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ABSTRACT

Malaria parasite antigens involved in erythrocyte invasion are primary vaccine candidates. The erythro-
cyte-binding antigen 175K (EBA-175) of Plasmodium falciparum binds to glycophorin A on the human
erythrocyte surface via an N-terminal cysteine-rich region (termed region II) and is a target of antibody
responses. A survey of polymorphism in a malaria-endemic population shows that nucleotide alleles in eba-
175region IT occur at more intermediate frequencies than expected under neutrality, but polymorphisms in
the homologous domains of two closely related genes, eba-140 (encoding a second erythrocyte-binding
protein) and eba-165 (a putative pseudogene), show an opposite trend. McDonald-Kreitman tests em-
ploying interspecific comparison with the orthologous genes in P. reichenowi (a closely related parasite of
chimpanzees) reveal a significant excess of nonsynonymous polymorphism in P. falciparum eba-175 but
notin eba-140. An analysis of the Duffy-binding protein gene, encoding a major erythrocyte-binding antigen
in the other common human malaria parasite P. vivax, also reveals a significant excess of nonsynonymous
polymorphisms when compared with divergence from its ortholog in P. knowlesi (a closely related parasite
of macaques). The results suggest that EBA-175 in P. falciparum and DBP in P. vivax are both under

diversifying selection from acquired human immune responses.

NVASION of the erythrocyte by the malaria parasite
Plasmodium falciparumis a complex process involving
specific molecular interactions between the blood stage
merozoite and the erythrocyte surface (CHrTNIS 2001).
P. falciparum is able to utilize a number of different
receptor-ligand interactions to successfully invade the
erythrocyte (MITCHELL el al. 1986; DoLAN el al. 1994;
OKOYEH et al. 1999). This is in contrast to the other
common human malaria parasite, P. vivax, where eryth-
rocyte binding depends on the interaction between the
Duffy-binding protein (DBP) and the erythrocyte Duffy
antigen (CHITNIS 2001). Several P. falciparum invasion
ligands that may play a role in erythrocyte invasion have
been identified (Apawms et al. 2001; CHrTNIS 2001). Of
particular interest is a family of proteins that share ho-
mology with the DBP of P. vivax (ApAMS et al. 1992,
2001).
This erythrocyte-binding protein (EBP) family is de-
fined by the presence of particular cysteine-rich regions
(Apams et al. 1992, 2001). One is located near the N
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terminus of the extracellular part of the protein and
the second is at the C terminus of the extracellular part,
adjacent to a transmembrane domain. The N-terminal
cysteine-rich region is termed region II (ApAmS et al.
1992) and consists of a duplicated Duffy-binding-like
(DBL) domain with homology to the binding region in
the DBPs of P. vivax and the related malaria parasite
of macaques, P. knowlesi. The duplicated DBL domains
are termed F, and F,, respectively (ApDAMS et al. 1992;
Figure 1). Five divergent EBP genes in P. falciparum have
been identified in the P. falciparum genome: erythrocyte
binding antigen (eba)-175 on chromosome 7 (SIM et al.
1990); eba-140 on chromosome 13 (MAYER et al. 2001;
THaOMPSON et al. 2001; NARUM et al. 2002); eba-181 on
chromosome 1 (Apawms et al. 2001); ebl-1 on chromo-
some 13 (PETERSON and WELLEMS 2000); and {eba-165,
a pseudogene on chromosome 4 (TRiGLIA e al. 2001).
EBA-175 was the first P. falciparum EBP to be character-
ized (Camus and HADLEY 1985; Sim ef al. 1990), and
its binding is dependent on the sialic acid residues and
peptide backbone of glycophorin A (GYPA; Sim et al.
1994), the major erythrocyte surface sialoglycoprotein.
The F, domain of EBA-175 region II in particular has
been shown to contain the region that binds to GYPA
(Stm et al. 1994; OCKENHOUSE et al. 2001). Antibodies
raised against EBA-175 have been shown to block inva-
sion in vitro (NARUM et al. 2000), and immunization
with EBA-175 gives some protection in a nonhuman
primate experimental challenge model (JoNEs et al.
2001). However, targeted genetic disruption of the eba-



1328 J. Baum, A. W. Thomas and D. ]J. Conway

175 gene did not prevent invasion, demonstrating that
EBA-175 is not essential (REED et al. 2000). The EBA-
140 protein (MAYER et al. 2001; THOMPSON et al. 2001;
NARUM ef al. 2002) is ~30% identical to EBA-175 across
the full protein sequence and plays a role in invasion,
binding to the erythrocyte surface via the glycophorin
C receptor (MAYER et al. 2001; MAIER et al. 2002). The
putative pseudogene ieba-165 contains one or two stop
codons (the second being polymorphic) and is tran-
scribed but does not appear to be translated (TRIGLIA
et al. 2001). Functional characteristics of the EBA-181
and EBL-1 proteins have not yet been determined
(PETERSON and WELLEMS 2000; ApAMS et al. 2001).

