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genomes of China-Myanmar border isolates
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Abstract

Background The frequent communication between African and Southeast Asian (SEA) countries has led to the risk
of imported malaria cases in the China-Myanmar border (CMB) region. Therefore, tracing the origins of new malaria
infections is important in the maintenance of malaria-free zones in this border region. A new genotyping tool based
on a robust mitochondrial (mt) /apicoplast (apico) barcode was developed to estimate genetic diversity and infer
the evolutionary history of Plasmodium falciparum across the major distribution ranges. However, the mt/apico
genomes of P, falciparum isolates from the CMB region to date are poorly characterized, even though this region

is highly endemic to P, falciparum malaria.

Methods We have sequenced the whole mt/apico genome of 34 CMB field isolates and utilized a published data
set of 147 mt/apico genome sequences to present global genetic diversity and to revisit the evolutionary history
of the CMB P, falciparum.

Results Genetic differentiation based on mt/apico genome of . falciparum revealed that the CMB (Lazan, Myan-
mar) isolates presented high genetic diversity with several characteristics of ancestral populations and shared many
of the genetic features with West Thailand (Mae Sot; WTH) and to some extent West African (Banjul, Gambia; Nav-
rongo, Ghana; WAF) isolates. The reconstructed haplotype network displayed that the CMB and WTH P, falciparum
isolates have the highest representation (five) in the five ancestral (central) haplotypes (H1, H2, H4, H7, and H8),
which are comparatively older than isolates from other SEA populations as well as the WAF populations. In addition,
the highest estimate of the time to the Most Recent Common Ancestor (TMRCA) of 42,400 (95% Cl 18,300-82100)
years ago was presented by the CMB P, falciparum compared to the other regional populations. The statistically
significant negative values of Fu's Fs with unimodal distribution in pairwise mismatch distribution curves indicate
past demographic expansions in CMB P, falciparum with slow population expansion between approximately 12,500
20,000 ybp.

Conclusions The results on the complete mt/apico genome sequence analysis of the CMB P, falciparum indicated
high genetic diversity with ancient population expansion and TMRCA, and it seems probable that P, falciparum
might have existed in CMB, WTH, and WAF for a long time before being introduced into other Southeast Asian
countries or regions. To reduce the impact of sample size or geographic bias on the estimate of the evolutionary
timeline, future studies need to expand the range of sample collection and ensure the representativeness of samples
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across geographic distributions. Additionally, by mapping global patterns of mt/apico genome polymorphism, we will
gain valuable insights into the evolutionary history of P falciparum and optimised strategies for controlling P, falcipa-

rum malaria at international borders.
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Background

Plasmodium falciparum ranks as the most lethal parasite
globally, accounting for most malaria-associated deaths
[1]. Despite a significant reduction in the global malaria
burden attributed to P falciparum following the adop-
tion of artemisinin-based combination therapies (ACTs)
as the primary treatment in all endemic areas, the devel-
opment of resistance to these drugs remains a significant
impediment to controlling the disease [2, 3]. Moreover,
the frequent human migration across countries where
malaria is endemic promotes the transmission of increas-
ingly virulent and resistant strains of malaria in novel
ecological and epidemiological niches [4].

Various population genetic studies have corroborated
these events by performing comprehensive sequencing of
both nuclear and mitochondrial (m¢) genomes or by iden-
tifying single-nucleotide polymorphisms (SNPs) in puta-
tively neutral DNA regions within the nuclear genomes
of P falciparum or Plasmodium vivax [5-7]. Distinct
from the nuclear genome, the apicoplast (apico) and mt
serve as vital intracellular organelles within apicompl-
exan parasites [8]. The stringent maternal inheritance of
these extranuclear genomes precludes recombination,
thus offering a stable and geographically informative
genetic marker or barcode over time [9]. Earlier studies
have demonstrated the utility of mt genes for phyloge-
netic analysis [6, 10—12]. In a similar vein, the apico has
been employed to investigate and reconstruct evolution-
ary histories. Crucially, the apico, emerging from sec-
ondary endosymbiosis among ancestral apicomplexan
parasites, harbors unique metabolic pathways critical for
the survival of the parasite and distinct from those of the
host [13, 14]. Owing to its single copy and enhanced phy-
logenetic information relative to the mz genome, genes in
the apico genome have been frequently utilized as mark-
ers in Plasmodium phylogeny studies [15]. Consequently,
in view of the non-recombining and co-inherited proper-
ties of the apico and mt genomes, researchers have devel-
oped robust barcoding methodologies to monitor the
global dispersal of Plasmodium species, combining SNPs
from both genomes [9, 16].

Although malaria was eradicated in China by 2021,
ongoing communication with African and the Greater
Mekong Subregion (GMS) countries, along with a rise in
cross-border travel, persistently exposes the country to
the risk of imported malaria cases [17]. The frequency of

imported malaria cases has been consistently increasing
because of the growing international exchange activities,
especially along border regions, such as the China-Myan-
mar border (CMB) [18, 19]. In regions declared malaria-
free, it is essential to identify the origins of new infections
to preserve these zones and ensure immediate reactions
to individual malaria cases [20]. Therefore, in this study,
we conducted population genetic analysis based on the
34 mt/apico genomes of P. falciparum isolates from the
CMB alongside 147 mt/apico genomes from five different
global sites: West Africa (WAF), West Thailand (WTH),
West Cambodia (WKH), Vietnam (VN), and Laos (LA).
The aim of this study is to investigate the genetic inter-
relationships among different P. falciparum isolates and
deepen our understanding on the evolutionary history
of global P. falciparum. By conducting detailed mt/apico
genome sequencing of P falciparum isolates from the
CMB, we anticipate gaining new insights into the global
evolutionary patterns of this malaria pathogen.

Methods

Data acquisition and summary statistics

We previously reported the whole genome sequencing
and genetic diversity based on 14 chromosomes of 34
P. falciparum isolates from Nabang-Lazan valley (longi-
tude: 97°33°47.81"; latitude: 24°45'21.65”) on the China-
Myanmar border (CMB) [20]. Samples exhibited mixed
infections according to estMOI software (MOI<1 or
MOI=1) and moimix package of R (FWS>0.95), and low
coverages < 30-fold or<70% were finally excluded from
the analysis [21, 22]. Details of the sequence’s accession of
included samples are given in Additional file 1 (Table S1).
The mt/apico genome sequences were obtained from the
genome sequencing data of the included samples for fur-
ther analysis. Potential SNPs were identified using GATK
according to certain criteria [20].

