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A B S T R A C T

It has been discovered that Plasmodium knowlesi (P. knowlesi) is transmitted from macaque to man. Thus, the aim
of the present study was to determine P. knowlesi genetic diversity in both human (n=147) and long-tailed
macaque (n=26) samples from high- and low-endemicity localities. Genotyping was performed using seven
neutral microsatellite loci markers. The size of the alleles, multiplicity of infection (MOI), mean number of alleles
(Na), expected heterozygosity (HE), linkage disequilibrium (LD), and genetic differentiation (FST) were de-
termined. In highly endemic P. knowlesi localities, the MOI for human and long-tailed macaque isolates was 1.04
and 1.15, respectively, while the Na was 11.14 and 7.86, respectively. Based on the allele frequency distribution
for all loci, and with FST < 0.1, no genetic differentiation was seen between human and long-tailed macaque. In
localities characterised by lower P. knowlesi endemicity, the MOI for human and long-tailed macaque isolates
was 1.05 and 1.11, respectively, while the Na was 6.14 and 2.71, respectively. Further molecular analysis of the
allele frequencies indicated that there was a significant genetic differentiation in human P. knowlesi isolates as
compared to long-tailed macaque isolates, with a very low fixation index (FST=0.016, p < .05) based on
multiple loci analysis. Our results further indicate that, in Peninsular Malaysia, humans are mostly affected by P.
knowlesi of a single genotype, while long-tailed macaque tend to acquire polyclonal infections, which supports
the assumption that there is a higher rate of transmission among long-tailed macaque. Understanding the genetic
diversity of P. knowlesi isolates can provide invaluable information for characterising patterns of the population
structure and the migration rate of P. knowlesi in peninsular Malaysia.

1. Introduction

Malaysia has long been an endemic country for malaria, especially
prior to the introduction of the Malaria Eradication Programme in
1960s. Yet, despite this long-standing prevention and control pro-
gramme, Malaysia finally achieved an eradication phase of< 1 case per
1000 population in 2011. The programme was successful, with sig-
nificant reduction in the number of malaria cases, prompting Malaysian
government to strive for the “malaria free” status by 2020 (William and
Menon, 2014). However, a new challenge emerged when a zoonotic
malaria caused by P. knowlesi started to be discovered, added with the
increase number of resistance cases to the presently use anti-malarial
drugs (Ecker et al., 2012; Tulloch et al., 2013; White, 2004; Win et al.,
2016; Wongsrichanalai et al., 2001). The introduction of artemisinin-

based combination therapies (ACTs) as a first-line therapy yielded some
beneficial results, especially in the treatment of falciparum malaria,
although unfortunately artemisinin-resistant Plasmodium falciparum (P.
falciparum) has been identified in some areas in South East Asia, espe-
cially in Thailand, Myanmar, Bangladesh, Laos, and the borders around
these countries (Boullé et al., 2016; Mohon et al., 2014; Phyo et al.,
2012; Tun et al., 2009; Win et al., 2016; Wongsrichanalai et al., 2001).

P. knowlesi followed by P. falciparum and P. vivax contribute to the
most serious forms of malaria due to the distribution of several ma-
caque hosts and mosquito vectors in many locations across Malaysia
(Abeyasinghe, 2017; Moyes et al., 2014; William and Menon, 2014,
William et al., 2014). It has also been reported that pig-tailed macaque
and long-tailed macaque (Macaca nemestrina and M. fascicularis) are the
main non-human primate hosts and Anopheles leucosphyrus group of
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mosquitoes are the main vectors of knowlesi malaria (Singh and
Daneshvar, 2013). Presently, P. knowlesi infection cases are increasingly
reported in all Malaysian states, with high prevalence rates in Sabah,
Sarawak, Terengganu, Pahang, and Kelantan. In 2016, the number of
reported malaria cases caused by P. knowlesi infection in Malaysia in-
creased to 1604, followed by Plasmodium vivax (P. vivax), 390; P. fal-
ciparum, 244; Plasmdoium malariae (P. malariae), 46; Plasmodium ovale
spp. (P. ovale spp.), 22; and mixed infections, with 22 cases (Data
sourced from the Disease Control Division, Ministry of Health Ma-
laysia).
The first case of naturally acquired P. knowlesi infection in humans

