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Abstract

Project Code : RSA5980054
Project Title : Nonhuman primate malarias in pig-tailed and long-tailed macaques and their
transmission to humans in Thailand
Investigator : Associate Professor Dr. Chaturong Putaporntip
Department of Parasitology, Faculty of Medicine, Chulalongkorn University
E-mail Address : p.chaturong@gmail.com
Project Period : 3 years

Cross-species transmission of simian malaria from monkeys to humans has been an
important emerging zoonotic disease and may complicate nation-wide malaria elimination policy. Of
these, Plasmodium knowlesi has been known to be incriminated in significant morbidity and
mortality among Southeast Asian countries. To investigate whether other simian malaria species
can pose an important risk for naturally acquired infections in Thailand, surveys of these malaria
parasites in malaria patients, in macaque natural hosts and potential anopheline mosquitoes were
performed. Of the 3,054 febrile patients examined, 1,336 harbored malaria parasites in their
circulation as detected by microscopy and PCR method. Plasmodium vivax was the most prevalent
species (59%), followed by Plasmodium falciparum (38.83%) and mixed infection by Plasmodium
falciparum and Plasmodium vivax (2.17%). By using newly developed species-specific nested PCR
methods in this study, four vivax malaria patients harbored cryptic simian malaria infections. Two of
these were infected with P. knowlesi and one each with Plasmodium cynomolgi or Plasmodium inui.
Therefore, this is the first study to identify naturally acquired infections in humans with the latter
two simian malaria species in Thailand. Meanwhile, long-tailed and pig-tailed macaques inhabit a
wide range of geographic locations in this country and are natural hosts for some malaria parasites
capable of causing disease in humans. However, assessment of Plasmodium infections among
these macaques remains largely unknown. In this study, the prevalence of simian malaria in pig-
tailed and long-tailed macaques was determined in Narathiwat Province. By using PCR detection, a
high prevalence of Plasmodium inui was found in long-tailed macaques (57.14%) and pig-tailed
macaques (39.95%), followed by Hepatocystis spp., Plasmodium cynomolgi, Plasmodium knowlesi,
Plasmodium coatneyi and Plasmodium fieldi, respectively. To further determine whether malaria in
macaques occurred transiently or persistently which has important implication in disease
transmission, longitudinal monitoring of simian malaria was performed in 20 pig-tailed macaques
and 3 long-tailed macaques. Despite a low prevalence of simian malaria in these macaques based
on a cross-sectional survey, persistent infections have been observed among these infected
macaques. Therefore, these macaques can maintain transmission cycles as well as potential cross-
transmission between macaques and humans. Importantly, population expansion was observed
among long-tailed macaques in Thailand based on mismatch distribution analysis of the
mitochondrial sequences. Furthermore, phylogenetic network analysis of human-derived and
macaque-derived apical membrane antigen-1 (AMA1) sequences of P. knowlesi in Thailand has
suggested two potential modes of transmission, i.e. a previously perceived cross-transmission from
macaque natural hosts to humans and the other anthroponotic transmission. Surveys of potential
anopheline vectors for simian malaria in Narathiwat Province have revealed for the first time that
Anopheles dirus and Anopheles maculatus could serve as potential vectors for Plasmodium
knowlesi, Plasmodium cynomolgi and Plasmodium inui. Taken together, the prevalence of simian
malaria in macaque natural hosts, the abundance of potential anopheline vectors and the
emergence of various simian malaria species in humans suggest that the transmission cycles
within macaques and between macaques and humans have been ongoing in Thailand.

Keywords : primate malaria, macaques, transmission, molecular detection, vectors



INTRODUCTION

Plasmodium knowlesi is one of the six Plasmodium species naturally infecting humans
(Coatney et al. 1971; Sutherland et al. 2010). The main natural hosts of P. knowlesi are pig-tailed
(Macaca nemestrina) and long-tailed macaques (M. fascicularis) whose habitats occupy the forests
and forest fringes of Southeast Asia (Coatney et al. 1971). The first naturally acquired P. knowlesi
infection in human was reported in 1965 in which definite diagnosis required experimental
inoculation of the patient’s blood to other hosts (Chin et al. 1965). Limitation of diagnostic
microscopy for P. knowlesi in blood smears stems from morphological resemblance of ring stages
with those of P. falciparum and the band-shape trophozoites with those of P. malariae. It was not
until 2004 that human infections with this simian malaria were identified in Malaysian Sarawak
(Singh et al. 2004) and Thailand (Jongwutiwes et al. 2004) by means of molecular diagnosis.
Thereafter, several hundreds of human cases were reported from almost all Southeast Asian
countries including Nicobar Islands of India in Andaman Sea (Millar and Cox-Singh 2015; Tyaqi et
al. 2013). However, high prevalence of infections caused by this parasite has been observed in
Sarawak and peninsular Malaysian, accounting for about half of malaria cases in these areas
(Singh et al. 2004; Vythilingam et al. 2008). In Thailand, P. knowlesi can be detected in several
major malaria endemic areas at relatively low prevalence (Jongwutiwes et al. 2004; Putaporntip et
al. 2009; Jongwutiwes et al. 2011). The distribution of P. knowlesi seems to overlap these
macaque habitats leading to an assumption of zoonotic transmission of this simian malaria (Fooden
1994). However, our recent analysis of the polymorphic merozoite surface protein 1 (MSP-1) locus
has shown that the number of haplotypes, haplotype diversity, nucleotide diversity and
recombination sites of human-derived isolates remarkably exceeded that of monkey-derived
sequences while phylogenetic networks displayed a character pattern that could have arisen from
the presence of two independent routes of P. knowlesi transmission, i.e. from macaques to human
and from human to humans in Thailand (Putaporntip et al. 2013). However, the effects of sampling
process could not be entirely excluded because the number of samples included in the analysis
was limited and the possibility of differential selective pressure on MSP-1 exerted by different host
species could influence the extent of molecular diversity indices, complicating the interpretation of
the phylogenetic networks. Therefore, inclusion of more P. knowlesi isolates from both humans and
macaques along with analysis of other genetic loci including neutrally evolving genetic markers are
mandatory to elucidate the transmission pattern of this important simian malaria. If two modes of
transmission would de facto occur in Thailand, awareness of potential risk of acquiring knowlesi

malaria in this country will need to be reconsidered.



Although P. knowlesi infections in macaque natural hosts usually do not cause overt
ailments, infections in humans result in febrile symptoms, resembling those caused by other human
malaria species. More importantly, severe knowlesi malaria that can be fatal akin to those caused
by infection with P. falciparum has highlighted the virulence of this simian malaria (Cox-Singh et al.
2008). Meanwhile, almost all severe or fatal knowlesi malaria cases were reported among patients
in high prevalent areas of peninsular Malaysia and Sarawak (Cox-Singh et al. 2008; William et al.
2011). However, knowlesi malaria complicated by acute renal failure has been diagnosed in a Thai
man and a German traveler to Thailand (Nakaviroj et al. 2015; Orth et al. 2013). Therefore, early
definite diagnosis of knowlesi malaria is important for vigilance of potential complications that may
ensue regardless of endemicity of this simian parasite. On the other hand, longitudinal
epidemiological surveillance of this parasite provides informative data for risk assessment of
acquiring the infection in certain endemic areas.