Protective immune responses that block erythrocyte
invasion might be targeted at the EBPs. If acquired
immune responses select for polymorphic amino acids
in the target antigens, then signatures of such selection
ought to be detectable by molecular population genetic
tests (CONwAY et al. 2000). A recent comparison of re-
gion II sequences from eba-175 of different P. falciparum
laboratory isolates with the orthologous region from the
chimpanzee malaria parasite P. reichenowi [the closest
known relative of P. falciparum (ESCALANTE and AYALA
1994) ] showed evidence for an excess of amino acid poly-
morphism in this domain within P. falciparum (OzwARA
et al. 2001). Furthermore, antibodies to the region II
domain of the protein are commonly detected in sera
from individuals in endemic populations (DAUGHERTY
et al. 1997; OKENU et al. 2000).

The existence of divergent genes within the EBP fam-
ily, including one thatis a putative pseudogene, provides
an opportunity to investigate in a comparative manner
whether selection is operating at particular loci. Differ-
ences in the strength and type of selection on the dif-
ferent EBPs may reflect differences in their respective
functional importance or immunogenicity. Here a mo-
lecular population genetic approach was undertaken to
look at DNA sequence diversity in region II from the
eba-175, eba-140, and eba-165 genes from a single ma-
laria-endemic West African population. Nonsynony-
mous and synonymous nucleotide polymorphisms in
eba-175 and eba-140 were also compared to divergence
from orthologous genes in P. reichenowi. Results indicate
that eba-175 in particular is under diversifying selection
in P. falciparum. An analysis of the polymorphism in the
homologous domain of P. vivax dbp (compared to its
P. knowlesi ortholog) also shows evidence for positive
selection.

MATERIALS AND METHODS

DNA samples and DNA sequencing: DNA was obtained from
33 peripheral blood samples from individuals infected with
P. falciparum malaria in Ibadan, southwestern Nigeria. These
were a subset of samples previously used to study other genes
(CoNwaAy et al. 2000; PoLLEY and Conway 2001). Isolates that

had previously been shown to have apparently single-clone
infections were used, where still available, so that sequence
haplotypes could be determined.

From each isolate, region II of the three erythrocyte-binding
antigen genes (see Figure 1) was amplified by PCR using
forward and reverse primers designed from the published
sequences (GenBank) of each gene: eba-175, X52524, nucleo-
tides 433-2280 from the start codon of the reference se-
quence; eba-140, AF332918, nucleotides 421-2268; and Yreba-
165, AY032735, nucleotides 394-2545. Primers used to amplify
these regions were eba-175, Fwd 5-GGAAGAAATACTTCA
TCTAATAACG-3 and Rev 5-CATCCTTTACTTCTGGACAC
ATCG-3; eba-140, Fwd 5-CTGAAATATCTATTGGAAAGG-3
and Rev b-CATTAATACTTATTGGCGTTC-3; and seba-165,
Fwd 5-CAATACGTTTAAGAGTATAGG-3 and Rev 5-CTTGAG
AAGTCAGACTAAGG-3. PCR amplification was carried out in
20-pl volumes containing 1 unit of Expand high-fidelity en-
zyme (Roche Applied Science, UK), 1X Expand reaction
buffer with 1.5 mm MgCl, (Roche Applied Science, Lewes,
UK), 1 um of each oligonucleotide primer, and between 10
and 50 ng of DNA (a mixture of human and parasite DNA).
This was then run through the following temperature cycles
where «° represents the annealing temperature, which was
62°,54°, and 48° for eba-175, eba-140, and Yeba-165, respectively:
94° (2 min); 94° (30 sec), &’ (30 sec), 68° (2 min) for 10 cycles;
94° (30 sec), @ (30 sec), 68° (2 min + 5 sec per cycle) for 25
cycles; and 5 min at 72° final extension.

Amplification of the P. reichenowi region II domain of eba-
140 and attempted amplification of Yeba-165 were undertaken
with P. falciparum primers (as above) using P. reichenowi geno-
mic DNA. The region II sequence from the P. reichenowi eba-
175 ortholog (GenBank no. AJ251848) was derived in a previ-
ous study (OzwaRa et al. 2001), and the genomic DNA used
here was from the same chimpanzee P. reichenowi isolate.

Purified PCR products [prepared with QIAGEN (Crawley,
UK) spin columns] were ligated into pGem-T Easy Vector
(Promega, Southampton, UK), which was then cloned and
grown in JM 109 Escherichia coli high-efficiency competent cells
(Promega). Purified plasmids containing the relevant inserts
were sequenced using internal and plasmid sequencing prim-
ers by cycle sequencing with the 3’ BIG DYE dye terminator
cycle-sequencing premix kit (Applied Biosystems, Warrington,
UK). Sequencing products were run on an ABI Prism 377
DNA sequencer (Perkin-Elmer/Applied Biosystems), and se-
quences were checked and assembled using Sequence Naviga-
tor version 1.0.1 (Perkin-Elmer/Applied Biosystems). All nu-
cleotide singletons were resequenced from new PCR products
to confirm that they were not artifacts of amplification, clon-
ing, or sequencing.