was detected in Malaysia in 1965 (Chin et al., 1965). Recently, a large
cluster of P. knowlesi infections in humans was identified in South East
Asian countries, including Malaysia, specifically in the state of Sarawak
(Cox Singh et al., 2008; Singh et al., 2004), Singapore (Ng et al., 2008),
the Philippines (Luchavez et al., 2008), Thailand (Putaporntip et al.,
2009), the Thai−Myanmar border (Jongwutiwes et al., 2004), and
Cambodia (Khim et al., 2011). Other than in South-East Asia, P.
knowlesi cases have only been reported as imported infections, acquired
by the patient during a vacation in the region, for example, during
jungle trekking, as a part of an eco-tourism activity. These cases involve
travellers from the Netherlands (Link et al., 2012), New Zealand
(Hoosen and Shaw, 2011), France (Berry et al., 2011), Spain (Ta Tang
et al., 2010), Australia (Figtree et al., 2010), and Sweden (Bronner
et al., 2009). Other recent imported cases have been reported in Japan
(Kano et al., 2018), Germany (Froeschl et al., 2018), Sri Lanka
(Dewanee Ranaweera et al., 2017), and Italy (De Canale et al., 2017). In
contrast to the declining cases of P. falciparum and P. vivax malaria
reported in a few areas in Malaysia, an increase in the number of P.
knowlesi infections in the same area has been detected (William et al.,
2013). Ever since the discovery of P. knowlesi as the fifth malaria zoo-
nosis species, P. knowlesi malaria in Borneo has been widely in-
vestigated, indicating the importance of this species (Bronner et al.,
2009; Cox-Singh et al., 2010; Hoosen and Shaw, 2011; Singh et al.,
2004; Van Hellemond et al., 2009).
To date, different types of molecular markers have been utilised for

genetic profiling, whereby microsatellites have been most extensively
used in the analyses (Divis et al., 2015; Razak et al., 2016; Singh et al.,
2004). The selection occurs because it can be readily amplified by
polymerase chain reaction (PCR) and due to the diversified presence of
allelic variation at each locus. Microsatellites are not only abundant and
widely distributed across the entire genome, they are also highly
polymorphic as compared with other genetic markers. They are also
species-specific.
A study on P. knowlesi population structure conducted by Divis et al.

(2015) revealed that majority of P. knowlesi-positive human infections
were transmitted to humans by infected long-tailed macaque through
the bites of Anopheles vectors. The authors also reported that there is
variable genetic diversity patterns in pig-tailed and long-tailed maca-
ques (Divis et al., 2015). In the present study, the differences in genetic
structure of human and long-tailed macaque (Macaca fascicularis)
samples between high and low P. knowlesi endemicity areas of Penin-
sular Malaysia will be confirmed using microsatellite markers. Un-
covering the transmission activity between vectors and hosts by bene-
fiting from genotype structure profiling of P. knowlesi population will
aid in the development of better malaria surveillance and control
strategies in Malaysia.

2. Materials and methods

2.1. Study area

The study sites were chosen based on the endemicity of P. knowlesi
in human cases during the 2008–2015 National Malaria Surveillance
Programme in Malaysia. The states involved in the survey were Johor,
Kelantan, Melaka, Negeri Sembilan, Pahang, Perak, Pulau Pinang,

Terengganu, and Selangor & Kuala Lumpur.
Wild long-tailed macaque samples were collected based on their

proximity to humans. Due to logistic limitations, the long-tailed ma-
caque samples were collected in Kedah, Kelantan, Kuala Lumpur,
Pahang, Selangor, and Terengganu states only (Fig. 1).

2.2. Ethical approval and study design

This study was funded by the Ministry of Health (MOH) Malaysia
and the collection of human blood samples was approved by the
Medical Research Ethical Clearance Review Committee (MREC),
Ministry of Health (MOH), with the ethical clearance number NMRR-
11-432-9192 and NMRR-14-213-19692 for the two projects, JPP-IMR-
11-022 and JPP-IMR-14-010, respectively. The collection of long-tailed
macaque blood samples was approved by the Animal Care and Used
Committee (ACUC) [ACUC/KKM/02(2/2014)] while the license for
blood collection was obtained from the Wildlife Department [PERHIL-
ITAN: PHL&TN(IP):80-54/2 Jld 21 (8)]. P. knowlesi-infected human
blood samples, which were collected under the National Malaria
Surveillance Programme, were subjected to malaria parasite screening
by microscopy and a nested PCR for confirmation of the species-spe-
cificity for P. knowlesi.

2.3. Sample collection

For the present study, 615 samples were collected, 200 samples
were human isolates obtained from the residents of the Klang valley
(Selangor and Kuala Lumpur) (n=14), Negeri Sembilan (n=8),
Melaka (n=8), Johor (n=4), Pahang (n=67), Terengganu (n=13),
Kelantan (n=67), Pulau Pinang (n=3), and Perak (n=16). The long-
tailed macaque samples were collected from the Klang valley area
(Selangor and Kuala Lumpur) (n=88), Pahang (n=188), Terengganu
(n=58), Kelantan (n=22), and Kedah (n=59).
Prior to blood collection, the long-tailed macaques were

Fig. 1. Human and long-tailed macaque blood sampling sites in Peninsular
Malaysia. For comparison purposes, samplings of human infected blood were
also performed in the areas that were considered as having low-endemicity
(Terengganu and Negeri Sembilan).
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anaesthetised as recommended by the ACUC. Blood Films for Malaria
Parasite (BFMP) were prepared at the collection sites followed by a 10%
Giemsa-staining. Three drops of collected blood samples were spotted
onto Whatman® filter paper no. 3 (Whatman International Ltd., UK) and
were left to air dry thoroughly before being placed in labelled sealable
plastic bags containing desiccant silica gel, which were stored at room
temperature. The remaining blood samples (minimum amount of 200 μl
of whole blood) were transferred into vacuumed EDTA tubes for sub-
sequent extraction of parasite DNA in the laboratory.