Besides P. knowlesi that can be naturally transmitted from macaques to humans, P.
cynomolgi and P. inui reportedly can establish infections in humans under laboratory conditions
(Coatney et al. 1971). Importantly, a recent report has revealed that P. cynomolgi has been
identified as a causative agent of symptomatic malaria in a Malaysian patient (Ta et al. 2014),
indicating that this macaque malaria could be cryptically transmitted to human under natural
transmission. Failure to detect P. cynomolgi in human blood samples in several previous studies
could be due to cross-hybridization of P. vivax-derived primers with the orthologous sequence of
this simian malaria (Ta et al. 2014). To date, it remains to be explored whether these nonhuman
primate malarias closely related with P. vivax could be naturally infective to humans. Knowledge on
definite species of pathogens is important for understanding transmission dynamics, pathogenesis,
symptomatology, proper therapeutic intervention and preventive measures.

Both long-tailed and pig-tailed macaques are populated in Southeast Asia (Fooden 1995).
In Thailand, particularly southern region, a number of long-tailed and pig-tailed macaques have
been kept as pets and used for coconut- and stink bean (Parkia speciosa)-picking. Therefore, the
presence of animal reservoirs of P. knowlesi in close vicinity of human habitats with abundant
potential mosquito vectors can undoubtedly maintain transmission cycle of simian malaria. If
macaques undergo population expansion, the number of reservoirs of P. knowlesi will increase
accordingly, resulting in a more threat of infection to humans who live in close vicinity or within the
flight range of anopheline vectors. Therefore, information on the interaction between population
growth/decline of reservoir hosts and the pathogens carried by them will lead to a better

understanding of disease transmission and potential risk to humans.



Natural mosquito vectors of P. knowlesi in peninsular Malaysia are An. hackeri (Wharton
and Eyles 1961), An. maculatus (Vythilingam et al. 2014) and An. cracens (Jiram et al. 2012)
whereas An. dirus in Vietnam reportedly harbored messenger RNA transcript of P. knowlesi
circumsporozoite protein (Marchand et al. 2011), suggesting its role as a vector of this parasite. It
is noteworthy that mosquito vectors of P. knowlesi belong to members of the leukosphyrus group
that are prevalent in Southeast Asia; thereby, P. knowlesi can be maintained in this region.
However, knowledge on species of vectors for P. knowlesi in Thailand remains elusive. If the
vectors are shared between P. knowlesi and other human malaria species, preventive and control
measure through reduction in their breeding places could simultaneously control all human malaria
species. On the other hand, if the breeding places of P. knowlesi vectors differ from others, specific
intervention may be required. Meanwhile, when vectors are shared among malaria parasites, non-
entomological control measures of one species could benefit other species to occupy the same
ecological niche; thereby, reciprocal changes of species distribution in hosts could occur (Mandal et
al. 2013). Therefore, knowing malaria vectors undoubtedly forms a basis for preventive and control
measures.

Taken together, despite available reports on molecular epidemiology of P. knowlesi in
macaques and humans in Thailand, fundamental questions remain concerning many aspects of
nonhuman malaria: Can other nonhuman malaria parasites closely related with P. vivax, especially
P. cynomolgi and P. inui, be infective to humans under natural transmission? Does P. knowlesi
persistently circulate among major malaria endemic areas of Thailand? Does nonhuman primate
malaria undergo population change (expansion/decline) along with their reservoir hosts (pig-tailed
and long-tailed macaques)? What species of anopheline mosquitoes serve as the vectors of P.
knowlesi? Knowledge in these areas is essential for understanding the dynamic of nonhuman
primate malaria transmission to humans leading to proper preventive measures.

Significance and historical aspects

Malaria is a scourge of mankind that has been perceived since pre-historical period
(Poolsuwan 1995; Sallares 2001). To date, malaria remains and inflicts hundreds of million people
annually. It is also a leading cause of mortality worldwide, particularly among children in Sub-
Saharan Africa (WHO 2014). Before the turn of this century, four species of the genus Plasmodium
are known to be the causative agents of human malaria (Bruce-Chwatt 1968). However, application
of molecular data has delineated six distinct Plasmodium species infecting humans: (i) P.
falciparum, the most prevalent and most virulent species, (ii) P. vivax, the most widespread species

with notoriously relapsing behavior, (iii) P. malariae, the species of which chronic exposure



incriminating in quartan nephrotic syndrome, (iv, v) P. ovale that has been recently verified
genetically to contain two cryptic species, i.e. P. ovale curtisi and P. ovale wallikeri (Sutherland et
al. 2010), and (vi) P. knowlesi, a zoonotic malaria parasite causing quotidian fever (Chin et al.
1965) and at times culminating in life-threatening infections (Cox-Singh et al. 2008).

The first person who recognized P. knowlesi as a distinct malaria species from other
nonhuman primate malaria parasites is Franchini in 1927 (Coatney et al 1971). However, detailed
morphological description and speciation were reported in 1935 by Mulligan (Mulligan 1935). The
species was named in honor of Dr. R. Knowles who, with Das Gupta, demonstrated that P.
knowlesi could establish symptomatic infection in humans a few years earlier (Coatney et al. 1971).
The complete asexual erythrocytic cycle of P. knowlesi takes approximately 24 hours. In thin blood
films, the ring stages of P. knowlesi may possess an accessory chromatin dot reminiscent to
double chromatin ring form of P. falciparum whereas characteristic band-shaped trophozoite of P.
malariae can be found in asexual erythrocytic stages of P. knowlesi (Chin et al. 1965). Therefore,
routine microscopic detection of parasites in blood smears usually cannot provide definite diagnosis
of P. knowlesi. Before antibiotic era, induction of febrile symptoms by inoculation of blood stage
malaria parasites was performed for the treatment of neurosyphilis, formerly referred to as ‘general
paresis of the insane’ (Wagner-Jaurregg, 1922). Besides P. vivax and P. malariae, P. knowlesi was
also used as a therapeutic pyrogen in 1935 (van Rooyen and Pile, 1935). The first naturally
acquired P. knowlesi malaria in human was reported three decades later in a 37-year-old American
army officer stationed in a jungle of peninsular Malaysia. Diagnosis was made on the basis of
parasite morphology, consistent quotidian periodicity after the patient’s blood passages to human
volunteers and lethal outcomes after inoculation of the blood samples to rhesus monkeys (Chin et
al. 1965). In 1971, a presumptive case of naturally acquired human infection with P. knowlesi in
Malaysia was reported based on structure of parasites in blood smear and serology (Fong et al.
1971). Later on, despite attempts on searching for knowlesi malaria in humans by the American
research teams, none was detected.