Pairwise Fqp calculations for estimating population dif-
ferentiation based on haplotype frequency differences,
along with Nei’s Nm estimated gene flow conformed to
GST [23], were conducted using Arlequin v.3.5. In addi-
tion, the distribution of genetic variation in population
was also calculated through 1000 permutations in Arle-
quin v.3.5 by using an analysis of molecular variance
(AMOVA) [24]. Furthermore, by using a spatial analysis
of molecular variance (SAMOVA 2.0), these mt/apico
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genome sequences were clustered into geographically
and genetically homogeneous groups or populations [25].
SAMOVA generates F-statistics (Fop, Fp, Fgc), using the
AMOVA approach, to K group to maximize group varia-
tions. The SAMOVA estimate was calculated for K=2-6,
with 1000 simulated annealing steps from each of 100
sets of initial starting conditions. An evaluation of isola-
tion by distance (IBD) was conducted using a nonpara-
metric Mantel test with the assistance of the web-based
IBDWS v.3.16 program [26].

Reconstruction of mt genome haplotype networks

To investigate the demographic patterns of P falcipa-
rum at the CMB, we performed a mismatch distribution
analysis with DnaSP v5. This method involves comparing
the observed mismatch distributions to those predicted
under a model of sudden demographic expansion, using
parametric bootstrap analysis with 1000 replicates. The
smoothness of the mismatch distribution was quantified
by calculating the raggedness index (r) [27].

Using MEGA X [28], a maximum likelihood (ML) phy-
logenetic tree was constructed with 1000 bootstraps. The
number of segregating sites (S), number of haplotypes
(h), haplotype diversity (Hd), and nucleotide diversity
(Pi) were computed using DnaSP v5 [29-31]. The mt/
apico genome sequences of P. falciparum from different
global isolates were tested for neutrality and recombina-
tion using Tajima’s D [32], Fu and Li’s D, and Fu and Li’s
F [33] statistics in DnaSP v5 to determine their suitabil-
ity for evolutionary studies. Statistical significance was
determined through 1000 coalescent simulations under
a standard neutral model of molecular evolution without
recombination [31].

Inference of phylogeography

The Bayesian Markov chain Monte Carlo (MCMC)
approach in BEAST v1.10.4 was used to estimate the
present effective population size and TMRCA for both
the global and CMB populations of P falciparum [34].
The 'NEX’ file obtained by concatenating mt¢ and apico
gene using the ’‘concatenate sequence’ program func-
tion in PhyloSuite was imported into BEAST v1.10. An
MCMC Bayesian analysis was performed using BEAST
v1.10.4, incorporating the Hasegawa-Kishino-Yano
(HKY) model, an uncorrelated relaxed clock model, and
a Bayesian Skyline prior. The analysis was run with a
chain length of 50,000,000 and with states recorded every
10,000 iterations. To enhance the reliability and robust-
ness of TMRCA, we replaced the HKY model with the
General Time Reversible (GTR) model and recalculated
the TMRCA. First, 10% of iterations were discarded as
burn-in. Log files were assessed using TRACER 1.7.2
(http://tree.bio.ed.ac.uk/software/tracer/) to ensure that
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all statistics had attained effective sample sizes of >200. If
ESS <200, optimization was employed by adding 500,000
iterations (chain length) each time. The results were visu-
alized using TRACER v1.7.2, with parameter uncertain-
ties expressed via 95% confidence intervals (CI) and/or
95% highest probability density (HPD).

Results

Genetic variation and recombination across the whole mt/

apico genomes of P. falciparum

We previously reported the whole genome sequencing of
34 P, falciparum isolates from Nabang-Lazan valley at the
China-Myanmar border (CMB) [20]. After preprocess-
ing the data as outlined previously, the mt/apico genome
sequences from the 34 isolates were further analyzed to
identify potential SNPs using GATK [20]. To conduct a
broader comparison of haplotypes among diverse geo-
graphic regions and to clarify the global evolutionary tra-
jectory of P, falciparum, we examined data from the ENA
database from neighboring SEA countries as well as West
Africa countries (Additional file 1: Table S1). In total, 181
mt/apico genomes including 34 sequences in this study
and 147 sequences from the ENA database were analyzed
for six populations: CMB (n=34), WAF (n=33), WKH
(n=38), WTH (n=40), VN (n=19), and LA (n=17)
(Table 1). A series of quality control measurements was
employed to discard SNPs susceptible to high-risk gen-
otypic errors (see Materials and Methods). After these
procedures, 1,43 high-quality SNPs were identified, 41 of
which exhibited a minor allele frequency (MAF) exceed-
ing 0.01 (data not shown). Based on the 41 SNPs, 38
haplotypes across six geographical populations were con-
structed, yielding Hd and Pi values of 0.832 and 0.06097,
respectively (Table 1). Notably, CMB isolates demon-
strated higher Hd (0.930) compared to other populations:
0.826 (WAF), 0.333 (WKH), 0.468 (VN), 0.662 (LA), and
0.877 WTH (Table 1). Nucleotide diversity showed a
similar pattern, with Pi values of 0.06956 (CMB), 0.05959
(WAF), 0.01978 (WKH), 0.02216 (VN), 0.03336 (LA),
and 0.06954 (WTH) (Table 1).