Statistical analyses of between- and within-species diversity:
Population genetic tests of neutrality were applied to data on
region II sequences. TajiMA’s (1989a) test was used to test
for departure from neutrality as measured by the difference
between m (observed average pairwise nucleotide diversity)
and 0 (expected nucleotide diversity under neutrality derived
from the number of segregating sites, S). Under balancing
selection rare alleles are selected and maintained at intermedi-
ate frequencies, elevating m above that expected under neu-
trality and making the value of the test statistic (D) positive.
Fu and Lr’s (1993) test was used to test for excess or lack of
singleton nucleotides by comparing estimates of 6 based on
the number of singletons vs. that derived from S (the D* index)
or m (the F* index). An excess of intermediate frequency
polymorphisms and a lack of rare variants (singletons) result
in positive values for D* and F*. A third test of neutrality, the
McDonald-Kreitman test (McDoNALD and KrRerTMaN 1991),
was used to compare inter- and intraspecific nucleotide
changes in region II for eba-175 and eba-140, using the ortholo-
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gous sequences from P. reichenowi. A comparison of the ratio
of nonsynonymous to synonymous polymorphisms within P.
Jalciparum with the ratio for fixed differences between the
species reveals if there is a skew in a particular direction (using
a 2 X 2 table), tested using Fisher’s exact test of significance.
Analyses were carried out using DNAsp 3.5 (http:/www.bio.
ub.es/~julio/DnaSP.html). A McDonald-Kreitman test was
also performed on 24 sequences of P. vivax dbp region II
(GenBank accession nos. AF289480-483, AF289635-653, and
AF291096) isolated from Papua New Guinea (XAINLI el al.
2000), with P. knowlesi dbpo. (ADAMS et al. 1990; GenBank
accession no. M90466) used for the interspecific comparison.
Tests based on nucleotide frequency distribution (e.g., Taji-
ma’s D test) were not performed on the P. vivax data set since
the possibility of artifactual singletons was not excluded from
the published sequences (XAINLI e al. 2000).

Recombination, linkage disequilibrium, and haplotype
structure: The |D’| (LEwoNTIN 1964) and R? (HiLL and Ros-
ERTSON 1968) indices of linkage disequilibrium were consid-
ered quantitatively between sites (including indels), excluding
those sites where the rare nucleotide allele was represented
less than five times in the population sample. For the single
site with three variants, the two rare alleles were lumped to-
gether. All values were calculated using DNAsp 3.5, and the
relationship between linkage disequilibrium and distance be-
tween nucleotide sites was plotted. The relationship between
the level of linkage disequilibrium (using the R? and [D'|
statistics) and genetic distance was tested using the program
Permuteon LDHAT, a package for analyzing patterns of linkage
disequilibrium within the framework of coalescent theory
(McVEAN et al. 2002). The program is available freely on the
Internet: http:/www.stats.ox.ac.uk/?mcvean/LDhat/LDhat.
html. Sites were included where the frequency of the rare
allele was >10%, and 10,000 simulated permutations were
carried out to test significance.

The minimum number of recombination events occurring
throughout the aligned sequences was calculated, according
to the method of Hupson and KaprraN (1985) using DNAsp
3.5. The population recombination parameter C = 4N¢, and
the population mutation parameter 6 = 4N, can be estimated
from sequence polymorphism data under the assumption of
neutrality (where Nis the effective population size; ¢, the rate
of recombination between adjacent base pairs per generation;
and W, the rate of mutation per base pair per generation). An
estimate of the number of recombination events per mutation
event can therefore be obtained using the ratio of C/6; i.e,
4Nc¢/4Np. = ¢/p. (HEY and WARELEY 1997; ANDOLFATTO and
PrzewoRrskr 2001). Two methods for estimating C were used
(Hupson 1987; HEy and WAKRELEY 1997), which have different
sensitivities to the number, size, and variability of the underly-
ing sequence data (HEy and WAKELEY 1997). 6 was estimated
on the basis of the proportion of segregating sites in the
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Ficure 1.—Scheme of eba-175, eba-140, and
eba-165 genes showing regions studied here
(black bars). eba-175 regions (numbered at top)
are as in ADAMS et al. (1992). Regions I-VI encode
the extracellular domain with signal peptide, and
region VII encodes the putative cytoplasmic do-
main. The asterisks (*) represent two positions
where frameshifts have been observed in yieba-165

sample (WATTERSON 1975). All values were calculated using
the program SITES (http:/lifesci.rutgers.edu/~heylab) or
DNAsp 3.5.

Coalescent simulations of the expected number of haplo-
types (K), the haplotype diversity (H), and the frequency of
the major haplotype (HP) in a population sample of = se-
quences with S diallelic polymorphisms were run to test
whether the observed haplotype structure in the population
sample fitted neutral expectations (DEpAULIS el al. 1999,
2001). The tests (the K-test, H-test, and HP-test, respectively)
were run using a recombination rate (6 X 1077 per site per
generation) estimated from a genetic cross of P. falciparum
(Su et al. 1999) and a conservatively estimated effective popula-
tion size of 10,000 (ANDERSON e¢f al. 2000; HuGHES and VERRA
2001; PoLLEY and ConwAy 2001; CoNwAYy and Bauwm 2002).
Simulations were carried out using the program ALLELIX
available freely on the Internet: http:/www.snvjussieu.fr/
moussant. The observed value of H was calculated using
DNAsp 3.5 and multiplied by (n — 1)/n in accordance with
that used by DepauLIs and VEUILLE (1998).

