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Plasmodium falciparum mitochondrial genetic diversity exhibits
isolation-by-distance patterns supporting a sub-Saharan African origin☆
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The geographical distribution of single nucleotide polymorphism (SNP) in the mitochondrial genome of the
human malaria parasite Plasmodium falciparum was investigated. We identified 88 SNPs in 516 isolates from
seven parasite populations in Africa, Southeast Asia and Oceania. Analysis of the SNPs postulated a sub-
Saharan African origin and recovered a strong negative correlation between within-population SNP diversity
and geographic distance from the putative African origin over Southeast Asia and Oceania. These results are
consistent with those previously obtained for nuclear genome-encoded housekeeping genes, indicating that
the pattern of inheritance does not substantially affect the geographical distribution of SNPs.

© 2013 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

Malaria, a mosquito-borne infectious disease caused by protozoa
of the genus Plasmodium, continues to impose a serious public health

concern throughout the tropics with 219 million estimated cases
and 660,000 deaths in 2010 (WHO, 2012), mostly due to infections
of the most virulent species, Plasmodium falciparum. Elucidating and
understanding the genetic diversity of this parasite is of great impor-
tance to gain insights into its pathogenesis as this has compromised
malaria control strategies by facilitating drug resistance and immune
evasion.

Malaria parasite populations in geographically diverse regions
exist in highly variable epidemiological settings with respect to in-
tensity of transmission (Hay et al., 2009; Kelly-Hope and McKenzie,
2009), malaria interventions, evolutionary history and population
structures (Anderson et al., 2000; Joy et al., 2003). We have recently
shown that within-population diversity of P. falciparum housekeep-
ing genes was primarily determined by geographic distance from a
postulated origin in central sub-Saharan Africa over Africa, Asia and
Oceania (Tanabe et al., 2010). In a subsequent study, we also recov-
ered significant negative (or inverse) correlation between within-
population diversity of P. falciparum vaccine candidate antigen
genes and geographic distance (Tanabe et al., 2013). These results
suggest that regional variation in transmission intensity, malaria in-
terventions, and host immune level might not be tightly associated
with the geographic distribution of within-population parasite

Mitochondrion 13 (2013) 630–636

Abbreviations: mt, mitochondria; SNP, single nucleotide polymorphism; θS, the stan-
dardized number of polymorphic sites per site; θπ, the average number of pair-wise nucle-
otide differences; dS, the mean number of synonymous substitutions per synonymous
site; dN, the mean number of non-synonymous substitutions per non-synonymous site;
FST, the Wright's fixation index of inter-population variance in allele frequencies; MAF,
minor allele frequency; serca, sarcoplasmic/endoplasmic reticulum Ca2+-transporting
ATPase gene; adsl, adenylosuccinate lyase gene; ATQ, atovaquone; cox1, cytochrome c ox-
idase subunit I gene; cox3, cytochrome c oxidase subunit III gene; cob, cytochrome b gene.
☆ We dedicate this paper to the memory of the late Kazuyuki Tanabe.
⁎ Corresponding author.
⁎⁎ Correspondence to: T. Mita, Department of Molecular and Cellular Parasitology,
Juntendo University School of Medicine, Tokyo 113-8421, Japan. Tel.: +81 3 5802 1042;
fax: +81 3 5800 0476.

E-mail addresses: t.jombart@imperial.ac.uk (T. Jombart), shunhoribe@gmail.com
(S. Horibe), nirian@biken.osaka-u.ac.jp (N.M.Q. Palacpac), homma@research.twmu.ac.jp
(H. Honma), sitachi@sci.osaka-cu.ac.jp (S.-I. Tachibana), mnakamura8823@gmail.com
(M. Nakamura), horii@biken.osaka-u.ac.jp (T. Horii), kishino@lbm.ab.a.u-tokyo.ac.jp
(H. Kishino), tmita@juntendo.ac.jp (T. Mita).

1 Deceased, August 12th 2013.

1567-7249/$ – see front matter © 2013 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
http://dx.doi.org/10.1016/j.mito.2013.08.008

Contents lists available at ScienceDirect

Mitochondrion

j ourna l homepage: www.e lsev ie r .com/ locate /mi to



Author's personal copy

genetic diversity. Rather, the smooth patterns of reduction in para-
site genetic diversity along with geographic distance from the
African origin mirror the ones previously documented in modern
humans (Handley et al., 2007; Liu et al., 2006; Prugnolle et al.,
2005; Ramachandran et al., 2005). We then inferred that P.
falciparum “piggybacked” with modern humans in a central sub-
Saharan area and colonized the world alongside modern human mi-
grations out of Africa (Tanabe et al., 2010).