Epidemiology

With the advent of polymerase chain reaction (PCR)-based detection of human malaria, a
large focus of human infections with P. knowlesi in Malaysian Sarawak was reported in 2004
revealing that almost half of malaria parasites circulating in the study community belonged to this
species (Singh et al. 2004). Concurrently, the first naturally acquired infection in a Thai patient was
published in the same year (Jongwutiwes et al. 2004). Thereafter, knowlesi malaria in humans has

been identified from mainland Malaysia, Singapore, Indonesia, Philippines, Myanmar, Vietnam,



Cambodia and Nicobar Islands as either case reports or epidemiological surveys (Millar and Cox-
Singh 2015; Tyaqi et al. 2013). Importantly, P. knowlesi cases have been reported among travelers
from Australia, Finland, France, Germany, Japan, the Netherlands, New Zealand, Scotland, Spain,
Sweden and Taiwan after visiting Southeast Asian countries (Millar and Cox-Singh 2015). In
Thailand, P. knolwesi accounts for approximately 0.5% of human malaria cases (range 0.48% to
0.67%) and circulates in all major malaria endemic areas including Tak, Lampang, Chantaburi,
Prachuab Khirikhan, Pang-Nga, Ranong, Yala, and Narathiwat Provinces (Putaporntip et al. 2009;
Jongwutiwes et al. 2011; Putaporntip et al, unpublished). A retrospective study has revealed the
presence of P. knowlesi in blood samples collected in Tak in 1996 (Jongwutiwes et al. 2011).
Thereafter, the prevalence of P. knowlesi in Thailand has not been extensive explored.

Clinical presentations

Invasion of P. knowlesi merozoites into erythrocytes require Duffy antigen receptor for
chemokine (DARC) but not reticulocyte receptor; thereby, parasite density in circulation can be
highly variable ranging from submicroscopic level to several hundred thousand parasites per
microliter of blood (Miller et al. 1975; Chitnis et al. 1996). The periodic fever pattern of knowlesi
malaria occurs every 24 hours, known as quotidian fever, coinciding with complete asexual
erythrocytic development period. Most of infected cases have uncomplicated malaria symptoms
characterized by fever and chills, cephalgia, rigors, malaise, myalgia, cough, nausea, vomiting,
abdominal pain and diarrhea akin to other malaria attacks. However, about 9 — 12 % of cases
progress to severe complications including acute renal injury, jaundice, hypotension, lactic acidosis,
acute and late onset respiratory distress syndrome, severe anemia and hyperparasitemia (more
than 100,000 parasites per microliter). Although cerebral malaria has not been documented in
knowlesi malaria, the mortality rate of knowlesi malaria is about 1.7 — 1.9 % of P. knowlesi-infected
individuals or accounting for 14.3 — 20% of complicated cases (Daneshvar et al. 2009; Ahmed et
al. 2014). Most of the patients with severe complications and mortality occurred in Malaysian
Borneo, the highest endemic area for knowlesi malaria. However, it is interesting to note that acute
renal failure with hypotension has recently reported in a Thai patient who acquired the infection
around the forest fringe of Chantaburi Province bordering Cambodia (Nakaviroj et al. 2015).
Likewise, a German traveler to Thailand who stayed most of the time in Phuket developed acute
renal injury (Orth et al. 2013). Therefore, knowlesi malaria in Thailand can be severe, albeit being
relatively low prevalence.

Emergence of another nonhuman primate malaria P. cynomolgi in human




Although both P. knowlesi and P. cynomolgi seem to be the most phylogenetically related
species with P. vivax (Escalante and Ayala 1994), the latter species is biologically more related in
terms of asexual blood stage morphology, duration of asexual erythrocytic development, alteration
in infected erythrocyte dimension with mature asexual stages, the presence of Schuffner’s dots in
infected erythrocytes and the presence of hypnozoites in hepatocytes responsible for relapse
(Coatney et al. 1971). In 1960s, a number of human infections (more than 50) with P. cynomolgi
under accidental or experimental inoculations of infective anopheline mosquitoes or blood
passages have been recorded. Most of the infected cases developed uncomplicated malaria
symptoms and the infections could be transmissible between monkeys to humans, humans to
humans and humans to monkeys. However, attempt to search for naturally acquired P. cynolmogi
infections in Malaysia Peninsula during 1960s failed to detect any positive cases (Coatney et al.
1971). Very recently, a case of naturally acquired infection with this simian malaria was reported in
39-year-old Malay woman who developed non-specific febrile illness with low parasite density.
Definite diagnosis was based on the type A 18S rRNA sequence consistent with that of P.
cynolmogi (Ta et al. 2014). It is noteworthy that the diagnostic primers widely used for P. vivax
detection developed by Snounou et al (Snounou et al 1993) could cross-hybridize with this isolate,
leaving a possibility of underestimation of this simian malaria with this diagnostic method.
Meanwhile, P. inui, another quartan malaria parasite could be infective to humans under
experimental conditions by blood passages and infective mosquito bites (Coatney et al. 1971).
Therefore, it is likely that natural transmission of P. inui in humans should be possible. Although P.
inui can establish infections in humans, symptoms are not severe and parasitemia is relatively low.
Importantly, long-term infection of rhesus macaques could result in membranoproliferative
glomerulonephritis similar to what has been observed in late complication of chronic malariae
malaria (Nimri and Lanners 2014). To date, naturally acquired inui malaria in human has not been
reported.

Malaria in macaque populations

At least 26 Plasmodium species are known to circulate among nonhuman primates
(Coatney et al. 1971). Of these, eight Plasmodium species found in Southeast Asian macaques
containing P. fragile, P. knowlesi, P. coatneyi, P. inui, P. hylobati, P. simiovale, P. fieldi and P.
cynomolgi are phylogenetically closely related with P. vivax (Escalante and Ayala 1994), a
relapsing human malaria parasite. The main natural hosts of P. knowlesi are long-tailed or crab-
eating (M. fascicularis) and pig-tailed macaques (M. nemestrina) while leaf monkeys (Prebytis

melanophos and some other species) could serve as minor reservoirs. Both pig-tailed and long-



