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Abstract

Malaysia has a national goal to eliminate malaria by 2020. Understanding the genetic diver-
sity of malaria parasites in residual transmission foci can provide invaluable information
which may inform the intervention strategies used to reach elimination targets. This study
was conducted to determine the genetic diversity level of P. falciparum isolates in malaria
residual foci areas of Sabah. Malaria active case detection was conducted in Kalabakan
and Kota Marudu. All individuals in the study sites were screened for malaria infection by
rapid diagnostic test. Blood from P. falciparum-infected individuals were collected on filter
paper prior to DNA extraction. Genotyping was performed using merozoite surface protein-
1 (MSP-1), merozoite surface protein-2 (MSP-2), glutamate rich protein (GLURP) and 10
neutral microsatellite loci markers. The size of alleles, multiplicity of infection (MOI), mean
number of alleles (Na), expected heterozygosity (He), linkage disequilibrium (LD) and
genetic differentiation (Fst) were determined. In Kalabakan, the MSP-1 and MSP-2 alleles
were predominantly K1 and FC27 family types, respectively. The GLURP genotype VI
(751-800 bp) was predominant. The MOI for MSP-1 and MSP-2 were 1.65 and 1.20,
respectively. The Na per microsatellite locus was 1.70. The He values for MSP-1, MSP-2,
GLURP and neutral microsatellites were 0.17, 0.37, 0.70 and 0.33, respectively. In Kota
Marudu, the MSP-1 and MSP-2 alleles were predominantly MAD20 and 3D7 family types,
respectively. The GLURP genotype IV (651-700 bp) was predominant. The MOI for both
MSP-1 and MSP-2 was 1.05. The Na per microsatellite locus was 3.60. The He values for
MSP-1, MSP-2, GLURP and neutral microsatellites were 0.24, 0.25, 0.69 and 0.30, respec-
tively. A significant LD was observed in Kalabakan (0.495, p<0.01) and Kota Marudu P. fal-
ciparum populations (0.601, p<0.01). High genetic differentiation between Kalabakan and
Kota Marudu P. falciparum populations was observed (Fst = 0.532). The genetic data from
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the present study highlighted the limited diversity and contrasting genetic pattern of P. fal-
ciparum populations in the malaria declining areas of Sabah.

Introduction

Globally, 3.3 billion people are at risk of malaria. In 2015, the number of new malaria cases
reached 214 million and malaria deaths were estimated to reach 438,000 [1]. Between 2000 and
2015, malaria incidence and mortality rates decreased worldwide by 37% and 60%, respectively.
Scaling up interventions such as the widespread usage of insecticide-treated bed nets (ITN),
indoor residual spraying (IRS), larval control, improved diagnostic testing and treatment by
artemisinin combination therapy (ACT) have contributed to the decrease in malaria cases
worldwide. An increasing number of countries including Malaysia are in the process of elimi-
nating malaria [1].

After implementing the World Health Organization’s Global Malaria Eradication Program
(1967-1981) and Malaria Control Program (1982-2010), Malaysia has managed to substantially
decrease the malaria cases and enter the pre-elimination phase, with the Malaysian government
now aiming to eliminate malaria by the year 2020. During the implementation of the National
Malaria Elimination Plan (2011-current), indigenous human malaria cases were further
decreased to only 606 cases in 2014 (Vector Borne Disease Control Sector, Ministry of Health,
2014). Sabah, East Malaysia, contributed 93% (561 cases) of indigenous human malaria cases in
2014 (Vector Borne Disease Control Sector, Ministry of Health, Malaysia, 2014). Up until
November 2015, indigenous human malaria cases in Sabah have dropped to 207 cases as com-
pared to 522 cases reported in November 2014 (Vector Borne Disease Control Sector, Ministry
of Health, Malaysia, 2015). On the lead up to malaria elimination, understanding the genetic
diversity and population structure of the residual malaria parasite populations is crucial to guide
monitoring and evaluation of malaria control strategies and antimalarial interventions.

The P. falciparum genetic diversity is usually performed through genotyping of polymorphic
region of antigenic markers such as block 2 of the merozoite surface protein 1 (MSP-1), block 3
of the merozoite surface protein 2 (MSP-2) and RII repeat region of the glutamate rich protein
(GLURP) [2]. Another genotyping approach is the multilocus genotyping that targets non-anti-
genic markers such as single nucleotide polymorphisms (SNPs) [3, 4] and simple sequence
repeats of neutral microsatellites [5, 6]. Using these molecular genotyping approaches, the fac-
tors contributing to the P. falciparum population structure and diversity such as inbreeding, epi-
demic population expansion, geographic isolation and gene flow or introgression of foreign
parasites can be characterized. Several genetic measurements such as expected heterozygosity
(He), the proportion of polymorphic loci, the number of alleles (Na), multiplicity of infection
(MOI), linkage disequilibrium (LD) and F-statistics (FST) are used to estimate the factors affect-
ing the malaria parasite population structure [2, 5-8]. In addition, the genetic diversity and pop-
ulation structure studies can be used to monitor the effects of any malaria scale-up
interventions, such as the impact of malaria control and elimination programs [9].

Effective malaria control measures have successfully reduced malaria transmission in many
hyperendemic regions of sub-Saharan Africa. In future, the population structure in these
regions are expected to become similar to the low transmission regions like Southeast Asia and
South America. The declining malaria transmission, as a result of scaling up interventions, has
been shown to affect the genetic diversity pattern and population structure of P. falciparum [3,
9-11]. The genetic diversity of P. falciparum has previously been studied in a variety of
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transmission setting regions such as Africa, South America and Southeast Asia [5, 11-15].
High malaria transmission settings like those found in African regions normally report P. fal-
ciparum populations with high level of He, high MOI value, low or insignificant linkage dis-
equilibrium (LD) and low genetic differentiation (Fgr) [5, 16]. In contrast, low or limited
genetic diversity pattern such as low He and MO, high or significant LD and high Fgr are
mostly reported in the regions with low transmission setting such as Southeast Asia and South
America [5,11-13,17].

The effect of malaria control interventions on the P. falciparum population structure in
Malaysia could not be assessed due to the lack of genetic data and systematic genetic surveil-
lance study. A recent genotyping based on MSP-1 and MSP-2 allelic families has demonstrated
low levels of diversity in P. falciparum populations in Pahang, Peninsular Malaysia (West
Malaysia) which reflected the low transmission level in the area [17]. Multilocus genotyping
based on neutral microsatellites has also revealed the contrasting genetic structure of P. falcipa-
rum populations in several parts of Sabah indicating that they are genetically different from
each other [11]. Herein, we report genetic diversity data for P. falciparum isolates collected dur-
ing the malaria active case detection studies conducted in the remaining residual foci areas of
Sabah, Kalabakan and Kota Marudu, by genotyping the highly polymorphic parasite antigenic
markers (MSP-1, MSP-2 and GLURP) and 10 neutral microsatellite markers.

Materials and Methods
Study Area and Population

Kalabakan is located in the South of Sabah, Malaysia. Kota Marudu, is located in the North of
Sabah, Malaysia (Fig 1). The study sites were chosen based on the number of malaria cases
reported on the year of study (2008, 2009, 2011 and 2014) and recommendation by the Sabah
State Health Department. The participants of this study were recruited from the villages,
schools, palm oil and rubber plantations within these regions.

Ethics Approval and Study Design

The ethical clearance was obtained from Research Review Committee of the Institute for Medi-
cal Research and the Medical Research Ethics Committee (MREC), Ministry of Health Malay-
sia. The recruited study subjects were otherwise healthy individuals from the selected sites in
Kalabakan and Kota Marudu. The study subjects at the selected study sites were informed
about the nature of the experiments and the procedure involved. Written informed consent
was obtained from each participant or guardian before taking part in this study.

Sample Collection

The active case detection was performed in each study site. A total of 4257 individuals were
screened for malaria infection in both study areas. The P. falciparum-infected blood samples
from Kalabakan were collected in 2008 and 2009. The P. falciparum-infected blood samples
from Kota Marudu were collected in 2011 and 2014. Briefly, the blood samples were obtained by
finger prick and malaria infection was diagnosed using rapid diagnostic test kits (Paramax-3",
Zephyr Biomedicals, India). Whenever a participant tested positive for P. falciparum, 50 pl of
venous blood was spotted onto Whatman™ filter paper no. 3 (Whatman International Ltd,
United Kingdom). The blood-spotted filter papers were allowed to dry completely, transferred
into individual plastic bags, labeled and stored at room temperature in a dessicator containing sil-
ica gel until further processing. The malaria positive samples were also confirmed by Blood Film
for Malaria Parasite technique (BFMP).
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Fig 1. Malaria study areas in Sabah, Malaysia. In the present study, samples were collected from individuals living in two Sabah divisions from Kalabakan
district in the Tawau Division and Kota Marudu district in the Kudat Division. This map was generated using SimpleMappr online software [18].

doi:10.1371/journal.pone.0152415.g001

DNA Extraction and PCR-Based Species Identification

Parasite genomic DNA was extracted from blood-spotted filter papers by using QIAmp™
DNA Mini Kit (QIAGEN, Germany), according to the manufacturer's instructions (dried
blood spots protocol). The parasite DNA samples were kept frozen at -20°C until use. The Plas-
modium species confirmation (P. vivax, P. falciparum, P. ovale, P. malariae) was done by using
a technique of Padley et al. (2003) [19] with the modification that each species was diagnosed
in a separate (non-multiplex) assay. The identification of P. knowlesi parasite was done by
using the method of Imwong et al. (2009) [20].
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Table 1. The primers used to genotype the MSP-1, MSP-2 and GLURP polymorphic regions of P. falciparum isolates from Kalabakan and Kota Mar-

udu, Sabah.
Gene/ Family Primer
MSP-1 MI-OF
MI-OR
K1 MI-KF
MI-KR
MAD20 MI-MF
MI-MR
RO33 MI-RF
MI-RR
MSP-2 M2-OF
M2-OR
FC27 M2-FCF
M2-FCR
3D7 M2-1CF
M2-1CR
GLURP G-OF
G-OR
G-OR
G-NF

doi:10.1371/journal.pone.0152415.1001

PCR round Primer sequence

Primary &
5
5
5
5
o
o
o
5
5t
5
5t
5t
5t
5
51
5
5

CTAGAAGCTTTAGAAGATGCAGTATTG 3

CTTAAATAGTATTCTAATTCAAGTGGATCA 3’
AAATGAAGAAGAAATTACTACAAAAGGTGC 3
GCTTGCATCAGCTGGAGGGCTTGCACCAGA 3
AAATGAAGGAACAAGTGGAACAGCTGTTAC 3

