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A B S T R A C T

Erythrocyte surface proteins have been identified as receptors of Plasmodium falciparum merozoite proteins. The
ligand-receptor interactions enable the parasite to invade human erythrocytes, initiating the clinical symptoms
of malaria. These interactions are likely to have had an evolutionary impact on the genes that encode the ligand
and receptor proteins. We used sequence data from Kilifi, Kenya to detect departures from neutrality in a paired
analysis of P. falciparum merozoite ligands and their erythrocyte receptor genes from the same population.

We genotyped parasite and human DNA obtained from 93 individuals with severe malaria. We examined six
merozoite ligands EBA175, EBL1, EBA140, MSP1, Rh4 and Rh5, and their corresponding erythrocyte receptors,
glycophorin (Gyp) A, GypB, GypC, band 3, complement receptor (CR) 1 and basigin, focusing on the regions
involved in the ligand-receptor interactions.

Positive Tajima's D values (> 1) were observed only in the MSP1 C-terminal region and EBA175 region II,
while negative values (<−1) were observed in EBL-1 region II, Rh4, basigin exons 3 and 5, CR1 exon 5, Gyp B
exons 2, 3 and 4 and Gyp C exon 2. Additionally, ebl-1 region II and basigin exon 3 showed extreme negative
values in all three tests, Tajima's D, Fu & Li D* and F*,≤−2.

A large majority of the erythrocyte receptor and merozoite genes have a negative Tajima's D even when
compared with previously published whole genome data. Thus, highlighting EBA175 region II and MSP1–33, as
outlier genes with a positive Tajima's D (> 1). Both these genes contain multiple polymorphisms, which in the
case of EBA175 may counteract receptor polymorphisms and/or evade host immune responses and in MSP1 the
polymorphisms may primarily evade host immune responses.

1. Introduction

The impact of malaria on human evolution is evident from the
signatures of selection in genes encoding erythrocyte proteins in human
populations from malaria endemic regions. Examples of host ery-
throcyte polymorphisms that are at a high frequency in malaria en-
demic regions include the classic case of the Duffy negative blood group
which protects against Plasmodium vivax infection (Miller et al., 1976),
sickle cell trait that protects against severe malaria (Kwiatkowski, 2005;
Williams et al., 2005) and more recently a Dantu variant that also

showed protection against severe malaria (Leffler et al., 2017). These
polymorphisms have most likely been selected to high frequency be-
cause of the strong selective pressure provided by the pathological
complications of malaria.

Evolutionary selection pressures are also evident in Plasmodium
falciparum genes, particularly those involved in the erythrocytic stages
of the parasite's life cycle that cause disease pathogenesis. Erythrocyte
invasion is a complex process and in the case of P. falciparum, the
dominant malaria parasite in Africa, involves multiple merozoite ligand
- erythrocyte receptor interactions. Previous studies have shown
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evidence of selection in several merozoite antigens known to be in-
volved in the invasion of erythrocytes (Hughes, 1992; Polley and
Conway, 2001; Baum et al., 2003; Rayner et al., 2005; Polley et al.,
2007; Tetteh et al., 2009; Ochola et al., 2010), presumably to allow the
parasite to escape host immunity by allele-specific mechanisms, such
that an immune response to one allele does not protect against a dif-
ferent allele (Crewther et al., 1996; Polley et al., 2007). However,
parasite ligands may also need to adapt to tolerate erythrocyte receptor
diversity to maintain interactions and facilitate erythrocyte invasion.

Despite decades of work, relatively few P. falciparum ligand-receptor
interactions have been defined; erythrocyte binding antigen (EBA) 175
and Glycophorin (Gyp) A (Sim et al., 1994) was the first interaction
defined and the crystal structure of EBA175 region II only recently
described (Tolia et al., 2005). In the subsequent two decades, another
five interactions were identified, EBA140 and Gyp C (Lobo et al., 2003),
merozoite surface protein (MSP) 1 and band 3 (Goel et al., 2003), er-
ythrocyte binding ligand (EBL)- 1 and Gyp B (Mayer et al., 2009), re-
ticulocyte binding homologue (Rh) 4 and Complement Receptor 1
(CR1) (Tham et al., 2010), and most recently Rh5 with Basigin (BSG)
(Crosnier et al., 2011).

Genetic variation in the glycophorins, in particular Gyp A, has been
studied in the most detail. Multiple mutations in Gyp A exon 2 have
shown evidence of being under selection (Baum et al., 2002; Wang
et al., 2003; Ko et al., 2011), potentially due to its interaction with
EBA175. A recent study identified Gyp A exon 3 as the critical glyco-
sylated region that interacts with EBA175 region II (Salinas et al.,
2014). The S-s-U- Gyp B phenotype is characterized by a lack of Gyp B
protein expression on the erythrocyte surface, due to a deletion in exons
2 to 5, and these erythrocytes were relatively resistant to invasion by
some strains of P. falciparum (Tarazona-Santos et al., 2011). A well-
known but rare Gyp C polymorphism, the Gerbich negative phenotype
(a deletion in exon 3) (Colin et al., 1989; Wilder et al., 2009), renders
erythrocytes partially resistant to invasion, since the parasite is unable
to utilise the merozite ligand EBA140 (Maier et al., 2003).

Binding regions have also been identified in the more recently de-
fined erythrocyte receptors, Band 3, CR1 and BSG. The combined 5ABC
and 6A ectodomain regions of band 3, encoded by exons 17 and 18
respectively, interact with the MSP1-42kDa processed product through
the 19 kDa C-terminal domain (Li et al., 2004). PfRh4 binds to com-
plement-control-protein (CCP) repeats 1–3 in the ectodomain portion of
CR1 (Tham et al., 2011) encoded by exons 2, 3, 4 and 5 (Vik and Wong,
1993). BSG also termed the Ok blood group antigen, has two splice
isoforms, BSG-L (long) and BSG-S (short). BSG-S has two im-
munoglobulin superfamily (IgSF) domains, which are both required for
binding to Rh5 (Crosnier et al., 2011). Wright et al. (2014) described
the crystal structure of Rh5 in a complex with BSG and the BSG protein
structure was encoded by exons 4, 5, 6 and part of exon 7.

Erythrocytes are the most abundant cells in human blood and po-
tentially act as decoys for viruses and bacteria, to bind and clear them,
while they are a host for the malaria parasite, these pathogens present
opposing selection pressures (Gagneux and Varki, 1999). While varia-
tion in the parasite invasion ligands and their erythrocyte receptors
have been the subject of frequent study, there have been very few
studies of variation in parasite ligands and their cognate receptors in
the same individuals, yet it is exactly these kinds of studies that may
reveal genes of interest. Furthermore, most of the previous merozoite
ligand and erythrocyte receptor diversity studies were conducted in
individuals who either had uncomplicated malaria or no malaria at all
at the time of sampling. In this paper, we examine individuals with
severe malaria due to its various syndromes including impaired con-
sciousness (also referred to as cerebral malaria), severe malarial anemia
and respiratory distress (Marsh et al., 1995) and under the hypothesis
that this distinct disease phenotype could skew the population towards
a particular ligand-receptor genotype. We examined this using the
merozoite ligand - erythrocyte receptor interactions. Individuals and
their infecting P. falciparum parasite population were genotyped to

determine whether the polymorphisms in erythrocyte receptors (Gyp A,
Gyp B, Gyp C, band 3, CR1 and BSG) and their merozoite ligands
(EBA175, EBL1, EBA140, MSP1, Rh4 and Rh5, respectively) show a
skewed population genetic summary statistic when analysed at the
same time point. The study focused on the polymorphisms in regions
involved in the ligand-receptor interaction, an approach that has not
been taken before for Gyp C, CR1, band 3 and BSG and for all the above
genes in a paired analysis.

2. Materials and methods

2.1. Population sampled

Parasite and human DNA were obtained from 93 unrelated children
aged 0 to 12.3 years (mean age, 2.98) who were admitted at Kilifi
County Hospital's High Dependency Unit (HDU) with severe malaria
(mean parasitemia −34,830 parasites/μl, range 102–1,171,800 para-
sites/μl) in 2001. Severe malaria was defined as individuals who were
parasite positive with any one of the following: a Blantyre coma score
of< 3, a haemoglobin level of< 5 g/dl or respiratory distress or deep
breathing (Marsh et al., 1995). This study was reviewed and approved
by the Scientific Steering Committee and the Ethics committee of the
Kenya Medical Research Institute.