tailed macaques are also hosts for other nonhuman primate malaria transmissible to humans, i.e.
P. cynomolgi and P. inui (Coatney et al. 1971). The prevalence of malaria in monkeys in Thailand
exhibits geographic variation with relatively high infection rates in southern region where P. inui was
found in 36.3% and 38.9% whereas P. knowlesi was found in 2.3% and 5.6% of infected pig-tailed
and long-tailed macaques, respectively. Mixed species malaria infections were not uncommon
among macaques (Seethamchai et al. 2008; Putaporntip et al. 2010). Because malaria in naturally
infected macaques usually does not contribute to symptomatic illness; thereby, therapeutic
intervention has never been applied. In this regard, it remains unknown how persistence of malaria
infections can be in these natural hosts. Meanwhile, the versatile abilities of macaques to thrive in
human-altered environments have made them the most prevalent non-human primate species in
Asia. Furthermore, cultural beliefs and religions in Southeast Asia have facilitated close interaction
between humans and macaques leading to potential cross-transmission of pathogens between
these hosts. In Thailand, both macaque species seem to be populated and many of them are
reared as pets and sometimes used for coconut- and stink bean (Parkia speciosa)-picking,
especially in southern areas of the country. It is therefore likely that these natural reservoir hosts of
P. knowlesi and other nonhuman primate malaria are expanding. Intriguingly, when these reservoirs
undergo population expansion, malaria circulating in these hosts would behave in a similar fashion
unless being limited by other factors. Understanding the dynamics of population changes among
reservoir hosts as well as their infecting malaria parasites has significance implication concerning
disease transmission to humans (Levin et al. 1999).

Apical membrane antigen 1

During intraerythrocytic asexual development, malaria parasites express a number of
antigens on the surface of infected erythrocytes, the merozoite surface prior to schizont rupture and
free merozoites. Of these, some proteins have been implicated in erythrocyte invasion, most of
which are merozoite surface proteins (e.g., apical membrane antigen 1 or AMA1, erythrocyte
binding antigen 175 or EBA-175 and merozoite surface protein 1 or MSP1); thereby, these proteins
are considered to be attractive vaccine targets (Cowman and Crabb 2006). AMA1 is a prime
vaccine candidate antigen because antibodies against AMA1 could block merozoite invasion of
erythrocytes and conferred protection against challenge infections in experimental immunization in
animal models (Remarque et al. 2007). AMA1 is a type | integral membrane protein with 8 disulfide
bonds forming three ectodomains (domains I-lll) (Healer et al. 2004; Howell et al. 2003). It is
synthesized as a 83-kDa precursor protein found most abundantly in micronemes during late

schizogony and proteolytically processed to a 66-kDa form prior to relocalisation to the surfaces of



mature merozoites (Bannister et al. 2003; Howell et al. 2001). Recent studies have shown that the
interaction between AMA1 and rhoptry neck protein 2 (RON2) is crucial for moving junction
formation preceding merozoites invasion into erythrocytes. Inhibition of the binding process of these
molecules could disrupt the host cell invasion process (Tonkin et al. 2011). AMA1 exists in all
malaria species and exhibits sequence diversity among isolates; thereby, single nucleotide
polymorphisms (SNPs) in this locus can be used as a good genetic marker to track parasite
populations.

Mosquito vectors

Species of anopheline mosquito vectors of human malaria are diverse and display
geographic variation. The main vectors of P. knowlesi are diverse mosquito members of the
Anopheles leucosphyrus group that are prevalent in Southeast Asia. In 1961, Wharton and Eyles
discovered that Anopheles hackeri is a natural vector of P. knowlesi in Malaysia (Wharton and
Eyles, 1961). Subsequent studies have shown that An. vagus, An. sinensis, An. introlatus, An.
maculatus, An. kochi, An. balabacensis and An. quadrimaculatus are susceptible to infections while
oocysts of this simian malaria could develop in the midgut of An. annularis, An. atroparvus, An.
aztecus, An. freeborni, An. labranchiae and An. stephensi in laboratory studies (Coatney et al.
1971). Recent field studies reveal that An. balabacensis and An. latens serves as the vector for P.
knowlesi in Sabah (Collins et al. 1967) and Sarawak (Tan et al. 2008), respectively. In peninsular
Malaysia, An. maculatus (Vythilingam et al. 2014) and An. cracens (Jiram et al. 2012) were the
predominant vectors. Meanwhile, the primary vector for knowlesi malaria in southern Vietnam was
An. dirus (Marchand et al. 2011), in which several species of human malaria, i.e. P. falciparum, P.
vivax and P. malariae could co-exist in the same mosquitoes, leading to a possibility of co-infection
in humans upon infective bites (Maeno et al. 2015). Nevertheless, mosquito feeding behavior and
host preference could further determine the transmission cycle of P. knowles (and other nonhuman
primate malaria transmissible to humans) as well as host switch from macaques-to-macaques,
macaques-to-humans and humans-to-humans. In Thailand, Anopheles dirus, An. maculates and An.
minimus are considered to be primary vectors of P. falciparum and P. vivax (Harrison 1980). There
remains a key gap in knowledge of the main vector for P. knowlesi in Thailand, an issue that
requires active investigation not only for understanding disease transmission cycle but for

preventive measures guided by information on entomology.



OBJECTIVES

1. Determine the status of nonhuman primate malaria (P. knowlesi, P. cynomolgi and P.
inui) in humans among major malaria endemic areas of Thailand.

2. Longitudinally monitor the occurrence of malaria in pig-tailed and long-tailed macaques
in southern Thailand.

3. Analyze potential transmission cycles of P. knowlesi between hosts by phylogenetic
analysis of the apical membrane antigen 1 sequences of P. knowlesi (and other
honhuman primate malaria if detected) derived from humans comparing with those
derived from macaque natural hosts.

4. Assess demographic transition (population changes in terms of growth or decline) of
malaria and their respective pig-tailed and long-tailed macaque natural hosts.

5. Identify the potential vectors of P. knowlesi, P. cynomolgi and P. inui in southern

Thailand where infected macaques are prevalent.

RESEARCH METHODOLOGY

1. Malaria in humans

Study Populations: Human blood samples, either finger-pricked or venous blood, were obtained
from individuals who attend malaria clinics or district hospitals in endemic areas after ethical
clearance and obtaining informed consent. The study sites include Tak, Ubon Ratchathani,
Chantaburi and Yala/Narathiwat Provinces as shown in Figure 1. This study was approved by the
Institutional Review Board of the Faculty of Medicine, Chulalongkorn University.