Like other eukaryotic organisms, P. falciparum has mitochondria
essential for a range of cellular processes and cellular signaling. The
parasite mitochondria showed remarkable changes in both mor-
phology and biochemical activities during parasite development
(Krungkrai, 2004; Vaidya and Mather, 2009). In erythrocytic stages,
although the organelle has underdeveloped structure and relative-
ly limited function, enzymes for oxidative phosphorylation were
expressed, suggesting heterogeneity of metabolic status at the
blood stage (Daily et al., 2007). At the mosquito stages of the par-
asite, the importance of TCA cycle members has recently been
demonstrated (Hino et al., 2012) consistent with the organelle
being metabolically more active and developed showing typical
cristate morphology.

Additionally the mitochondrial (mt) genome of P. falciparum, as
well as other Plasmodium species, has several unique genomic features
(Vaidya and Mather, 2009): (i) the genome is present in the form of a
circular and/or tandemly repeated linear 6 kb element, the smallest
mt genome size known so far (Preiser et al., 1996); (ii) the 6 kb element
encodes only three protein-coding genes (cox1, cox3 and cob: cyto-
chrome c oxidase subunit I, cytochrome c oxidase subunit III and cyto-
chrome b genes, respectively) along with highly fragmented large
subunit (LSU) and small subunit (SSU) ribosomal RNA (rRNA) genes
(Feagin et al., 1997, 2012; Hikosaka et al., 2011); and (iii) curiously,
no transfer RNA genes exist.

These unique genomic features may impact strongly the genetic
diversity observed in parasite populations. Moreover, similar to a great
majority of sexual organisms, the parasite mt genome is uniparentally
inherited and does not undergo recombination (Creasey et al., 1993;
Joy et al., 2003; Vaidya et al., 1993). Thus, it is likely possible that the
geographic distribution of within-population genetic diversity of the
mt genome is different from that of the nuclear genome, which is
inherited biparentally and undergoes recombination. For example,
once a deleterious mutation is newly generated in the mt genome, all
single nucleotide polymorphisms (SNPs) previously present in the
genome must disappear, due to the absence of recombination in the
mt genome. In contrast, in the nuclear genome only SNPs linked to a
newly generated deleterious mutation in a chromosomal recombina-
tion segment would be lost by recombination and genetic hitchhiking
with SNPs outside the segment surviving. This may suggest that geo-
graphical distribution of SNPs in the mt genome could be inherently
unique. However, investigations on polymorphisms of the P. falciparum
mt genome are still limited (Conway et al., 2000; Joy et al., 2003). There
is also a clinical and epidemiological reason for studying polymor-
phisms of the mt genome relating to its biological role. Atovaquone
(ATQ), an anti-malarial drug, is known to target cytochrome b, leading
to the inhibition of pyrimidine biosynthesis and eventually parasite
death (Korsinczky et al., 2000; Srivastava et al., 1999). The prevalence
of ATQ-resistant parasites in targeted populations needs to be assessed
before and after implementation of the drug usage for effective treat-
ment and malaria control.

In this study, we investigated the geographical distribution of
SNPs in the P. falciparum mt genome with the same parasite popula-
tions from Africa, Southeast Asia and Oceania that were previously
used for the analysis of nuclear genome-encoded housekeeping
genes (Tanabe et al., 2010). Using the same sample set allows us
to address whether within-population mt SNP diversity is driven
by a negative correlation with the geographic distance from a sub-
Saharan African origin, as in nuclear genome-encoded housekeeping

genes (Tanabe et al., 2010), or whether specific genetic features
such as uniparental inheritance and the absence of recombination
in the mt genome determine the geographic distribution of mt SNPs.