2.2. DNA extraction, amplification and sequencing

We examined the genes of the six merozoite ligands, EBA175, EBL1,
EBA140, MSP1, Rh4 and Rh5, and their respective erythrocyte re-
ceptors, GypA (NG_007470), GypB (NG_007483), GypC (NG_007479),
band 3 (NG_007498), CR1 (NG_007481) and BSG (NG_007468) (Fig. 1).
Genomic DNA was previously extracted from packed frozen ery-
throcytes using the QIAamp DNA Blood Mini Kit, according to the
manufacturer's instructions (QIAGEN, UK). All 12 genes were amplified
using High Fidelity Taq polymerase (Roche) (details of regions ampli-
fied (Fig. 1) and primers used are shown in Supplementary Table 1).
PCR products were visualised on 1% agarose gels, purified using
ethanol precipitation or EXOSAP-IT (Affymetrix) and directly se-
quenced using the PCR primers and additional sequencing primers
(Supplementary Table 1), BigDye terminator chemistry v3.1 (Applied
Biosystems, UK) and an ABI 3130xl capillary sequencer (Applied Bio-
systems, UK). PCR products with poor quality sequences were ream-
plified and resequenced. Sequences were assembled, edited, and
aligned using SeqMan and MegAlign software (Lasergene 12;
DNASTAR) along with Bioedit (Hall, 1999) and MEGA (Tamura et al.,
2007). All singleton SNP loci were confirmed by independent ream-
plification and resequencing of the relevant samples. Positions of the
sequences that showed mixed or superimposed nucleotides (peak
within a peak) were marked with IUPAC ambiguity codes. For the er-
ythrocyte receptors they were marked as heterozygous and for the
merozoite ligands as a mixed infection, in the latter the mixed infec-
tions were excluded from the SNP and haplotype frequencies. The Gyp
A and Gyp B sequences were aligned to previously published sequences
in NCBI to verify the sequences we obtained, since the two genes share
high sequence homology.

2.3. DARC and Plasmodium vivax genotyping

Initially, the samples were genotyped at the −33 T/C GATA-1
promoter mutation of the Duffy Antigen Receptor for Chemokines
(DARC) locus using a Restriction Fragment Length Polymorphism
(RFLP) analysis including the primers and PCR conditions adopted from
Weppelmann et al. (2013), and the StyI restriction endonuclease. The
samples were later capillary sequenced at both the GATA-1 promoter
region and the aspartate to glycine amino acid substitution at codon 42
which determines the Fyb and Fya blood-group antigens, respectively. A
P. vivax PCR targeting the 18S ribosomal RNA was also conducted to
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determine the prevalence of vivax infections in the Kilifi population.
The P. vivax control DNA was a kind donation from Dr. Julian Rayner's
laboratory.

2.4. Sequence cluster analysis

All the sequences were aligned in Clustal Omega v1.2.0 (Sievers
et al., 2011). Following alignment, the sequences were trimmed to the
same length and any short sequences excluded to obtain the largest
number of SNPs for the generation of haplotypes. The positions of the
SNPs were noted and used to determine the haplotypes per sample. The
trimmed multiple alignment files were translated into amino acid se-
quences, exported as FASTA files and clustered at 100% identity in
usearch v. 7.0.1001 (Edgar, 2010). The number of clusters generated
were then taken as the number of haplotypes for each of the genes.

2.5. Population genetics statistical tests

The allele frequency distribution indices, Tajima's D and Fu and Li’s
D* and F*, were computed using DnaSP v5.10 software (Rozas et al.,
2003). Tajima's D computes the differences between two estimators of
theta, based on the number of segregating sites and the average number
of nucleotide differences (Tajima, 1989). Fu and Li’s D test statistic
calculates the differences between the observed number of singletons
(mutations appearing only once among the sequences), and the total
number of mutations (Fu and Li, 1993). Fu and Li’s F test statistic
considers the differences between the number of singletons and the
average number of nucleotide differences between pairs of sequences
(Fu and Li, 1993). For the p values DnaSP calculates the confidence
limits of D (two-tailed test) and assumes that the statistic follows a beta

distribution. The erythrocyte receptor data were read as unphase (or
genotype) data files to factor in diploid individuals and the files in-
cluded the IUPAC nucleotide ambiguity codes to represent hetero-
zygous sites.

2.6. Ligand-receptor protein structures

Only the receptor-ligand interacting complex between Rh5 and BSG
has a published three-dimensional structure (Chen et al., 2014; Wright
et al., 2014). Both protein crystal structures (4UOQ) were downloaded
in the Protein Data Bank (PDB) (http://www.rcsb.org/) format and
were viewed using Pymol v. 1.7.2.1 (www.pymol.org). The protein
structure for Rh5 encompass amino acid residues 160–242 and 302–504
and for BSG residues 23–203. Using our dataset, the Rh5 and BSG
polymorphic sites were mapped onto their protein structures in Pymol,
to determine the location of the identified polymorphisms in three-di-
mension and whether these polymorphic sites were found in the
binding regions of either protein.

3. Results

3.1. Merozoite ligand and erythrocyte receptor diversity

We obtained between 26 and 49 good quality sequences for eba140,
eba175, ebl1 region I, ebl1 region II, msp1–19, the 5′ end of msp1–42,
rh4 and rh5 (Table 1). Only the regions sequenced for EBA175 and
MSP1 did not contain any singleton loci, 3 genes had indels and ebl-1
regions I and II both contained stop codons (Table 1). The ebl-1 region I
stop codons were at positions 39 and 185 (due to a 5 Thymidine in-
sertion) and in region II codon 664, with a frequency of 28%

Fig. 1. Scheme of the six erythrocyte receptor and merozoite ligand genes. The curly brackets indicate the regions of the genes identified as being involved in the
receptor-ligand interaction that were sequenced. The scheme indicates the positions of the exons and the lengths are relative to differentiate the bigger from the
smaller genes. These regions were amplified and sequenced to determine whether they were under selection.
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(total= 25), 72% (total= 25) and 15% (total= 38), respectively. Only
12% total= 25) of the samples did not have a stop codon at either
positions 39 or 185. It is worth noting that both mutations are not
mutually exclusive. Nucleotide diversity (π) in these genes was higher
than the erythrocyte receptor genes, with only 2 gene regions
being< 0.001. MSP1–19 kDa had the highest π value of 0.006, while
EBL1 region II had the lowest value, 0.00052 (Table 1). Additionally,
there were several haplotypes identified for each gene using cluster
analysis and the dominant haplotypes were INGKK, KEEKKSISENK/
KEKEKPISENK, QFF*, IYGKHN, EKSNGL, KDD, NKK and DYHYIK for
eba140, eba175, ebl1 region I, ebl1 region II, msp1–19, the 5′ end of
msp1–42, rh4 and rh5, respectively (Table 2). Moreover, each mer-
ozoite gene had at most four dominant haplotypes (present at a fre-
quency of> 10%) except for ebl-1 region II, which only had 1 domi-
nant haplotype.> 40% of the infections were from the dominating
haplotype for each ligand, except for EBA175 region II in which di-
versity was more extensive (only 13% of the infections were from the
two dominating haplotypes) (Table 2). In contrast, we obtained be-
tween 22 and 84 good quality sequences for the different exons for band
3, BSG, CR1, Gyp A, Gyp B and Gyp C (Table 1). These genes were less
polymorphic than the merozoite ligands, contained more singletons and
all the exons genotyped revealed one dominant haplotype (> 90%)
(Table 2). This reduced diversity was reflected in the π values, which
were overall much lower than those for the merozoite ligands (six of the
eleven regions sequenced were < 0.001) and ranged from 0.00007 for
band 3 exon 18 to 0.02 for Gyp A exon 2 (Table 1). The greatest di-
versity was observed in Gyp A exon 2, while Gyp A exons 4 and 5 did
not contain any polymorphic loci. Gyp A exon 3 was difficult to resolve
as there was a high mix of Gyp A and Gyp B sequences and thus the
sequences were not assembled for analysis. Of a total of eight Gyp A

exon 2 haplotypes, three were present at a frequency of> 10%. Gyp B
exons 3 and 4 presented two haplotypes at> 10% frequency, from a
total of four and five haplotypes, respectively.

3.2. Merozoite ligand- erythrocyte receptor haplotype pairs

A paired analysis of haplotypes revealed that the merozoite ligands
had a higher number of haplotypes in the population compared to those
observed for the erythrocyte receptors. Region II of EBA175 and EBL-1
had lower π values than their receptors GypA and GypB, respectively
(Table 1). Even though EBA175 had a lower π value (Table 1) it was
even more diverse with 15 haplotypes compared to Gyp A exon 2 that
had about half the number of haplotypes (Table 2). On the other hand,
EBL-1 region II presented 5 haplotypes and a corresponding number of
haplotypes was observed in Gyp B exons 2, 3 and 4. Large differences in
the number of haplotypes were also observed, of note, there were a
total of eight EBA140 haplotypes and only two haplotypes for Gyp C
exon 2 and the same number between Rh5 and BSG exons 5 and 6 (two
haplotypes each). We could not assess whether some merozoite ligand -
erythrocyte receptor haplotype pairs were preferred over others, since
most of the erythrocyte receptor genes in this population either had
very few polymorphic sites or singletons and therefore the population
was dominated,> 90%, by one haplotype (Table 2). We examined band
3, BSG, CR1 and Gyp C in Ensemble genome browser (https://www.
ensembl.org/index.html) to further explore genetic variation in these
genes from the human 1000 genome project from 9 populations, Africa,
Americas, Ashkenazi Jewish, East Asian, South Asian, Finnish, Non-
Finnish European and Other. Notably, we did not come across the SNPs
identified in this study in the whole genome data, but identified other
rare variant loci that were primarily 100% the ancestral allele. For

Table 1
Summary of DNA polymorphisms and population genetic statistics of the merozoite ligands and erythrocyte receptor genes.