2.4. DNA extraction and PCR-based specification for P. knowlesi

All samples were microscopically screened for the presence of
parasites prior to conducting the nested PCR for genus and species-
specific identification. Parasite genomic DNA were extracted by using a
DNaeasy® Blood & Tissue Kit (QIAGEN, Germany) for blood spot on
filter papers, and QIAamp® DNA Blood Mini kit (QIAGEN, Germany) for
whole blood in EDTA according to the manufacturer's instructions. The
parasite DNA was kept at −20 °C until use.
Primers used for the identification of plasmodium species (P.

knowlesi, P. malariae, P. vivax, P. falciparum, and P. ovale spp.) were
designed using primers based on the protocol described by Singh et al.,
2004. Nested PCRs were performed according to the Malaria diagnostic
protocol [Document No: IMR/IDRC/PARA/SOPDX (20)] prepared by
Parasitology Unit, Institute for Medical Research (IMR). This protocol,
however, does not distinguish the two P. ovale spp., i.e. Plasmodium
ovale curtisi and Plasmodium ovale wallikeri, which were recently con-
firmed as two distinct Plasmodium species that can infect humans (Zaw
and Lin, 2017). Thus, P. ovale spp. will be used in this report. Briefly,
the cycling condition for the first nested PCR included an initial de-
naturation step at 95 °C for 3min, followed by 30 cycles of denaturation
at 95 °C for 15 s, annealing at 56 °C for 15 s, an extension at 72 °C for
10 s, and a final extension step at 72 °C for 1min. The second nested
step was divided into two phases, denoted as Nest2 Genus PCR Assay
and Nest2 Species Specific. In both of the Nest2 steps, similar PCR cy-
cling conditions were utilised, with the exception of the alteration of
the annealing temperature to 62 °C and 52 °C for Nest2 Genus and Nest2
species, respectively. On the other hand, the nested PCR for long-tailed
macaque was performed by using primers and protocols previously
adopted by Lee et al. (2009) and Lee et al. (2011) to differentiate P.
knowlesi from other primate malaria species. The presence of DNA
bands and size quantification was visualised by a high-resolution ca-
pillary electrophoresis device, QIAxcel Advanced (QIAGEN, Germany)
which enables fast nucleic acid separation.

2.5. Genotyping of microsatellite markers

Trinucleotide repeats of seven single-copy microsatellites located at
six chromosomes (chromosomes 3, 5, 8, 9, 12, and 13) of P. knowlesi
were genotyped by a hemi-nested PCR assays as previously described by
Divis et al. (2015). Amplification of microsatellite sequences by nested
PCR was performed using 5′–labelled oligonucleotide primers (Divis
et al., 2015). Both PCR amplification rounds, namely nested PCRs 1 and
2, were conducted in individual tubes for each sample locus. Amplifi-
cation of alleles by fluorescently tagged inner primers during the
second nested PCR was conducted in 25 μl total reaction volume con-
taining 12.5 μl MyTaq™ Mix 2× (Bioline Ltd., UK) (the MyTaq Mix
contains all the necessary reagents required for a PCR setup, including
MyTaq buffer, dNTPs, MgCl2, enhancers, and stabilisers), 10 μM of each
forward and reverse primers, and 2 μl of sample DNA template. The
PCR cycling conditions for both nested PCRs included an initial dena-
turation step at 94 °C for 2min, followed by 28 cycles of 30 s dena-
turation at 94 °C, 30 s of annealing at 58 °C, and 30 s elongation at
68 °C, concluded with a final 60 s elongation step at 68 °C. For the
second nested fluorescent-labelled PCR, products were pooled into two
groups, with each tube containing specific dye labels and allele size,

before being sent for fragment analysis (First BASE Laboratories, Ma-
laysia) using a GeneScan™ 500 LIZ® size standard (Applied Biosystems,
UK). The identification and measurement of fragment sizes and peak
heights was conducted using a GeneMapper version 4.0 software (Ap-
plied Biosystems, UK). The electropherograms or peaks generated for
each isolate were observed visually. Each allele was individually scored
according to the predominant peaks. Poorly amplified human (n=17)
and long-tailed macaque (n=22) samples were discarded, whereas
secondary alleles that generated> 30% of the predominant allele peak
height were also scored and were considered as additional alleles oc-
curring due to polyclonal infection.