Diagnosis of malaria by microscopy and PCR: Thick and thin blood smears are stained with
Giemsa solution. Malaria diagnosis by microscopy was performed by experienced microscopists
blinded to the results of PCR detection. For each slide, the thick blood film was examined for at
least at least 200 leukocytes and the thin blood film for at least 200 microscopic fields, using x100
objective. performance prior to large scale application. For molecular diagnosis, DNA was extracted
from the 200 pL of blood by means of a Qiagen DNA Mini Kit. Plasmodium species were identified
by nested PCR using Plasmodium genus—specific outer primers derived from the mitochondria
gene as listed in Table 1. Thirty-five and 25 cycles (94°C for 40 s, 55°C for 30 s, and 72°C for 1
min) were performed for the primary and nested PCR, respectively. The PCR products were
separated in 1% and 2% agarose gels for primary and nested PCR, respectively; stained with

ethidium bromide; and visualized under a UV light



2. Malaria in macaques

Study Population: Monkey blood samples were obtained from Narathiwat province in southern
Thailand during October 2017 — October 2019. The areas of capture were located in forest areas
of 3 districts (Chanae, Waeng and Sukhirin) as indicated on the map in Figure 2. Venous blood
sample about 1-2 mL was collected from each animal either preserved in EDTA for DNA analysis
and/or as fresh blood for determination of Duffy’s blood group phenotypes. This study was
reviewed and approved by the Institutional Review Board of Faculty of Medicine, Chulalongkorn
University. A subset of 10 randomly chosen malaria positive domesticated monkeys diagnosed by
PCR were followed every 4 months within two years period and blood samples were collected

accordingly; thereby, a total of 6 blood samples from each subject were obtained.

Tak
Ubon Ratchathani

* Chanthaburi

Narathiwas
Yala

Figure 1. Map of Thailand showing locations of the sample-collection sites in northwestern (Tak
Province), northestern (Ubon Ratchathani Province), southern (Yala and Narathiwat Provinces),

and eastern (Chanthaburi Province) areas.



Confirmation for the presence of Plasmodium cynomolgi and Plasmodium inui: Blood
samples give positive tests for Plasmodium cynomolgi or Plasmodium inui, additional PCR
amplification targeting mitochondria genes were performed. Results from DNA sequencing by a
subcloning of the PCR-amplified products were compared with the respective sequences available

in the GenBank database.

Table 1 Nested PCR detection of Plasmodium.

annealing
amplicon
Primer name nucleotide sequence (5' -> 3') parasite targeted temperature
length (bp)
(°0)
primer (outer primers)
PMTFO.2 CTTTTAACGCCTGACATGGATGGATAATACTCG Plasmodium spp. 55 1470
PMTRO.2 TCTGGATAATCAGGAATACGTCTAGGCATTAC
primer (inner primers)
PCYMTF1 CCAAGCCTCACTTATTGTTAATTTATTTTT Plasmodium cynomolgi Type | 55 314
PCYMTR-V CTGGAGAACCACATAAAATTGGTAAAAAA
PCYMTF1.2 CTTATTGTTAATTATATATTGTATTATATATTTTTTG Plasmodium cynomolgi Type |l 55 321
PCYMTR-V CTGGAGAACCACATAAAATTGGTAAAAAA
PKMTF1 TCATATCCAAGCCTCATTTATGATTTATTT Plasmodium knowlesi 55 308
PK2ZMTRO GAACCGCATAAAATTGGTAGAAAATAATTACCG
PIMTF1 GCCTCACTTATTATTTATTATATTTTCTTTG Plasmodium inui 55 331
PIMTR1 TTCTTGGATATGCAAGTTCTGAG
PCOMTFO GCCTCACTTATAATTAATTTATATTTATTTTTTTTTITG Plasmodium coatneyi 55 324
PCOMTRO GTTCTGGAGAACCACATAAAATTGGTAGA
PFI2ZMTFO CCAAGCCTCACTTATTATTAATTATATTTTTTITTTG Plasmodium fieldi 55 325
PCYMTR-V CTGGAGAACCACATAAAATTGGTAAAAAA
HEPMTFO CTGTATGGATTCTATCTTACTTATTCATAATC Hepatocystis 55 340

HEPMTRO GTTATTAATGAATATCTATTTAAAACAATAAA
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Figure 2. Map of Thailand showing monkey sampling sites in Narathiwat Province.

Microscopy detection: Aliquots of fresh blood samples were used for both thin and thick blood
film preparations, followed by staining with 10% Giemsa solution. Malaria parasites were examined
in at least 200 fields with an Olympus BX51 light microscope (Center Valley, PA) at a magnification
of 1000.

DNA extraction: DNA was extracted from 0.2 mL of EDTA-blood samples by using the QlAamp
DNA Mini Kit (Qiagen, Hilden, Germany). The DNA purification procedure was essentially as
described in the manufacturer’s instruction manual. Purified DNA was dissolved in TE buffer (10
mM Tris-HCI, 1 mM EDTA, pH 8.0) and stored at -20°C to further use.

Detection of malaria by nested PCR: Diagnosis of malaria was performed by nested PCR
targeting the mitochondria gene of primate malaria species. The outer primers were derived from
pan-Plasmodium-specific sequences and inner primers from species-specific regions for
Plasmodium knowlesi, Plasmodium cynomolgi, Plasmodium inui, Plasmodium fieldi, Plasmodium
coatneyi and Hepatocystis spp. Thermal cycler profiles were essentially as described previously
(Putaporntip et al., unpublished data). DNA amplification was performed by using a Gene-Amp 9700
PCR thermal cycler (Applied Biosystems, Foster City, CA) and ExTag DNA polymerase (Takara, Shiga,



Japan). When inner primers yielded negative results in the presence of positive PCR products
generated from outer PCR primers, DNA sequence was performed from the purified primary
amplified fragments to determine species by using BLAST server.

Sequencing of mitochondrial DNA: The mitochondrial cytochrome b of long-tailed and pig-tailed
macaques spanning about 1 kb were amplified by PCR and sequenced. Sequences were obtained
by a series of forward and reverse primers. Isolates with mixed electropherogram signals were

excluded.

3. Malaria in mosquito vectors

Mosquito collection: The study site was a forest fringe near Hala-Bala Wildlife Research Station
in Narathiwat Province during March 2018 to November 2019 where P. knowlesi-infected
macaques have been previously identified and naturally acquired knowlesi malaria in humans
occurred in vicinity. The areas surrounding the study site have never been the target of casualty;
thereby, these sites were selected because of safety reasons. Mosquitoes were collected by using
human landing catch, cattle-bait collection, monkey-bait collection, and CDC light trap method
(Table 2). After taking macaques’ blood meals, mosquitoes resting at the inner side of the net were
caught by using glass tubes and kept in insect collecting bottles. Before preservation in absolute
ethanol, preliminary species identification of individual mosquito were performed on the basis of
morphology under dissecting microscope. Female anopheline mosquitoes were dissected for
salivary glands, midguts and ovaries and these were examined by microscopy for sporozoites,
oocysts and parity, respectively. Salivary glands from each mosquito were preserved in absolute
ethanol for subsequent DNA extraction. Mosquito collections were performed starting from dusk
(18.00) till dawn (6.00) with monthly average collection effort ranging between 5 and 10 person-
nights per month over 24 month period. Mosquito collectors are local staff at Hala Bala Wildlife
Research Station or native people who usually expose to mosquito bites in daily living
environments. All mosquito collectors were trained for mosquito catching. For safety reason, these

field workers were regularly screened for malaria and treated appropriately if infected.