Nested

ATCTGAAGGATTTGTACGTCTTGAATTACC 3’
TAAAGGATGGAGCAAATACTCAAGTTGTTG 3
CATCTGAAGGATTTGCAGCACCTGGAGATC 3
ATGAAGGTAATTAAAACATTGTCTATTATA 3'
CTTTGTTACCATCGGTACATTCTT 3"
AATACTAAGAGT GTAGGTGCArAT GCTCCA 3"
TTTTATTTGGTGCATTGCCAGAACTTGAAC 3"
AGAAGTATGGCAGAAAGTAAKCCTyYCTACT 3"
GATTGTAATTCGGGGGATTCAGTTTGTTCG 3"
TGAATT GAAGATGTTCACACTGAAC 3'
GTGGAATTGCTTTTTCTTCAACACTAA 3"
GTGGAATTGCTTTTTCTTCAACACTAA 3’
TGTTCACACTGAACAATTAGATTTAGATCA 3’

Primary

Nested

Primary

Nested

Genotyping of Antigenic Markers

P. falciparum DNA samples were further analyzed by amplification of the highly polymorphic
regions of MSP-1 (Block 2), MSP-2 (Block 3) and GLURP using a set of specific primers in
nested and seminested PCR method as previously described [21]. Oligonucleotide primer sets
(Table 1) were used for detecting the different families of MSP-1 and MSP-2 (K1, MAD20 and
RO33 in MSP-1; FC27 and 3D7 in MSP-2) and size polymorphisms of GLURP.

All PCR reactions were performed using Eppendorf Mastercycler Gradient (Eppendorf,
Germany). For allele detection in MSP-1 and MSP-2, PCR was done in a 50 ul PCR mixture
containing 50 ng genomic DNA, 1X of MgCl, free buffer, 1.5 mM of MgCl,, 200 pM of dNTPs,
0.2 mM of each primer and 2.5U of Taq polymerase enzyme. For GLURP allele detection, the
PCR was carried out in a similar manner to the primary round of MSPs, except for using a
MgCl, concentration of 2.0 mM. For nested PCRs, 2 pl of primary PCR product of MSP-1 and
MSP-2 and 1 yl of primary product of GLURP were used as DNA templates, which had similar
reaction concentrations to the primary PCR. Cycling conditions for primary PCRs and nested
PCR reactions for GLURP were as follows; the denaturation was performed at 95°C for 5 min,
then followed by 25 cycles of denaturation at 94°C for 1 minute, annealing at 58°C for 45 sec-
onds and extension at 72°C for 1.5 minutes; and a final extension was done at 72°C for 5 min.
The cycling conditions for nested PCR of MSP-1 and MSP-2 started with a single step of dena-
turation at 95°C for 5 minutes followed by 30 cycles of denaturation at 94°C for 1 min, anneal-
ing at 61°C for 45 seconds and extension at 72°C for 1.5 minute, and a final extension at 72°C
for 5 minutes.

The amplification products were analyzed using Agilent 2100 Bioanalyzer and Agilent DNA
1000 Kit (Agilent Technologies, Molecular Probes Inc, USA) conducted according to manufac-
turer’s instructions (S1 Fig). Alleles were considered the same if fragment sizes were within 10
bp [22] and 50 bp [23] intervals for MSPs and GLURP, respectively.
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Table 2. The primers used to amplify the microsatellite markers of P. falciparum isolates from Kalabakan and Kota Marudu, Sabah.

Genotyping of Microsatellite Markers

P. falciparum DNA samples were genotyped for 10 microsatellite loci as previously described
[5, 6] with slight modification. The nested PCR strategy (2 step PCR) with fluorescent end-
labeled primer pairs was used for the microsatellite amplification (Table 2). Briefly, the first
PCR (nested 1) was performed with the reaction mixture containing 1X PCR buftfer, 2.5 mM
MgCl, (for ARA2, Pfg377, PfPK2, TA87, TA81, TA42 and 2490) or 3 mM MgCl, (for TA1,
POLYa and TA60), 125 uM dNTPs, 250 nM primer mix (F/R), 2 ul of DNA template and 0.4
U of Taq polymerase. The first PCR cycling conditions were as follows: Initial denaturation at
95°C for 5 minutes, 30 cycles of denaturing at 94°C for 1 minute, annealing at 52°C for 2 min-
utes, extension at 72°C for 2 minutes and last extension at 72°C for 5 minutes. One microliter
of the first PCR product was used for the second PCR reaction (nested 2). The second PCR was
performed with the reaction mixture containing 1 X PCR buffer, 2.5 mM MgCl,, 125 uM
dNTPs, 250 nM primer mix (F/R), 1 pl of DNA template and 0.4 U of Taq polymerase. The
second PCR cycling started with initial denaturation at 94°C for 2 minutes, followed by 5 cycles
of denaturing at 94°C for 30 seconds, annealing at 50°C for 30 seconds, extension at 60°C for
30 seconds, 25 cycles of denaturing at 94°C for 30 seconds, annealing at 45°C for 30 seconds,

Chromosome Locus Primer sequence (5' to 3') Size range (bp)

4 Poly a-R ATCAGATAATTGTTGGTA 114-201
Poly a-F AAAATATAGACGAACAGA
Poly a-3(IR) (HEX) GAAATTATAACTCTACCA

12 PFPK2-3R CCTCAGACTGAAATGCAT 159-192
PFPK2-F CTTTCATCGATACTACGA
PFPK2-R (HEX) AAAGAAGGAACAAGCAGA

5 TA81-3F GAAGAAATAAGGGAAGGT 112-142
TA81-R TTTCACACAACACAGGATT
TA81-F (HEX) TGGACAAATGGGAAAGGATA

11 ARA2-3(F) GTACATATGAATCACCAA 63-90
ARA2-R GCTTTGAGTATTATTAATA
ARA2-F (HEX) GAATAAACAAAGTATTGCT

6 TA87-3F ATGGGTTAAATGAGGTACA 90-126
TA87-R ACATGTTCATATTACTCAC
TA87-F (6FAM) AATGGCAACACCATTCAAC

5 TA42-3F ACAAAAGGGTGGTGATTCT 182-251
TA42-R GTATTATTACTACTACTAAAG
TA42-F (6FAM) TAGAAACAGGAATGATACG

10 2490-3R ATGATGTGCAGATGACGA 78-93
2490-F TTCTAAATAGATCCAAAG
2490-R (HEX) TAGAATTATTGAATGCAC

6 TA1-3(F) CTACATGCCTAATGAGCA 159204
TA1-R TTTTATCTTCATCCCCAC
TA1-F (6FAM) CCGTCATAAGTGCAGAGC

13 TA60-F CTCAAAGAAAAATAATTCA 69-99
TA60-R AAAAAGGAGGATAAATACAT
TA60-3(IF) (6FAM) TAGTAACGATGTTGACAA

12 PFG377-3R TTATGTTGGTACCGTGTA 89-113
PFG377-F GATCTCAACGGAAATTAT
PFG377-R (6FAM) TTATCCCTACGATTAACA

doi:10.1371/journal.pone.0152415.t002
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extension at 60°C for 30 seconds and final extension at 60°C for 2 minutes. Fluorescent-labelled
PCR products were sent for fragment analysis (Macrogen, Korea) and scored using Gene Map-
per 5 Software (Life Technologies, USA). All electropherograms or peaks generated for each
isolate were visually inspected and the predominant peaks corresponding to each allele were
scored. Any samples that amplified poorly for particular loci with maximum peak height less
than 200 fluorescent units were discarded. Any secondary alleles that were >30% of the height
of the predominant allele peaks were also scored as additional alleles which presumably were
considered to be a result of polyclonal infection.

Data Analysis

Multiplicity of infection (MOI). The multiplicity of infection (MOI) was defined as the
mean number of P. falciparum genotypes per infected individual. The MOI was calculated as
the proportion of the total number of P. falciparum genotypes for the same gene and the num-
ber of PCR positive isolates. Isolates with more than one genotype were considered as a poly-
clonal infection while the presence of a single allele was considered as monoclonal infection.

Allele frequency, heterozygosity and genetic differentiation analysis. To determine
allele frequencies, only the predominant allele was counted for population genetic analyses.
The genetic diversity in each population was assessed by calculating both the mean number of
alleles (A) and the mean expected heterozygosity (He) across loci in each population. He values
were calculated using the Genetic Analysis in Excel toolkit (GenAIEx) [24]. Briefly, the allelic
diversity (He) for each microsatellite loci or antigenic markers was calculated based on the
allele frequencies, using the formula He = [-"-][1 — £p*], where n is the number of isolates
analyzed and p represents the frequency of each different allele at a locus. He has a potential
range from 0 (no allele diversity) to 1 (all sampled alleles are different). The genetic differentia-
tion between populations was measured using Cockerham and Weir (1984)[25] F-Statistic
analysis utilizing the Fstat software version 2.9.3.2. Genetic similarity between haplotypes was
examined by creating a similarity matrix based on number of repeats of each microsatellite
alleles to construct an unweighted pair group method with arithmetic mean (UPGMA) dendo-
gram using MLVA (MLVA = Multiple Loci VNTR Analysis; VNTR = Variable Number Tan-
dem Repeats) application in BioNumerics version 7.5 software (Applied Maths 1998-2015).