Gene Region sequenced No. of sequences Size (bp) S Sn indels π Tajima's D Fu & Li's D* Fu & Li's F*
MSP1 5' end of 33kDa 47 525 3 0 1 (3bp dele"on) 0.00201 1.147 0.898 1.132

19kDa 49 246 6 0 0.00601 0.264 1.176 1.042
BAND 3 Exon 17 61 252 1 0 0.00019 -0.816 0.48 0.102

Exon 18 83 166 1 1 0.00007 -0.972 -2.16 -2.102
Exon 17 + Introns 71 651 1 0 0.00017 -0.826 0.472 0.088
Exon 18 + Introns 65 266 3 1 0.00151 -0.466 -0.644 -0.691

Rh5 Exon 2 39 1397 6 2 0.00106 0.108 -0.446 -0.321
BSG Exon 3 61 346 6 5 0.00042 -1.893* -3.803** -3.740**

Exon 5 69 82 2 2 0.0007 -1.221 0.661 0.084
Exon 6 66 138 2 1 0.00368 0.563 0.665 0.743

Rh4 Exon 2 45 627 3 1 0.00107 -0.047 -0.384 -0.330
CR1 Exon 4 74 85 0 0

Exon 5 81 398 4 1 0.0004 -1.426 -0.364 -0.844
Exon 4 + Introns 70 254 1 0 0.00101 0.45 0.473 0.544
Exon 5 + Introns 68 415 4 1 0.00042 -1.4381 -0.331 -0.817

EBA175 Region II 30 600 8 0 1 (6bp dele"on) 0.0050 1.430 1.324 1.583
GYP A Exon 2 54 99 7 1 0.0198 0.345 0.554 0.571

Exon 4 48 39 0
Exon 5 53 86 0

EBL1 Region I 26 498 1 0 1 (5bp inser"on) 0.00083 0.919 0.612 0.799
Region II 38 1281 8 5 0.00052 -1.881* -2.045 -2.336

GYP B Exon 2 36 99 7 0 0.0053 -1.718 0.515 -0.271
Exon 3 45 39 3 2 0.016 -1.719 0.586 -0.241
Exon 4 25 95 3 1 0.0059 -0.823 -0.098 -0.374
Exon 5 40 6 0 0
Exons 2 + Introns 18 672 30 12 0.0072 -1.176 -1.082 -1.317
Exons 3 + Introns 23 844 20 3 0.0042 -0.687 0.596 0.186
Exons 4 + Introns 16 401 24 3 0.0081 -1.592 0.864 0.078
Exons 5 + Introns 32 395 15 3 0.0027 -1.969* -0.075 -0.731

EBA140 Region II 41 448 7 3 0.00405 -0.086 -0.741 -0.626
GYP C Exon 2 54 58 1 1 0.00032 -1.019 -2.051 -2.029

Exon 3 34 84 0 0
Exons 2 + Introns 22 3135 27 6 0.0023 0.611 0.657 0.76
Exons 3 + Introns 16 4057 31 8 0.00208 0.341 0.429 0.472

⁎p < .05; ⁎⁎p < .02; S- segregating sites; Sn- singletons; π - nucleotide diversity; Gyp A exon 3 was sequenced but the data was a mix of Gyp A and Gyp B sequences
and was unresolvable, ebl-1 region I contained 2 stop codons and ebl—1 region II contained 1 stop codon, Bold text represent the merozoite ligands, grey shade
highlights the exon+ intron analyses.
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instance, in BSG, rs145916692 in codon 95, exon 5, in CR1,
rs371731619 in codon 159, exon 4 and in Gyp C rs143216051 in codon
42, exon 3 was 98% the ancestral allele in the African population and
100% the ancestral allele in the other populations. We identified dif-
ferent loci in our study such as codon 90 in BSG, a singleton in Gyp C in
exon 2 and no SNPs in exon 3 and in band 3 most of the 1000 genome

variants were not in the region studied and were upstream of exons 17
and 18. Thus, it appears that most loci in the erythrocyte receptor re-
gions are potentially rare variant sites.

Most of the variation observed was in the merozoite antigens as they
contained multiple polymorphic loci and a larger number of haplotypes
circulating in the population (Table 2). The prevalent haplotypes in the

Table 2
The frequency of the merozoite ligand and erythrocyte receptor haplotypes.

Gene Region sequenced Haplotypes Frequency, n (%) Gene Exons sequenced Haplotypes Frequency, n (%)

EBA140 REGION II (n=42) INGKK 20 (47.6) Gyp C exon 2 PP 53 (98.2)
codons 185,239,257, VSGKK 8 (19.1) codon 20 PR 1 (1.9)
261,285 VSGTK 6 (14.3)

VNGRE 3 (7.1)
INGRE 2 (4.8)
ISGKK 1 (2.4)
VNGKK 1 (2.4)
VSVTK 1 (2.4)

EBA175 REGION II (n=30) KEEKKSISENK 4 (13.3) Gyp A exon 2 (n=54) TT,DG,SS 30 (56.6)
codons 226, 274, 279, 286, KEKEKPISENK 4 (13.3) codon 23 SS,GG,SS 7 (13.2)
388, 390, 401,402,403, KEEKNSISKNK 3 (10) TT,GG,SS 7 (13.2)
404,405 EKEKKPISENK 2 (6.7) TT,EE,SS 3 (5.7)

KEEEKPISENK 2 (6.7) TT,DD,SS 2 (3.8)
KEEKKPISENK 2 (6.7) TT,DG,SF 2 (3.8)
KEEKNSKM 2 (6.7) TT,DD,SF 1 (1.9)
KKEENSKM 2 (6.7) SL,GG,SS 1 (1.9)
KKEKKPISENK 2 (6.7)
KKEKNSISKNK 2 (6.7)
EEKEKSISENK 1 (3.3)
KEEEKPISKNK 1 (3.3)
KEEKNSISENK 1 (3.3)
KEKENPISENK 1 (3.3)
KKEKNSNM 1 (3.3)

EBL1 Region I (n=26) QFF* 15 (57.7) Gyp B exon 2 (n=36) EE,LL,TT,EE 33 (91.7)
codons 39,187,188,189, QLSK 4 (15.4) codons 13, 20, 23, EE,WW,SS,GG 1 (2.8)
191,192,193 *LSK 4 (15.4) 24 EE,LW,SS,EG 1 (2.8)

*FF* 3 (11.5) EK,LL,TT,EE 1 (2.8)
Region II (n=38) IYGKHN 32 (84.2) exon 3 (n=45) EE,TT,LL,RR,FF,TT 36 (80)
codons 342,347,658, ICGKHN 2 (5.3) codons 47, 48, 51, EE,MM,LL,RR,FF,TT 5 (11.1)
664,690 IYG*H* 2 (5.3) 54,55, 56 EE,TM,LL,RR,FF,TT 3 (6.7)

IYCKYN 1 (2.6) KK,GG,FF,LL,LL,SS 1 (2.2)
MYGKHN 1 (2.6) exon 4 (n=25) AA,II,SS 16 (64)

codon 59, 66, 84 AA,II,TT 5 (20)
AA,II,ST 2 (8)
AA,MM,SS 1 (4)
TT,II,SS 1 (4)

MSP1 42 kDa fragment (n=47) KDD 19 (40.4) Band 3 exons 17 & 18 contained 1 synonymous SNP
codons 1472,1516,1533 KDN 15 (31.9)

DD 6 (12.8)
HD 4 (8.5)
DN 3 (6.4)

19 kDa fragment (n=49) EKSNGL 22 (44.9)
codons 1620,1667,1675, QKSNGL 10 (20.4)
1676,1677,1692 QKSNGF 8 (16.3)

ETSSRL 3 (6.1)
EKSSRL 2 (4.1)
QKNNGL 2 (4.1)
QTSNGF 1 (2)
QTSNRL 1 (2)

Rh4 exon 2 (n= 45) NKK 25 (55.6) CR1 exon 5 (n=81) TT 77 (96.3)
codons 435,438,500 NQK 16 (35.6) codon 173 TA 3 (3.7)

KQK 2 (4.4)
KKK 1 (2.2)
NQI 1 (2.2)

Rh5 exon 2 (n=39) DYHYIK 19 (48.7) Basigin exon 3 (n=61) AA,II,DD,AA,LL 56 (91.8)
codons 133,147,148,203, DYHYIN 6 (15.4) codons 28, 93,115, AA,II,DD,AA,LV 1 (1.6)
410,429 DHDYIN 5 (12.8) 130,135 AA,II,DD,PP,LL 2 (1.6)

DHDYIK 4 (10.3) AA,II,DY,PP,LL 3 (1.6)
DYHCIK 2 (5.1) AA,IM,DD,AA,LL 4 (1.6)
DYHCIN 1 (2.6) AE,II,DD,AA,LL 5 (1.6)
DYHYMK 1 (2.6) exon 5 (n=69) LL 68 (98.5)
NYHCIN 1 (2.6) codon 90 FF 1 (1.5)

exon 6 (n=66) EE 65 (98.5)
codon 146 DD 1 (1.5)

CR1 exon 4 and Gyp B exon 5 did not contain any SNPs.
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paired analysis represented the dominant haplotype in the population.
The merozoite antigen haplotypes were compared with previous pub-
lished data from a more recent time point (2007/2008) of children with
uncomplicated malaria (Ochola-Oyier et al., 2016) and for all 6 mer-
ozoite antigens similar haplotypes were still circulating in the Kilifi
population as the dominant haplotypes. However, in EBA140 we ob-
served two different high frequency haplotypes in the severe malaria
population of INGKK and VSGKK, with VSGTK presenting at a lower
frequency in comparison to the more recent data where it was the
dominant haplotype. For Rh5, we observed an excess of the YH com-
pared to the HD haplotype (when only considering the high frequency
polymorphic loci, codons 147 and 148) in this severe malaria popula-
tion which was similar to the more recent time points in the un-
complicated, asymptomatic and complicated/severe cases and the 10-
year temporal data of all infections (Ochola-Oyier et al., 2016), which
also had a predominance of the YH haplotype. In these individuals with
severe malaria, the parasite population does not differ from the rest of
the population of parasites circulating over time in Kilifi, suggesting
that at these loci it is not a specific ligand or receptor population that
results in severe malaria.