2. Materials and methods

2.1. Parasite isolates

P. falciparum isolates were collected from seven countries:
Ghana, Tanzania, Thailand, Philippines, Papua New Guinea (PNG),
the Solomon Islands, and Vanuatu. Details of the parasite isolates
have been described previously: in Ghana, samples were collected
in three villages near Winneba, coastal Ghana in 2004 (Tanabe
et al., 2010). In Tanzania, samples were collected in the Rufiji River
Delta in 1993, 1998 and 2003 (Tanabe et al., 2007). In Thailand, samples
were collected inMae Sod, Tak Province in 1995 (Sakihama et al., 1999).
In the Philippines, samples were collected in Puerto Princesa, Palawan
island in 1997 (Sakihama et al., 2007). In Papua New Guinea (PNG),
sampleswere collected fromfive villages inWewak, East Sepik Province
in 2001 and 2002 (Tanabe et al., 2010). In the Solomon Islands, sam-
ples were collected in three local areas in northeastern Guadalcanal
island in 1995–1996 (Sakihama et al., 2006). In Vanuatu, samples
were collected from four islands in 1996–1998 (Sakihama et al.,
2001). These seven parasite populations were also used in our
previous polymorphism study for two nuclear housekeeping genes,
the sarcoplasmic/endoplasmic reticulum Ca2+-transporting ATPase
gene (serca) and the adenylosuccinate lyase gene (adsl) (Tanabe et al.,
2010). Ethical approval was obtained from relevant ethical committees.

2.2. Sequencing

Near full-length sequences (5883–5885 bp) of the P. falciparum
mitochondrial genome were amplified by PCR using Takara LA Taq
(Takara Bio, Japan). Procedures and conditions for PCR amplification
were described (Tanabe et al., 2011). Four sets of primers were used in
two successive reactions. The 5′ 3-kb region was first amplified using
primers mtF0 and mtR3076, followed by a second PCR using primers
mtF1 and mtR3076; the 3′ 3-kb region was first amplified using primers
mtF2992 and mtR1, followed by a second PCR using primers mtF3019
and mtR2 (Supplementary Table 1). The PCR products were purified
using QIAquick (PCR Purification Kit, QIAGEN). DNA sequencing was
performed directly from two independent PCR products, using the
BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
USA) and an ABI 3130 Genetic Analyzer (Applied Biosystems). Sequenc-
ing primers were designed to cover target regions in both directions
(Supplementary Table 1). Mixed genotype infections, judged from
overlapping peaks at given positions in an electropherogram, were
excluded from further analysis. We obtained 516 sequences from the
seven parasite populations. The nucleotide sequences were deposited
in the DDBJ/EMBL/GenBank database (accession numbers: AB570434–
AB570542, AB570544-AB570765, AB570767-AB570951).

2.3. Statistical analysis

DNA sequences were aligned as described in Tanabe et al. (2011),
and insertions/deletions (indel), were excluded. The aligned sequences
(5883 bp) were subjected to statistical analysis and the following
statistical indices were calculated: number of haplotypes, number of
polymorphic sites, number of singleton polymorphic sites, the average
number of pair-wise nucleotide differences per site (θπ), and the
standardized number of polymorphic sites per site (θS), i.e.,Watterson's
estimator. All statistics were calculated by DnaSP version 5.00 (Librado
and Rozas, 2009). The mean numbers of synonymous substitutions
per synonymous site (dS) and non-synonymous substitutions per
non-synonymous site (dN) were estimated using MEGA 5.0 (Tamura
et al., 2011). When dN was significantly higher than dS, diversifying
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selection was inferred and if an excess of dS over dN was significant,
purifying selection was inferred.

Allele frequencies in SNPs were computed using Arlequin v3.1
(Excoffier et al., 2005) and singleton SNPs as well as SNPs with minor
allele frequency (MAF) of b5%were identified. SNPswere also classified
into either SNPs unique to a geographic area or those shared bymultiple
populations. Differences in SNP frequencies among various groupswere
assessed by the Student's t-test.

Genetic differentiation among populations was estimated by
Wright's fixation index of inter-population variance in allele fre-
quencies, termed FST. Since admixture of structured parasite popu-
lations results in artifactually elevated genetic diversity (Tanabe
et al., 2010), we first tested the level of local population variation.
Among the five countries where samples were collected from sev-
eral local populations (Ghana, Philippines, PNG, Solomon Islands
and Vanuatu), we detected significant population sub-structuring
only within PNG.We thus conducted statistical analysis for individ-
ual local subpopulations in PNG and then calculated the average of
statistical indices across subpopulations. Overall FST and pairwise
FST values were estimated, using Arlequin v3.1. Statistical significance of
FST values higher than 0was assessed from16,000 random-permutations.