RESULTS

Analysis of region II sequences of P. falciparum eba-
175: Sequence polymorphism in a 1848-bp region of
eba-175 [chromosome (chr) 7], a 1848-bp region of eba-
140 (chr 13), and a 2152-bp region of Yyeba-165 (chr 4)
was analyzed (Figure 1). A total of 30 region Il sequences
from eba-175 were sequenced from the Nigerian study
population, among which were 16 different allelic se-
quences (haplotypes), with 17 segregating (polymor-
phic) nucleotide sites (Table 1, Figure 2). All substitu-
tions at these polymorphic sites were nonsynonymous,
and one site had 3 alleles (nucleotide position 1750,
numbering from the start codon of the reference eba-
175 sequence as described in MATERIALS AND METH-
obs). Except for position 676 all the polymorphic sites,
including a two-codon deletion (nucleotide positions
1201-1206), have been seen in culture-adapted isolates
of P. falciparum (LIANG and Stm 1997).

The average nucleotide diversity index () for eba-
175region ITwas 0.003 (i.e., 0.3% nucleotide differences
between pairs of alleles on average). The nucleotide
frequency distribution was tested for statistical depar-
tures from neutral expectations. The overall value of
Tajima’s D for region II is positive (D = 1.07, Table 1),
but not significantly different from zero. The overall



1330

TABLE 1

Genetic variation in region II of P. falciparum erythrocyte-binding protein genes

Three
variants

Two
variants

Size

Fu and Li’s F*

Fu and Li’s D*

Tajima’s D

Singletons

(bp)
1848
1848
2152

1.14
—1.66
—-1.31

0.92
—1.65
—1.08

1.07
—0.89
—-1.23

0.002

0.003

15

17

0.789

16
8
9

30
24
25

eba-175
eba-140

0.001

0.001

7
8

0.732

0.001

0.001

0.812

Veba-165

n, sample size; K, number of haplotypes; H, haplotype diversity multiplied by (n — 1)/n as in DEpauLIs and VEUILLE (1998); S, number of segregating sites; , observed
average pairwise nucleotide diversity; 8, the expected nucleotide diversity under neutrality derived from the number of segregating sites (WATTERsON 1975). All values were

calculated using DNAsp 3.5.
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values of Fu and Li’s D* and F* statistics are also positive
(D* = 092 and F* = 1.14, Table 1), but again not
significant. The positive values of both of these statistics
indicate that nucleotide alleles occur at more intermedi-
ate frequencies than expected with few alleles being
rare or near to fixation (Figure 2A). Such an observation
is consistent with the action of balancing selection main-
taining allelic variation in the population.

The presence of recombination influences the ability
to detect selection since it breaks up the associations
between sites under selection and linked variation
(CHARLESWORTH el al. 1997). Therefore, measures of
recombination and linkage disequilibrium were investi-
gated across the region of eba-175 studied. Linkage dis-
equilibrium (LD) as measured by |D'| (LEwONTIN 1964)
and R? (HiLL and ROBERTSON 1968), was plotted against
nucleotide distance between polymorphic sites (Figure
3). Both |D’| and R? decline with nucleotide distance,
showing negative correlations that are significant (P <
0.02), with the high significant values visibly clustered
in the top left-hand corner of each plot (Figure 3). This
indicates that recombination commonly occurs between
eba-175 alleles as has been seen for the amal (POLLEY
and Conway 2001) and mspl (CONWAY et al. 1999)
merozoite antigen genes within the same Nigerian pop-
ulation. However, there are some high pairwise values
of LD between certain polymorphic sites separated by
>800 bp (significant points in the upper right-hand
corner of each plot; Figure 3). The LD between these
sites is predominantly caused by the high frequency of
the allelic sequence type number 11 within the popula-
tion (Figure 2A), which is the most common allelic
sequence and relatively distinct from the others in the
population.

To investigate structure in the distribution and fre-
quency of allelic sequences in the data set (considering
each allelic sequence type as equivalent to a distinct
haplotype), the probability of observing K = 16 haplo-
types and a haplotype diversity of H = 0.789, given a
sample of n = 30 sequences showing S = 17 diallelic
polymorphisms, was determined using DEpAULIS and
VEUILLE’s (1998) K-and H-tests. The number of haplo-
types did not depart significantly from neutral expecta-
tions (P = 0.185). The haplotype diversity was, however,
significantly lower than expected (P = 0.005). The
higher than expected frequency (13/30 sequences) of
allelic sequence type 11 in the population (HP-test, P =
0.008; DEPAULIS et al. 1999) is the most likely cause of
the significant reduction in haplotype diversity. A lower
than expected haplotype diversity and higher than ex-
pected frequency of the major haplotype indicates that
allelic sequence type 11 may have recently increased in
the population through selection (DEPAULIS et al. 1999).