Analysis of multilocus linkage disequilibrium. The predominant alleles were used to con-
struct haplotypes infection. The permutation procedure was used to test null hypothesis of ran-
dom association among loci for each parasite population [26]. The number of alleles shared (D)
between all pairwise comparisons of complete 10-locus haplotypes and the distance measure
(Vp) determination were done by using the program LIAN, version 3 [27]. To evaluate signifi-
cance of deviation from random expectation (Linkage equilibrium), the observed distribution of
Vp was compared with the distribution of Vp, in 10,000 simulated data sets in which alleles at
each locus were randomly reshuffled among genotypes. Significant linkage disequilibrium (LD)
was detected if the observed V, was more than 95% of the values generated in the reshuffled data
sets. The standardized index of association (I,5) was used and calculated as 1,5 = (V/ V,-1)/
(r-1), where V. is the mean variance in the 10,000 reshuffled data sets, and r is the number of
loci. The significant levels of the I,° values were tested using Monte Carlo method.

Results
The Study Population in Kalabakan and Kota Marudu

A total of 4257 individuals were screened for malaria infection in both study areas. Specifically,
619 individuals from 23 sites in Kalabakan (2008 and 2009) were screened. Fifty eight (9.4%)
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tested positive for malaria of which 31 (5.0%) were positive for P. falciparum. The age of P. fal-
ciparum-infected individuals ranged from 12 to 60 years (mean age: 22.3 + 9.3 years). The male
to female sex ratio (M/F) was 1.8 (20/11). In Kota Marudu (2011 and 2014), a total of 3638
individuals from 56 sites were screened for malaria infection. Fifty four samples (1.5%) tested
positive for malaria of which 29 (0.8%) were positive for P. falciparum infection. The age of P.
falciparum-infected individuals ranged from 4 to 67 years (mean age: 20.3 £ 15.1 years). The
male to female sex ratio (M/F) was 2.2 (20/9). The P. falciparum infected individuals were
found to be blood smear-positive, asymptomatic by observation and healthy going about their
routine activities. As all malaria infected individuals need to be treated in the hospital, they
were advised and transported to the nearest public hospitals for malaria treatment. No clinical
data was obtained in this study.

Genotyping of MSP-1, MSP-2 and GLURP of P. falciparum Isolates in
Kalabakan

Four different MSP-1 alleles were detected with 2 alleles of K1 (180 bp and 210 bp) and 1 allele
of each MAD20 (180 bp) and RO33 (160 bp) allelic families. K1 allelic family was predominant
in 95.6% of the P. falciparum-infected blood samples. The frequencies of monoclonal infection
were 30.4% and 4.4% for K1 and RO33, respectively (Table 3). Sixty five percent of the samples
were polyclonally infected (K1+ R033 and K1+MAD20) (Table 3). The MOI value for MSP-1
genotype was 1.65 (Table 3).

A total of 5 different alleles were identified in MSP-2 family genotyping (Table 4). Four
alleles of 3D7/IC1 (480 bp, 570 bp, 640 bp and 660 bp) and 1 allele of FC27 were detected. The
predominant allele was from the FC27 (72%) allelic family. The frequencies of monoclonal
infection were 28% and 52.0% for 3D7 and FC27 allelic families, respectively (Table 4). Twenty
percent of the samples were polyclonally infected (3D7 + FC27) (Table 4). The MOI value for
MSP-2 genotype was 1.05 (Table 4).

Twenty four samples were successfully genotyped for RII repeat region of GLURP (Table 5).
Five groups of GLURP genotypes were detected in Kalabakan P. falciparum-infected blood
samples ranging from 551 bp to 800 bp (50 bp bin) and coded as genotypes II-VI (Table 5).
Only 1 allele was detected in all individual samples suggesting a monoclonal infection. Fre-
quency of genotype VI was the highest (41.6%) followed by genotype V (29.2%) and genotype
IV (20.8%). Only one sample was found in genotype II (4.2%) and genotype III (4.2%)

(Table 5). Genotype I was not detected in Kalabakan P. falciparum-infected samples.

Table 3. Genotyping of P. falciparum MSP-1 polymorphic region block 2.

Study sites MSP-1 family types No. of samples Allele size (bp) Frequency (%) MOl
Kalabakan K1 7 180-210 30.4 1.65
R033 1 160 4.4
K1 + R033 12 52.2
K1 + MAD20 3 13.0
Total 23 100.0
Kota Marudu K1 5 180 19.2 1.05
MAD20 15 180-210 57.7
R033 5 160 19.2
K1 + R033 1 3.9
Total 26 100.0

doi:10.1371/journal.pone.0152415.t003
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Table 4. Genotyping of P. falciparum MSP-2 polymorphic region block 3.

Study sites MSP-2 family types No. of samples Allele size (bp) Frequency (%) MOl
Kalabakan 3D7 7 480-660 28.0 1.20
FC27 13 300-310 52.0
3D7 + FC27 5 20.0
Total 25 100.0
Kota Marudu 3D7 18 520 81.8 1.05
FC27 3 300-340 13.6
3D7 + FC27 1 4.6
Total 22 100.0

doi:10.1371/journal.pone.0152415.1004

Genotyping of MSP-1, MSP-2 and GLURP of P. falciparum Isolates in
Kota Marudu

Five different alleles were detected in MSP-1 family typing. These alleles comprised of 1 allele
of K1 (180 bp), 3 alleles of MAD20 (180 bp, 200 bp and 210 bp) and 1 allele of R033 (160 bp)
allelic families. The MAD20 was predominant (57.7%) in Kota Marudu P. falciparum-infected
blood samples (Table 3). The frequencies of monoclonal infection were 57.7% for MAD20 and
19.2% for both K1 and R033 allelic families (Table 3). Only 1 sample (3.9%) was polyclonally
infected (K1 + R033) (Table 3). The MOI value for MSP-1 genotype was 1.05 (Table 3).

A total of three different alleles were detected in MSP-2 family typing. Only 1 allele belongs
to 3D7/IC1family and 2 alleles belong to FC27 family. The predominant MSP-2 allele family in
Kota Marudu P. falciparum-infected blood samples was 3D7 (86.4%). The frequencies of
monoclonal infection were 81.8% and 13.6% for both 3D7 and FC27 allelic families, respec-
tively (Table 4). Only 1 sample (4.6%) was polyclonally infected (3D7 + FC27) (Table 4). The
MOI value for MSP-2 genotype was 1.05 (Table 4).

Twenty eight samples were successfully genotyped for GLURP RII repeat region (Table 5).
Five GLURP genotypes were detected in Kota Marudu P. falciparum-infected blood samples
ranging from 501 bp to 800 bp (50 bp bin) and coded as genotype L, III, IV, V and VI. Similar to
Kalabakan, only 1 allele was detected in all Kota Marudu P. falciparum-infected blood samples.
Frequency of genotype IV was the highest (50.0%) followed by genotypes V (21.4%), III (17.9%),
1(7.1%) and VI (3.6%) (Table 5). Genotype II was not detected in Kota Marudu samples.

Microsatellites Genotyping of Kalabakan and Kota Marudu P. falciparum
Isolates

The Kalabakan datasets comprised of multilocus microsatellite alleles derived from 14 to 19 P.
falciparum-infected blood samples. The allele frequencies of each microsatellite locus were
shown in Fig 2 and S1 Table. Number of alleles per locus in the total Kalabakan sample ranged
from 1 to 2 (Table 6). There was no polyclonal infection observed in any of the samples.

In Kota Marudu, twenty-four P. falciparum-infected samples were successfully amplified for
all 10 microsatelite loci. The allele frequencies for each microsatellite marker are shown in Fig
2 and S1 Table. Number of alleles per locus ranged from 1 to 5 (Table 6). Similar to Kalabakan
P. falciparum-infected blood samples, there was no polyclonal infection observed in any of the
samples.

Except PFG377, all locus showed the distribution of major alleles with high frequency (Fig
2). The major alleles in each locus were found to be unique for each Kalabakan and Kota Mar-
udu P. falciparum-infected blood samples (Fig 2). The mean number of alleles per locus for
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Table 5. Distribution of allelic variants of GLURP RIl repeat region of P. falciparum populations in Kalabakan and Kota Marudu.

Genotypes

|

Il
11l
I\
\
Vi

N, number of sample.

Allelic size variants (50 bp bin) Kalabakan (N = 24), N (%) Kota Marudu (N = 28), N (%)
501-550 0 (0) 2(7.1)

551-600 1(4.2) 0 (0)

601-650 1(4.2) 5(17.9)

651-700 5(20.8) 14 (50.0)

701-750 7 (29.2) 6 (21.4)

751-800 10 (41.6) 1(3.6)

doi:10.1371/journal.pone.0152415.1005

Kalabakan and Kota Marudu P. falciparum-infected blood samples were 1.70 and 3.60, respec-
tively (Table 6).

Genetic Diversity Analysis of P. falciparum Populations in Kalabakan
and Kota Marudu

The number of microsatellite haplotypes were examined and samples with any missing geno-
types or greater than two alleles at any locus were excluded. Overall, 10 haplotypes were identi-
fied in thirty nine collective Kalabakan and Kota Marudu P. falciparum-infected blood samples
and were grouped alphabetically from A to J (S2 Table). Each haplotype was varied at either
one or more locus. The P. falciparum population in Kalabakan was predominated with haplo-
type B (62.5%) followed by haplotype A (37.5%). Both haplotypes were present in P. falcipa-
rum-infected blood samples collected in 2008 and 2009. In contrast, the major haplotype in
Kota Marudu was haplotype C (62.5%) followed by haplotype D (8.33%), B (4.17%), E (4.17%),
F (4.17%), G (4.17%), H (4.17%), I (4.17%) and ] (4.17%). Except haplotype D, all haplotypes
were present in P. falciparum-infected blood samples collected in year 2011. However, only
haplotype C (75%) and D (25%) appeared in P. falciparum-infected blood samples collected in
year 2014 (S2 Fig).