2.4. Inference for geographic origin of P. falciparum and correlation
between within-population genetic diversity and geographic distance

All geographic distances were computed via graph theory (Manica
et al., 2005; Prugnolle et al., 2005) using shortest distances along land-
masses within a spherical referential of 40,962 vertices, and adopting
the same assumptions of friction cost and a colonization route out
of Africa as we previously described (Tanabe et al., 2010). The best
supported origin was inferred by searching for the shortest routes to
all analyzed populations from312hypothetical origins on land arranged
on a regular grid. For the isolation by distance analysis, a matrix of
pairwise physical distances was computed for all populations using
the distance through landmasses described above. Geographic distance
was measured as the logged travel cost over friction routes along land-
masses (Tanabe et al., 2010). Correlation between within-population
nucleotide diversity and geographic distance was tested by standard
regression analysis. The coefficient of determination (R2)was calculated
to quantify the strength of this association.

2.5. Construction of haplotype network

The 516 mt genome sequences were used to construct a haplo-
type network using the median joining method implemented in the
NETWORK software version 4.6.1.1 (Bandelt et al., 1999). Outgroup
probability or root probability of a given haplotype was generated
using TCS 1.21 (Clement et al., 2000) to estimate the relative age of
each haplotype based on the frequencies and the number of connec-
tions to other haplotypes within the network.

3. Results

3.1. Polymorphism in the P. falciparum mt genome

We identified 88 SNPs in 516 P. falciparum isolates from seven
parasite populations in Africa (Ghana and Tanzania), SEA (Thailand
and Philippines) and Oceania (PNG, Solomon Islands and Vanuatu):
57 in cox1, cox3 and cob, 25 in RNA gene fragments and 6 in the
intergenic regions (Table 1). Of the 88 SNPs, 75 (85%) were newly
identified here. 13 of 32 previously reported SNPs (40%) described
from 100 worldwide samples were represented (Joy et al., 2003).
Nineteen of the previously reported SNPs were not detected in our
samples, suggesting the probable presence of more abundant SNPs in
natural parasite populations. Nucleotide diversity was low: 0.214%
and 0.027% for θS (standardized number of polymorphic sites per site)
and θπ (average pairwise nucleotide differences per site), respectively
(Table 1), indicating high sequence similarity among isolates. These
values are comparable to those found in the parasites' two nuclear
housekeeping genes, serca + adsl (0.181% and 0.035% for θS and θπ,
respectively) (Table 1). In the mt genome, θS was 7.9-fold higher than
θπ. An excess of θS relative to θπ indicates the abundance of rare alleles.
Of the seven parasite populations studied here, two African populations
(Tanzania and Ghana) showed the highest nucleotide diversity (θS)
(Supplementary Table 2).

A signature of purifying selection was detected for cox1 and cob
where a significant excess of synonymous substitutions (dS) over
non-synonymous substitutions (dN) was observed (Table 1). For
cox3, dN was seemingly higher than dS but the difference was not
significant. Thus, the three protein coding genes in the mt genome
did not show evidence for strong diversifying selection, confirming
previous observations by Joy et al. (2003).

In the present sample set, we did not observe a mutation at amino
acid position 268 in cob at which a change from Tyr to either Ser, Cys
or Asn was correlated to atovaquone resistance following treatment
failure (Fivelman et al., 2002; Korsinczky et al., 2000; Musset et al.,
2007; Srivastava et al., 1999).

3.2. Geographic origin of the mt genome and negative correlation
between within-population diversity and geographical distance from a
postulated origin

We searched for a geographical origin of the P. falciparum mt
genome using within-population nucleotide diversity (θS) from the
seven parasite populations. As previously observed in nuclear genome-
encoded housekeeping genes, results suggest an origin in sub-Saharan
Africa (Fig. 1). A clear pattern of negative correlation between within-
population nucleotide diversity (θS) and geographical distance from a
postulated origin was obtained (R2 = 0.96, P b 0.0001 by Pearson corre-
lation test) (Fig. 1, inset). This indicates that 96% of within-population
nucleotide diversity (θS) of the parasite mt genome can be ascribed to
geographic distance from the eastern sub-Saharan African origin over

Table 1
Diversity profiles of the P. falciparummitochondrial genome.