To reduce biases in assessing genetic diversity due to
recombination or natural selection, we investigated these
phenomena within the mt/apico genomes of CMB and
other geographic P. falciparum isolates using DnaSP v5
[31]. We found no recombination events (Rm=0) [35].
Moreover, an analysis of linkage disequilibrium (LD)
and physical distance (r*=0.0664, p>0.05) indicated that
adjacent nucleotide sites are no more correlated than dis-
tant sites.
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Table 1 Genetic diversity indices and neutrality tests (Fu's s and Tajima’s D) based on mt/apico genome of P, falciparum
Groups n Haplotype code S Pi h  Hd k Fu's Fs Tajima’s D
Total 181 ( 1), H2(69), H3(2), H4(20), H5(1), H6(2), H7(11), H8(10) H9(3), H10(2), 38 006097 38 0832 2317 —31726"" —1.89814
11(6), H12(2), H13(2), H14(3), H15(1), H16(1), H17(1), H18(1), H19(1), H20(1),
H21(3) H22(1),H23(1), H24(1), H25(1), H26(1), H27(3), H28(1), H29(1), H30(3),
H31(3), H32(6) H33(1), H24(2), H35(1), H36(1), H37(2), H38(1)
™M 34 H1(5), H2(4), H3(1), H4(6), H5(1), H6(1), H7(3), H8(4), HI(3), H11(1), H14(1), 20 006956 15 0930 2852 —6309"  —1.41902
H32(1), H37(2), H38(1)
WAF 33 H4(13), H10(2), H11(5), H12(2), H13(2), H14(2), H15(1), H16(1), H17(1), H18(1), 16 005959 13 0826 2433 -5064"  —126746
H19(1), H20(1), H21(1)
WKH 38 HI1(2), H2(31), H7(1), H27(1), H30(3) 0.01978 5 0333 0811 0940 —1.65525
VN 19 H1(1), H2(14), H22(1), H23(1), H24(1), H25(1) 002216 6 0468 0842 —289%4" 216199
LA 17 H1(1), H2(10), H6(1), H26(1), H27(2), H28(1), H29(1) 003336 7 0662 1368 —2801 —1.75275
WTH 40 H1(2), H2(10), H3(1), H4(1), H7(7), H8(6), H31(3), H32(5), H33(1), H34(2), H35(1), 16 006954 12 0877 —2.502 -2.502" -0.77834
H36(1)

n.d., not determined; #p <0.10; *p < 0.05; **p <0.02; ***p <0.001

n, number of sequences, S number of polymorphic sites, Pi nucleotide diversity, h number of haplotypes, Hd haplotype diversity, CMB China-Myanmar border, WAF

West Africa, LA Laos, VN Vietnam, WTH West Thailand, WKH West Cambodia

Population structure and genetic differentiation based

on mt/apico genome of P. falciparum

The median-joining network, representing 181 mt/apico
genomes, highlighted the distribution of 38 haplotypes
across the P, falciparum population (Fig. 1). Five central
(ancestral) haplotypes—H1, H2, H4, H7, and H8—exhib-
ited high outgroup weights (p>0.05), shared predomi-
nantly among multiple regions: H1 by CM/WTH/WKH/
VN/LA, H2 by WKH/VN/WTH/LA/CM, H4 by WAEF/
CM/WTH, H7 by WTH/CM/WKH, and H8 by WTH/
CM. Plasmodium falciparum populations formed three
main clusters: Cluster 1, centered around H2, excluded
WAEF; Cluster 2, centered around H4, included primar-
ily WAF and CMB; Cluster 3, centered around H7, was
dominated by WTH and CMB. Within Cluster 1, the
WKH population harbored a significant proportion
(44.92%) of H2, followed by VN (20.30%), LA (14.49%),
WTH (14.49%), and CMB (5.80%). Conversely, WAF
predominantly harbored H4 (65.00%), with lesser contri-
butions from CMB (30.00%) and WTH (5.00%). In Clus-
ter 3, WTH held a majority (63.63%) of H7, followed by
CMB (27.27%) and WKH (9.10%). Those characteristics
of phylogeny in the median-joining network were also
reflected in the ML phylogenetic tree analysis (Additional
file 2: Figure S1).

AMOVA analysis indicated that most genetic variance
occurred within populations (75.53%) rather than among
groups (21.99%) or among populations within groups
(2.49%), pointing to pronounced geographic cluster-
ing. Significant differences were observed in the fixation
index among groups (Fcy), among populations within
groups (Fsc), and within populations (Fgr) (Additional
file 3: Table S2).

Distinct genetic differentiation was found between
CMB and WKH populations (Fgr=0.22023, p<0.05),
CMB and VN populations (Fgr=0.19374, p<0.05), and
CMB and LA populations (Fgp=0.14779, p<0.05). In
contrast, lesser differentiation was identified between
CMB and WAFGH populations (Fgp=0.06915, p <0.05)
and between CMB and WTH populations (Fg=0.05953,
p<0.05). High levels of gene flow were detected between
CMB and WAFGH populations (Nm=6.73109) and
between CMB and WTH populations (Nm="7.89971),
but these were not evident between CMB and other SEA
populations (Additional file 4: Table S3).

Spatial genetic structure analysis, demographic history,
and neutrality test

The spatial genetic structure of P. falciparum based on
mt/apico genomes was assessed by SAMOVA analysis,
which assigned cluster numbers (K values) from 2 to 6.
Within this range, a decrease in the F. value, indicat-
ing genetic differences among groups, was observed
from K=2 to K=3. Conversely, an increase in the Fop
value occurred from K=3 to K=6, while Fg- and Fg;
values, reflecting genetic differences within and among
populations, consistently decreased. Therefore, K=3
was deemed the most suitable clustering parameter.
Under this classification, Group 1 included CMB and
WTH populations; Group 2 comprised WAFGM and
WAFGH populations; Group 3 covered other SEA popu-
lations, specifically WKH, VN, and LA (Additional file 5:
Table S4) (Additional file 6: Figure S2). These divisions
were corroborated by results from the median-joining
network and phylogenetic analyses (Fig. 1, Additional
file 2: Figure S1). A Mantel test established a robust
correlation between geographic and genetic distances
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Fig. 1 Reconstructed haplotype network of global Plasmodium falciparum isolates with whole mt/apico genome sequences. China-Myanmar
border haplotypes are indicated by red color, West Africa by blue, West Cambodia by green, Vietnam by yellow, Laos by purple, and West Thailand

by pink. The size of the circle is proportional to the haplotype frequency

among all populations (Z=39,272.3373, r=0.7524, one-
sided p < =0.0040), suggesting the influence of geograph-
ical separation on genetic structuring (Additional file 7:
Figure S3a). Significant correlations were also detected
specifically between CMB and WAF populations as well
as between CMB and SEA populations (Additional file 7:
Figure S3b).