3.3. Merozoite ligand- erythrocyte receptor pair summary statistics

The majority of the ligand-receptor pairs exhibited negative sum-
mary statistics in particular, EBL-1 region II and BSG exon 3 both had
extreme negative Tajima's D values of −1.881 (p < .05) and− 1.89,
(p < .05), respectively. Similar results were obtained for Gyp B exons 2
and 3 (−1.7) and BSG exon 5 (−1.2) (Table 1). Notably, EBL-1 region
II and BSG exon 3 also had negative summary statistics for Fu & Li D*
and F* tests, <−2 for both tests. There is therefore an excess of low
frequency mutations or singletons in these regions. In contrast, EBA175
and MSP1 were positive for all 3 test statistics with a value of ≥1
(Table 1). Thus, drawing attention to these genes, in contrast however
their receptors Gyp A and band 3, respectively, fall within the neutral
range. We also examined the correlation between the values of the
summary statistics for the merozoite ligand and erythrocyte receptor
pairs and observed no correlations using the Fu & Li D* and F* indices,
(Fig. 2A and B). Though the data points are few, the Tajima's D index
(Fig. 2C) showed an indication towards a strong linear relationship,
using the Pearson product-moment correlation coefficient (r=0.86),
suggesting the index goes in the same direction for the ligand-receptor
pairs. Subsequently, a positive Tajima's D value for the merozoite ligand
would indicate a positive value for its receptor and vice versa.

3.4. Comparisons of Tajima's D with previously published data

Our study, highlights EBA175 region II (Tajima's D, 1.43) and
MSP1–33 (Tajima's D, 1.15) since they had the highest positive values
as genes with potential functional importance. We therefore compared
the Tajima's D values from this study with those from previous studies.
We first assessed the EBA175-GypA pair further since there is pre-
viously published data using the same methods of capillary sequencing.
We obtained similar Tajima's D statistics (1.07) for EBA175 region II as
a previous study with a similar sample size of 30, in Nigeria, from a
1800 bp region II fragment which contained 17 segregating sites and 1
singleton (Baum et al., 2003). Moreover, a study done in a similar
population in Kilifi, Kenya but from a cohort of individuals in the
community, also showed similar Tajima's D (1.13) results from a sample
size of 39 individuals and a region II fragment size of 1730 bp, with 19
segregating sites and 2 singletons (Verra et al., 2006). Evidence of
balancing selection in Gyp A exon 2 has previously been described, in
Nigeria, in 33 individuals yielding a significant Tajima's D of 2.54 from
5 segregating sites in the 99 bp fragment (Baum et al., 2002). Four
different populations in Kenya, two from a malaria hyperendemic area
obtained significant Tajima's D values of 2.6 and 2.4 and a hyperen-
demic and hypoendemic region resulted in Tajima's D values of 1.9 and

1.8, respectively. The sample size for the four regions was 34, 38, 34
and 22, respectively (Ko et al., 2011). These studies did not appear to
use samples from individuals infected with malaria though they were
from malaria endemic regions and were more likely to represent the
general population. These studies are in great contrast to the finding of
our study of a Tajima's D of 0.345 from 54 samples, thus suggesting that
this region of the gene is largely neutral in the severe malaria popula-
tion.

An additional comparison was done using previously published
whole parasite genome Tajima's D scans from 3 populations, which
showed that the parasite genome is largely negative (Amambua-Ngwa
et al., 2012; Mobegi et al., 2014; Ocholla et al., 2014). In a Gambian
population, using the Tajima's D statistics and 2853 genes with>3
SNPs, they identified 115 genes with a Tajima's D value ≥1, 222 genes
with values between 0 and 1, 788 between 0 and− 1 and 1728 genes
from −1 to −2.5 (Amambua-Ngwa et al., 2012). Based on this data,
~80% of the polymorphic genes are skewed towards a negative Taji-
ma's D, which is about 47% of the whole genome that contains ~5300
genes (Gardner et al., 2002). The top Tajima's D hits of> 1 identified
18 genes in a Gambian and Guinean population (Mobegi et al., 2014),
19 genes ≥1 in a Malawian population (Ocholla et al., 2014) and 25
genes with at least 10 SNPs (Amambua-Ngwa et al., 2012) (Supple-
mentary Table 2). We compared the Tajima's D values from this study
with the previous studies and highlight EBA175 (Tajima's D= 1.43)
and MSP1 (Tajima's D= 1.147) that fall within the range of the top hits
from the 3 studies of whole genome scans. The study from Malawi,
which is geographically closer to Kenya than the Gambia or Guinea, is
the only study that identified EBA175 as a gene with a > 1 Tajima's D
value. Thus, a Tajima's D value>1 is a reasonable cut off for our data.

3.5. Ligand and receptor protein structures

Of the seven polymorphisms identified in Rh5 only one, C203Y, fell
in the region that interacts with BSG (Fig. 3). This SNP, C203Y, is next
to codon 204, which has previously been shown to play a role in de-
termining the ability of P. falciparum strains to invade Aotus nancymaae
erythrocytes (Hayton et al., 2008). The rest of the Rh5 SNPs appear to
fall outside the BSG binding region. One rare variant of BSG, L90F, is in
the region that interacts with Rh5 and is close to the Ok variant locus
(codon 92). In a previous study, OK variant negative erythrocytes were
shown to be recalcitrant to invasion (Crosnier et al., 2011), but this
mutation has only ever been found in Japanese individuals, and the
Kilifi population was as expected, 100% wild type at codon 92.

3.6. DARC and P. vivax genotyping analysis

Though Plasmodium vivax is more widely distributed outside sub-
Saharan Africa, we confirmed as a control that the study population was
Duffy Antigen Receptor for Chemokines (DARC) negative and that P.
vivax infections were absent. The 93 samples were all Duffy antigen
negative by PCR-RFLP and this was confirmed by amplifying and se-
quencing 91 samples, all of which contained the −46C variant in the
DARC promoter region, which silences the expression of the DARC
gene. At codon 42, all the 91 samples sequenced coded for the amino
acid aspartate, thus the entire population sampled expressed the
FY*Bnull allele, which confirms previous findings that most people of
African descent carry the erythrocyte silent FY*B ancestral allele (Miller
et al., 1976; Tournamille et al., 1995). The 18S rRNA P. vivax primers
did not yield any PCR amplicons from all 93 samples, thus no P. vivax
was detected in this population.

4. Discussion

Overall the analysis of both merozoite ligands and erythrocyte re-
ceptors showed negative summary statistics, except for MSP1-33 and
EBA175 region II. Moreover, only BSG exon 3 and EBL-1 region II
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Fig. 2. Scatter plot showing the correlations between the summary statistics indices for each erythrocyte receptor-merozoite ligand pair. The merozoite ligand
Tajima's D value was plotted against its erythrocyte receptor Tajima's D value, the same was done for the Fu & Li D* and F* plots. The values used from the
erythrocyte receptors with data from more than one exon were as follows: for band 3 the average of both exons 17 and 18 plotted against MSP1–19 since it is the
region that primarily interacts with the receptor, BSG only exon 5 was considered since previous literature has shown altering codon 90 lowers binding (Crosnier
et al., 2011) and it was plotted against Rh5, Gyp B- was an average of exons 2 and 3, similar to Gyp A for which exons 2 and 3 are considered to be involved in binding
EBA175, plotted against EBL-1 regions and Gyp A exon 2 was plotted against EBA175. (A) Shows the correlation of the Tajima's D statistic for each receptor-ligand
pair, (B) the correlation of the Fu & Li’s D* statistic for each receptor-ligand pair and (C) is the correlation of the Fu & Li’s F* statistic for each receptor-ligand pair.
The Pearson product-moment correlation coefficient, r, is shown on the graphs.
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showed extreme negative results, ~−2 Tajima's D. These results are not
surprising since, previous studies of P. falciparum populations using
whole genome sequence data showed that the majority of genes in the
parasite genome were associated with negative Tajima's D values
(Amambua-Ngwa et al., 2012; Mobegi et al., 2014; Ocholla et al.,
2014). These results are reflective of a historical parasite population
expansion in Africa. Thus, the positive Tajima's D values (> 1) observed
in this study (for MSP1 and EBA175) against the backdrop of negative
values from a comparison of whole genome data, are highlighted as
outliers consistent with previous results that have identified these genes
as being under balancing selection (Hughes, 1992; Baum et al., 2003;
Verra et al., 2006).