The number of recombination events occurring
throughout the aligned sequences was calculated ac-
cording to the method of Hupson and KarraN (1985)
and revealed a minimum number of six recombination
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eba-]75 4 6 88811 222222 2224477791 eba- 57 78 8 81 eba']65 8 92788035
7723856 6 000000 01134357894 5185591 195068040
06 056 48 123456 7 2 4 4 210506 3623561 791397820
Ref.: Ref.: Ref.:
CAMP (X52524) AAGRAGAC ATTICA GCACTRAARARG pdy(AF332918) G GCARAGRA 3D7(AY032735) CAAATTTCG
Allelic sequence type Allelic sequence type Allelic sequence type
1. NI .. - AATC .. 1. NI198 1. N52
N160 . . P . . .AARATC . . . N201 e e N66 T
2 N132 T . . .AATC . . A 2. Nloi . . A . . N2 e T e e e e
3. N66 .AGA . T .. . AA . . . .. NI13 .. A L. N1i93 T,
4. NI95 - AGA .. .. . AATC.C. N151 R N198 B T TR
5. NII12 . A GA . . A . .AATC.C. N162 .. A . . .. N201 C e = e e
6. NI149 .GATT A . .AATC.C. 3. NI7I . .A . . . T N203 Coe T e e e e e
7 NI51 .AGATT A . .AATC.C. 4. N203 . . A .C . 2 N192 S
8 N201 .AGATT ------ AATAATG . C . 5. NI09 - AR . . N199 T
9 N105 .AG . TT ------ AATAATC . C . N157 . A A . 3. NI157 T
N170 . .AG.TT ------ AATAATC . C. Ni60 . AR . 4. NI05 B - TN .
10. N39 -6 . . TT ------ AARTA . . . . .. 6. N39 ARA . N170 R -
11, N34 G. .GA . T .. A oo N105 A AR . 5. N34 .9 - . . -
N52 G. .GA.T - - A oL Ni107 A AR . N39 g - . . .
N101 G . .GA.T .. A L L L N140 ARABR . NI0t - . .
N109 G . .GA.T oA N149 A AR . N140 B . .
Nii3 G. .GA . T .. A L Lo N170 A AR . Ni62 .9 - . . .
N140 G. .GA.T D Ni7s A A DA . Ni63 .9 - . . .
Ni57 G. .GA . T <A L0 N192 A AR . N167 .9 - . . .
N163 G. .6A.T LA Lo N193 AADA . . N171 .9 - .. .
N167 G . .GA.T SR Ni96 AAA . . 6. NI32 g - a
N192 G. .GA . T .. A L0 N199 ARAA . . .. 7. N107 . g - . . cC .
N198 G . .GA . T R 7. NI163 AARA . . a . N113 g - . . c
N199 G . .GA . T AL 8. NII2 AAGG . . . 8. Ni49 - 9-9 . . -
N203 G . .GA . T oA s 9, NI109 A .= ...
12. N7l e ey R e— .| -2 D oz
13. Nl62 G . . GaA . . .AATC . C.
14, NI146 G.AG.TT -~--~--- A . TAATCC.A
15. N196 G.AG.TT ------ AATAATCC .2
16. N193 G G . -

F1GURE 2.—Polymorphic nucleotide sites in region II of P. falciparum genes: eba-175, ebal40, and Yseba-165. Nucleotide positions
are numbered vertically (conserved positions are not shown), numbering from the start codon of eba-175, eba-140, and Yseba-165
reference sequences (X52524, AF332918, and AY032735, respectively). Dot (.) indicates identity with a P. falciparum reference
sequence. Dash (-) indicates a deletion. Uppercase letters indicate nonsynonymous differences; lowercase letters indicate synony-
mous (or noncoding in Yeba-165) differences. Solid boxes indicate which subdomain (F, or F,) the nucleotides lie in for the

respective genes.

events among all 30 eba-175 region II sequences. Hup-
SON’s (1987) and HEy and WAKELEY’s (1997) estimators
of the scaled recombination rate, C, are 0.006 and 0.013
between adjacent nucleotides and 10.7 and 24.9 across
the whole gene sequence (1848 bp), respectively. The
value of 6 (WATTERSON 1975) for region II is 0.002.
The ratio of the rate of recombination vs. the rate of
mutation, ¢/, as estimated by C/6 using Hudson’s esti-
mate is 2.35 and using Hey and Wakeley’s estimate is
5.81. This suggests that recombination is occurring be-
tween two and six times more often than mutation in
region II. Together, the value of the C/6 ratio and the
significant decline of LD across region II of eba-175
indicate that recombination is common between eba-
175 alleles. The evidence of recombination suggests that
phylogeny-based statistical approaches for detecting se-
lection (YANG and BieLawskr 2000) are not appropriate
for analyzing intraspecific sequence variation here.
Two descriptive features of amino acid polymor-
phisms in eba-175 are worth noting. First, following the
two-codon deletion at nucleotide positions 1201-1206,
the next three codons all contain nonsynonymous poly-
morphisms (GAA™ to AAA™, AAC*" to AAA™, and
AAG"™ to ATGY; Figure 2). Second, there is a concor-
dant distribution of amino acid polymorphisms between
cysteine residues 5 and 6 in both the F, and F, subdo-