Neutrality tests (Fu’s Fs and Tajima’s D) on the 181 mt/
apico genomes of P falciparum isolates revealed that
the CMB population exhibited significant negative neu-
trality test results (Tajima’s D=-1.41902, p>0.05; Fu’s
Fs=-6.309, P<0.02) (Table 1), indicating a demographic
expansion subsequent to a bottleneck event, as evi-
denced by a smooth and unimodal mismatch distribu-
tion (Fig. 2). Deviations from neutrality were significant
across all other geographic populations except WKH, as

determined by either Fu’s Fs or Tajima’s D tests (Table 1).
Given Fu’s Fs’s sensitivity to demographic shifts, discern-
ing whether the observed patterns are a result of positive
selection or demographic events like population expan-
sion remains challenging.

Inference of phylogeography of CMB P. falciparum

Exploring the past population dynamics of P falcipa-
rum isolates at the CMB, specifically examining tem-
poral changes in effective population size, involved
using Bayesian skyline plot analysis. It is estimated that
the effective population size of P. falciparum along this
border region began to expand approximately 12,500—
20,000 years before present (ybp) (Fig. 3). The TMRCA
of the CMB P. falciparum population (42, 400 ybp, 95%
CI; 8300-82100 ybp) exceeds those from WAF, WTH,
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Fig. 2 Mismatch distribution of pairwise number of differences at the China-Myanmar border for Plasmodium falciparum. The bars represent
observed frequency of the pairwise differences among mt/apico genome sequences, and the line represents the expected curve for a population
that has undergone a demographic expansion. Observed mismatch distribution was compared with that expected under the sudden demographic
expansion model with a parametric bootstrap of 1000 replicates
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Fig. 3 Bayesian skyline plot of China-Myanmar border Plasmodium falciparum showing changes in effective population size (Ne) through time. The
Y-axis represents the effective population size on a logarithmic scale, and the X-axis represents time thousands of years ago. The thick solid blue line
is the median estimate, and the blue shaded area represents the 95% highest probability density (HPD) intervals for effective population size
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Table 2 TMRCA and the current effective population size of
regional and global Plasmodium falciparum isolates as estimated
by the BEAST computer program

Region TMRCA in Mya (L-U 95% CI)
HKY model GTR model

China-Myanmar border 0.0424 (0.0183-0.0821) 0.0444 (0.0192-0.0857)
West Africa 0.0375 (0.0164-0.0768) 0.0394 (0.0165-0.0787)
Laos 0.0387 (0.0174-0.0726) 0.0403 (0.0182-0.0755)
Vietnam 0.0374 (0.0172-0.0705) 0.0387 (0.018-0.0731)
West Thailand 0.0406 (0.0184-0.0779) 0.0425 (0.0193-0.0815)
West Cambodia 0.0400 (0.0185-0.0768) 0.0415 (0.0192-0.0788)
All with CM isolates 0.0430 (0.0184-0.0841) 0.0449 (0.0195-0.0872)
All without CM isolates  0.0429 (0.0184-0.0838) 0.0445 (0.0193-0.0901)

L lower value, U upper value, 95% Cl, 95% confidence interval
HKY, Hasegawa-Kishino-Yano model

GTR, General Time Reversible model

VN, LA, and WKH (Table 2) under the HKY model. To
enhance the reliability and robustness of TMRCA, we
recalculated the TMRCA by using the GTR model. The
calculation results generated from GTR are similar to
those from the HKY model (Table 2).

Discussion

The international dispersal of P falciparum para-
sites significantly jeopardizes elimination initiatives in
malaria-endemic regions and the effectiveness of malaria
treatments [1]. However, the lack of geographical speci-
ficity and frequent recombination, disrupting multi-locus
SNP associations in each generation, renders nuclear
SNP barcoding inadequate for reconstructing this para-
site’s evolutionary history [36]. On this basis, various
investigations have applied mt DNA to uncover new
Plasmodium species, clarify phylogenetic relationships,
and study historical and biogeographical patterns [6, 11,
37-50]. The mt haplotype distribution points to an Afri-
can genesis of P falciparum, followed by its dispersion
to SEA and South America (SAM) [11], likely mirroring
proposed human migration routes [11, 41]. This theory is
reinforced by the high genetic diversity found in African
P. falciparum populations compared to others worldwide
[6]. Yet, mt haplotypes by themselves are inadequate for
accurately determining the geographic origins of para-
site isolates without a loss of specificity in geographical
assignment [9].

Prior research revealed that apico sequences display
greater polymorphism than mt sequences, attributed
to their larger size. Given the analogous A+T content
between the apico and mt genomes across Apicompl-
exa species and their uniparental inheritance [42], mul-
tiple studies have combined mt and apico loci data to
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construct a more robust phylogeny for certain Plasmo-
dium parasites [9, 16, 43]. Accordingly, a novel genotyp-
ing approach using a robust mt/apico barcode has been
developed, withstanding recombination’s diluting effects
[9]. The integration of apico SNPs to establish mt/apico
haplotypes markedly improves the geographic resolu-
tion of the samples, for example, six of the eight widely
observed mt/apico haplotypes are most frequently
detected in Africa (WAF and East Africa), confirming
the African origin of P, falciparum [9]. Additionally, thor-
ough analysis of apico SNP variations across different P
falciparum populations will enhance our comprehension
of apico evolution and aid in determining global diversity
and recombination patterns [9]. Thus, by mapping global
patterns in organellar genome polymorphisms, we will
gain valuable insights into how P, falciparum populations
worldwide are interconnected by international malaria
migration [9]. Unfortunately, similar research has yet to
be undertaken in the CMB region, a key area within the
GMS. For this study, to assess genetic diversity and other
population genetic parameters, we analyzed the complete
mt and apico genomes of 34 P falciparum isolates col-
lected from the CMB as well as the sequence data of 147
P. falciparum isolates from various endemic regions by
retrieving ENA database. This expanded our analysis of
the worldwide evolutionary history of this highly virulent
malaria parasite. Our findings first revealed that the CMB
P, falciparum displays greater genetic diversity in the mz/
apico genome than seen in other global isolates (Table 1).
However, it should be noted that the use of a relatively
low genome coverage threshold (compared to 90%) may
lead to insufficient coverage and inaccurate conclusions
about SNP presence or absence, thereby affecting the
assessment of genotype accuracy. Thus, additional cau-
tion is required when processing and analyzing the NGS
data. In this case, after evaluating the quality of our pre-
vious NGS data, the threshold of NGS coverage was set
to > 70%, which is considered relatively reasonable and to
some extent explains the results, in both the 2019 study
[20] and the present study.