Table 2 Distribution of mosquito sampling sites and collection period

Collection period

No Province Location
Mar - Apr 18 Jul - Aug 18 Jan - Feb 19 Nov - Dec 19

1 Narathiwas Hala Bala Wildlife Research Station u 0 U -

2 Narathiwas Hala Bala Wildlife Sanctuary O U 0 a

4 Narathiwas Ban Lu Po Pae Lochut, Waeng District U U 0 O

5 Narathiwas Moo 8 Ban Sa wor Lochut, Waeng District U U 0 O

6 Narathiwas Moo 4 Ban Je Dong Lochut, Waeng District U U N =

7 Narathiwas Moo 5 Ban Bala Lochut, Waeng District U u 0 -

9 Narathiwas o, 55 Moo 8 Ban Sa wor Lochut, Waeng District U g U

10 Narathiwas O O ad 0

Moo 2 Phukhao Thong, Sukhirin District

Molecular detection of malaria and identification of mosquito species: DNA of each female

anopheline mosquito were used as templates for PCR-based detection of primate malaria targeting

18S rRNA gene. Amplification of Plasmodium mitochondrial and anopheline 18S rRNA from
positive samples were done using respective primers in separate reactions and sequenced.
Definite species identification of mosquito and malaria parasites were verified by sequence

comparison with known species available in the GenBank database.

4. The apical membrane antigen 1 sequences

Subjects and samples: Twenty-four P. knowlesi-positive blood samples from humans and

macaque natural hosts (12 each) were included for analysis. Seventy P. inui samples and 9 P.

cynomolgi isolates were obtained from naturally infected macaques in Southern Thailand. The 18S

nested PCR specific for each of these malaria species were deployed to reaffirm these simian

malaria parasites.

DNA preparation: Genomic DNA was extracted from 200 ul of malaria positive blood samples by

using a QIAGEN DNA minikit (Hilden, Germany). Procedures of DNA preparation followed

essentially the manufacturer’s instruction.

PCR ampilification: The PCR primers of the AMA1 genes were designed based on available

AMA1 genes from P. vivax (GenBank accession number L27504), P. knowlesi (XM_002259303), P.

cynomolgi (X86099) and P. inui (XM_008817929). Forward primers were derived from the

5’'uptream sequence before the start codon of each gene and reverse primers were from the 3’



noncoding sequence after the stop codons. Genomic DNA of each malaria sample was used as
template for PCR amplification. The PCR products were be analyzed by 1% agarose gel
electrophoresis, stained with ethidium bromide and imaged under a UV transilluminator. The PCR
products encompassed the complete or near complete coding sequences of PKAMA1 (1,689 bp)
from humans and macaques as well as PcyAMA1 (1686 bp) and P. iui AMA1 (PiAMA1) (1686 bp).
Purification of PCR-amplified products was done by using QIAquick PCR purification kit following
the manufacturer’s protocol.

Cloning of samples with mixed alleles: The PCR products that generate superimposed
electropherogram signals were reamplified using the same amplification conditions. The positive
PCR products were excised from agarose gel, purified by using QlIAquick Gel purification kit
(Qiagen) and ligated into pGEM-T-Easy Vector (Promega, Madison WI, USA). After incubation at
4°C for overnight, the reaction mixture was precipitated, dissolved in 10 pl of double-distilled water
and transformed into Escherichia coli strain JM109. Positive recombinant clones were determined
by plasmid minipreparation. Recombinant plasmid containing the AMA1 gene was purified and
used as templates for sequencing. At least 20 recombinant clones were prepared for each PCR-
amplified sample.

DNA sequencing: All PCR amplified AMA1 genes of P. knowlesi, P. cynomolgi and P. inui were
used as templates for sequencing. DNA sequences were determined directly and bi-directionally
from these PCR-purified templates. When sequencing results were unreadable or possessing
superimposed signals suggestive of mixed templates, sequences were determined from
recombinant plasmid templates. Because the number of mixed alleles could be variable, at least 10
recombinant subclones of each sample were sequenced. Sequencing was performed on an
ABI3100 Genetic Analyzer using the Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA).

5. Statistical analysis

The prevalence of malaria infections in humans, macaques and mosquitoes were
determined and expressed in percentage. Detection of natural selection in the AMA1 locus of P.
knowlesi from humans and macaques were examined by comparing the rate of nonsynonymous
substitutions per nonsynonymous site (dN) and the rate of synonymous substitutions per
synonymous site (dS). Test for difference was done by Z-test with p < 0.05 as a cutoff value for a
significant level (Nei 1987). The status of demographic transition of macaques and nonhuman

primate malaria were assessed from mitochondrial single nucleotide polymorphisms (SNPs) by



mismatch distribution analysis. Tajima’s D and its related statistics (Fu and Li’'s D* and F*) were
also apply to determine population change as well as to exclude deviation from neutral evolution
(Tajima 1983; Fu and Li 1993). Statistical significance for mismatch analysis was done by
permutation test and for Tajima’s D and related statistics by coalescence simulation with 10,000
pseudoreplicates with a cutoff point at 0.05. Phylogenetic tree was constructed using maximum
likelihood method with appropriate model that gives the lowest Bayesian Information Criterion (BIC)
value. The final tree was selected based on superior log likelihood value. Confidence of tree
branch topology was evaluated by bootstrap method using 1000 pseudoreplicates. Phylogenetic
network was constructed by the split decomposition method to reduce the visual complexity of the
networks using least square optimization of branch lengths (Winkworth et al. 2005). Both sum of
differences goodness of fit and least squares goodness of fit were calculated to examine how well

the graph represents the distance of the data set (Winkworth et al. 2005).

RESULTS
1. Humans and Plasmodium infections

From October 2009 to September 2016, we collected blood samples from 3,054 febrile
patients who attended malaria clinics in northwestern (Tak Province, n=437), eastern (Chanthaburi
Province, n=157), northeastern (Ubon Ratchathani Province, n=1,120), and southern
(Yala/Narathiwas Province, n=1,340) areas of Thailand (Table 3). For malaria diagnosis, Giemsa-
stained thick and thin blood films were made, and an additional 200 pL of blood was collected by
finger-prick from each patient. Of the 3,054 febrile patients examined in this study, 1,336 harbored
malaria parasites in their blood circulation, as detected by both microscopic and PCR
examinations. The male-to-female ratio of the patients with malaria was 2.5:1, and the age range
was 11-73 years. The maijority of the patient population was Thai (84%), and the rest of the
patients were cross-border migratory foreigners (13% from Myanmar and 3% from Cambodia). In
1,244 microscopy-positive samples, Plasmodium vivax was the most prevalent species (59%),
followed by Plasmodium falciparum (38.83%) and mixed infection by Plasmodium falciparum and
Plasmodium vivax (2.17%). Plasmodium malariae, Plasmodium ovale, Plasmodium knowlesi,
Plasmodium cynomolgi and Plasmodium inui (0.2%) infection were not detected. After we
reevaluated the 3,054 blood samples using the nested PCR method (Table 4). Consistent with
previous findings, the PCR method offered higher sensitivity in parasite detection. Ninety-two
samples were positive by PCR. The most prevalent cryptic infection was with Plasmodium vivax