It has also been suggested that as a much as 70–75% of amino-acid
altering mutations were affected by moderate or strong negative se-
lection in the human genome (Eyre-Walker et al., 2002; Eyre-Walker
et al., 2006; Kryukov et al., 2007). Therefore, the human genome pri-
marily exhibits negative statistics as demonstrated by the erythrocyte
loci examined in this study. Since the malaria parasite has a long history
of coevolution with humans observing the negative values for both li-
gand receptor pairs is not unusual. Additionally, the SNPs examined for
the erythrocyte genes in the whole genome data were primarily rare
variant loci, suggesting more population data is required or from the
current available data there is limited variation in these genes giving
credence to the observation predominantly> 90% one haplotype ex-
cept for Gyp A and singleton SNP loci. Consequently, in most ligand-
receptor pairs there is an indication that the genes show evidence of the
same directionality of Tajima's D statistic, for instance EBL-1-Gyp B
were both negative.

However, the loci that show positive values (EBA175, p > .05 and
MSP1, p > .05), are of particular interest as they may provide im-
portant functional information and identify regions potentially asso-
ciated with disease. EBA175 region II has been shown to be im-
munogenic (Richards et al., 2010) and the several polymorphisms in it
have been attributed to immune selection pressure (Baum et al., 2003;

Fig. 2. (continued)

Fig. 3. The structure of the Rh5-BSG interaction. The Rh5 structure is shown in
yellow and represents amino acid residues from 160 to 242 & 302–504 and the
SNPs identified in this study are highlighted in red. It is only the SNP at codon
C203Y of Rh5 that is involved in the interaction with basigin, while I410M and
K429N fall outside the binding region with basigin. The pink structure re-
presents basigin from amino acid residues 23–203 with the SNP (L90F) iden-
tified in this study highlighted in black and the Ok variant locus (92) is also
shown. Both codons 90 and 92 appear to be involved in the interaction with
Rh5. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Verra et al., 2006). However, since Gyp A exon 2 was the most diverse
receptor with the greatest variation between samples, the impact of the
multiple polymorphisms in Gyp A exon 2 on EBA175 cannot be ruled
out. The second merozoite ligand that showed a Tajima's D value> 1
was MSP1. Previous studies have demonstrated that the upstream re-
gion closer to the N-terminal end of MSP1 is under selection (Hughes,
1992; Escalante et al., 1998). This is likely to be due to its abundance on
the merozoite surface and the fact that it is a target of host immunity
(Egan et al., 1996). These residues may be involved in escaping host
immunity, since the receptor (band 3) regions interacting with these
proteins had only one polymorphic site.

Our main observation of a negative summary statistic was evident in
BSG exon 3. Though it is not expressed in BSG-S, the abundant isoform
on erythrocytes, it is specific to the BSG-L isoform (the retinal form)
which is only expressed in photoreceptor neurons (Ochrietor et al.,
2003; Pablo and Ochrietor, 2013). This specific and limited expression,
suggests that the BSG-L isoform may play a critical role in the retina.
Thus, the acquisition of mutations in this region of the gene is likely to
be minimised to preserve its highly specialised function. Nevertheless,
the regions (exons 5 and 6) expressed on erythrocytes contained a
limited number of polymorphic sites and in exon 5 there were rare
synonymous and non-synonymous, L90F, variants identified in 1 in-
dividual each. Exon 6 contained one high frequency polymorphic sy-
nonymous site and a singleton non-synonymous site. In a previous
study, a different amino acid change (L90P) in the rare variant codon
showed a lower binding affinity for recombinant Rh5 protein (Crosnier
et al., 2011), providing support to the idea that mutations are rare in
this protein since they may alter protein function in a way that is det-
rimental. Additionally, the BSG-S isoform is expressed in many cell
types throughout the body (Spring et al., 1997), it is therefore also
possible that it cannot acquire multiple mutations as this may alter its
function and impact many cellular processes. The importance of the
interaction of Rh5 with BSG for invasion (Crosnier et al., 2011), the lack
of an Rh5 knockout (Baum et al., 2009) and evidence demonstrating
that Rh5 antibodies substantially inhibit invasion (Bustamante et al.,
2013), emphasize its functional importance and may explain the few
SNPs we observed. Rh5 contained a total of 7 non-synonymous SNPs,
which may also be due to the limited number of polymorphisms it
encounters on interaction with BSG and its relatively low im-
munogenicity (Douglas et al., 2011; Tran et al., 2014). Apart from one
high frequency amino acid change located in the binding region with
BSG, the other three high frequency amino acid changes are more likely
to be the result of an immune escape mechanism, since they do not
appear to be located in the region involved in the interaction with
Basigin.

EBL-1 region II has previously been shown to be under purifying
selection (Verra et al., 2006) and has been described as a recent pseu-
dogene due to the stop codon in region II. We observed the same fre-
quency of the 185 stop codon (due to the 5T nucleotide insertion) as
Githui et al. (2010) from their analysis of 47 different Kenyan se-
quences, of 72%. From a smaller study done in Kilifi at a later time
point (2008) and a smaller number of samples (19), the frequency of
the 185 stop codon was 58% and 16% for stop codon 39 (Ochola-Oyier
et al., 2016). In region II, we identified a different stop codon (664) in 2
samples compared to the Verra et al. (2006) study that identified stops
in codons 253 and 469 in two and one sample, respectively. This study
therefore complements other studies (Verra et al., 2006; Githui et al.,
2010; Ochola-Oyier et al., 2016) providing further evidence that there
is a loss in ebl-1 function and that there is a predominance of the 5 T
insertion in the Kilifi population. It also demonstrates that the mer-
ozoite invasion of erythrocytes is a redundant process that uses multiple
ligand-receptor pathways and it indicates that it may not be a major
ligand for invasion. Its receptor, Gyp B, showed<−1 Tajima's D sug-
gesting that this gene also limits the acquisition of multiple mutations,
potentially to preserve its function, which is not yet known. Moreover,
it is a locus that contributes to variation in this gene cluster through

recombination and gene conversion events, generating hybrids with
Gyp A (Baum et al., 2002; Wang et al., 2003; Ko et al., 2011; Leffler
et al., 2017), since it arose through a duplication event of Gyp A but
lacks exon 3 through a splice site mutation (Kudo and Fukuda, 1989). A
recent study showed wide variation in the levels of Gyp B transcripts in
Beninese children (Dankwa et al., 2017). It is perhaps such variation
that would warrant the presence of stop codons in EBL-1, since in in-
dividuals with low Gyp B transcript levels the parasite would require a
different ligand-receptor interaction for the invasion of the erythrocyte.

An analysis of multiple erythrocyte receptor genes, which primarily
have a negative summary statistic similar to a large majority of the
human genome and limited variation from the 1000 whole genome
analysis, prompted a closer examination into the function of these
genes, BSG, CR1 and band 3. They have specific functions, from the
transport of nutrients and induction of matrix metalloproteinases
(Muramatsu, 2016), to serving as the immune adherence receptor for
complement (C3b/C4b) coated antigens (Java et al., 2015), and being
the most abundant protein and major anion HCO3

−Cl− exchanger in
the erythrocyte membrane (Reithmeier et al., 2016), respectively. Gyp
A which appears to primarily maintain the negatively charged glyco-
calyx to prevent erythrocyte aggregation (Poole, 2000), has potentially
been modified by its interactions with parasites, bacteria and viruses.
There is also evidence that BSG interacts with bacteria and viruses
(Muramatsu, 2016), however due to its functional importance as well as
that of CR1 and band 3, there is less diversification of these genes
compared to Gyp A. This study like three previous studies (Gagneux and
Varki, 1999; Baum et al., 2002; Ko et al., 2011), is consistent with the
suggestion that the erythrocytes act as decoys for pathogens to be
cleared and taken away from more important cells in the body, thus the
impact of the parasite on erythrocyte receptors appears to be minimal
since their primary role is to maintain their function in the erythrocyte.
Furthermore, the examination of the merozoite ligands and erythrocyte
receptor pairs in a population with severe malaria, is consistent with
previous studies that investigated either the ligand or receptor alone.
Thus, it provides similar and unifying results of the observed negative
or positive Tajima's D values, suggesting that it is also representative of
the wider population and not the result of specific ligand-receptor po-
pulations of those assessed in this study.

5. Conclusions

Though a large majority of the regions analysed in the P. falciparum
merozoite ligand – human erythrocyte receptor gene pairs appeared to be
neutral, four pairs are highlighted as interesting due to either>1 and<
−1 Tajima's D value in one or both gene pairs. EBA175 and Gyp A,
EBA175 had the highest positive Tajima's D value>1 and it is the
dominant ligand of the sialic-acid dependent invasion pathway for the
parasite (Duraisingh et al., 2003), while Gyp A is potentially a receptor for
other pathogens due to its abundance on the erythrocyte surface. Similarly,
MSP1–33, which also had a > 1 Tajima's D, and its receptor band 3 are
abundant proteins on the surface of the merozoite and erythrocyte, re-
spectively, which mediate the initial merozoite-erythrocyte interaction for
invasion (Cowman et al., 2017). EBL-1 and Gyp B were the pair with both
negative Tajima's D values<−1 and the studied population contained
predominantly the non-functional EBL-1 variant. They are both involved in
an alternative sialic-acid dependent invasion pathway. The Rh5 and Ba-
sigin (<−1 Tajima's D) interaction has been described as a sialic-acid
independent pathway (Baum et al., 2009), and both genes have important
cellular functions, Rh5's critical role in invasion and BSG's role in multiple
cellular processes. Since the merozoite invasion of erythrocytes is a critical
part of disease pathology and a target of vaccine development, the four
gene pairs are highlighted as interesting targets for interventions. Further
work is required to understand the impact of the genetic variation on their
interaction with erythrocyte receptors and host immunity.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2019.02.004.