However, various evolutionary genetic studies used
mitochondrial genome sequences to conduct molecu-
lar dating analyses by assuming strict molecular clock
models with fixed calibrations [44—47]. However, time
estimates on the mitochondrial DNA are not robust to
model and parameter perturbations. They are found to
be affected by the fundamental assumptions of the dat-
ing methods [46—48]. Using simple timing methodolo-
gies with strong assumptions might lead to biases in the
estimated times, even when good calibration points are
available [49]. Therefore, the application of more com-
plex assumptions and methodologies which compen-
sate for variable evolutionary rates such as relaxed clock
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methods would be needed to estimate a timeline for the
evolution of parasites. Furthermore, the uncertainty of
time estimates could be reduced when including nuclear
and/or apicoplast genes to the analyses [49]. Liu’s single-
genome amplification (SGA) study provides a different
perspective on the evolutionary timeline of P. falciparum
compared to clocks strictly tied to species differentia-
tion events, suggesting a more recent origin for P. falci-
parum in humans [50]. Pacheco’s work on Plasmodium
in lemurs notably revealed that the TMRCA calcula-
tions, derived from the combined mt and apico genomes,
yielded similar yet modestly younger time estimates
than those from mtDNA alone, exhibiting distinct out-
comes within the Laverania subgenus clade and featur-
ing more constrained credibility intervals compared to
mtDNA [43]. Nevertheless, TMRCA analyses employing
both mt and apico genomes in P. falciparum are scarce.
In the current analysis, by employing mt/apico genomic
data, the highest TMRCA estimation of 42 400 years ago
(95% CI; 18,300-82100) was recorded for the CMB P,
falciparum, compared to the other regional populations
(Table 1) and antecedes human settlement in Southeast
Asia [51]. Incorporating the CMB isolates into the overall
TMRCA calculation for the global population escalated
the estimate to 43,000 years ago (95% CI; 18,400—84,100).
Interestingly, the results consistently showed a lower
TMRCA for Africa compared to Asia in this study by
using either strict or relaxed molecular clock models.
However, these results are consistent with previous stud-
ies, suggesting that the Africa strain might have experi-
enced a rapid population expansion in a relatively recent
historical period [6, 11]. The variances in TMRCA val-
ues across these analyses and this study likely stem from
diverse sample sizes and employing different organellar
genomes. More important is the ‘effective population
size’ in the calculation of TMRCA. Due to a possible local
epidemic expansion, even parasites collected from dif-
ferent patients and/or different villages might exhibit the
same or similar genetic backgrounds. False calculation of
TMRCA will be processed if including these parasites in
the analyses [52]. To confirm the accuracy and reduce the
impact of sample size or geographic bias on the results, it
may be expedient to expand the range of sample collec-
tion and ensure the representativeness of samples across
geographic distributions in future studies [52]. Besides,
the analysis of TMRCA covering all major geographic
regions will ensure consistency in statistical methods,
software tools, and parameters used, thus minimizing
differences in TMRCA estimates that may arise from
variations in methods and parameters. Despite these
discrepancies, the oldest estimated TMRCA pointing
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toward ancestral natures of P. falciparum from the CMB
remains unassailable in this study.

While exploring the overall genetic diversity and
phylogeographic patterns, examining the historical
demography of populations reveals insights into their
evolutionary histories [7, 53]. Past demographic expan-
sions of the CMB P. falciparum populations are shown
by the unimodal distribution in the pairwise mismatch
distribution curves (Fig. 2) and the statistically signifi-
cant negative values of Fu’s Fs (Table 1). These expansions
likely occurred between approximately 12,500 and 20,000
ybp (Fig. 3). Intriguingly, the timing of these expansions
along the CMB closely aligns with those in Africa. While
expansions in African P falciparum populations may
have commenced around 10,000 ybp [11], those at the
CMB are estimated to have occurred slightly earlier. This
expansion is hypothesized to have been facilitated by the
advent of agricultural practices and the speciation of the
malaria vector Anopheles gambiae during this period
[11]. Supporting evidence of simultaneous expansions
in P. falciparum populations across both the CMB and
Africa underpins this hypothesis.

Furthermore, it is suggested that populations close to
the ancestral species distribution range maintain higher
genetic diversity than those at the periphery [6, 53, 54].
Therefore, it appears probable that the CMB P. falcipa-
rum populations constitute a part of this species’ ances-
tral distribution range. The reconstructed haplotype
network further substantiates the ancestral status of the
CMB P, falciparum isolates (Fig. 1). In the present study,
the CMB has the highest representation (five) in the five
ancestral (central) haplotypes (H1, H2, H4, H7, and H8),
suggesting that the CMB P. falciparum is comparatively
older than isolates from other SEA populations as well as
the WAF populations. Notably, the P. falciparum isolates
from WTH also constitute a part of the species’ ancestral
distribution range. According to the SAMOVA analysis,
three geographic groups were identified, with CMB and
WTH populations forming Group 1 (Additional file 2:
Figure S1). Although the Mantel test confirmed a signifi-
cant correlation between geographical and genetic dis-
tances among populations (Additional file 7: Figure S3),
the low level of genetic differentiation (Fgp=0.05953,
p<0.05) as well as high gene flow (Nm=7.89971)
between the CMB and WTH populations (Additional
file 4: Table S3) reflects ongoing and frequent parasite
migration between these areas, even though the distance
between CMB and WTH is nearly 800 km (Additional
file 8: Figure S4).
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Conclusions