(n=20), followed by Plasmodium falciparum (n=5) and Plasmodium knowlesi (n=2), coinfection with



Plasmodium falciparum and Plasmodium vivax (n=53), Plasmodium falciparum and Plasmodium
malariae (n=3), Plasmodium vivax and Plasmodium malariae (n=3), Plasmodium vivax and
Plasmodium cynomolgi (n=1), Plasmodium vivax and Plasmodium inui (n=1), and triple infection
with Plasmodium falciparum, Plasmodium vivax and Plasmodium malariae (n=2), Plasmodium

falciparum, Plasmodium ovale and Plasmodium malariae (n=2)

Table 3 Distribution of Plasmodium infections diagnosed by microscopy

Provinces No. of No. of Species

cases positive P.f P.v Pf+Pv Pm Po Pk Pcy Pi
(%) (%) (%) (%) (%) %) (%) % (%) (%)

Tak 437 41 29 12 0 0 0 0 0 0
(14.31) (3.29) (6.00) (1.64) (0) (0) (0) (0) (0) (0)

Ubon 1,120 706 331 357 18 0 0 0 0 0
Ratchathani (36.67)  (56.75) (68.53) (48.64) (66.67) (0) (0) (0) (0) (0)
Chanthaburi 157 15 5 10 0 0 0 0 0 0
(5.14) (1.21) (1.04) (1.36) (0) (0) (0) (0) (0) (0)

Yala/Narathiwas 1,340 482 118 355 9 0 0 0 0 0
(43.88)  (38.75) (24.43) (48.36) (33.33) (0) (0) (0) (0) (0)

Total 3,054 1,244 483 734 27 0 0 0 0 0

(100) (40.73)  (38.83)  (59.00) (2.17) (0) © (O (0 (0

Table 4 Distribution of Plasmodium infections diagnosed by nested PCR

species
No. of No. of Pf Pv P.m P.o Pf Pf Pf Pv Pf P.k Pcy Pi
Provinces cases positive P.v P.v P.m P.m P.m Pv P.v
(%) (%) P.m P.o
%) (% % % % % % %) %) (%) (%) (%)
Tak 437 a9 27 12 1 0 5 1 1 1 1 0 0 0
(14.31) 367 (653 (159) (50) o) ©25) G0 (3334) (3333 (50 (©) () @)
Ubon 1,120 54 337 368 1 0 a3 1 2 1 1 0 1 0
Ratchathani  (36.67) 5643)  (6906) (@881)  (50) ©) G375 G0 6o (3333 (50) © (100) ©
Chanthaburi 157 16 4 7 0 0 3 0 0 1 0 1 0 0
(5.14) 12 08 09 O (OB CYC R O G339 0 (50) © ©)
Yala/ 1,340 517 120 367 0 0 2 0 0 0 0 1 0 1
Narathiwat ~ (43.88) (387 (459 @67 0O o G2 0 (©) (©) ©) (50) ©) 0)
Total 3,054 1336 488 4 2 0 80 2 3 3 2 2 1 1
(100) @375 (3653 (644 (015 © 699 015 02 02 015 015 0075 (0075




2. Confirmation for the presence of P. cynomolgi and P. inui

To reaffirm the presence of Plasmodium cynomolgi and Plasmodium inui in malaria
populations of Thailand, we determined the variable sequences of mitochondrial sequence
spanning approximately 1,300 bp and compared the results with those reported elsewhere for
human or macaque isolates. Phylogenetic analysis placed isolate UBY120 from Ubon Ratchathani
within the same clade as most other Plasmodium cynomolgi isolates (Figure 3). Isolate YL3178
from Yala province was in the same clade of Plasmodium inui (Figure 4). Therefore, Plasmodium

cynomolgi and Plasmodium inui circulating among malaria patients in Thailand were confirmed.
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Figure 3. Neighbor-joining tree inferred from the mitochondrial sequence of Plasmodium cynomolgi
from Thai isolate, compared with those reported elsewhere. Tree was constructed using a
maximum composite likelihood model. Support from 1000 bootstrap replicates of >50% is shown
along the branches. The scale bar underneath the tree indicates the number of base substitutions

per site. Isolate names are listed along with their respective GenBank accession numbers.
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Figure 4. Neighbor-joining tree inferred from the mitochondria sequence of Plasmodium inui from
Thai isolate, compared with those from macaque isolates using a maximum composite likelihood
model. Support from 1000 bootstrap replicates of >50% is shown along the branches. The scale
bar underneath the tree indicates the number of base substitutions per site. Isolate names are

listed along with their respective GenBank accession numbers.

3. Monkeys and Plasmodium infections

In total, 286 monkeys were captured, comprising Macaca fascicularis or long-tailed
macaques (n=57) and Macaca nemestrina or pig-tailed macaques (n=229) (Table 5). Of these, 9
long-tailed and 97 pig-tailed macaques harbored Plasmodium and/or Hepatocystis spp. in their
circulations based on PCR diagnosis. Mixed species infections occurred in 4 long-tailed and 47 pig-

tailed macaques, accounting for 44.4% and 48.5% of positive isolates for each monkey species,



respectively. Plasmodium inui was the most prevalent simian malaria identified in both macaque
species, followed by Hepatocystis spp. Although Plasmodium cynomolgi was also common among
pig-tailed macaques, no long-tailed macaques harbored this nonhuman primate malaria species.
Meanwhile, Plasmodium knowlesi has been identified in 1 long-tailed and 17 pig-tailed macaques
with almost comparable frequency as Plasmodium coatneyi (Table 6). Plasmodium fieldi was
detected in 6 Macaca nemestrina. It is noteworthy that microscopy could not efficiently determine
malaria infections in macaques because only 3 long-tailed macaques and 47 pig-tailed macaques
had Plasmodium and/or Hepatocystis spp. in their blood smears. The majority of microscopy-
positive samples contained ring stages that are not informative for species differentiation.
Furthermore, most of the microscopy-positive samples had low parasitemia (<0.01%). The overall
prevalence of malaria or Hepatocystis spp. infections in long-tailed- and pig-tailed macaques in the

study populations was 0.0038, and 0.0279%, respectively.

Table 5 Monkey sampling sites in Narathiwat Province.