L.I. Ochola-Oyier et al. Infection, Genetics and Evolution 69 (2019) 235–245

243

https://doi.org/10.1016/j.meegid.2019.02.004
https://doi.org/10.1016/j.meegid.2019.02.004


Author contributions

LIO-O conceived, designed and oversaw the study, generated and
analysed sequence data, performed the neutrality indices analysis, in-
terpreted the data and wrote the manuscript, KW collated and analysed
all the sequence data and performed the neutrality indices analysis, IO
generated and analysed sequence data and reviewed the manuscript,
CO, JPM & FKN generated and analysed sequence data, AM conducted
the PCR-RFLP for DARC and PCRs for P.vivax, KM conceived the study
and reviewed the manuscript. All authors read and approved the final
manuscript.

Data accessibility

The DNA sequence data for both the erythrocyte receptors and mer-
ozoite ligand genes were deposited in Genbank and are available under
the accession codes, EBA140:MG023845-MG023885, EBA175:MG024023-
MG024052, EBL1-I:MG023740-MG023765, EBL1-II:MG023362-MG023-
399, MSP1-19:MG024228-MG024276, MSP1-42:MG024420-MG024466,
Rh4:MG023657-MG023701, Rh5:MG023323-MG023361, Band_3_Exon_
17:MG024277-MG024347, Band_3_Exon_18:MG024088-MG024158, Basigin_
Exon_3: MG023908-MG023968, Basigin_Exon_5: MG024159-MG024227,
Basigin_Exon_6:MG023400-MG023465, CR1_Exon_4:MG023466-MG023539,
CR1_Exon_5: MG023574- G023656, GYA_Exon_2:MG023969-MG024022,
GYPA_Exon_4:MG024370-MG024419, GYPA_Exon_5:MG023766-MG0238-
14, GYPB_ Exon_2: MG024053-MG024087, GYPB_Exon_3:MG023540 -
MG023573, GYPB_Exon_4:MG024348-MG024369, GYPC_Exon_2:MG-
023815-MG023844 and GYPC_Exon_3:MG023886-MG023907.

Competing interests

The authors declare that they have no competing interests.

Acknowledgements

This work was supported by the malaria capacity development
consortium (MCDC) re-entry grant to LIO-O, who is currently supported
by a Wellcome Trust Intermediate Fellowship (107568/Z/15/Z), and
from a Wellcome Trust strategic award for capacity building awarded to
the KEMRI-Wellcome Trust Research Programme, managed by Dr. Sam
Kinyanjui that supported reagents and the purchase of laboratory
equipment at Centre for Biotechnology and Bioinformatics (CEBIB),
University of Nairobi. We thank John Okombo for his assistance in
overseeing the PCR and sequencing work. We are grateful to the pre-
vious and current Director of CEBIB for supporting this work and to the
University of Nairobi for the MSc scholarship awarded to CO and IO,
the research funds were used to purchase primers, IO was also sup-
ported by funding from the World Federation of Scientists. We also
thank the East African Public Health Laboratory Network project
(EAPHLN) from the World Bank for the MSc scholarship to JPM and the
Director of the Kenya Medical Research Institute for permission to
publish this article.

References

Amambua-Ngwa, A., Tetteh, K.K., Manske, M., Gomez-Escobar, N., Stewart, L.B.,
Deerhake, M.E., Cheeseman, I.H., Newbold, C.I., Holder, A.A., Knuepfer, E., et al.,
2012. Population genomic scan for candidate signatures of balancing selection to
guide antigen characterization in malaria parasites. PLoS Genet. 8, e1002992.

Baum, J., Ward, R.H., Conway, D.J., 2002. Natural selection on the erythrocyte surface.
Mol. Biol. Evol. 19, 223.

Baum, J., Thomas, A.W., Conway, D.J., 2003. Evidence for diversifying selection on er-
ythrocyte-binding antigens of Plasmodium falciparum and P. vivax. Genetics 163,
1327.

Baum, J., Chen, L., Healer, J., Lopaticki, S., Boyle, M., Triglia, T., Ehlgen, F., Ralph, S.A.,
Beeson, J.G., Cowman, A.F., 2009. Reticulocyte-binding protein homologue 5 - an
essential adhesin involved in invasion of human erythrocytes by Plasmodium falci-
parum. Int. J. Parasitol. 39, 371.

Bustamante, L.Y., Bartholdson, S.J., Crosnier, C., Campos, M.G., Wanaguru, M., Nguon,

C., Kwiatkowski, D.P., Wright, G.J., Rayner, J.C., 2013. A full-length recombinant
Plasmodium falciparum PfRH5 protein induces inhibitory antibodies that are effec-
tive across common PfRH5 genetic variants. Vaccine 31, 373.

Chen, L., Xu, Y., Healer, J., Thompson, J.K., Smith, B.J., Lawrence, M.C., Cowman, A.F.,
2014. Crystal structure of PfRh5, an essential P. falciparum ligand for invasion of
human erythrocytes. elife 3, e04187.

Colin, Y., Le Van Kim, C., Tsapis, A., Clerget, M., d'Auriol, L., London, J., Galibert, F.,
Cartron, J.P., 1989. Human erythrocyte glycophorin C. Gene structure and re-
arrangement in genetic variants. J. Biol. Chem. 264, 3773.

Crewther, P.E., Matthew, M.L., Flegg, R.H., Anders, R.F., 1996. Protective immune re-
sponses to apical membrane antigen 1 of Plasmodium chabaudi involve recognition
of strain-specific epitopes. Infect. Immun. 64, 3310.

Crosnier, C., Bustamante, L.Y., Bartholdson, S.J., Bei, A.K., Theron, M., Uchikawa, M.,
Mboup, S., Ndir, O., Kwiatkowski, D.P., Duraisingh, M.T., et al., 2011. Basigin is a
receptor essential for erythrocyte invasion by Plasmodium falciparum. Nature 480,
534.

Dankwa, S., Chaand, M., Kanjee, U., Jiang, R.H.Y., Nobre, L.V., Goldberg, J.M., Bei, A.K.,
Moechtar, M.A., Grüring, C., Ahouidi, A.D., Ndiaye, D., Dieye, T.N., Mboup, S.,
Weekes, M.P., Duraisingh, M.T., 2017. Genetic evidence for erythrocyte receptor
glycophorin B expression levels defining a dominant plasmodium falciparum invasion
pathway into human erythrocytes. Infect. Immun. 85 (10), e00074.

Douglas, A.D., Williams, A.R., Illingworth, J.J., Kamuyu, G., Biswas, S., Goodman, A.L.,
Wyllie, D.H., Crosnier, C., Miura, K., Wright, G.J., et al., 2011. The blood-stage
malaria antigen PfRH5 is susceptible to vaccine-inducible cross-strain neutralizing
antibody. Nat. Commun. 2, 601.

Duraisingh, M.T., Maier, A.G., Triglia, T., Cowman, A.F., 2003. Erythrocyte-binding an-
tigen 175 mediates invasion in Plasmodium falciparum utilizing sialic acid-depen-
dent and -independent pathways. Proc. Natl. Acad. Sci. U. S. A. 100, 4796–4801.

Edgar, R.C., 2010. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460.

Egan, A.F., Morris, J., Barnish, G., Allen, S., Greenwood, B.M., Kaslow, D.C., Holder, A.A.,
Riley, E.M., 1996. Clinical immunity to Plasmodium falciparum malaria is associated
with serum antibodies to the 19-kDa C-terminal fragment of the merozoite surface
antigen, PfMSP-1. J. Infect. Dis. 173, 765.

Escalante, A.A., Lal, A.A., Ayala, F.J., 1998. Genetic polymorphism and natural selection
in the malaria parasite Plasmodium falciparum. Genetics 149 (1), 189.

Eyre-Walker, A., Keightley, P.D., Smith, N.G.C., Gaffney, D., 2002. Quantifying the
slightly deleterious model of molecular evolution. Mol. Biol. Evol. 19, 2142.

Eyre-Walker, A., Woolfit, M., Phelps, T., 2006. The distribution of fitness effects of new
deleterious amino acid mutations in humans. Genetics 173, 891.

Fu, Y.X., Li, W.H., 1993. Statistical tests of neutrality of mutations. Genetics 133, 693.
Gagneux, P., Varki, A., 1999. Evolutionary considerations in relating oligosaccharide

diversity to biological function. Glycobiology 9 (8), 747.
Gardner, M.J., Hall, N., Fung, E., White, O., Berriman, M., Hyman, R.W., Carlton, J.M.,

Pain, A., Nelson, K.E., Bowman, S., et al., 2002. Genome sequence of the human
malaria parasite Plasmodium falciparum. Nature 419 (6906), 498.

Githui, E.K., Peterson, D.S., Aman, R.A., Abdi, A.I., 2010. Prevalence of 5′ insertion
mutants and analysis of single nucleotide polymorphism in the erythrocyte binding-
like 1 (ebl-1) gene in Kenyan Plasmodium falciparum field isolates. Infect. Genet.
Evol. 10 (6), 834.