Low level of genetic diversity was detected for both Kalabakan and Kota Marudu P. falcipa-
rum populations. In Kalabakan, the expected heterozygosity (He) values for each microsatellite
locus ranged from 0 to 0.49 (Table 6). The similar range of He values were also detected for
Kota Marudu P. falciparum population which ranged from 0 to 0.45 (Table 6). The mean
microsatellite He values for each Kalabakan and Kota Marudu P. falciparum populations were
0.33 and 0.30, respectively (Table 6). The He level was also determined for antigenic markers,
MSP-1, MSP-2 and GLURP. In Kalabakan P. falciparum population, low level of diversity was
observed for MSP-1 and MSP-2 with He values of 0.17 and 0.37, respectively (Table 7). The
intermediate level of diversity was observed for GLURP with He value of 0.70 (Table 7). The
low diversity level was also observed in Kota Marudu P. falciparum population with He value
of 0.24 and 0.25 for MSP-1 and MSP-2, respectively (Table 7). Similar to Kalabakan P. falcipa-
rum population, the intermediate level of diversity was scored on GLURP antigen with He
value of 0.69 (Table 7). The average He values (+SEM) were 0.35 (+0.06) and 0.33 (+0.05) for
Kalabakan and Kota Marudu P. falciparum populations, respectively.

Linkage Disequilibrium and Genetic Differentiation

All blood samples collected in Kalabakan and Kota Marudu were found to be monoclonally
infected with P. falciparum parasite. Therefore, all of the P. falciparum-infected blood samples
were included in linkage disequilibrium (LD) determination. To test the significance of LD, the
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Fig 2. The allele frequencies of 10 microsatellite loci in the Kalabakan and Kota Marudu P. falciparum isolates. Allele sizes, determined by fragment
analysis, are shown on the x-axis and their frequencies on the y-axis. Vertical bars for allele frequencies of each microsatellite locus were determined using
GENALEX 6.0. Only 1 allele (96 bp) was detected on PFG377 locus for both Kalabakan and Kota Marudu P. falciparum isolates (S1 Table).

doi:10.1371/journal.pone.0152415.9002
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Table 6. Distribution of 10 microsatellite loci of P. falciparum isolates in Kalabakan and Kota Marudu.

Sites Number of samples (N) Locus

Kalabakan 14 POLYa 129-176
18 TA81 113-128
18 TA42 189
17 TA1 166
19 PfPK2 65—71
19 ARA2 65—71
18 PFG377 96
19 TA87 101-104
18 2490 82-85
17 TA60 82-85

Mean + SE

Kota Marudu 24 POLYa 145-176
24 TA81 113-128
24 TA42 186—245
24 TA1 163—-169
24 PfPK2 65-80
24 ARA2 65-80
24 PFG377 96
24 TA87 101-110
24 2490 82-85
24 TA60 76-98

Mean + SE

doi:10.1371/journal.pone.0152415.t006

Allele size range (bp)

No. of Alleles

2
2
1
1
2
2
1
2
2
2
1.
4
5
3
3
5
5
1
4
2
4
3.

70+ 0.15

60 + 0.43

Expected heterozygosity (He)

0.44
0.47
0.00
0.00
0.49
0.49
0.00
0.46
0.47
0.49
0.33 £ 0.07
0.43
0.38
0.16
0.45
0.38
0.38
0.00
0.44
0.16
0.24
0.30 + 0.05

Monte Carlo method [26] was used. Significant LD (p<0.01) was found in both Kalabakan and

Kota Marudu P. falciparum populations with I values of 0.495 and 0.601, respectively

(Table 8).

The approximate road distance between Kalabakan and Kota Marudu was 486 km. For
genetic differentiation analysis, the Fgr [25] was calculated. A significant genetic differentiation
was observed between Kalabakan and Kota Marudu P. falciparum populations with Fgy value
of 0.532 (p<0.05). The genetic relatedness between Kalabakan and Kota Marudu P. falciparum
populations was illustrated in UPGMA dendogram in Fig 3. Based on the number of microsat-
ellite repeats, the P. falciparum isolates were obviously grouped into 2 major clusters at 20% of

Table 7. The genetic diversity of P. falciparum populations by each neutral microsatellite and antigenic markers.

Sites Microsatellites Antigens
PfPK2 TA42 TA1 TA81 ARA2 POLYa PFG377 TA87 2490 TA60 MSP-1 MSP-2 GLURP

Kalabakan N 19 18 17 18 19 14 18 19 18 17.0 13 15 24

Na 2 1 1 2 2 2 1 2 2 2.0 1.3 3.0 5

He 0.491 0.000 0.000 0.471 0.491 0.440 0.000 0.456 0.471 0.485 0.173 0.374 0.703
Kota Marudu N 24 24 24 24 24 24 24 24 24 24 8 12 28

Na 5 3 3 5 5 4 1 4 2 4 1.7 1.5 5

He 0.377 0.163 0453 0.377 0.377 0.431 0.000 0435 0.159 0.239 0.242 0.250 0.690
N, number of sample; Na, number of allele; He, expected heterozygosity
doi:10.1371/journal.pone.0152415.t007
PLOS ONE | DOI:10.1371/journal.pone.0152415 March 29, 2016 12/22
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Table 8. Multilocus linkage disequilibrium and genetic differentiation between Kalabakan and Kota
Marudu P. falciparum populations.

Sites N LD (Hs) Fst
Kalabakan 17.70 + 0.47 0.4952 0.532°
Kota Marudu 24.00 + 0.00 0.6012

1, S, index of association; N, number of sample; Fsr, F statistic; LD, linkage disequilibrium.
2 Significant value, p<0.01.
PSignificant value, p<0.05.

doi:10.1371/journal.pone.0152415.t008

similarity, cluster A and B, where each of the cluster was predominated with Kota Marudu and
Kalabakan P. falciparum populations, respectively (Fig 3).

Discussion

The P. falciparum malaria risk index in Sabah is classified as low stable transmission with an
annual parasite incidence (API) of > 0.1 to < 1.0 case per 1000 population [1]. Outdoor
malaria transmission remains a major problem in isolated indigenous populations living in for-
est or forest-fringe areas. The vector ecology and transmission patterns of malaria in these
areas present a unique challenge for vector control program. The populations in these areas do
not generally have the same level of access to health care as the rest of the population due to the
mountainous nature of these areas and lack of proper terrain for transportation. Many of these
indigenous people also depends on jungle resources and night time activities such as hunting
for their daily living, hence exposing themselves to malaria infection through mosquito bites.
In addition, deforestation has also contributed to the transmission of the disease largely as
result of outdoor laborers and jungle workers exposure to the vectors. These reasons justified
the choice of isolated forest settlements or villages and plantation camps as the sites for the
present study.

The evidence of P. falciparum populations with limited diversity in other areas of Sabah
exist even before the implementation of National Malaria Elimination Program in 2011 (sam-
ple collection between year 1997 to 2003) [11]. This suggest the current P. falciparum popula-
tion structure was created by the impact of the previous malaria control interventions in the
region. The genetic diversity analysis in the present study showed that P. falciparum popula-
tions in Kalabakan and Kota Marudu exhibited an overall low level of diversity (He). In addi-
tion, the occurrence of major microsatellite haplotypes in Kalabakan (2008-2009) and Kota
Marudu (2011-2014) seem to be persisted in every sampling periods (Fig 3; S2 Table; S2 Fig).
Other areas of Sabah like Banggi Island, Telupid, Lahad Datu, Kunak and Malinsau were previ-
ously reported with a low level of He (Table 9) and all except Malinsau, exhibited a significant
LD within each population [11]. Similarly, the present study showed that both Kalabakan and
Kota Marudu P. falciparum populations also exhibited a significant LD (I = 0.495 and 0.601,
respectively) (Table 8) suggesting a high selfing rate between parasites during the sexual stages
of mosquito transmission, resulting in a largely clonal parasite population. The domination of
clonal P. falciparum population is expected to be observed in regions with declining endemicity
as the result of genetic drift caused by scale up interventions [10]. In other words, the persis-
tence of a particular haplotype throughout the year is expected in parasite populations where
control efforts have left behind lineages that create the clusters of highly related parasites [10,
28]. Thus, unrelated parasites are unlikely to occur together in the same mosquito blood meal.
Other countries or regions with declining malaria transmission such as Djibouti [9], Colombia
[29], Venezuela [28], Peru [30], Thailand [3, 12, 31], some parts of Philippines [13] and
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Fig 3. Dendogram showing the clustering of 43 P. falciparum isolates from Kalabakan (KB) and Kota Marudu (KM). The genetic relatedness between
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Table 9. The diversity level of P. falciparum populations in different transmission settings.