2.6. Data analysis

Analyses of multiplicity of infection (MOI), heterozygosity, allele
frequency and multilocus linkage disequilibrium were performed fol-
lowing the procedure previously adopted by Razak et al. (2016). The
blood samples for both human and long-tailed macaque isolates were
collected during their asexual blood stage. Isolates that acquired more
than one allele in one locus were considered to have multiple infections
due to the presence of various P. knowlesi-infected genotypes, thus
confirming the clonality of the samples. Multiplicity of infection is
defined as the number of different P. knowlesi genotypes co-infecting a
single host and, in this study, the values were determined by dividing
the total number of P. knowlesi genotypes with the number of P.
knowlesi-infected samples included in the analysis.
The mean expected heterozygosity (HE) values were calculated to

investigate the genetic diversity level for each designated marker gene.
The calculations were performed using Genetic Analysis in Excel
(GenAIEx) tool runs in Microsoft Excel using the following expression:

=
=

H n
n 1

1 Pi
iE 1

L 2

where n is the total number of samples and Pi is the frequency of an
allele presence at each locus.
The analysis of the acquired genetic differentiation value between

populations was performed via Weir and Clark Cockerham, 1984 Fstat
analysis, using Fstat software version 2.9.3.2. Linkage disequilibrium
analysis was tested using the expression =IA

S V V
r

( / 1)
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D e , along with the
Monte Carlo method for the verification of the significance levels of the
IA

S values.

3. Results

3.1. A study on human and long-tailed macaque samples

The prevalence of single P. knowlesi infection in the human samples
(n=200) was 164 samples (82%), whereas only 48 samples (11.6%) of
the 415 of long-tailed macaque samples were positive for P. knowlesi
infection, as confirmed by PCR. The positive samples were further in-
vestigated for the presence of microsatellite markers. It should be noted
that all P. knowlesi-positive human samples originated from Selangor
and Kuala Lumpur, Negeri Sembilan, Melaka, Johor, Pahang,
Terengganu, Kelantan, and Pulau Pinang states, while none could be
traced to the Perak state (Table 1). In addition, P. knowlesi-infected
long-tailed macaque samples originated from Pahang, Terengganu, and
Kelantan states, as shown in Table 1.

3.2. Microsatellite genotyping of Malaysian human and long-tailed
macaque samples

Genotyping for microsatellite markers from all investigated lo-
calities revealed that 147 of P. knowlesi-positive human isolates (89.6%)
were characterised by a single clear band at five or more loci. However,
due to the low number of positive long-tailed macaque samples
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originating from some of the localities, samples from only three
localities—Pahang (n=21), Terengganu (n=4), and Kelantan
(n=1)—were subjected to microsatellite genotyping analysis. The
findings also indicated that a single clear band at more than five loci
characterised only 26 of the analysed P. knowlesi-positive long-tailed
macaque samples (54.2%) (Table 1).
In two P. knowlesi-positive human and one long-tailed macaque

sample, a band at one or two of the loci was absent. All the three
samples originated from Pahang. One of these human samples showed
absence of bands at two loci (NC09_1 and NC03_2), while the other did
not score at one of the loci (NC09_1). The long-tailed macaque sample
from Pahang displayed no band at locus NC12_2 (S1 Dataset). The re-
maining 170 human and macaque samples gave clear scores for all
seven loci.

3.3. Multiplicity of infection (MOI) of P. knowlesi isolates among human
and long-tailed macaque samples

3.3.1. Overall analysis
All seven loci used in this study were included in the set of ten loci

used previously by Divis et al. (2015). However, three of the original
loci could not be included in the current investigation due to in-
sufficient DNA supply. Thus, P. knowlesi microsatellite genotyping ac-
tivity involved 147 human samples and 26 long-tailed macaque sam-
ples. Based on the findings yielded by the blood sample analysis,
multiple infections were noted in 31 of the 147 human samples (21%)
and 14 of the 26 long-tailed macaque samples (54%) (S1 dataset and
Table 2). The highest polyclonal infection rate in both human (45.2%)
and long-tailed macaque (92.9%) samples was noted in Pahang. In the
remaining 116 of the human samples (79%) and 12 of the long-tailed
macaque samples (46%), monoclonal infection was detected. The MOI

values in human and long-tailed macaque samples was 1.04 and 1.15,
respectively, with the latter indicating higher level of diversity
(Table 3).

3.3.2. MOI based on endemicity of infection
The classification of high- and lower-endemicity areas of P. knowlesi

infection was based on the methodology adopted by Moyes et al.
(2014). The areas were scored based on the long-tailed macaque host
species, presence of human infections cases, and Anopheles vectors. If all
three criteria were met, high endemicity score was assigned to the area.
Consequently, Pahang emerged as a high endemicity area, while three
states in Peninsular Malaysia, namely Terengganu, Perlis, and Negeri
Sembilan, were classified as lower endemicity areas.
An almost similar percentage of human samples in high P. knowlesi-

endemic areas were polyclonally infected as in the overall human
sample (22%). On the other hand, 13 long-tailed macaque samples were
polyclonally infected (59%). Once again, the MOI value of human and
long-tailed macaque samples in the high-endemicity area were 1.04 and
1.15, respectively (Table 4). Monoclonal P. knowlesi infection was de-
tected in 78% of human samples and 41% of long-tailed macaque
samples in the high P. knowlesi-endemic area.
As expected, the percentages of human and long-tailed macaque

samples that were polyclonally infected in lower-endemicity areas were
smaller, with only three human samples (17%) and one long-tailed
macaque sample (25%) exhibiting polyclonal infection, with the cor-
responding MOI values of 1.05 and 1.11 (Table 4). A higher percentage
of monoclonal infection compared to that noted in the high-endemicity
area was noted for both human (83%) and long-tailed macaque (75%)
samples in low-endemicity areas.