Goel, V.K., Li, X., Chen, H., Liu, S.C., Chishti, A.H., Oh, S.S., 2003. Band 3 is a host
receptor binding merozoite surface protein 1 during the Plasmodium falciparum in-
vasion of erythrocytes. Proc. Natl. Acad. Sci. U. S. A. 100, 5164.

Hall, T.A., 1999. BioEdit: a user-friendly biological sequence alignment editor and ana-
lysis program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41, 95.

Hayton, K., Gaur, D., Liu, A., Takahashi, J., Henschen, B., Singh, S., Lambert, L., Furuya,
T., Bouttenot, R., Doll, M., et al., 2008. Erythrocyte binding protein PfRH5 poly-
morphisms determine species-specific pathways of Plasmodium falciparum invasion.
Cell Host Microbe 4, 40.

Hughes, A.L., 1992. Positive selection and interallelic recombination at the merozoite
surface antigen-1 (MSA-1) locus of Plasmodium falciparum. Mol. Biol. Evol. 9, 381.

Java, A., Liszewski, M.K., Hourcade, D.E., Zhang, F., Atkinson, J.P., 2015. Role of com-
plement receptor 1 (CR1; CD35) on epithelial cells: a model for understanding
complement-mediated damage in the kidney. Mol. Immunol. 67 (2 Pt B), 584.

Ko, W.Y., Kaercher, K.A., Giombini, E., Marcatili, P., Froment, A., Ibrahim, M., Lema, G.,
Nyambo, T.B., Omar, S.A., Wambebe, C., et al., 2011. Effects of natural selection and
gene conversion on the evolution of human glycophorins coding for MNS blood
polymorphisms in malaria-endemic African populations. Am. J. Hum. Genet. 88, 741.

Kryukov, G.V., Pennacchio, L.A., Sunyaev, S.R., 2007. Most rare missense alleles are
deleterious in humans: implications for complex disease and association studies. Am.
J. Hum. Genet. 80, 727.

Kudo, S., Fukuda, M., 1989. Structural organization of glycophorin A and B genes: gly-
cophorin B gene evolved by homologous recombination at Alu repeat sequences.
Proc. Natl. Acad. Sci. U. S. A. 86, 4619.

Kwiatkowski, D.P., 2005. How malaria has affected the human genome and what human
genetics can teach us about malaria. Am. J. Hum. Genet. 77, 171.

Leffler, E.M., Band, G., Busby, G.B.J., Kivinen, K., Le, Q.S., Clarke, G.M., Bojang, K.A.,
Conway, D.J., Jallow, M., Sisay-Joof, F., Bougouma, E.C., Mangano, V.D., Modiano,
D., Sirima, S.B., Achidi, E., Apinjoh, T.O., Marsh, K., Ndila, C.M., Peshu, N., Williams,
T.N., Drakeley, C., Manjurano, A., Reyburn, H., Riley, E., Kachala, D., Molyneux, M.,
Nyirongo, V., Taylor, T., Thornton, N., Tilley, L., Grimsley, S., Drury, E., Stalker, J.,
Cornelius, V., Hubbart, C., Jeffreys, A.E., Rowlands, K., Rockett, K.A., Spencer,
C.C.A., Kwiatkowski, D.P., 2017. Malaria Genomic Epidemiology Network.
Resistance to malaria through structural variation of red blood cell invasion re-
ceptors. Science 356 (6343).

Li, X., Chen, H., Oo, T.H., Daly, T.M., Bergman, L.W., Liu, S.C., Chishti, A.H., Oh, S.S.,

L.I. Ochola-Oyier et al. Infection, Genetics and Evolution 69 (2019) 235–245

244

http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0005
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0005
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0005
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0005
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0010
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0010
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0015
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0015
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0015
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0020
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0020
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0020
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0020
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0025
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0025
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0025
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0025
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0030
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0030
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0030
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0035
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0035
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0035
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0040
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0040
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0040
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0045
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0045
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0045
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0045
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0050
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0050
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0050
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0050
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0050
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0055
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0055
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0055
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0055
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0060
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0060
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0060
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0065
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0065
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0070
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0070
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0070
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0070
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0075
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0075
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0080
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0080
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0085
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0085
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0090
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0095
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0095
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0100
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0100
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0100
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0105
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0105
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0105
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0105
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0110
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0110
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0110
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0115
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0115
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0120
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0120
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0120
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0120
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0125
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0125
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0130
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0130
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0130
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0135
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0135
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0135
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0135
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0140
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0140
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0140
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0145
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0145
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0145
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0150
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0150
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf3555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf3555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf3555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf3555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf3555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf3555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf3555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf3555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf3555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0155


2004. A co-ligand complex anchors Plasmodium falciparum merozoites to the ery-
throcyte invasion receptor band 3. J. Biol. Chem. 279, 5765.

Lobo, C.A., Rodriguez, M., Reid, M., Lustigman, S., 2003. Glycophorin C is the receptor
for the Plasmodium falciparum erythrocyte binding ligand PfEBP-2 (baebl). Blood
101 (11), 4628–4631.

Maier, A.G., Duraisingh, M.T., Reeder, J.C., Patel, S.S., Kazura, J.W., Zimmerman, P.A.,
Cowman, A.F., 2003. Plasmodium falciparum erythrocyte invasion through glyco-
phorin C and selection for Gerbich negativity in human populations. Nat. Med. 9, 87.

Marsh, K., Forster, D., Waruiru, C., Mwangi, I., Winstanley, M., Marsh, V., Newton, C.,
Winstanley, P., Warn, P., Peshu, N., et al., 1995. Indicators of life-threatening malaria
in African children. N. Engl. J. Med. 332, 1399.

Mayer, D.C., Cofie, J., Jiang, L., Hartl, D.L., Tracy, E., Kabat, J., Mendoza, L.H., Miller,
L.H., 2009. Glycophorin B is the erythrocyte receptor of Plasmodium falciparum
erythrocyte-binding ligand, EBL-1. Proc. Natl. Acad. Sci. U. S. A. 106, 5348.

Miller, L.H., Mason, S.J., Clyde, D.F., McGinniss, M.H., 1976. The resistance factor to
Plasmodium vivax in blacks. The Duffy-blood-group genotype. FyFy. N. Engl. J. Med.
295, 302.

Mobegi, V.A., Duffy, C.W., Amambua-Ngwa, A., Loua, K.M., Laman, E., Nwakanma, D.C.,
MacInnis, B., Aspeling-Jones, H., Murray, L., Clark, T.G., et al., 2014. Genome-wide
analysis of selection on the malaria parasite Plasmodium falciparum in West African
populations of differing infection endemicity. Mol. Biol. Evol. 31, 1490.

Muramatsu, T., 2016. Basigin (CD147), a multifunctional transmembrane glycoprotein
with various binding partners. J. Biochem. 159 (5), 481.

Ochola-Oyier, L.I., Okombo, J., Wagatua, N., Ochieng, J., Tetteh, K.K., Fegan, G., Bejon,
P., Marsh, K., 2016. Comparison of allele frequencies of Plasmodium falciparum
merozoite antigens in malaria infections sampled in different years in a Kenyan po-
pulation. Malar. J. 15 (1), 261.

Ochola, L.I., Tetteh, K.K., Stewart, L.B., Riitho, V., Marsh, K., Conway, D.J., 2010. Allele
frequency-based and polymorphism-versus-divergence indices of balancing selection
in a new filtered set of polymorphic genes in Plasmodium falciparum. Mol. Biol. Evol.
27, 2344.

Ocholla, H., Preston, M.D., Mipando, M., Jensen, A.T., Campino, S., MacInnis, B., Alcock,
D., Terlouw, A., Zongo, I., Oudraogo, J.B., et al., 2014. Whole-genome scans provide
evidence of adaptive evolution in Malawian Plasmodium falciparum isolates. J.
Infect. Dis. 210 (12), 1991.

Ochrietor, J.D., Moroz, T.P., van Ekeris, L., Clamp, M.F., Jefferson, S.C., deCarvalho, A.C.,
Fadool, J.M., Wistow, G., Muramatsu, T., Linser, P.J., 2003. Retina-specific expres-
sion of 5A11/Basigin-2, a member of the immunoglobulin gene superfamily. Invest.
Ophthalmol. Vis. Sci. 44, 4086.

Pablo, K.A., Ochrietor, J.D., 2013. Deletion of the Basigin gene results in reduced mi-
tochondria in the neural retina. Biochem. Biophys. Res. Commun. 438, 546.

Polley, S.D., Conway, D.J., 2001. Strong diversifying selection on domains of the
Plasmodium falciparum apical membrane antigen 1 gene. Genetics 158, 1505.

Polley, S.D., Tetteh, K.K., Lloyd, J.M., Akpogheneta, O.J., Greenwood, B.M., Bojang, K.A.,
Conway, D.J., 2007. Plasmodium falciparum merozoite surface protein 3 is a target of
allele-specific immunity and alleles are maintained by natural selection. J. Infect. Dis.
195, 279.

Poole, J., 2000. Red cell antigens on band 3 and glycophorin A. Blood Rev. 14 (1), 31.
Rayner, J.C., Tran, T.M., Corredor, V., Huber, C.S., Barnwell, J.W., Galinski, M.R., 2005.