mains (Figures 2 and 4). The polymorphic nucleotide
sites in the F; subdomain (at nucleotide positions 820,
835, and 856) are located at similar positions and result
in amino acid changes similar to those in the F, subdo-
main (at nucleotide positions 1731, 1750, and 1775;
Figure 4). These amino acid polymorphisms are conser-
vative with respect to their resulting amino acid changes
(GRANTHAM 1974; with the exception of site 1775, where
the substitution of a Glutamic acid residue (acidic) for
an Alanine (nonpolar) may have moderate effects on
protein function). The mutations in both subdomains
occur in a region homologous to that known to be
important for P. vivax and P. knowlesi DBP binding to
the erythrocyte surface (Ranjan and CHITNIS 1999),
and the three in the F, subdomain overlap with synthetic
peptides of eba-175 that inhibit human erythrocyte bind-
ing and GYPA receptor recognition by EBA-175 (OCKEN-
HOUSE et al. 2001).

Analysis of region II sequences of P. falciparum eba-
140 and Yseba-165: A total of 24 sequences were sampled
for region II of eba-140 (Table 1, Figure 2B). These
consisted of 8 different allelic sequences (haplotypes)
and contained seven polymorphic sites, with one site
having three variants (nucleotide position 782 of the
reference sequence as described in MATERIALS AND
METHODS). Of the seven sites, six had nonsynonymous
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Ficure 3.—Levels of linkage disequilibrium (LD) across
eba-175region II. LD between all possible pairs of polymorphic
sites measured using R? (top) and |D'| (bottom) as a function
of physical distance for EBA-175 region II is shown. Sites were
excluded where frequency of the rarer allele was <10% in
the sample. Solid circles indicate sites showing significant LD
between them (Fisher’s exact test, P < 0.05); open circles
indicate nonsignificant LD. The highest significant values clus-
ter in the top left-hand corner of each plot. Correlation coeffi-
cients (p) and significance values estimated by 10,000 permuta-
tions (see MATERIALS AND METHODS) are displayed on each
plot.

polymorphisms and a single site had a synonymous poly-
morphism (site 1896). Except for a nonsynonymous
mutation at position 855, the polymorphic sites within
the F, region, including all three alleles at position 782,
have been seen in isolates of P. falciparum from both
wild and laboratory-maintained isolates (MAYER et al.
2002). A total of 25 sequences were sampled for region
IT of Yreba-165 (Table 1, Figure 2C), among which were
9 different allelic sequence types (haplotypes). None
of the sequences contained the additional adenine at
nucleotide position 1251 reported in an isolate of 3D7,
in which it would lead to a second stop codon (TRIGLIA
et al. 2001). The status of the reported stop codon that
causes truncation upstream of region II was not investi-
gated (TrIGLIA et al. 2001). Tajima’s and Fu and Li’s
tests of neutrality for both eba-140 and eba-165 region
II give negative values in contrast to the positive values
determined for eba-175 (Table 1). This reflects the fact
that the two loci have low-frequency polymorphisms,
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Ficure 4.—Alignment of three polymorphisms occurring
between cysteine residues 5 and 6 in the F, (top) and F,
(bottom) subdomains of eba-175. Polymorphic nucleotide po-
sitions are numbered above each region (numbering from
reference sequence start codon). Dot (.) indicates identity
with reference sequence (in boldface type). % indicates fre-
quency of alleles in the Nigerian population.

both having four singletons, whereas eba-175 had only
one singleton (Table 1, Figure 2). There is therefore
no indication that either eba-140 or Yseba-165 is under
balancing selection that maintains polymorphism, but
rather a weak trend in the opposite direction. The low
level of polymorphic nucleotide sites in both eba-140
and Yeba-165 precludes estimation of the recombination
rate and linkage disequilibrium for these genes. The
observed haplotype number, haplotype diversity, and
the frequency of the major haplotype for eba-140 and
eba-165 were not significantly different from those pre-
dicted under neutrality (P > 0.05 for all tests).
Comparison between intraspecific nucleotide diver-
sity in P. falciparum eba-175 and eba-140 and interspecific
divergence from P. reichenowi: The ortholog of eba-175
in P. reichenowi has been identified in a previous study
(OzwARA et al. 2001) and shows 82% predicted amino
acid identity with P. falciparum in region II. PCR amplifi-
cation using primers for P. falciparum eba-140 region II
amplified an identically sized fragment from P. reichen-
owi genomic DNA. The predicted amino acid sequence
of this fragment has a duplicated DBL domain and
shows 92% overall deduced amino acid identity to the
P. falciparum EBA-140 region II (see supplemental data
at http:/www.genetics.org/supplemental/). The dupli-
cated DBL domains differ from P. falciparum EBA-140
F; and F, domains by 25/312 (8%) and 23/304 (8%)
amino acids, respectively; all cysteine residues are con-
served between the two species. No amplification prod-
uct was obtained using P. falciparum Jreba-165-specific
primers on P. reichenow: genomic DNA, suggesting that
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TABLE 2