Table 1
Prevalence of P. knowlesi infections and genotyping of microsatellite markers in human and long-tailed macaque samples.

States Total samples Positive P. knowlesi Genotyping of microsatellite markers

Human (%) Long-tailed Macaque (%) Human (%) Long-tailed Macaque (%) Human (%) Long-tailed Macaque (%)

Johor 4 (2.0) 0 (0.0) 4 (2.4) 0 (0.0) 4 (2.7) 0 (0.0)
Kedah 0 (0.0) 59 (14.2) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Kelantan 67 (33.5) 22 (5.3) 63 (38.4) 1 (2.1) 60 (40.8) 1 (3.8)
Melaka 8 (4.0) 0 (0.0) 6 (3.7) 0 (0.0) 6 (4.1) 0 (0.0)
N. Sembilan 8 (4.0) 0 (0.0) 6 (3.7) 0 (0.0) 6 (4.1) 0 (0.0)
Pahang 67 (33.5) 188 (45.3) 65 (39.6) 43 (89.6) 56 (38.1) 21 (80.8)
Perak 16 (8.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Pulau Pinang 3 (1.5) 0 (0.0) 1 (0.6) 0 (0.0) 1 (0.7) 0 (0.0)
Selangor & KL 14 (7.0) 88 (21.2) 6 (3.7) 0 (0.0) 2 (1.4) 0 (0.0)
Terengganu 13 (6.5) 58 (14.0) 13 (7.9) 4 (8.3) 12 (8.2) 4 (15.4)
Total 200 (100.0) 415 (100.0) 164 (100.0) 48 (100.0) 147 (100.0) 26 (100.0)

615 212 (34.5) 173 (28.1)

Table 2
List of human and long-tailed macaque samples with polyclonal infections based on their localities.

Locality n Multiplicity of Infection (MOI)

High-endemicity Johor Human 0 1.00
Long-tailed Macaque 0 1.00

Kelantan Human 13 1.05
Long-tailed Macaque 0 1.00

Melaka Human 1 1.02
Long-tailed Macaque 0 –

Pahang Human 14 1.05
Long-tailed Macaque 13 1.16

Selangor and KL Human 0 1.00
Long-tailed Macaque 0 –

Low-endemicity N. Sembilan Human 1 1.07
Long-tailed Macaque 0 –

Terengganu Human 2 1.04
Long-tailed Macaque 1 1.11
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3.4. Allele frequency distribution of P. knowlesi isolates among human and
long-tailed macaque samples

3.4.1. Overall analysis
A greater number of alleles was detected in P. knowlesi human

(8–18) than long-tailed macaque (4–11) isolates. NC12_2 locus in
human and CD05_6 locus in long-tailed macaque yielded the highest
number of alleles detected, i.e., 18 and 11 alleles, respectively
(Table 3). The distribution of allele frequencies for all loci of human
and long-tailed macaque is shown in Fig. 2. Scattering of alleles at each
locus for both human and long-tailed macaque population is likely to be
similar, with high allelic frequency presented for the major alleles. The
mean number of alleles for P. knowlesi-infected human isolates was
11.14, while that for long-tailed macaque isolates was 8.00. Based on
the allele frequency distribution graph for all loci, small genetic dif-
ferentiation can be noted between human and long-tailed macaque,
since no FST value exceeded 0.1 (Fig. 2).

3.4.2. Allele frequency based on endemicity of infection
Allele number range for P. knowlesi human and long-tailed macaque

isolates in the high-endemicity area range from 8 to 16 and 4 to 10,
respectively. The mean number of alleles for P. knowlesi-infected sam-
ples is 10.57 (human) and 7.43 (long-tailed macaque). A significant
genetic differentiation (p < .05) was seen in every locus for both
human and long-tailed macaque, where all FST values remained ≤0.1
(Fig. S1).

The alleles of human P. knowlesi isolates in the areas characterised
by lower endemicity ranged from 4 to 10, while 2–4 was noted in long-
tailed macaque (Table 4). Wider allele range in human as compared to
long-tailed macaque in this area is consistent to the pattern observed in
the high-endemicity area, indicating higher genetic diversity value in
human for both areas. Again, the highest number of alleles detected in
human and long-tailed macaque in lower-endemicity areas was seen in
locus NC12_2 and CD08_61, respectively. The allele frequency of human
and long-tailed macaque in lower-endemicity areas are significantly
different, with different dominant alleles (Fig. S2). The major alleles in
human in lower-endemicity areas might not be the dominant alleles in
long-tailed macaque, and this finding is applicable to all loci. The mean
number of alleles in the P. knowlesi-infected human isolates in the
lower-endemicity areas is 6.14, while that for long-tailed macaque is
2.71. A fairly high genetic differentiation was noted at loci CD05_6,
CD08_61, and CD13_61 that yielded an FST value above 0.100
(p < .05).