Nucleotide length (bp) No. of SNPs θS ± SD θπ ± SD dS ± SE dN ± SE P value

Whole region (mt) 5883 88 0.00214 ± 0.00046 0.00027 ± 0.00001 NA NA NA
Three protein genes

cox1 1434 22 0.00225 ± 0.00063 0.00012 ± 0.00002 0.00037 ± 0.00014 0.00004 ± 0.00002 dS N dN: 0.011
cox3 753 20 0.00391 ± 0.00112 0.00115 ± 0.00008 0.00098 ± 0.00057 0.00120 ± 0.00081 dN N dS: 0.416
cob 1131 15 0.00181 ± 0.00058 0.00012 ± 0.00002 0.00028 ± 0.00011 0.00008 ± 0.00004 dS N dN: 0.045
cox1 + cox3 + cob 3318 57 0.00248 ± 0.00056 0.00035 ± 0.00002 0.00048 ± 0.00016 0.00031 ± 0.00018 dS N dN: 0.247

aserca + adsl 5043 62 0.00181 ± 0.00023 0.00035 ± 0.00002 0.001107 ± 0.00049 0.00016 ± 0.00006 dS N dN: 0.034

The numbers of samples analyzed were 516 and 453 for mitochondrial genome and serca + adsl, respectively.
Abbreviations: cox1, cytochrome c oxidase subunit 1 gene; cox3, cytochrome c oxidase subunit 3 gene; cob, cytochrome b gene.

a For comparison these nuclear genome-encoded housekeeping genes are included in the analysis.
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SEA and Oceania. A significant negative correlation was, however, not
detected when nucleotide diversity was expressed by θπ.

3.3. Geographical distribution of SNPs

Almost all SNPs detected in the mt genome were those with minor
allele frequency (MAF) b5% (84/88 = 95%), and mostly (63%) single-
tons (Table 2). The number of SNPs unique to either Africa or
SEA + Oceania was very high: 95% (=41/43) and 96% (=45/47),
respectively. Consistently, very limited numbers of SNPs (2/47 =
4%) were shared between Africa and non-Africa. We also saw in
serca + adsl a high frequency of SNPs with MAF b5% (58/62 = 94%),
although the number of SNPs shared between Africa and non-Africa in

the two nuclear genes (40% = 8/20) was significantly higher than that
in the mt genome (P b 0.001).

To estimate geographic differentiation of parasite populations, the ap-
portionment of SNPs among populations was analyzed using Arlequin.
Estimated FST value among all seven populations was 0.23, indicating
that the majority (77%) of genetic variation was apportioned within
populations (Supplementary Fig. 1). FST values between threemajor geo-
graphic regions/continents (Africa, Southeast Asia and Oceania) were
generally higher than that among populations within these continents
(Supplementary Fig. 1 & Supplementary Table 3).Moreover, the observed
FST values for overall populations, between the continents and among
populations within the continents, appeared to be higher in the mt
genome than for serca + adsl (Supplementary Fig. 1), except between
Ghana and Tanzania,where population differentiationwas not significant
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Fig. 1.African origin for P. falciparum and out of Africamigration over Southeast Asia and Oceania postulated fromwithin-population diversity of the parasite mitochondrial genome. Gray
circles are the geographic regions of seven parasite populations: Ghana, Tanzania, Thailand, Philippines, Papua New Guinea, Solomon Islands, and Vanuatu. The size of the circles is pro-
portional to within-population diversity (θS) of the parasite mitochondrial genome. The background color represents the strength of the correlation between geographic distance from
various origins and θS,with dark blue representingmore likely origins. A blackdot inAfrica represents the best supportedorigin. Thepostulated colonization routes from theorigin through
landmasses to all parasite populations analyzed are shown on themap. The inset shows the correlation between geographic distance and within-population genetic diversity for the best
supported origin.

Table 2
Geographical distribution of SNPs in the P. falciparummitochondrial genome.

Africa Southeast Asia Oceania Southeast Asia + Oceania Overall

Mitochondrial genome 
No. of SNPs 43 25 26 47 88
No. of singletons 34 13 12 22 55
No. of SNPs with MAF < 5%a 42 22 22 42 84
No. of geographically unique SNPs 41 21 21 45 –
SNPs shared with Africa – 1 2 2 –

Nuclear housekeeping genes:serca + adsl 
No. of SNPs 50 16 13 20 62
No. of singletons 32 5 1 6 36
No. of SNPs with MAF < 5%a 44 12 9 17 58
No. of geographically unique SNPs 42 4 4 12 –
SNPs shared with Africa – 8 5 8 –

Colored data highlights the preponderance of minor allele frequency and singletons in mt genome vis-a-vis to housekeeping genes.
aMAF b 5%: minor allele frequency of less than 5%.
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for both mitochondrial and serca + adsl genes. Hence, there appears
to be relatively higher population differentiation in the mt genome
compared to serca + adsl.