McDonald-Kreitman test of neutrality for region II of P. falciparum and P. reichenowi EBPs and
for region II of P. vivax and P. knowlesi DBPs

Interspecific fixed

Intraspecific (Pfor

nucleotide Pv) nucleotide
differences polymorphisms
Syn Nsyn Syn Nsyn P value*
Pfeba-175 vs. Preba-175 47 112 0 17 0.007*
Pfeba-140vs. Preba-140 18 1 7 0.671
Pudbp vs. Pkdbpo 75 153 1 16 0.016%*

Pf, P. falciparum; Pr, P. reichenowi; Pv, P. vivax; Pk, P. knowlesi; Syn, synonymous; Nsyn, nonsynonymous

substitution.
“ Pvalue from Fisher’s exact test. *Significant.

either the pseudogene is absent or sequence differences
at the primer-annealing sites prevented successful am-
plification.

The sequences of eba-175 region II derived here differ
from P. reichenowi eba-175 by 158 fixed nucleotide differ-
ences (47 synonymous and 112 nonsynonymous). When
the ratio of the synonymous to nonsynonymous fixed
differences is compared to the ratio of polymorphisms
within the population of Nigerian isolates (0 synony-
mous and 17 nonsynonymous) ina 2 X 2 table (McDoON-
ALD and KrREITMAN 1991), there is significant evidence
for an excess of nonsynonymous polymorphism within
P. falciparum (Fisher’s exact P = 0.007; Table 2). This
is consistent with, and more highly significant than, a
McDonald-Kreitman test previously applied to P. fal-
ciparum sequences derived from laboratory isolates
(OzwARA et al. 2001) and indicates that there has been
positive diversifying selection in eba-175 region II of P.
Jalciparum. In contrast, a comparison of polymorphism
and interspecific divergence in eba-140 region II shows
no statistically significant difference in the ratios (Table
2), thus yielding no evidence of positive selection.

Comparison between intraspecific nucleotide diver-
sity in P. vivax dbp and interspecific divergence from P.
knowlesi dbpai: As a separate comparison, polymorphism
in 24 sequences of region II for the P. vivax DBP from
Papua New Guinea (XAINLI ef al. 2000) was compared
with the divergence from region II of the closely related
DBP of P. knowlesi dbpor (ApAMS et al. 1990) in a McDon-
ald-Kreitman test. This analysis shows an excess of non-
synonymous polymorphism within P. vivax (Fisher’s ex-
act P = 0.016; Table 2). Analyses using region II from
the other P. knowlesi Dufty-binding-like genes P. knowlesi
dbpB and -y, which are slightly less similar to P. vivax
(Apams et al. 1990, 1992), were also significant (P =
0.047 and 0.047, respectively). The similarity between
the significant results seen with P. falciparum EBA-175
and the P. vivax DBP suggests that both proteins are
under positive diversifying selection within the species,

in contrast to EBA-140 and {ieba-165 that do not show
evidence of selection.

DISCUSSION

Analyses of sequence diversity in malaria parasite
erythrocyte-binding antigens reveal signatures of intra-
specific diversifying selection. Nucleotide polymor-
phisms in region II of the eba-175 gene of P. falciparum
have alleles with higher frequencies than expected un-
der neutrality, and comparison with the orthologous
region II domain of P. reichenowi eba-175 reveals a sig-
nificant excess of nonsynonymous polymorphism within
P. falciparum. This indicates that balancing selection has
operated on region II of the EBA-175 protein, to main-
tain alleles within the parasite population. A similar
result is not seen with allelic sequences of region II from
eba-140, a functional homolog of eba-175, or with the
putative pseudogene seba-165. The contrast between
the frequency of allelic variants as measured by the
direction of Tajima’s and Fu and Li’s statistics for eba-175
(positive) and eba-140 and Yeba-165 (negative) indicates
that evidence for maintenance of variation in eba-175 is
not an artifact resulting from changes in population
size during parasite history. Demographic changes,
which can confound these statistics (Tajima 1989b),
would be expected to affect variation across the genome
and not at individual genetic loci.