Countries/Locations

Malaysia

Sabah, East Malaysia

Malinsau
Telupid
Lahad Datu
Kunak
Kalabakan
Kota Marudu
Kalabakan

Kota Marudu

Sarawak, East Malaysia

Lundu
Bau
Serian

Pahang, Peninsular

Malaysia
Thailand
Maehongson

Tak
Kanchanaburi
Ubonratchathani
Trat

Ranong

Yala

Ranong

Kanchanaburi

Tak

Indonesia
Papua

South Kalimantan

South Kalimantan
(Ketapang)

Bangka

Sumba

West Timor
Philipines
Kalinga
Palawan

Davao del Norte

Data

Microsatellites
Microsatellites
Microsatellites
Microsatellites
Microsatellites
Microsatellites

MSP-1, MSP-2 &
GLURP

MSP-1, MSP-2 &
GLURP

Microsatellites
Microsatellites
Microsatellites
MSP-1 & MSP-2

Microsatellites

Microsatellites
Microsatellites
Microsatellites
Microsatellites
Microsatellites
Microsatellites

MSP-1, MSP-2 &
GLURP

MSP-1, MSP-2 &
GLURP

MSP-1, MSP-2 &
GLURP

SNPs

MSP-1, MSP-2 &
GLURP

MSP-1, MSP-2 &
GLURP

Microsatellites

Microsatellites
Microsatellites
Microsatellites

Microsatellites
Microsatellites
Microsatellites

Mean
MOl

1.28

1.03

3.47

3.15

3.14

6.00-
10.00

2.00—
7.00

1.00

1.14
1.23
1.11

He

0.63
0.48
0.55
0.46
0.33
0.30

0.17—
0.70

0.24—
0.70

0.44
0.47
0.50

0.55—
0.57

0.68

0.63
0.60
0.70
0.56
0.62
0.00

0.41—
0.42

0.40

0.46
0.72
0.52

0.39
0.60
0.51

LD (Ms)

0.009
0.190
0.118
0.104
0.495
0.601

0.022
0.149
0.075

0.003-
0.011

0.239

0.048
0.018
0.229

0.104
0.043
0.052

Transmission status (Program

phase)?

Foci (Pre-elimination)

Low (Control)

Low (Control)

Low (Control)

Study

Anthony et al. 2005 [11]

Present study

Present study

Anthony et al. 2005 [11]

Atroosh et al. 2011 [17]

Pumpaibool et al. 2009
[12]

Congpuong et al. 2014
[31]

Nkhoma et al. 2013 [3]

Sulistyaningsih et al. 2013
[33]

Noviyanti et al. 2015 [32]

Iwagami et al. 2009 [13]

(Continued)
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Table 9. (Continued)

Countries/Locations

South American
Venezuela
Colombia

African countries
Malawi

Burkina Faso
Sao Tome
Tanzania
Uganda

Papua New Guinea

Guinea

Guinea Bissau
Gambia

Senegal
Nigeria

Djibouti

Data

Microsatellites
Microsatellites

MSP-1, MSP-2 &

GLURP

MSP-1, MSP-2 &

GLURP

MSP-1, MSP-2 &

GLURP

MSP-1, MSP-2 &

GLURP

MSP-1, MSP-2 &

GLURP
Microsatellites
MSP-2

Microsatellites

Microsatellites
Microsatellites

Microsatellites
Microsatellites

MSP-1 & MSP-2

Microsatellites

Mean He LD (Hs) Transmission status (Program Study
MOl phase)?
- 0.39 0.172 Low (Control) Chenet et al. 2012 [28]
5.00 0.18 0.163 Low (Control) Chenet et al. 2015 [29]
1.01- 0.89— - High (Control) Mwingira et al. 2011 [23]
1.52 0.97
1.40- 0.78- - High (Control)
3.03 0.98
1.01- 0.83- - High (Control)
2.00 0.96
1.84— 0.84— - High (Control)
3.48 0.99
1.17- 0.68— - High (Control)
1.29 0.95
- 0.79 0.009 High (Control) Schultz et al. 2010 [34]
1.00— 0.90- - Barry et al. 2013 [35]
2.12 0.96
3.74.2 0.77- 0.032— High (Control) Mobegi et al. 2012 [16]
0.79 0.106
2.60 0.80 0.000 High (Control)
1724  0.75- 0.007— High (Control)
0.76 0.017
2.20 0.72 0.150 High (Control)
1.64— 0.65— 0.021— High (Control) Oyebola et al. 2014 [15]
1.79 0.79 0.062
1.39— - - Oyebola et al. 2014 [14]
1.76
1.00 0.00 - Low (Control) Khaireh et al. 2013 [9]

MOI, multiplicity of infection; He, expected heterozygosity; I, , index of association; LD, linkage disequilibrium.
@ Based on the WHO Malaria Country Profile 2015 [1].

doi:10.1371/journal.pone.0152415.t009

Indonesia [32] have also been reported to have malaria infections with low level of He, MOI
and LD (Table 9).

The scale up interventions such as the usage of insecticide-treated bed nets, indoor residual
spray [4, 36] and the introduction of new antimalarial drug regimens [3, 28-30, 37-40] to con-
trol and treat malaria have been shown to cause the genetic drift and decrease the level of He
and MOL. It is possible that previous implementation of antimalarial drug policies in Malaysia
such as the use of chloroquine (1960s) and pyrimethamine-sulfadoxine combination therapy
(1970s) may have caused the selection of particular P. falciparum genotype. Indeed, the Kalaba-
kan P. falciparum populations with chloroquine (81%) [41], pyrimethamine (52%) and sulfa-
doxine (74%) resistant genotypes have been reported [42]. High prevalence of pyrimethamine-
sulfadoxine resistant P. falciparum has also been reported in other parts of Sabah [43]. In addi-
tion, high percentage of P. falciparum isolates carrying the chloroquine resistance genotype
were also reported in low transmission area in Peninsular Malaysia like Pahang [44]. Charac-
terization of the parasite population using a combination of neutral microsatellite markers and
loci linked to known drug resistance mutations will lead to a better understanding on the drug
selection effect [29].
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High transmission regions like those occurring in many African countries are normally
characterized by P. falciparum populations that are genetically diverse. Antigenic marker geno-
typing carried out in African regions like Burkina Faso, Sao Tome, Malawi, Uganda and Tanza-
nia have identified P. falciparum populations with alleles occurring at a frequency below than
10 percent with a very high He level (0.78 to 0.99) [23] (Table 9). Microsatellites analysis also
revealed P. falciparum populations in African regions (except Djibouti) exhibited a high level
of He (0.72 t0 0.80) and low LD [15, 16] (Table 9). A similar situation also occurs in a foci of
high levels of human migrations, like at the Thai-Myanmar border (Tak, Kanchanaburi and
Ranong) where the majority (72.9%) of the P. falciparum populations showed MOI of more
than 3 [31] (Table 9).

Frequent migration of humans within sub-regions of the continent, vector transmission
intensity, large gametocyte reservoir, antimalarial drug resistance and lack of combined and
intensive prevention and intervention measures have historically intensified the level of P. fal-
ciparum diversity in most African countries. Moreover, circulating multiple clone parasites can
be ingested by the mosquitos, hence, increasing the level of outbreeding in these regions (5, 10,
45]. This situation has proved challenging for malaria control efforts. Scale-up intervention
such as the implementation of insecticide-treated bed nets and ACT treatment in Western
Kenya failed to reduce the level of P. falciparum diversity [36, 46]. Similarly, implementation of
a comprehensive malaria control program involving indoor residual spraying, universal cover-
age with ITN, use of rapid diagnostic tests and treatment with ACT did not caused any changes
in the proportion of multiple-genotype infections, He, LD, genotypic richness and effective
population size in Malawi [47]. However, it has to be noted that such changes in genetic diver-
sity may not be seen within short period of time and other factors such as frequent gene flow
could hinder the intervention effects in high transmission area [36, 47].

The fragmentation of population structure due to large genetic variation or contrasting
genetic patterns between parasite populations is expected in the malaria declining areas [10,
11]. Indeed, each of Kalabakan and Kota Marudu P. falciparum population were carrying dif-
ferent predominant family genotype of MSP-1 and MSP-2 (K1 and FC27 for Kalabakan popu-
lation and MAD20 and 3D7 for Kota Marudu population). This followed by predomination of
GLURP VI and GLURP IV genotypes in Kalabakan and Kota Marudu P. falciparum popula-
tions, respectively. Moreover, the different pattern of major microsatellite haplotypes were also
observed in Kalabakan and Kota Marudu P. falciparum populations (Fig 2; S2 Table). With
approximate road distance of 486 km, the F°" value between Kalabakan and Kota Marudu
reached 0.532 (Table 8) suggesting a great genetic differentiation. The geographical distance
between the areas could limit the frequency of gene flow. These findings are also in line with a
previous study conducted by Anthony et al. (2005) which highlighted the occurrence of con-
trasting population structure and low level of gene flow between many of the P. falciparum
populations within East Malaysia where a strong relationship between genetic differentiation
and geographical distance is observed [11]. Another contributing factor could be the successful
implementation of integrated vector control management and prompt malaria treatment such
as the use of ACT in the current Ministry of Health policy, hence preventing the spread and
importation of malaria. In contrast, the low level of genetic differentiation reported between P.
falciparum populations in high transmission setting regions like African countries where fre-
quent mosquito biting and active human migration between continents coexist. This is nor-
mally supported by insignificant overall evidence for isolation by distance [5, 15, 16]. Further
comparison of genetic differentiation levels between regions with different transmission set-
tings were shown in Table 10.

Understanding the population structure and diversity of P. falciparum has implications for
vaccine, drug, and epidemiological studies including monitoring malaria during and after the
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Table 10. Interpopulation comparison of Fst between P. falciparum from Asian and other countries with different transmission intensity.

Countries (Transmission intensity)

Sabah, Malaysia (Foci)

Philipines (Low)

Thailand (Low)

West African (High)

FsT, F statistic

doi:10.1371/journal.pone.0152415.t010

Locations compared Fst Study

Banggi Island/Telupid 0.230 Anthony et al. 2005 [11]
Lahad Datu/Malinsau 0.175

Kalabakan/Kota Marudu 0.532 Present study
Palawan/Kalinga 0.096 lwagami et al. 2009 [13]
Palawan/Mindanao Island 0.101

Mindanao Island/Kalinga 0.144

Maehongson/Kanchanaburi 0.037 Pumpaibool et al. 2009 [12]
Tak/Kanchanaburi 0.015

Kanchanaburi/Yala 0.619

Tak/Yala 0.559

N'Zerekore/Basse 0.019 Mobegi et al. 2012 [16]
N'Zerekore/Boke 0.009

Boke/Basse 0.021

Basse/Forecariah 0.012

N'Zerekore/Farafenni 0.007

elimination phase [8, 28-30, 39, 48]. Other interventions such as the introduction and regula-
tion on the use of ACT for malaria chemotherapy in 2008 may further decreased the genetic
diversity of malaria parasite populations in Malaysia. Therefore, continuous malaria genetic
surveillance is important in monitoring the scale up intervention effectiveness, especially in the
pre-elimination phase regions. However, monitoring of antimalarial drug efficacy with current
genotyping approaches might be challenging due to the possibility of reinfection by highly
related parasites being difficult to distinguish from true parasite recrudescence due to drug fail-
ure [49-51]. The potential solution to this problem is to emphasize the importance of PCR cor-
rection, improved study design and statistical methods to compensate for misclassification, to
develop a highly sensitive and improved genotyping method and to conduct trials in non-
endemic regions or isolate patients to prevent the chance of re-infection [50].