The investigation of the entire mt/apico genome
sequence of the CMB P. falciparum uncovers noteworthy
genetic diversity with ancient population expansion and
TMRCA. Therefore, it seems that the CMB P, falciparum
is included in the ancestral distribution range of P. falci-
parum. Notably, the CMB P. falciparum exhibits numer-
ous genetic similarities to isolates from WAF and WTH,
yet it distinctly differs from other SEA P, falciparum pop-
ulations. Given the closer genetic resemblance of CMB
P. falciparum to WAF/WTH than to other SEA isolates,
it is plausible that P. falciparum has been present in the
CMB, WTH, and WAF regions long before spreading to
other SEA countries. Recent and ongoing human migra-
tions between CMB, WTH, and Africa may have further
contributed to the observed genetic identity among these
P, falciparum populations. To reduce the impact of sam-
ple size or geographic bias on the estimate of evolution-
ary timeline, future studies need to expand the range of
sample collection and ensure the representativeness of
samples across geographic distributions. Additionally,
studying the population genetic characteristic of SNPs
in the organellar genome of P falciparum populations
worldwide can provide valuable insights into the evolu-
tionary history of this species and contribute to better
strategies for controlling P, falciparum malaria.

Additional data sets

The raw high-quality reads of the genomic data of para-
site isolates from the other five endemic regions—WKH,
West Cambodia (Pursat); WTH, West Thailand (Mae
Sot); WAF, West Africa (Navrongo, Ghana; Banjul, Gam-
bia); LA, Laso (Attapeu); VN, Vietnam (Binh Phuoc)—
were downloaded from ENA (http://www.ebi.ac.uk/ena/)
(Additional file 1: Table S1). The criteria for the selection
of the comparator sequences of the isolates from ENA
include>1.0 G of sequencing data per isolate and genome
average coverage > 30-fold.

Abbreviations

Apico Apicoplasts

Mt Mitochondria

GMS Greater Mekong Sub-region

CMB China-Myanmar border

ACTs Artemisinin-based combination therapies
SNPs Single-nucleotide polymorphisms
AMOVA Analysis of molecular variance

SAMOVA  Spatial analysis of molecular variance

IBD Isolation by distance

ML Maximum likelihood

NJ Neighbor-joining

TMRCA The time to the most recent common ancestor
MCMC Markov Chain Monte Carlo

ENA European nucleotide archive

WAF West Africa

WKH West Cambodia

WTH West Thailand

VN Vietnam
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LA Laos

Hd Haplotype diversity

Pi Nucleotide diversity

R Raggedness

ESS Effective sample size

HPD Highest probability density
a Confidence interval

SEA South East Asia

SGA Single-genome amplification
HKY Hasegawa-Kishino-Yano
GTR General time reversible
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Additional file 1: Table S1. Information on 181 mt/apico genomes of
Plasmodium falciparum from six geographical populations, including
Lazan (China-Myanmar border, CMB), Banjul (Gambia, WAF-GM)/Navrongo
(Ghana, WAF-GH), Pursat (West Cambodia, WKH), Mae Sot (West Thailand,
WTH), Binh Phuoc (Vietnam, VN), and Attapeu (Laos, LA).

Additional file 2: Figure S1. Maximum likelihood phylogenetic tree of
Plasmodium falciparum based on mt/apico genomes. Bootstrap values
(1000 replicates) of maximum likelihood analyses are shown above/below
the main lineages. Lineage designation is indicated on the right. Bars
represent 8.0 substitutions per site based on mt/apico genomes. Different
colors indicated different population groups of P, falciparum. CMB, China-
Myanmar border; WAF, West Africa; LA, Laos; VN, Vietnam; WTH, West
Thailand; WKH, West Cambodia.

Additional file 3: Table S2. Analysis of molecular variance (AMOVA) of six
Plasmodium falciparum populations based on mt/apico genomes. FCT,
fixation index among groups, FSC, among populations within groups, FST,
within populations.

Additional file 4: Table S3. Genetic differentiation and gene flow among
the geographic groups based on mt/apico genomes. The pairwise Fer
values and Nm values based on the mt/apico genomes are shown below
and above the diagonal, respectively. Characters in bold indicated that
the significance was p < 0.05). inf, infinite. CMB, Lazan (China-Myanmar
border); WAF-GM, Banjul, Gambia (West Africa); WAF-GH, Navrongo, Ghana
(West Africa); WKH, Pursat (West Cambodia); VN, Binh Phuoc (Vietnam); LA,
Attapeu (Laos); WTH, Mae Sot (West Thailand).

Additional file 5: Table S4. Population groups identified by spatial analysis
of molecular variance (SAMOVA) algorithm. Significant values “p < 0.05;
“p<001;""p< 0001, ns: Not significant. CMB, Lazan (China-Myanmar);
WKH, Pursat (West Cambodia); VN, Binh Phuoc (Vietnam); LA, Attapeu,
(Laos); WTH, Mae Sot (West Thailand); WAF-GM, Banjul (Gambia); WAF-GH,
Navrongo (Ghana).

Additional file 6: Figure S2. The Y-axis represents the different F-statistics
(FCT, FST, FSC). The red, blue, and black lines represent FCT, FST, and FSC,
respectively. The X-axis represents the number of groups (K). SAMOVA
estimate was calculated for K = 2-6, with 1000 simulated annealing steps
from each of 100 sets of initial starting conditions.

Additional file 7: Figure S3. Isolation by distance, the relationship between
geographical and genetic distances based on mt/apico genomes in Plas-
modium falciparum populations. Isolation by distance (IBD) was examined
using a nonparametric Mantel with the web-based computer program
IBDWS v.3.16. (a) IBD of all six populations based on mt/apico genomes; (b)
IBD between CMB and WAF populations based on mt/apico genomes; (c)
IBD between CMB and SEA populations based on mt/apico genomes.