Dramatic difference in diversity between Plasmodium falciparum and Plasmodium
vivax reticulocyte binding-like genes. Am. J. Trop. Med. Hyg. 72, 666.

Reithmeier, R.A., Casey, J.R., Kalli, A.C., Sansom, M.S., Alguel, Y., Iwata, S., 2016. Band
3, the human red cell chloride/bicarbonate anion exchanger (AE1, SLC4A1), in a
structural context. Biochim. Biophys. Acta 1858 (7), 1507 Pt A).

Richards, J.S., Stanisic, D.I., Fowkes, F.J., Tavul, L., Dabod, E., Thompson, J.K., Kumar, S.,
Chitnis, C.E., Narum, D.L., Michon, P., et al., 2010. Association between naturally
acquired antibodies to erythrocyte-binding antigens of Plasmodium falciparum and
protection from malaria and high-density parasitemia. Clin. Infect. Dis. 51, e50.

Rozas, J., Sanchez-DelBarrio, J.C., Messeguer, X., Rozas, R., 2003. DnaSP, DNA poly-
morphism analyses by the coalescent and other methods. Bioinformatics 19, 2496.

Salinas, N.D., Paing, M.M., Tolia, N.H., 2014. Critical glycosylated residues in exon three
of erythrocyte glycophorin A engage Plasmodium falciparum EBA-175 and define
receptor specificity. MBio 5, e01606.

Sievers, F., Wilm, A., Dineen, D., Gibson, T.J., Karplus, K., Li, W., Lopez, R., McWilliam,
H., Remmert, M., Soding, J., et al., 2011. Fast, scalable generation of high-quality
protein multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 7, 539.

Sim, B.K., Chitnis, C.E., Wasniowska, K., Hadley, T.J., Miller, L.H., 1994. Receptor and
ligand domains for invasion of erythrocytes by Plasmodium falciparum. Science 264,
1941.

Spring, F.A., Holmes, C.H., Simpson, K.L., Mawby, W.J., Mattes, M.J., Okubo, Y., Parsons,
S.F., 1997. The Oka blood group antigen is a marker for the M6 leukocyte activation
antigen, the human homolog of OX-47 antigen, basigin and neurothelin, an im-
munoglobulin superfamily molecule that is widely expressed in human cells and
tissues. Eur. J. Immunol. 27, 891.

Tajima, F., 1989. Statistical method for testing the neutral mutation hypothesis by DNA
polymorphism. Genetics 123, 585.

Tamura, K., Dudley, J., Nei, M., Kumar, S., 2007. MEGA4: molecular evolutionary ge-
netics analysis (MEGA) software version 4.0. Mol. Biol. Evol. 24, 1596.

Tarazona-Santos, E., Castilho, L., Amaral, D.R., Costa, D.C., Furlani, N.G., Zuccherato,
L.W., Machado, M., Reid, M.E., Zalis, M.G., Rossit, A.R., et al., 2011. Population
genetics of GYPB and association study between GYPB*S/s polymorphism and sus-
ceptibility to P. falciparum infection in the Brazilian Amazon. PLoS One 6, e16123.

Tetteh, K.K., Stewart, L.B., Ochola, L.I., Amambua-Ngwa, A., Thomas, A.W., Marsh, K.,
Weedall, G.D., Conway, D.J., 2009. Prospective identification of malaria parasite
genes under balancing selection. PLoS One 4, e5568.

Tham, W.H., Wilson, D.W., Lopaticki, S., Schmidt, C.Q., Tetteh-Quarcoo, P.B., Barlow,
P.N., Richard, D., Corbin, J.E., Beeson, J.G., Cowman, A.F., 2010. Complement re-
ceptor 1 is the host erythrocyte receptor for Plasmodium falciparum PfRh4 invasion
ligand. Proc. Natl. Acad. Sci. U. S. A. 107, 17327.

Tham, W.H., Schmidt, C.Q., Hauhart, R.E., Guariento, M., Tetteh-Quarcoo, P.B.,
Lopaticki, S., Atkinson, J.P., Barlow, P.N., Cowman, A.F., 2011. Plasmodium falci-
parum uses a key functional site in complement receptor type-1 for invasion of
human erythrocytes. Blood 118, 1923.

Tolia, N.H., Enemark, E.J., Sim, B.K., Joshua-Tor, L., 2005. Structural basis for the EBA-
175 erythrocyte invasion pathway of the malaria parasite Plasmodium falciparum.
Cell 122 (2), 183–193.

Tournamille, C., Colin, Y., Cartron, J.P., Le Van Kim, C., 1995. Disruption of a GATA motif
in the Duffy gene promoter abolishes erythroid gene expression in Duffy-negative
individuals. Nat. Genet. 10, 224.

Tran, T.M., Ongoiba, A., Coursen, J., Crosnier, C., Diouf, A., Huang, C.Y., Li, S., Doumbo,
S., Doumtabe, D., Kone, Y., et al., 2014. Naturally acquired antibodies specific for
Plasmodium falciparum reticulocyte-binding protein homologue 5 inhibit parasite
growth and predict protection from malaria. J. Infect. Dis. 209, 789.

Verra, F., Chokejindachai, W., Weedall, G.D., Polley, S.D., Mwangi, T.W., Marsh, K.,
Conway, D.J., 2006. Contrasting signatures of selection on the Plasmodium falci-
parum erythrocyte binding antigen gene family. Mol. Biochem. Parasitol. 149, 182.

Vik, D.P., Wong, W.W., 1993. Structure of the gene for the F allele of complement re-
ceptor type 1 and sequence of the coding region unique to the S allele. J. Immunol.
151, 6214–6224.

Wang, H.Y., Tang, H., Shen, C.K., Wu, C.I., 2003. Rapidly evolving genes in human. I. The
glycophorins and their possible role in evading malaria parasites. Mol. Biol. Evol. 20,
1795.

Weppelmann, T.A., Carter, T.E., Chen, Z., von Fricken, M.E., Victor, Y.S., Existe, A.,
Okech, B.A., 2013. High frequency of the erythroid silent Duffy antigen genotype and
lack of Plasmodium vivax infections in Haiti. Malar. J. 12 (30).

Wilder, J.A., Hewett, E.K., Gansner, M.E., 2009. Molecular evolution of GYPC: evidence
for recent structural innovation and positive selection in humans. Mol. Biol. Evol. 26,
2679.

Williams, T.N., Mwangi, T.W., Wambua, S., Alexander, N.D., Kortok, M., Snow, R.W.,
Marsh, K., 2005. Sickle cell trait and the risk of Plasmodium falciparum malaria and
other childhood diseases. J. Infect. Dis. 192, 178.

Wright, K.E., Hjerrild, K.A., Bartlett, J., Douglas, A.D., Jin, J., Brown, R.E., Illingworth,
J.J., Ashfield, R., Clemmensen, S.B., de Jongh, W.A., et al., 2014. Structure of malaria
invasion protein RH5 with erythrocyte basigin and blocking antibodies. Nature 515,
427.

L.I. Ochola-Oyier et al. Infection, Genetics and Evolution 69 (2019) 235–245

245

http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0155
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0155
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf5555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf5555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf5555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0160
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0160
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0160
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0170
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0170
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0170
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0175
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0175
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0175
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0180
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0180
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0180
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0185
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0185
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0185
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0185
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0190
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0190
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf7555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf7555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf7555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf7555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0195
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0195
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0195
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0195
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0200
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0200
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0200
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0200
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0205
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0205
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0205
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0205
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0210
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0210
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0215
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0215
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0220
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0220
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0220
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0220
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0225
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0230
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0230
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0230
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0235
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0235
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0235
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0240
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0240
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0240
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0240
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0245
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0245
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0250
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0250
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0250
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0255
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0255
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0255
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0260
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0260
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0260
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0265
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0265
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0265
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0265
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0265
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0270
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0270
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0275
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0275
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0280
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0280
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0280
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0280
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0285
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0285
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0285
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0290
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0290
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0290
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0290
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0295
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0295
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0295
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0295
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf4555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf4555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf4555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0300
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0300
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0300
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0305
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0305
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0305
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0305
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0310
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0310
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0310
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0315
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0315
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0315
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0320
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0320
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0320
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf6555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf6555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf6555
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0325
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0325
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0325
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0330
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0330
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0330
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0335
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0335
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0335
http://refhub.elsevier.com/S1567-1348(18)30708-1/rf0335

	Few Plasmodium falciparum merozoite ligand and erythrocyte receptor pairs show evidence of balancing selection
	Introduction
	Materials and methods
	Population sampled
	DNA extraction, amplification and sequencing
	DARC and Plasmodium vivax genotyping
	Sequence cluster analysis
	Population genetics statistical tests
	Ligand-receptor protein structures

	Results
	Merozoite ligand and erythrocyte receptor diversity
	Merozoite ligand- erythrocyte receptor haplotype pairs
	Merozoite ligand- erythrocyte receptor pair summary statistics
	Comparisons of Tajima's D with previously published data
	Ligand and receptor protein structures
	DARC and P. vivax genotyping analysis

	Discussion
	Conclusions
	Author contributions
	Data accessibility
	Competing interests
	Acknowledgements
	References