3.4. Geographic distribution of mt genome haplotypes

Haplotype network analysis was used to assess the geographic
distribution of mt genome haplotypes. Among 71 haplotypes identified
here (Supplementary Fig. 2), themajority of haplotypes (64 haplotypes)
were those of singletons (n = 49) or of low frequency, andwere unique
to each of the seven countries except for hap-2 (n = 188) and hap-16
(n = 122) (Fig. 2). The haplotype network had a star-like structure
with hap-2 positioned at the center and distributed in all seven popula-
tions. Moreover, haplotypes with a single mutation that can be traced
back to hap-2 are distributed in all seven countries. This haplotype
had the highest outgroup probability (0.1871) (Supplementary
Table 4), suggesting that hap-2 is an ancestral haplotype. Hap-16 had
the second highest outgroup probability (0.1416) and is distributed in
five countries in Southeast Asia and Oceania. Importantly, no haplotype
that contained only African isolates radiate off from hap-16 or other
haplotypes that contain only isolates from Southeast Asia and/or Ocea-
nia. Some degree of geographical clustering suggests that from themost
likely ancestral hap-2, this haplotype spread from Africa to Southeast
Asia andOceania; fromwhence other Southeast Asian andOceania hap-
lotypes originated. A separate migration from Africa is associated with
hap-5,which has a single-step connection to PNG, suggesting multiple

unrelated founding events in PNG as reported previously (Joy et al.,
2003).

4. Discussion

The analysis of mt genomes is useful in evolutionary and phylo-
geographic studies but its uniparental inheritancemay affect geographic
distribution of within-population genetic diversity in P. falciparum.
In this context, we assessed whether within-population genetic di-
versity in the mt genome would reflect the observed geographic
patterns of isolation by distance seen in two nuclear genes using
the same parasite populations (Tanabe et al., 2010). The results
obtained suggested a sub-Saharan African origin of the P. falciparum
mt genome and recovered a strong negative association between
within-population mt SNP diversity (θS) and geographic distance
from the African origin to Southeast Asia and Oceania. We note that
more extensive geographic sampling would be useful in future stud-
ies, particularly expanding the populations from Africa and acquiring
isolates from other regions. Our results, nevertheless, agree well
with our analysis of two nuclear housekeeping genes, serca + adsl
(Tanabe et al., 2010). Thus, the present study strongly suggests that
the pattern of inheritance, irrespective of uniparental (mt genome)
or biparental (nuclear genome), does not appear to substantially
affect the geographic distribution of within-population genetic
diversity of P. falciparum.

While both θS and θπ recovered negative correlation between
geographic distance and within-population diversity in the two
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nuclear housekeeping genes (Tanabe et al., 2010), we also note that a
negative correlation was not recovered when nucleotide diversity
was represented by θπ. We consider that the absence of recombina-
tion events together with strong functional and structural constraints in
themt genome probably contributes to this difference. In the two nuclear
housekeeping genes, the ratio of θπ to θS was moderately constant in the
seven parasite populations studied (Tanabe et al., 2010). In contrast, in
the mt genome the ratio varied considerably among populations and
was particularly low in the two African populations (Supplementary
Table 2). In Africa, virtually all mt SNPs (42/43) were those with MAF
b5%, (Table 2) rendering θπ values very low and comparable with those
in non-African populations (Supplementary Table 2). The frequency of
SNPs with MAF b5% in the two housekeeping genes in Africa was rel-
atively low (44/50) compared with that of the mt genome (Table 2).
Our study demonstrated a high mt sequence similarity (99.8%) among
isolates, suggesting strong functional and/or structural constraints in
the mt genome. In the 6 kb P. falciparum mt genome, the three protein
coding genes and rRNA gene fragments are densely packed with few
intergenic sequence regions (Feagin et al., 1997), where sequences are
also highly conserved. A recent study also demonstrated that almost all
the intergenic regions are transcribed and some of the transcriptional re-
gions contain rRNA gene fragments (Feagin et al., 2012). In such con-
served regions and protein coding regions, most new mutations would
likely cause a deleterious effect on the function and/or structure of the
mt genome and as a consequence SNP(s) already present in the parasite
mt genomewould disappear through genetic hitchhiking because themt
genome does not undergo recombination. This would result to a high
frequency of SNPs with MAF b5% and low θπ values. In P. falciparum, a
chromosomal recombination segment in the nuclear genome is fairly
short, particularly in African parasite populations (Conway et al., 1999;
Neafsey et al., 2008; Tanabe et al., 2007), likely making the frequency of
SNPs with MAF b5% relatively low and θπ values high. These factors
may likely account for the absence of a negative correlation between
within-population genetic diversity, expressed as θπ, and geographical
distance in mt the genome, in contrast with the parasite nuclear genome
that undergoes recombination where genetic hitchhiking is restricted to
a recombination segment. Further studies utilizing more African pop-
ulations could confirm this hypothesis.