Additional file 8: Figure S4. Map of the populations from different geo-
graphical regions. CMB-Lazan, China-Myanmar border; WTH-Mae Sot,
West Thailand; LA-Attapeu, Laos; WKH-Pursat, West Cambodia; VN-Binh
Phuoc,Vietnam; WAF-Banjul, Gambia; WAFGH-Navrongo, Ghana. The map
was prepared using LocaSpace Viewer.



http://www.ebi.ac.uk/ena/
https://doi.org/10.1186/s13071-024-06629-3
https://doi.org/10.1186/s13071-024-06629-3

Tian et al. Parasites & Vectors (2024) 17:548

Acknowledgements

We thank the National Natural Science Foundation of China for the study
design, analysis, and interpretation of the data as well as writing of the
manuscript and the decision to submit the manuscript for publication. We
also thank the patients for their participation and cooperation and the staff
members from Yunnan Institute of Parasitic Diseases for their assistance in
sample collection.

Author contributions

Data and statistical analysis and manuscript preparation: YLZ and YNT. Data
collection: YNT and RY. Procurement of funding: YLZ. Study conception/design
and critical review of the manuscript: YNT, YLZ, and DMZ. All authors reviewed
the manuscript.

Funding
This study was supported by the National Natural Science Foundation of
China (grant no. 32370483, 31601002).

Availability of data and materials

Data supporting the conclusions of this article are included within the article
and its additional files. lllumina sequencing reads from this study are available
in the European Nucleotide Archive (PRJEB32255). The SNP data are available
in the European Variation Archive (PRJEB34415).

Declarations

Ethics approval and consent to participate

The authors assert that all procedures contributing to this work complied with
the principles of the Declaration of Helsinki and were approved by the Internal
Review Board of Naval Medical University. The patients/participants provided
their written informed consent to participate in this study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
'Department of Tropical Diseases, Faculty of Naval Medicine, Naval Medical
University, Shanghai 200433, China.

Received: 13 September 2024 Accepted: 12 December 2024
Published online: 30 December 2024

References

1. WHO. World Malaria Report 2023. Geneva: World Health Organization;
2023. https://iriswho.int/handle/10665/374472. Accessed 03 May 2024.

2. Cerqueira GC, Cheeseman IH, Schaffner SF, et al. Longitudinal genomic
surveillance of Plasmodium falciparum malaria parasites reveals complex
genomic architecture of emerging artemisinin resistance. Genome Biol.
2017;18:78.

3. Wang X, Zhang X, Chen H, et al. Molecular determinants of Sulfadox-
ine- Pyrimethamine Resistance in Plasmodium falciparum Isolates from
Central Africa between 2016 and 2021: wide geographic spread of highly
mutated Pfdhfr and Pfdhps Alleles. Microbiol Spectr. 2022;10:20200522.

4. Lynch C, Roper C.The transit phase of migration: circulation of malaria
and its multidrug-resistant forms in Africa. PLoS Med. 2011;8:21001040.

5. Tessema SK, Raman J, Duffy CW, et al. Applying next-generation sequenc-
ing to track Falciparum malaria in sub-Saharan Africa. Malar J. 2019;18:268.

6. TyagiS, PandeV, Das A. New insights into the evolutionary history of
Plasmodium falciparum from mitochondrial genome sequence analyses
of Indian isolates. Mol Ecol. 2014;23:2975-87.

7. Gupta B, Srivastava N, DAS A. Inferring the evolutionary history of Indian
Plasmodium vivax from population genetic analyses of multilocus nuclear
DNA fragments. Mol Ecol. 2012;21:1597-616.

8.

20.

21

22.

23.

24

25.

26.

27.

28.

29.

30

31

32.

33.

34

Page 10 of 11

Klinger CM, Nisbet RE, Ouologuem DT, et al. Cryptic organelle homology
in apicomplexan parasites: insights from evolutionary cell biology. Curr
Opin Microbiol. 2013;16:424-31.

Preston MD, Campino S, Assefa SA, et al. A barcode of organellar genome
polymorphisms identifies the geographic origin of Plasmodium falcipa-
rum strains. Nat Commun. 2014;5:4052.

. Aurongzeb M, Rashid Y, Habib Ahmed Naqvi S, et al. Insights into

genome evolution, pan-genome, and phylogenetic implication through
mitochondrial genome sequence of Naegleria fowleri species. Sci Rep.
2022;12:13152.

. Joy DA, Feng X, Mu J, et al. Early origin and recent expansion of Plasmo-

dium falciparum. Science. 2003;300:318-21.

. Rodrigues PT, Alves JM, Santamaria AM, et al. Using mitochondrial

genome sequences to track the origin of imported Plasmodium
vivax infections diagnosed in the United States. Am J Trop Med Hyg.
2014;90:1102-8.

. Ferguson DJ, Henriquez FL, Kirisits MJ, et al. Maternal inheritance and

stage-specific variation of the apicoplast in Toxoplasma gondii during
development in the intermediate and definitive host. Eukaryot Cell.
2005;4:814-26.

. Obornik M, Luke$ J. The organellar genomes of chromera and vitrella, the

phototrophic relatives of apicomplexan parasites. Annu Rev Microbiol.
2015;69:129-44.

. Arisue N, Hashimoto T. Phylogeny and evolution of apicoplasts and

apicomplexan parasites. Parasitol Int. 2015;64:254-9.

. HuF, Zou Q LiY, et al. A PCR-based technique to track the geographic

origin of Plasmodium falciparum with 23-SNP barcode analysis. Front
Public Health. 2021;9:649170.

. Cao J, Newby G, Cotter C, et al. Achieving malaria elimination in China

2021. Lancet Public Health. 2021:6:e871-872.

. Xu JW, Deng DW, Wei C, et al. Risk factors associated with malaria

infection along China-Myanmar border: a case-control study. Malar J.
2022;21:288.

. Huang F, Zhang L, Xue JB, et al. From control to elimination: a spatial-

temporal analysis of malaria along the China-Myanmar border. Infect Dis
Poverty. 2020;9:158.

Ye R, Tian'Y, Huang Y, et al. Genome-wide analysis of genetic diversity

in Plasmodium falciparum Isolates From China-Myanmar Border. Front
Genet. 2019;10:1065.

Assefa SA, Preston MD, Campino S, et al. estMOI: estimating multiplic-
ity of infection using parasite deep sequencing data. Bioinformatics.
2014;30:1292-4.

Roh ME, Tessema SK, Murphy M, et al. High genetic diversity of plas-
modium falciparum in the low-transmission setting of the kingdom of
Eswatini. J Infect Dis. 2019;220:1346-54.