The Duffy-binding protein gene (dbp) of P. vivax also
shows an excess of nonsynonymous vs. synonymous poly-
morphism, when compared to divergence with its P.
knowlesi ortholog (dbpa). These data suggest a similar
type of selection on EBA-175 and DBP, reflecting the
importance of DBP to P. vivax invasion [recognition of
the Duffy antigen is essential for erythrocyte invasion
(MILLER et al. 1976)] and the primary importance of
EBA-175 for P. falciparuminvasion (Sim et al. 1994). The
most likely agent driving intraspecific diversification of
these antigens is the human acquired immune response.
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New alleles of a parasite antigen that arise in the popula-
tion would potentially be able to avoid immune detec-
tion (escape variants) and as such give the parasite a
survival advantage leading to the allele’s selection and
increase in frequency within the population. The posi-
tive Tajima’s D value for EBA-175 supports such a hy-
pothesis of immune selection acting in a negative fre-
quency-dependent manner. Additionally, the elevated
frequency of allelic sequence type 11 in the population
sample may indicate a relatively recent selective increase
of a new variant, with the allelic sequence type con-
taining (or being linked to) a site that determines an
ability to avoid immune detection. The increase in its
frequency is unlikely to be associated with the recent
selective sweep of a chloroquine resistance allele of the
chloroquine resistance transporter gene (Pfcrt) on chromo-
some 7 (WoOTTON el al. 2002) since the two genes are
separated by a genetic distance of >900 kb [where 17 kb
corresponds to 1 cM (Su et al. 1999) and the chromo-
some length is 1.4 Mb], between which recombination
is very likely to disrupt any linkage. Further understand-
ing of the process of immune-mediated selection of
merozoite antigens will be important for strengthening
this selective hypothesis. Insights from other pathogen
models are likely to be of particular use, such as recent
work showing that host cytotoxic T-lymphocyte (CTL)
responses select for SIV viral escape variants during in-
fection as evidenced by the preferential accumulation of
amino acid replacements in viral CTL epitopes (ALLEN
et al. 2000). In addition, computer models of malaria
infection incorporating parameters such as parasite
growth, mutation and recombination rates, and how
host immunity develops will be important for investigat-
ing the emergence of escape variants in the parasite
population and generating expectations for patterns of
genetic variation seen in parasite surface antigens.

There is no evidence of selection on EBA-140. This
protein, which is apparently involved in multiple inva-
sion pathways (MAYER et al. 2001, 2002; MAIER et al.
2002), might play a less important role in erythrocyte
invasion or might be less exposed to the immune system,
afactor that may affect its candidacy as a malaria vaccine
antigen. The presence of an ortholog to eba-175 and
eba-140 in P. reichenowi indicates that duplication and
divergence of the EBP genes occurred before the ances-
tral split leading to P. falciparum and P. reichenow: and
suggests that other orthologous EBPs may be identifi-
able within P. reichenowi. The inability to amplify a P.
reichenowi ortholog of {eba-165 here does not exclude
the possibility that this might be identified with further
efforts.

For region II of eba-175 the ratio of C/6 (an estimate
of the ratio of the biological parameters ¢/, the recom-
bination vs. mutation rate) suggests that recombination
is occurring between two and six times more often than
mutation. This is comparable to that derived for another
P. falciparum merozoite antigen gene ama-1 (C/6 ~ 7),

using sequences from the same Nigerian population
(PoLLEY and Conway 2001). Both are higher than
those found in Drosophila melanogaster (median for 24
loci, ~1.5; ANDOLFATTO and PrzEworskr 2001), hu-
mans (~1.3; HEY and WAKELEY 1997), and Saccharomyces
cerevisiae (1.24; JENSEN et al. 2001). However, they are
lower than expected given the available laboratory esti-
mates of the P. falciparum genome recombination rate
(1 cM per 17 kb = cas 6 X 1077 Su et al. 1999) and
spontaneous mutation rates (i = 2.5 X 107% PAGET-
McNicor and SauL 2001), which give a ratio of ¢/ of
~240. The incongruity between the two values is likely to
represent the combined effect of a number of different
evolutionary processes (ANDOLFATTO and PRZEWORSKI
2001; JENSEN et al. 2001). For example, moderate popu-
lation subdivision and inbreeding will both reduce the
frequency at which different alleles meet and recombine
(PAuL et al. 1995), increasing disequilibrium between
alleles and therefore reducing the value of C/6. The
presence of recent positive selection (a selective sweep)
is also likely to reduce local variation through genetic
hitchhiking and therefore increase linkage disequilib-
rium (CHARLESWORTH ¢! al. 1997), reducing the value
of C/0. This is given some support by the high frequency
of allelic sequence type 11 in the population, which has
certainly increased the level of LD. Further laboratory
estimates of ¢ and p and analysis of other loci will help
to clarify the basis of this difference.

In summary we report significant evidence for positive
diversifying selection on the region II domain of the P.
Salciparum invasion ligand EBA-175, which is at least as
strong as evidence for selection on the P. vivax DBP
ligand. Similar signatures are not seen in the paralogous
eba-140 or Jeba-165 genes. This suggests a greater impor-
tance of EBA-175 in the invasion process of the human
erythrocyte and/or as a target of acquired immunity.
As such this gives encouragement to development of
EBA-175 as a component in a multivalent malaria vac-
cine (JoNEs et al. 2001). However, it also clearly identi-
fies the need to understand the allele specificity of its
antigenicity and function, in particular the importance
of polymorphisms within the F, and F, domains, and to
incorporate this understanding into vaccine design.
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