3.5. Genetic diversity analysis of human and long-tailed macaque P.
knowlesi isolates

3.5.1. Overall analysis
Virtual heterozygosity (He) analysis for both human and long-tailed

macaque was conducted, revealing an immense genetic diversity of P.
knowlesi-infected isolates, thus suggesting an active transmission ac-
tivity in the population. Moreover, human samples showed a wider

Table 3
Polyclonal infection values and genotyping for each locus of P. knowlesi-infected human and long-tailed macaque blood sample microsatellites.

Population Locus Number of samples Allele size (bp) Number of alleles Multiplicity of infection Expected heterozygosity (HE)

Human NC03_2 146 129–153 8 1.04 0.512
CD05_06 147 245–284 12 0.780
CD08_61 147 210–237 11 0.829
NC09_1 145 275–320 10 0.550
NC12_2 147 307–364 18 0.877
NC12_4 147 223–250 9 0.664
CD13_61 147 158–194 12 0.737

Long-tailed Macaque NC03_2 26 129–138 4 1.15 0.625
CD05_06 26 216–272 11 0.883
CD08_61 26 210–234 9 0.871
NC09_1 26 275–299 8 0.662
NC12_2 25 310–346 10 0.867
NC12_4 26 223–250 8 0.785
CD13_61 26 161–179 6 0.668

Table 4
Multiplicity of infection (MOI) and genetic diversity list of human and long-tailed macaque P. knowlesi-infected population of each neutral microsatellite locus in high
and lower P. knowlesi endemicity areas in Malaysia.

Locus Population Sites

High Endemicity Lower Endemicity

N Allele size (bp) MOI Na He N Allele size (bp) MOI Na He

NC03_2 Human 128 129–153 1.04 8 0.53 18 129–135 1.05 5 0.41
CD05_6 129 245–284 11 0.78 18 245–254 4 0.71
CD08_61 129 210–237 9 0.82 18 210–234 9 0.91
NC09_1 127 275–320 10 0.53 18 278–290 5 0.64
NC12_2 129 307–358 16 0.87 18 310–364 10 0.93
NC12_4 129 223–250 7 0.66 18 226–247 5 0.73
CD13_61 129 161–194 11 0.74 18 161–176 5 0.72
NC03_2 Macaque 22 129–138 1.15 4 0.66 4 129–135 1.11 2 0.50
CD05_6 22 216–272 10 0.83 4 245–257 3 0.83
CD08_61 22 210–231 8 0.87 4 210–234 4 1.00
NC09_1 22 275–299 8 0.65 4 275–284 3 0.83
NC12_2 21 310–343 9 0.87 4 319–346 3 0.83
NC12_4 22 223–250 8 0.82 4 226–232 2 0.67
CD13_61 22 161–179 5 0.69 4 164–170 2 0.50
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range of He values (0.512–0.877) at each microsatellite locus as com-
pared to long-tailed macaque (0.625–0.883) (Table 3). These results
yielded mean microsatellite He values of 0.71 (± 0.05) and 0.77
(± 0.04) for human and long-tailed macaque samples, respectively
(Table 5).

3.5.2. HE based on endemicity of infection
The outcome of virtual heterozygosity (He) analysis of microsatellite

loci for the high-endemicity P. knowlesi-infected area are not sig-
nificantly different from those obtained in the overall analysis of human
samples, as the He values ranged from 0.53 to 0.87 (Table 4) with a

FST FST

FST FST

FST FST

FST

seicneuqerf
elell

A

Allele size (bp)

Fig. 2. Allele frequency distribution for 173 samples analysed in P. knowlesi-infected human and long-tailed macaque blood samples. The red bars denote allele
frequency for human, while the blue bars represent allele frequency of long-tailed macaque samples. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 5
Fixation indices (FST), mean expected heterozygosity (HE), standard error of mean (± SEM), multilocus linkage disequilibrium, and LD (standardised index of
association, IAS) of human and long-tailed macaque populations for the overall population and in high and lower P. knowlesi endemicity areas in Malaysia.