The high frequency of geographically unique SNPs observed in the
mt genome clearly contributes to a high geographic differentiation
among all parasite populations studied here, with the exception of
Ghana and Tanzania. Gene flow between the two African populations
may have prevented the formation of a population structure. The high
frequency of geographically unique SNPs also contributes to a high
frequency of geographically unique mt genome halotypes, so that we
can infer the demographic history of the P. falciparum mt genome
through haplotype network analysis. We confirmed a star-like network,
which suggests a recent expansion of P. falciparum mt genome (Joy
et al., 2003). The network suggested an ancestral haplotype that origi-
nated in Africa, although the precise origin in Africa remains to be
elucidated. The postulated ancestral haplotypewith the highest outgroup
probability, hap-2, was the same as hap-1 in Fig. 1 of Joy et al. (2003).
An African origin supports the one inferred from geographical distribu-
tion of SNP diversity in this and previous study (Tanabe et al., 2010).
We consider that a limited number of mt haplotypes that expanded and
spread out of Africa suggest severe bottlenecks along with migration
from Africa to Southeast Asia and Oceania.

In the present data set, we did not see a mutation at codon 268 of
cytochrome b gene. The relevance of codon 268 polymorphisms in vivo
as potential resistance marker has been reported (Schwöbel et al.,
2003). However, this absence of polymorphism is not unexpected be-
cause the samples used here were collected before the usage of ATQ. A
previous large scale survey in Senegal, Ivory Coast, Central African
Republic and Madagascar (Ekala et al., 2007), as well as other surveys in
Tanzania (Schönfeld et al., 2007) and Ghana (Muehlen et al., 2004), also
revealed the absence of this mutation. Moreover, the drug, commonly

introduced in combination with proguanil (distributed under the trade
name of Malarone) is currently limited to travelers/tourists from in-
dustrialized countries owing to its high cost. We also note that the
low frequency of cytochrome b polymorphism is consistent with strong
conservation of mt genes linked with functions/structure crucial for
parasite survival. Even if the mutation is generated spontaneously,
its deleterious effect on the protein and/or rRNA and the associated
fitness costmay lead to a quick elimination from theparasite population
(Peters et al., 2002).

5. Conclusion

Analysis ofwithin-population SNPdiversity in themt genomeof 516
isolates from seven parasite populations in Africa, Southeast Asia and
Oceania postulated a sub-Saharan African origin and recovered a strong
negative correlation betweenwithin-population SNP diversity and geo-
graphical distance from the postulated origin over Africa, Southeast Asia
and Oceania. These results are in good agreement with those obtained
for two nuclear housekeeping genes, serca and adsl, suggesting that
the pattern of inheritance and the lack of recombination do not substan-
tially affect the geographical distribution of mt SNPs. This study extends
our argument (Tanabe et al., 2010, 2013) that within-population genet-
ic diversity of P. falciparum is largely determined by ancient, repeated
bottlenecks during which pathogen populations progressively lost di-
versity as they spread out of Africa rather than recent regional variation
in transmission intensity, malaria interventions, levels of host immuni-
ty, or modes ofmt or nuclear genome inheritance.We observed notably
high frequency of geographically unique SNPs in the mt genome, com-
pared with nuclear genome-encoded housekeeping genes. This can
probably be ascribed to the lack of recombination in the mt genome.
Additionally, the present haplotype network analysis supported an
African origin of P. falciparum. Finally, we did not detect a mutation at
268 of cytochrome b in the present samples, suggesting that the
mutation can only survive under the pressure of ATQ.
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