Nei M. Analysis of gene diversity in subdivided populations. Proc Natl
Acad Sci USA. 1973;70:3321-3.

Excofer L, Laval G, Schneider S. Arlequin ver. 3.0: an integrated software
package for population genetics data analysis. Evol Bioinform Online.
2005;1:47-50.

Dupanloup |, Schneider S, Excoffier L. A simulated annealing approach to
define the genetic structure of populations. Mol Ecol. 2002;11:2571-81.
Jensen JL, Bohonak AJ, Kelley ST. Isolation by distance, web service. BMC
Genet. 2005;6:13.

Rogers AR, Harpending H. Population growth makes waves in the distri-
bution of pairwise genetic differences. Mol Biol Evol. 1992;9:552-69.
Kumar S, Stecher G, Li M, et al. MEGA X: molecular evolutionary genetics
analysis across computing platforms. Mol Biol Evol. 2018;35:1547-9.
Watterson GA. On the number of segregating sites in genetical models
without recombination. Theor Popul Biol. 1975;7:256-76.

Nei M. Molecular evolutionary genetics. New York: Columbia University
Press; 1987.

Librado P, Rozas J. DnaSP v5: a software for comprehensive analysis of
DNA polymorphism data. Bioinformatics. 2009;25:1451-2.

Tajima F. Statistical method for testing the neutral mutation hypothesis
by DNA polymorphism. Genetics. 1989;123:585-95.

Fu YX, Li WH. Statistical tests of neutrality of mutations. Genetics.
1993;133:693-709.

Drummond AJ, Suchard MA, Xie D, et al. Bayesian phylogenetics with
BEAUti and the BEAST 1.7. Mol Biol Evol. 2012;29:1969-73.


https://iris.who.int/handle/10665/374472

Tian et al. Parasites & Vectors (2024) 17:548

35.

36.

37.

38.

39.

40.

41.

42

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Hudson RR, Kaplan NL. Statistical properties of the number of recom-
bination events in the history of a sample of DNA sequences. Genetics.
1985;111:147-64.

Daniels R, Volkman SK, Milner DA, et al. A general SNP-based molecular
barcode for Plasmodium falciparum identification and tracking. Malar J.
2008;7:1-1.

Duval L, Fourment M, Nerrienet E, et al. African apes as reservoirs of
Plasmodium falciparum and the origin and diversification of the Laverania
subgenus. Proc Natl Acad Sci U S A. 2010;107:10561-6.

Pacheco MA, Cepeda AS, Bernotiené R, et al. Primers targeting mitochon-
drial genes of avian haemosporidians: PCR detection and differential DNA
amplification of parasites belonging to different genera. Int J Parasitol.
2018;48:657-70.

Pacheco MA, Ceriaco LMP, Matta NE, et al. A phylogenetic study of
Haemocystidium parasites and other Haemosporida using complete
mitochondrial genome sequences. Infect Genet Evol. 2020;85:104576.
Muehlenbein MP, Pacheco MA, Taylor JE, et al. Accelerated diversification
of nonhuman primate malarias in Southeast Asia: adaptive radiation or
geographic speciation? Mol Biol Evol. 2015;32:422-39.

Conway DJ, Fanello C, Lloyd JM, et al. Origin of Plasmodium falcipa-

rum malaria is traced by mitochondrial DNA. Mol Biochem Parasitol.
2000;111:163-71.

Cepeda AS, Andrefna Pacheco M, Escalante AA, et al. The apicoplast of
Haemoproteus columbae: A comparative study of this organelle genome
in Haemosporida. Mol Phylogenet Evol. 2021;161:107185.

Andreina Pacheco M, Junge RE, Menon A, et al. The evolution of primate
malaria parasites: A study on the origin and diversification of Plasmodium
in lemurs. Mol Phylogenet Evol. 2022;174:107551.

Hayakawa T, Culleton R, Otani H, et al. Big bang in the evolution of extant
malaria parasites. Mol Biol Evol. 2008;25:2233-9.

Ricklefs RE, Outlaw DC. A molecular clock for malaria parasites. Science.
2010;329:226-9.

Hedges SB, Kumar S. Precision of molecular time estimates. Trends Genet.
2004,20:242-7.

Inoue J, Donoghue PC, Yang Z. The impact of the representation of fossil
calibrations on Bayesian estimation of species divergence times. Syst Biol.
2010;59:74-89.

Battistuzzi FU, Filipski A, Hedges SB, et al. Performance of relaxed-clock
methods in estimating evolutionary divergence times and their cred-
ibility intervals. Mol Biol Evol. 2010;27:1289-300.

Pacheco MA, Battistuzzi FU, Junge RE, et al. Timing the origin of human
malarias: the lemur puzzle. BMC Evol Biol. 2011;11:299.

LiuW, LiY, Learn GH. Origin of the human malaria parasite Plasmodium
falciparum in gorillas. Nature. 2010;467:420-5.

Stanyon R, Sazzini M, Luiselli D. Timing the first human migration into
eastern Asia. J Biol. 2009;8:18.

Su XZ, Mu J, Joy DA. The “Malaria’s Eve" hypothesis and the debate con-
cerning the origin of the human malaria parasite Plasmodium falciparum.
Microbes Infect. 2003;5:891-6.

Das A, Mohanty S, Stephan W. Inferring the population structure and
demography of Drosophila ananassae from multilocus data. Genetics.
2004;168:1975-85.

Ingman M, Kaessmann H, Paabo S, et al. Mitochondrial genome variation
and the origin of modern humans. Nature. 2000;408:708-13.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11



	The evolutionary history of Plasmodium falciparum from mitochondrial and apicoplast genomes of China-Myanmar border isolates
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Data acquisition and summary statistics
	Reconstruction of mt genome haplotype networks
	Inference of phylogeography

	Results
	Genetic variation and recombination across the whole mtapico genomes of P. falciparum
	Population structure and genetic differentiation based on mtapico genome of P. falciparum
	Spatial genetic structure analysis, demographic history, and neutrality test
	Inference of phylogeography of CMB P. falciparum

	Discussion
	Conclusions
	Additional data sets

	Acknowledgements
	References