Area Population FST indices Mean expected heterozygosity, HE ± SEM Index of association, IAS

Overall Human 0.016 0.71 ± 0.05 (0.51–0.88) 0.0124
Macaque 0.77 ± 0.04 (0.63–0.88) 0.0086

High-endemic Human 0.016 0.70 ± 0.05 (0.53–0.87) 0.0152
Macaque 0.77 ± 0.04 (0.65–0.87) 0.0023

Low-endemic Human 0.009 0.72 ± 0.07 (0.41–0.93) 0.0256
Macaque 0.74 ± 0.07 (0.50–1.00) 0.0333
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mean value of 0.70 ± 0.05 (Table 5). The He values for P. knowlesi-
infected long-tailed macaque samples in the same area were in a nar-
rower range (0.65–0.87) (Table 4) with a mean value of 0.77 (± 0.04)
(Table 5), indicating that both human and long-tailed macaque popu-
lations from the same area exhibited a highly diverse genetic variation.
A similarly high level of genetic diversity was also observed in both

human and long-tailed macaque populations in the P. knowlesi-infected
areas characterised by lower endemicity. The He values for micro-
satellite loci of human and long-tailed macaque populations in this area
ranged from 0.41 to 0.93, and from 0.50 to 1.00, respectively (Table 4).
The mean He (± SE) values for human and long-tailed macaque were
0.72 (± 0.07) and 0.74 (± 0.07), respectively (Table 5).

3.6. Genetic differentiation analysis of human and macaque P. knowlesi
isolates

3.6.1. Overall analysis
Further molecular analysis of allele frequencies showed that there is

a highly significant (p < .05) genetic differentiation in human P.
knowlesi isolates as compared to long-tailed macaque isolates, yielding a
very low fixation index between human and long-tailed macaque
(FST=0.016, p < .05) (Table 5).

3.6.2. Fixation indices based on endemicity of infection
Further analysis of allele frequencies based on the endemicity level

of P. knowlesi infection indicated that human samples in the highly
endemic P. knowlesi-infected areas are characterised by a significant
genetic differentiation as compared to long-tailed macaque samples
(FST=0.016, p < .05) (Table 5). Similar results were obtained (i.e.,
significantly low fixation index) when both human and long-tailed
macaque samples from low-endemicity areas were analysed, with an
FST value of 0.009 (p < .05) (Table 5).

3.7. Linkage disequilibrium analysis of human and long-tailed macaque P.
knowlesi isolates

3.7.1. Overall analysis
All P. knowlesi-infected blood samples with bands appearing in more

than five out of seven loci were chosen for linkage disequilibrium
analysis (standardised index of association, IAS). For this test, Monte
Carlo simulation was utilised (Haubold and Hudson, 2000), yielding
parallel-predicted results with a degree of significant inbreeding with
the IAS value of 0.0124 (human) and long-tailed macaque (0.0086) at
p < .001 for both (Table 5).

3.7.2. LD based on endemicity of infection
Linkage disequilibrium analysis was conducted to confirm the level

of inbreeding in both the high- and low-endemicity P. knowlesi-infected
areas. The index of association IAS of 0.0152 was obtained for human
and 0.0023 for long-tailed macaque in the high P. knowlesi endemicity
area (p < .001 for both). On the other hand, the index of association
values were also significantly low; as 0.0256 was obtained for human
and 0.0333 for long-tailed macaque at p < .001 for both in low-en-
demicity areas (Table 5).

4. Discussion

Since the discovery of P. knowlesi as the fifth zoonotic malaria
species, many studies have been conducted aiming to identify the epi-
demiological structure of P. knowlesi. Elucidating the genetic structure
of Plasmodium species plays a pivotal role in the development of more
effective strategies and plans for malaria eradication programmes not
only in Malaysia but also worldwide. Hereby, the present study is the
first to demonstrate a high transmission activity of P. knowlesi multiple
clones in Peninsular Malaysia by investigating the allele population
structure. Genotyping of P. knowlesimicrosatellites for human and long-

tailed macaque isolates has shown that the scattering of the alleles from
the mentioned population has a high multiplicity of infection and ge-
netic diversity, while yielding low genetic differentiation and index of
association values. In addition, the findings and the number of samples
collected in this study represent the endemic level of malaria infections
in the respective areas. Our analyses further revealed that higher ge-
netic diversity value is associated with the high-endemicity area due to
intense transmission activity, which in turn leads to a higher multi-
plicity of infection, lower genetic differentiation, and a lower index of
association value. Converse findings apply for the lower-endemicity
areas.
As a part of the present study, the MOI levels in human were

compared with those pertaining to long-tailed macaque, demonstrating
that P. knowlesi-infected long-tailed macaque samples with polyclonal
infection tend to occur in higher frequencies than in humans, based on
both the overall analysis and that related to high or low P. knowlesi
endemicity areas. This is in accordance with the previously reported
results (Divis et al., 2015; Moyes et al., 2014; Tan et al., 2008), in-
dicating lower transmission frequency in human than in long-tailed
macaque population. Assefa et al. (2015) similarly reported, based on a
whole genomic population study, that most human infections are
dominated by single genotypes.
In line with the findings reported by Divis et al. (2015), a higher

multiplicity of infection was noted in our study in long-tailed macaque
than in human, indicating a higher transmission activity within the
macaque host. In addition, Divis et al. (2015) reported a lower rate of
multiplicity of infection in human P. knowlesi isolates than was noted in
previous studies (Abdullah et al., 2013; Anthony et al., 2005) on two
other simian malaria parasites (P. falciparum and P. vivax) from similar
isolated areas characterised by declining endemicity. Razak et al.
(2016) studied P. falciparum human isolates, reporting absence of
polyclonal infection in all human samples collected.
As compared to the genetic diversity value of P. falciparum reported