The limitation of the present study is the small sample size collected by active case detection.
As the pre-elimination phase region, the number of malaria cases in Malaysia particularly
Sabah decrease drastically each year, only a small amount of P. falciparum infected sample
could be collected within the study period after screening of 4257 individuals. However, the
present study has robustly genotyped the P. falciparum isolates on 3 antigenic (MSP-1, MSP-2
and GLURP) and 10 neutral microsatellite markers with efforts to obtain a conclusive genetic
diversity dataset for the areas. Although the malaria positive individuals were advised and
transported to the nearest hospital for treatment, the information on clinical data could not be
obtained during the study. Thus, the relationship between malaria severity or clinical symptom
and genetic diversity could not be addressed in the present study. The seasonal or yearly collec-
tion of sample by passive case detection will give more information on the malaria clinical
symptom and severity that may represent the population structure of P. falciparum in the
study areas during the elimination process. Despite these limitations, the data from the present
study has confirmed the limited genetic diversity profile and contrasting population structure
of P. falciparum populations in Kalabakan and Kota Marudu, key remaining malaria residual
foci in Sabah.
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Conclusions

The study presented baseline genetic diversity data of P. falciparum isolates in remaining
malaria residual foci areas of Kota Marudu and Kalabakan, Sabah prior to the targeted elimina-
tion of malaria by 2020. Low level of genetic diversity and predomination of clonal P. falcipa-
rum populations reflected the decline of malaria transmission in the study areas. However, the
clonal characteristic of circulating P. falciparum populations will present a challenge in drug
efficacy trials, as current genotyping technique may lead to false recrudescence data which
could in turn have a profound impact on policy decisions.

Supporting Information

S1 Fig. The representative of electrophoresis and genotyping analysis by using bioanalyzer.
(PDF)

S2 Fig. Divergence between Kalabakan and Kota Marudu P. falciparum population struc-
ture and the persistence of major genotypes over time based on the distribution of micro-
satellite haplotype constructs.

(PDF)

S1 Table. Allele frequencies of each 10 P. falciparum microsatellite locus.
(PDF)

S2 Table. Microsatellite haplotype constructs of Kalabakan and Kota Marudu samples by
year.
(PDF)

Acknowledgments

The authors would like to thank the Director General of Health Malaysia for the permission to
publish this paper. We also thank the Director for the Institute for Medical Research (IMR),
Kuala Lumpur for her critical review and support in publishing this paper; all the volunteers
participating in this study; the officers and staffs of Kota Marudu and Kalabakan Health Dis-
trict Department for their efforts in helping us reaching to the study sites and recruiting the
volunteers; and Dr Mallika’s lab staffs for their consultation in genotyping and interpretation
of data. This study was supported by the National Institute of Health, Ministry of Health
Malaysia.

Author Contributions

Conceived and designed the experiments: MRMAR NRA RNM JJ CR. Performed the experi-
ments: MRMAR NAN URS AA-K AM PKM. Analyzed the data: MRMAR NAN URS AA-K
PKM. Contributed reagents/materials/analysis tools: MRMAR NRA MI JJ CR. Wrote the
paper: MRMAR NRA. Involved in analysing and interpretation of the microsatellites data: MI.

References
1.  WHO. World Malaria Report. 2015.

2. Viriyakosol S, Siripoon N, Petcharapirat C, Petcharapirat P, Jarra W, Thaithong S, et al. Genotyping of
Plasmodium falciparum isolates by the polymerase chain reaction and potential uses in epidemiological
studies. Bulletin of the World Health Organization. 1995; 73(1):85-95. PMID: 7704931; PubMed Cen-
tral PMCID: PMC2486592.

3. Nkhoma SC, Nair S, Al-Saai S, Ashley E, McGready R, Phyo AP, et al. Population genetic correlates of

declining transmission in a human pathogen. Mol Ecol. 2013; 22(2):273-85. Epub 2012/11/06. doi: 10.
1111/mec.12099 PMID: 23121253; PubMed Central PMCID: PMC3537863.

PLOS ONE | DOI:10.1371/journal.pone.0152415 March 29, 2016 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152415.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152415.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152415.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152415.s004
http://www.ncbi.nlm.nih.gov/pubmed/7704931
http://dx.doi.org/10.1111/mec.12099
http://dx.doi.org/10.1111/mec.12099
http://www.ncbi.nlm.nih.gov/pubmed/23121253

@’PLOS ‘ ONE

Genetic Diversity of Plasmodium falciparum in Sabah

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Daniels R, Chang HH, Sene PD, Park DC, Neafsey DE, Schaffner SF, et al. Genetic surveillance
detects both clonal and epidemic transmission of malaria following enhanced intervention in Senegal.
PloS one. 2013; 8(4):e60780. Epub 2013/04/18. doi: 10.1371/journal.pone.0060780 PMID: 23593309;
PubMed Central PMCID: PMC3617153.

Anderson TJ, Haubold B, Williams JT, Estrada-Franco JG, Richardson L, Mollinedo R, et al. Microsatel-
lite markers reveal a spectrum of population structures in the malaria parasite Plasmodium falciparum.
Mol Biol Evol. 2000; 17(10):1467—-82. PMID: 11018154.

Anderson TJ, Su XZ, Bockarie M, Lagog M, Day KP. Twelve microsatellite markers for characterization
of Plasmodium falciparum from finger-prick blood samples. Parasitology. 1999; 119 (Pt 2):113-25.
PMID: 10466118.

Mita T, Jombart T. Patterns and dynamics of genetic diversity in Plasmodium falciparum: what past
human migrations tell us about malaria. Parasitol Int. 2015; 64(3):238—43. Epub 2014/10/12. doi: 10.
1016/j.parint.2014.09.007 PMID: 25305418.

Arnott A, Barry AE, Reeder JC. Understanding the population genetics of Plasmodium vivax is essential
for malaria control and elimination. Malar J. 2012; 11:14. Epub 2012/01/12. doi: 10.1186/1475-2875-
11-14 PMID: 22233585; PubMed Central PMCID: PMC3298510.

Khaireh BA, Assefa A, Guessod HH, Basco LK, Khaireh MA, Pascual A, et al. Population genetics anal-
ysis during the elimination process of Plasmodium falciparum in Djibouti. Malar J. 2013; 12:201. Epub
2013/06/14. doi: 10.1186/1475-2875-12-201 PMID: 23758989; PubMed Central PMCID:
PMC3685531.

Escalante AA, Ferreira MU, Vinetz JM, Volkman SK, Cui L, Gamboa D, et al. Malaria Molecular Epide-
miology: Lessons from the International Centers of Excellence for Malaria Research Network. Am J
Trop Med Hyg. 2015; 93(3 Suppl):79-86. Epub 2015/08/12. doi: 10.4269/ajtmh.15-0005 PMID:
26259945; PubMed Central PMCID: PMC4574277.

Anthony TG, Conway DJ, Cox-Singh J, Matusop A, Ratnam S, Shamsul S, et al. Fragmented popula-
tion structure of Plasmodium falciparum in a region of declining endemicity. The Journal of infectious
diseases. 2005; 191(9):1558—-64. doi: 10.1086/429338 PMID: 15809916.

Pumpaibool T, Arnathau C, Durand P, Kanchanakhan N, Siripoon N, Suegorn A, et al. Genetic diversity
and population structure of Plasmodium falciparum in Thailand, a low transmission country. Malar J.
2009; 8:155. doi: 10.1186/1475-2875-8-155 PMID: 1960224 1; PubMed Central PMCID: PMC2722663.

Iwagami M, Rivera PT, Villacorte EA, Escueta AD, Hatabu T, Kawazu S, et al. Genetic diversity and
population structure of Plasmodium falciparum in the Philippines. Malar J. 2009; 8:96. Epub 2009/05/
09. doi: 10.1186/1475-2875-8-96 PMID: 19422722; PubMed Central PMCID: PMC2685811.

Oyebola MK, Idowu ET, Olukosi YA, Iwalokun BA, Agomo CO, Ajibaye OO, et al. Genetic diversity and
complexity of Plasmodium falciparum infections in Lagos, Nigeria. Asian Pacific journal of tropical bio-
medicine. 2014; 4(Suppl 1):S87-91. Epub 2014/09/04. doi: 10.12980/APJTB.4.2014C1301 PMID:
25183154; PubMed Central PMCID: PMC4025267.

Oyebola MK, Idowu ET, Nyang H, Olukosi YA, Otubanjo OA, Nwakanma DC, et al. Microsatellite mark-
ers reveal low levels of population sub-structuring of Plasmodium falciparum in southwestern Nigeria.
Malar J. 2014; 13:493. Epub 2014/12/17. doi: 10.1186/1475-2875-13-493 PMID: 25496185; PubMed
Central PMCID: PMC4300683.

Mobegi VA, Loua KM, Ahouidi AD, Satoguina J, Nwakanma DC, Amambua-Ngwa A, et al. Population
genetic structure of Plasmodium falciparum across a region of diverse endemicity in West Africa. Malar
J.2012; 11:223. doi: 10.1186/1475-2875-11-223 PMID: 22759447; PubMed Central PMCID:
PMC3425276.

