
aintenance of different allelic classes by balancing selection

24]. Instead, 92% (46/50) of two allele polymorphisms were
ingletons. This extended both to SNPs (24/25) and to two-allele
ndel loci (22/25). Thus, both the low overall level of poly-

orphism and the high level of low-frequency polymorphisms
rgue against the idea that regions flanking surface antigens in
. falciparum are under ancient balancing selection.

.3. High SNP/indel ratio

Interestingly, the ratio of SNPs to indels in intergenic regions
25/46) is much higher than previously reported (5/36 from Ref.
6], 31/165 from Ref. [4], P = 0.0005 by a two-tailed Fisher’s
xact test). Non-significantly more singleton indels were dele-
ions than insertions relative to the common allele (17 vs.
, P > 0.05). Roughly half of indel polymorphic sites (21/46)
howed more than two alleles, consistent with rapid mutation at
icrosatellites. While this different could simply reflect differ-

ntial evolution of different genomic regions, another possibility
s that, as suggested by the case of the repeat region upstream
f Msp2, there is purifying selection acting on total sequence
ength in regions with roles in regulating transcription of these
enes.

.4. Recombination at loci under balancing selection

These findings underscore the differences between cases of
alancing selection in P. falciparum and another classic instance
f balancing selection, the self-incompatibility alleles of some
lants. At those loci, selection against recombinant alleles seems
o have led to a mechanistic repression of recombination over
ilobases of flanking genome sequence, leading to elevated lev-
ls of sequence diversity in flanking regions (e.g. [25,26]). The
istory of recombination at the loci studied here is less straight-
orward. On the one hand, recombinants within the highly
iverged regions of Msp1 are rarely observed. On the other,

he more average levels of sequence divergence in other genic
nd flanking intergenic regions (average sequence diversity of
.00088 in flanking regions, compared to 0.00103 and 0.00072 at
ther loci; see above) suggest significant recombination within

[

ical Parasitology 159 (2008) 1–6 5

he locus. If recombination is not suppressed, the generally high
ate of recombination in P. falciparum (estimated 6 × 10−4 per
b per meiosis [27]), consistent with the relatively short range of
inkage disequilibrium in the species, would be expected to erase
he signatures of balancing selection over short genomic regions.
hus it appears that recombination at these loci are not particu-

arly low, and that recombinants within highly diverged regions
f Msp1 are suppressed by selection, not physical recombination
ate.

.5. Conclusions

We report the first study of intraspecific polymorphism in
enomic regions flanking surface antigens in P. falciparum.
equence divergence in these regions are similar to those found
t loci not under balancing selection. Thus balancing selection
ppears to be restricted to certain regions of the coding sequences
hemselves, and local recombination rates have been sufficient
o homogenize these flanking regions.
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