by Razak et al. (2016), P. knowlesi isolates in the present study showed
higher genetic diversity. The fact that P. knowlesi can be carried by
three hosts—human, two species of macaque (i.e., long-tailed and pig-
tailed macaques), and Anopheles vector—provides this fifth malaria
human parasite with the ability to adapt to the systems of different
organisms, thus causing genetic alteration for survival purposes. As P.
falciparum can only involve two hosts (human and Anopheles vector),
the evolutionary activity of this species for adjustment to changing
environments is expected to be lower than that of P. knowlesi. P. vivax is
another human malaria parasite that was reported by Jennison et al.
(2015) to have high genetic diversity in the northeast coast of Papua
New Guinea. Even though this species is carried by the same hosts as P.
falciparum, the distinct feature of P. vivax lifecycle from other malaria
parasites that involve dormant liver stage (hypnozoite), which are re-
sponsible for relapsing in human, leads to vast alteration of alleles and
genetic modification. The differences in genetic diversity values of
these three Plasmodium species indicate that each has a unique me-
chanism of action. We also found that the genetic diversity of P.
knowlesi in both human and long-tailed macaque hosts is higher relative
to other human malaria species in low-endemicity settings, such as
Malaysia. The data obtained as a part of this investigation, accom-
panied by the results yielded by previous studies, are crucial as they
will aid in characterising transmission patterns and the population
structure of P. knowlesi in Malaysia.
Our analyses further revealed higher genetic diversity level in

Plasmodium infecting long-tailed macaque as compared to those in
human, which is expected when the transmission of the infection is in
the macaque−vector−human direction. This is in contrast with the
previous findings reported by Putaporntip et al. (2013) based on their
study of merozoite surface protein-1 genes of P. knowlesi. These authors
observed higher diversity level of P. knowlesi-infected human than
macaque, thus suggesting a potential human−vector−human trans-
mission.
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The differences in the fixation indices between human and long-
tailed macaque obtained in the present study indicate a diversified
range for each locus. Since FST value for each locus is low (based both
on the overall analysis and that pertaining to high- and low-endemicity
P. knowlesi-infected areas separately), it is plausible that genetic dif-
ferentiation between human and long-tailed macaque is low, with a
fairly similar genetic structure for both populations, which is expected
for a relatively high-endemicity area of infection. With the low genetic
differentiation of human and long-tailed macaque parasites in each
locus, hybridisation process may have occurred for adaptation pur-
poses.
Previous studies by Ahmed et al. (2018) on East Malaysia and Pe-

ninsular Malaysia P. knowlesi isolates, and Saralamba et al. (2018) on P.
malariae isolates in Asia and Africa regions, noted high genetic differ-
entiation value in both studies. These results can be attributed to geo-
graphical distance. In the present study, high FST value was noted for
Peninsular Malaysia, whereas Ahmed et al. (2018) reported a high
genetic differentiation value in East Malaysia. These results suggest that
the transmission activity is restricted within a particular area, given the
limited ability of the Anopheles vector to travel continuously by air from
one to the other side of Malaysia. Even though a human host can travel
from one region to another easily, the moving frequency of this host is
not sufficiently high to affect the transmission activity level of P.
knowlesi from different clones within these two areas. Since there is no
specific analysis on Anopheles vector to confirm that the transmissions
were in the monkey−mosquito−human direction, it is also possible
that the transmission occurred via the human−mosquito−human
vector. Further studies are thus needed to test this hypothesis. However,
it is challenging to perform this type of study due to extensive ethical
issues that have to be considered.
Higher LD value in human P. knowlesi-infected samples may be at-

tributed to several factors, including low inbreeding activity within P.
knowlesi in Peninsular Malaysia. The level of diversity may also be af-
fected by the vectors' biting preferences, as Tan et al. (2008) found that
P. knowlesi vectors are more attracted to monkeys. Another possibility is
that P. knowlesi that has successfully multiplied in the human host
might have undergone some selection, hence generating a parasite
population with a limited genotype. The index of association levels of P.
knowlesi human and long-tailed macaque isolates obtained in our study
are much lower than those reported by other authors (Abdullah et al.,
2013; Anthony et al., 2005; Divis et al., 2015; Razak et al., 2016),
suggesting high transmission level of different P. knowlesi genotypes
into the population, thus allowing genetic recombination of different
long-tailed macaque blood samples to occur in the Anopheles vectors.
However, since the number of single-infected P. knowlesi macaque

isolates in this study is small despite the large sample size, the results
obtained in this study, such as the number of alleles characterised,
might not be representative of the whole population. We also managed
to isolate a small sample size from the lower-endemicity area. While
this is actually representative of the endemicity of the area itself (which
has a low malaria incidence), a much greater number of samples needs
to be collected to better represent the genetic characteristics of the
population as a whole.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.meegid.2019.103952.
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