Atroosh WM, Al-Mekhlafi HM, Mahdy MA, Saif-Ali R, Al-Mekhlafi AM, Surin J. Genetic diversity of Plas-
modium falciparum isolates from Pahang, Malaysia based on MSP-1 and MSP-2 genes. Parasit Vec-
tors. 2011; 4:233. doi: 10.1186/1756-3305-4-233 PMID: 22166488; PubMed Central PMCID:
PMC3264521.

Shorthouse DP. SimpleMappr, an online tool to produce publication-quality point maps. 2010 [cited
2015 December 23]. Available: http://www.simplemappr.net. Accessed 23 December 2015.

Padley D, Moody AH, Chiodini PL, Saldanha J. Use of a rapid, single-round, multiplex PCR to detect
malarial parasites and identify the species present. Ann Trop Med Parasitol. 2003; 97(2):131-7. Epub
2003/06/14. doi: 10.1179/000349803125002977 PMID: 12803868.

Imwong M, Tanomsing N, Pukrittayakamee S, Day NP, White NJ, Snounou G. Spurious amplification
of a Plasmodium vivax small-subunit RNA gene by use of primers currently used to detect P. knowlesi.
J Clin Microbiol. 2009; 47(12):4173-5. Epub 2009/10/09. doi: 10.1128/JCM.00811-09 PMID:
19812279; PubMed Central PMCID: PMC2786678.

Snounou G. Genotyping of Plasmodium spp. Nested PCR. Methods Mol Med. 2002; 72:103-16. Epub
2002/07/20. doi: 10.1385/1-59259-271-6:103 PMID: 12125106.

PLOS ONE | DOI:10.1371/journal.pone.0152415 March 29, 2016 20/22


http://dx.doi.org/10.1371/journal.pone.0060780
http://www.ncbi.nlm.nih.gov/pubmed/23593309
http://www.ncbi.nlm.nih.gov/pubmed/11018154
http://www.ncbi.nlm.nih.gov/pubmed/10466118
http://dx.doi.org/10.1016/j.parint.2014.09.007
http://dx.doi.org/10.1016/j.parint.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25305418
http://dx.doi.org/10.1186/1475-2875-11-14
http://dx.doi.org/10.1186/1475-2875-11-14
http://www.ncbi.nlm.nih.gov/pubmed/22233585
http://dx.doi.org/10.1186/1475-2875-12-201
http://www.ncbi.nlm.nih.gov/pubmed/23758989
http://dx.doi.org/10.4269/ajtmh.15-0005
http://www.ncbi.nlm.nih.gov/pubmed/26259945
http://dx.doi.org/10.1086/429338
http://www.ncbi.nlm.nih.gov/pubmed/15809916
http://dx.doi.org/10.1186/1475-2875-8-155
http://www.ncbi.nlm.nih.gov/pubmed/19602241
http://dx.doi.org/10.1186/1475-2875-8-96
http://www.ncbi.nlm.nih.gov/pubmed/19422722
http://dx.doi.org/10.12980/APJTB.4.2014C1301
http://www.ncbi.nlm.nih.gov/pubmed/25183154
http://dx.doi.org/10.1186/1475-2875-13-493
http://www.ncbi.nlm.nih.gov/pubmed/25496185
http://dx.doi.org/10.1186/1475-2875-11-223
http://www.ncbi.nlm.nih.gov/pubmed/22759447
http://dx.doi.org/10.1186/1756-3305-4-233
http://www.ncbi.nlm.nih.gov/pubmed/22166488
http://www.simplemappr.net
http://dx.doi.org/10.1179/000349803125002977
http://www.ncbi.nlm.nih.gov/pubmed/12803868
http://dx.doi.org/10.1128/JCM.00811-09
http://www.ncbi.nlm.nih.gov/pubmed/19812279
http://dx.doi.org/10.1385/1-59259-271-6:103
http://www.ncbi.nlm.nih.gov/pubmed/12125106

@’PLOS ‘ ONE

Genetic Diversity of Plasmodium falciparum in Sabah

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Gosi P, Lanteri CA, Tyner SD, Se Y, Lon C, Spring M, et al. Evaluation of parasite subpopulations and
genetic diversity of the msp1, msp2 and glurp genes during and following artesunate monotherapy
treatment of Plasmodium falciparum malaria in Western Cambodia. Malar J. 2013; 12:403. Epub 2013/
11/12. doi: 10.1186/1475-2875-12-403 PMID: 24206588; PubMed Central PMCID: PMC3830508.

Mwingira F, Nkwengulila G, Schoepflin S, Sumari D, Beck HP, Snounou G, et al. Plasmodium falcipa-
rum msp1, msp2 and glurp allele frequency and diversity in sub-Saharan Africa. Malar J. 2011; 10:79.
Epub 2011/04/08. doi: 10.1186/1475-2875-10-79 PMID: 21470428; PubMed Central PMCID:
PMC3090371.

Peakall R, Smouse PE. GenAlEx 6.5: genetic analysis in Excel. Population genetic software for teach-
ing and research—an update. Bioinformatics. 2012; 28(19):2537-9. Epub 2012/07/24. doi: 10.1093/
bioinformatics/bts460 PMID: 22820204; PubMed Central PMCID: PMC3463245.

Cockerham CC, Weir BS. Estimating F-Statistics for the analysis of population structure. Evolution.
1984; 38:1358-70.

Haubold B, Travisano M, Rainey PB, Hudson RR. Detecting linkage disequilibrium in bacterial popula-
tions. Genetics. 1998; 150(4):1341-8. Epub 1998/12/02. PMID: 9832514; PubMed Central PMCID:
PMC1460433.

Haubold B, Hudson RR. LIAN 3.0: detecting linkage disequilibrium in multilocus data. Linkage Analysis.
Bioinformatics. 2000; 16(9):847-8. Epub 2000/12/08. PMID: 11108709.

Chenet SM, Schneider KA, Villegas L, Escalante AA. Local population structure of Plasmodium: impact
on malaria control and elimination. Malar J. 2012; 11:412. Epub 2012/12/13. doi: 10.1186/1475-2875-
11-412 PMID: 23232077; PubMed Central PMCID: PMC3538601.

Chenet SM, Taylor JE, Blair S, Zuluaga L, Escalante AA. Longitudinal analysis of Plasmodium falcipa-
rum genetic variation in Turbo, Colombia: implications for malaria control and elimination. Malar J.
2015; 14(1):363. Epub 2015/09/24. doi: 10.1186/s12936-015-0887-9 PMID: 26395166; PubMed Cen-
tral PMCID: PMC4578328.

Griffing SM, Mixson-Hayden T, Sridaran S, Alam MT, McCollum AM, Cabezas C, et al. South American
Plasmodium falciparum after the malaria eradication era: clonal population expansion and survival of
the fittest hybrids. PloS one. 2011; 6(9):€23486. Epub 2011/09/29. doi: 10.1371/journal.pone.0023486
PMID: 21949680; PubMed Central PMCID: PMC3174945.

Congpuong K, Sukaram R, Prompan Y, Dornae A. Genetic diversity of the msp-1, msp-2, and glurp
genes of Plasmodium falciparum isolates along the Thai-Myanmar borders. Asian Pacific journal of
tropical biomedicine. 2014; 4(8):598-602. Epub 2014/09/04. doi: 10.12980/APJTB.4.2014APJTB-
2014-0156 PMID: 25183327; PubMed Central PMCID: PMC4037651.

Noviyanti R, Coutrier F, Utami RA, Trimarsanto H, Tirta YK, Trianty L, et al. Contrasting Transmission
Dynamics of Co-endemic Plasmodium vivax and Plasmodium falciparum: Implications for Malaria Con-
trol and Elimination. PLoS neglected tropical diseases. 2015; 9(5):e0003739. Epub 2015/05/08. doi:
10.1371/journal.pntd.0003739 PMID: 25951184; PubMed Central PMCID: PMC4423885.

Sulistyaningsih E, Fitri LE, Loscher T, Berens-Riha N. Diversity of the var gene family of Indonesian
Plasmodium falciparum isolates. Malar J. 2013; 12:80. Epub 2013/03/01. doi: 10.1186/1475-2875-12-
80 PMID: 23446319; PubMed Central PMCID: PMC3614516.

Schultz L, Wapling J, Mueller |, Ntsuke PO, Senn N, Nale J, et al. Multilocus haplotypes reveal variable
levels of diversity and population structure of Plasmodium falciparum in Papua New Guinea, a region of
intense perennial transmission. Malar J. 2010; 9:336. Epub 2010/11/26. doi: 10.1186/1475-2875-9-336
PMID: 21092231; PubMed Central PMCID: PMC3002378.

Barry AE, Schultz L, Senn N, Nale J, Kiniboro B, Siba PM, et al. High levels of genetic diversity of Plas-
modium falciparum populations in Papua New Guinea despite variable infection prevalence. Am J Trop
Med Hyg. 2013; 88(4):718-25. Epub 2013/02/13. doi: 10.4269/ajtmh.12-0056 PMID: 23400571;
PubMed Central PMCID: PMC3617858.

Gatei W, Gimnig JE, Hawley W, Ter Kuile F, Odero C, Iiemenam NC, et al. Genetic diversity of Plasmo-
dium falciparum parasite by microsatellite markers after scale-up of insecticide-treated bed nets in
western Kenya. Malar J. 2015; 13 Suppl 1:495. Epub 2015/12/15. doi: 10.1186/s12936-015-1003-x
PMID: 26651480; PubMed Central PMCID: PMC4675068.

Akter J, Thriemer K, Khan WA, Sullivan DJ Jr., Noed| H, Haque R. Genotyping of Plasmodium falcipa-
rum using antigenic polymorphic markers and to study anti-malarial drug resistance markers in malaria
endemic areas of Bangladesh. Malar J. 2012; 11:386. Epub 2012/11/24. doi: 10.1186/1475-2875-11-
386 PMID: 23173674; PubMed Central PMCID: PMC3519574.

Alam MT, de Souza DK, Vinayak S, Griffing SM, Poe AC, Duah NO, et al. Selective sweeps and genetic
lineages of Plasmodium falciparum drug -resistant alleles in Ghana. The Journal of infectious diseases.
2011;203(2):220-7. Epub 2011/02/04. doi: 10.1093/infdis/jig038 PMID: 21288822; PubMed Central
PMCID: PMC3071065.

PLOS ONE | DOI:10.1371/journal.pone.0152415 March 29, 2016 21/22


http://dx.doi.org/10.1186/1475-2875-12-403
http://www.ncbi.nlm.nih.gov/pubmed/24206588
http://dx.doi.org/10.1186/1475-2875-10-79
http://www.ncbi.nlm.nih.gov/pubmed/21470428
http://dx.doi.org/10.1093/bioinformatics/bts460
http://dx.doi.org/10.1093/bioinformatics/bts460
http://www.ncbi.nlm.nih.gov/pubmed/22820204
http://www.ncbi.nlm.nih.gov/pubmed/9832514
http://www.ncbi.nlm.nih.gov/pubmed/11108709
http://dx.doi.org/10.1186/1475-2875-11-412
http://dx.doi.org/10.1186/1475-2875-11-412
http://www.ncbi.nlm.nih.gov/pubmed/23232077
http://dx.doi.org/10.1186/s12936-015-0887-9
http://www.ncbi.nlm.nih.gov/pubmed/26395166
http://dx.doi.org/10.1371/journal.pone.0023486
http://www.ncbi.nlm.nih.gov/pubmed/21949680
http://dx.doi.org/10.12980/APJTB.4.2014APJTB-2014-0156
http://dx.doi.org/10.12980/APJTB.4.2014APJTB-2014-0156
http://www.ncbi.nlm.nih.gov/pubmed/25183327
http://dx.doi.org/10.1371/journal.pntd.0003739
http://www.ncbi.nlm.nih.gov/pubmed/25951184
http://dx.doi.org/10.1186/1475-2875-12-80
http://dx.doi.org/10.1186/1475-2875-12-80
http://www.ncbi.nlm.nih.gov/pubmed/23446319
http://dx.doi.org/10.1186/1475-2875-9-336
http://www.ncbi.nlm.nih.gov/pubmed/21092231
http://dx.doi.org/10.4269/ajtmh.12-0056
http://www.ncbi.nlm.nih.gov/pubmed/23400571
http://dx.doi.org/10.1186/s12936-015-1003-x
http://www.ncbi.nlm.nih.gov/pubmed/26651480
http://dx.doi.org/10.1186/1475-2875-11-386
http://dx.doi.org/10.1186/1475-2875-11-386
http://www.ncbi.nlm.nih.gov/pubmed/23173674
http://dx.doi.org/10.1093/infdis/jiq038
http://www.ncbi.nlm.nih.gov/pubmed/21288822

@’PLOS ‘ ONE

Genetic Diversity of Plasmodium falciparum in Sabah

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Griffing SM, Viana GM, Mixson-Hayden T, Sridaran S, Alam MT, de Oliveira AM, et al. Historical shifts
in Brazilian Plasmodium falciparum population structure and drug resistance alleles. PloS one. 2013; 8
(3):58984. Epub 2013/04/05. doi: 10.1371/journal.pone.0058984 PMID: 23554964; PubMed Central
PMCID: PMC3598954.

Rebaudet S, Bogreau H, Silai R, Lepere JF, Bertaux L, Pradines B, et al. Genetic structure of Plasmo-
dium falciparum and elimination of malaria, Comoros archipelago. Emerg Infect Dis. 2010; 16
(11):1686-94. Epub 2010/10/30. doi: 10.3201/eid1611.100694 PMID: 21029525; PubMed Central
PMCID: PMC3294527.

Norahmad NA, Abdullah NR, Yaccob N, Jelip J, Dony JF, Ruslan KF, et al. High prevalence of pfcrt
K76t mutants among Plasmodium falciparum isolates from Sabah, Malaysia. The Southeast Asian jour-
nal of tropical medicine and public health. 2011; 42(6):1322—6. PMID: 22299399.

Abdullah NR, Norahmad NA, Jelip J, Sulaiman LH, Mohd Sidek H, Ismail Z, et al. High prevalence of
mutation in the Plasmodium falciparum dhfr and dhps genes in field isolates from Sabah, Northern Bor-
neo. Malar J. 2013; 12(1):198. doi: 10.1186/1475-2875-12-198 PMID: 23758930; PubMed Central
PMCID: PMC3706343.

Lau TY, Sylvi M, William T. Mutational analysis of Plasmodium falciparum dihydrofolate reductase and
dihydropteroate synthase genes in the interior division of Sabah, Malaysia. Malar J. 2013; 12:445.
Epub 2013/12/11. doi: 10.1186/1475-2875-12-445 PMID: 24321120; PubMed Central PMCID:
PMC4029390.

Atroosh WM, Al-Mekhlafi HM, Mahdy MA, Surin J. The detection of pfcrt and pfmdr1 point mutations as
molecular markers of chloroquine drug resistance, Pahang, Malaysia. Malar J. 2012; 11:251. doi: 10.
1186/1475-2875-11-251 PMID: 22853645; PubMed Central PMCID: PMC3493286.

Babiker HA, Ranford-Cartwright LC, Currie D, Charlwood JD, Billingsley P, Teuscher T, et al. Random
mating in a natural population of the malaria parasite Plasmodium falciparum. Parasitology. 1994; 109
(Pt 4):413-21. Epub 1994/11/01. PMID: 7800409.

Vardo-Zalik AM, Zhou G, Zhong D, Afrane YA, Githeko AK, Yan G. Alterations in Plasmodium falcipa-
rum genetic structure two years after increased malaria control efforts in western Kenya. Am J Trop
Med Hyg. 2013; 88(1):29-36. Epub 2012/11/21. doi: 10.4269/ajtmh.2012.12-0308 PMID: 23166196;
PubMed Central PMCID: PMC3541741.

Sisya TJ, Kamn'gona RM, Vareta JA, Fulakeza JM, Mukaka MF, Seydel KB, et al. Subtle changes in
Plasmodium falciparum infection complexity following enhanced intervention in Malawi. Acta Trop.
2015; 142:108—14. Epub 2014/12/03. doi: 10.1016/j.actatropica.2014.11.008 PMID: 25460345;
PubMed Central PMCID: PMC4296692.

Echeverry DF, Nair S, Osorio L, Menon S, Murillo C, Anderson TJ. Long term persistence of clonal
malaria parasite Plasmodium falciparum lineages in the Colombian Pacific region. BMC Genet. 2013;
14:2. Epub 2013/01/09. doi: 10.1186/1471-2156-14-2 PMID: 23294725; PubMed Central PMCID:
PMC3563461.

Juliano JJ, Ariey F, Sem R, Tangpukdee N, Krudsood S, Olson C, et al. Misclassification of drug failure
in Plasmodium falciparum clinical trials in southeast Asia. The Journal of infectious diseases. 2009;
200(4):624-8. Epub 2009/07/14. doi: 10.1086/600892 PMID: 19591576; PubMed Central PMCID:
PMC2761972.

Juliano JJ, Gadalla N, Sutherland CJ, Meshnick SR. The perils of PCR: can we accurately ‘correct’ anti-
malarial trials? Trends in parasitology. 2010; 26(3):119-24. Epub 2010/01/20. doi: 10.1016/j.pt.2009.
12.007 PMID: 20083436; PubMed Central PMCID: PMC2844636.

Juliano JJ, Taylor SM, Meshnick SR. Polymerase chain reaction adjustment in antimalarial trials:
molecular malarkey? The Journal of infectious diseases. 2009; 200(1):5-7. Epub 2009/05/28. doi: 10.
1086/599379 PMID: 19469704; PubMed Central PMCID: PMC2803033.

PLOS ONE | DOI:10.1371/journal.pone.0152415 March 29, 2016 22/22


http://dx.doi.org/10.1371/journal.pone.0058984
http://www.ncbi.nlm.nih.gov/pubmed/23554964
http://dx.doi.org/10.3201/eid1611.100694
http://www.ncbi.nlm.nih.gov/pubmed/21029525
http://www.ncbi.nlm.nih.gov/pubmed/22299399
http://dx.doi.org/10.1186/1475-2875-12-198
http://www.ncbi.nlm.nih.gov/pubmed/23758930
http://dx.doi.org/10.1186/1475-2875-12-445
http://www.ncbi.nlm.nih.gov/pubmed/24321120
http://dx.doi.org/10.1186/1475-2875-11-251
http://dx.doi.org/10.1186/1475-2875-11-251
http://www.ncbi.nlm.nih.gov/pubmed/22853645
http://www.ncbi.nlm.nih.gov/pubmed/7800409
http://dx.doi.org/10.4269/ajtmh.2012.12-0308
http://www.ncbi.nlm.nih.gov/pubmed/23166196
http://dx.doi.org/10.1016/j.actatropica.2014.11.008
http://www.ncbi.nlm.nih.gov/pubmed/25460345
http://dx.doi.org/10.1186/1471-2156-14-2
http://www.ncbi.nlm.nih.gov/pubmed/23294725
http://dx.doi.org/10.1086/600892
http://www.ncbi.nlm.nih.gov/pubmed/19591576
http://dx.doi.org/10.1016/j.pt.2009.12.007
http://dx.doi.org/10.1016/j.pt.2009.12.007
http://www.ncbi.nlm.nih.gov/pubmed/20083436
http://dx.doi.org/10.1086/599379
http://dx.doi.org/10.1086/599379
http://www.ncbi.nlm.nih.gov/pubmed/19469704