Total
Locations Province Species Sex
Female Male

Phukhao Thong, Sukhirin Narathiwat  Mm.fascicularis 0 2 2
Phukhao Thong, Sukhirin Narathiwat  p1.nemestrina 6 2 8
Mamong, Sukhirin Narathiwat a1 fascicularis 4 3 7
Mamong, Sukhirin Narathiwat 1 nemestrina 72 18 90
Lochut, Waeng Narathiwat  p/ fascicularis 34 9 43
Lochut, Waeng Narathiwat  p1 nemestrina 72 29 101
Chang Phueak, Chanae Narathiwat a1 fascicularis 3 2 5
Chang Phueak, Chanae Narathiwat a1 nemestrina 14 8 22
Mae Dong, Waeng Narathiwat v fascicularis 0 0 0
Mae Dong, Waeng Narathiwat  p.nemestrina 6 2 8

Total 211 75 286




Table 6 Distribution of malaria among macaque populations in Narathiwat Province.

Monkey species Malaria species* No. Isolates % positive™™

Macaca fascicularis Plasmodium inui 8 57.14
Plasmodium cynomolgi 0 0
Plasmodium knowlesi 1 7.14
Plasmodium coatneyi 2 14.29
Plasmodium fieldi 0 0
Hepatocystis spp. 3 21.43

Macaca nemestrina Plasmodium inui 55 35.95
Plasmodium cynomolgi 22 14.38
Plasmodium knowlesi 17 11.11
Plasmodium coatneyi 10 6.54
Plasmodium fieldi 6 3.92
Hepatocystis spp. 43 28.10

* Single and mixed species malaria infections were detected in 5 and 4 long-tailed macaques and
in 50 and 47 pig-tailed macaques, respectively.
** Percent of all positive samples in each macaque species.
4. Longitudinal monitoring of parasitemia in pig-tailed and long-tailed macaques

A longitudinal study of simian malaria and Hepatocystis infections was performed in 20 pig-
tailed macaques and 3 long-tailed macaques in which blood samples were obtained thrice from
each monkey at 8-month interval. Microscopic examination of Giemsa-stained thin and thick blood
samples detected 7, 5 and 6 Plasmodium- or Hepatocystis-positives from the first, the second and
the third blood sample collections whilst Plasmodium species-specific and Hepatocystis-specific
PCR assays could identify 9, 13 and 11 positive samples, respectively. Eight monkeys were free
from Plasmodium and Hepatocystis infections whereas 5 monkeys were persistently infected with
these parasites based on positive results from all 3 blood samples from each monkey. Variation in
positive PCR assays across 3 blood samples from each monkey occurred in 10 monkeys. Of
these, 5 monkeys had single positive blood samples whereas the remaining 5 monkeys had 2

positives out of 3 blood samples examined (Figure 5).
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Figure 5. Variation in positive detection rates of simian malaria among 23 macaques across 3
surveys

5. The extent of sequence diversity in malarial AMA1 genes
Genetic diversity in PKAMA1, PcyAMA1, PIAMA1 and related malarial AMA1 was

determined by using the parameter nucleotide diversity (7T) which is the average number of pairwise
nucleotide differences between sequences. Although nucleotide substitutions in the AMA1 locus of
simian malaria parasites were observed across the coding region, most of them were concentrated
in central region spanning domains I, Il and lll. Analysis of PkAMA1 from 24 Thai isolates has
revealed 31 nucleotide substitutions resulting in 9 amino acid changes. By inclusion of previously
reported sequences from Sabah and Sarawak (total n = 122), 90 nucleotide substitutions and 30
amino acid changes were observed in this locus. The magnitudes of haplotype diversity of P.
knowlesi isolates from Thailand, Sabah and Sarawak were comparable ranging from 0.92-0.99,
indicating that the haplotypes circulating in each endemic area were evenly distributed or almost all
haplotypes differed from one another. Likewise, the haplotype diversity of PcyAMA1, PIAMA1,
PvAMA1 and PfAMA1 displayed values greater than 0.93, suggesting that malarial AMA1 genes
exhibited extensive sequence diversity among isolates and across species. Malarial AMA1
sequences displayed differential levels of nucleotide diversity across geographic origins. However,
the nucleotide diversity of PcyAMA1 significantly exceeded the AMA1 genes of other Plasmodium
species (p<0.05) (Table 7).



Table 7 Molecular diversity in the AMA1 genes of P. knowlesi, P. inui, P. cynomolgi, P. vivax and P.

falciparum.

Geographic

Locus o n M H h£8S.D. TU+S.E.
origins

PkAMA1 Thailand 24 31 14 0.920 + 0.038 0.00473 + 0.00038
Sarawak 52 58 46 0.995 + 0.005 0.00501 + 0.00020
Sabah 36 36 32 0.994 + 0.008 0.00417 + 0.00024
Total 122 96 94 0.995 % 0.002 0.00535 £ 0.00018

PiAMA1 Thailand 70 82 54 0.977 + 0.011 0.00496 + 0.00086
Sarawak 11 143 11 1.000 + 0.002 0.02109 + 0.00207
Total 81 192 65 0.983 + 0.009 0.00858 £ 0.00119

PcyAMA1 Thailand 9 111 9 1.000 + 0.052 0.01760 + 0.00772
Sarawak 7 123 6 0.952 + 0.096 0.03353 + 0.00686
Total 16 147 15 0.992 % 0.025 0.03112 £ 0.00364

PvAMA1 Thailand 231 62 97 0.936 + 0.011 0.00744 + 0.00016
Brazil 39 39 25 0.951 + 0.024 0.00656 + 0.00044
Indonesia 11 38 1M 1.000 + 0.039 0.00830 + 0.00078
Total 281 71 133 0.956 * 0.008 0.00772 £ 0.00014

PfAMA1 Worldwide 39 73 31 0.981 £ 0.013 0.01127 £ 0.00080

6. Deviation from Neutrality

Previous study has shown that the rate of nonsynonymous substitutions per

nonsynonymous site or dN and the rate of synonymous substitutions per synonymous site or dS
has revealed a significant excess of dN in domains |, Il and Il of PFAMA1, suggesting positive
selection in these regions (Al-Qatani et al 2016). By contrast, similar analysis has shown a
significantly greater dS than dN in domain | and the C-terminal part encompassing transmembrane
domain and cytoplasmic tail of PkKAMA1, implying purifying selection probably exerted by structural
or functional constraints of this protein. Likewise, evidence of purifying selection was observed in
domains |, Il, 1ll and the C-terminal part of PcyAMA1 whilst no deviation from selective neutrality

was detected in PvAMA1 and PiIAMA1 (Table 8).



Table 8. The rate of synonymous and nonsynonymous substitutions per site in the AMA1 genes of

P. knowlesi, P. inui and P. cynomolgi.

) PkAMA1 (%) PiAMA1 (%) PcyAMA1 (%)
Domain N#
ds+ SE. dn = SE. ds = SE. dvxSE ds+SE. dn = SE.

N-terminal 42 841+403 087+034 408+276 170+076 406 +231 158 + 061
DI 206 265 £ 0.74+ 017 £0.10 110+028 050021 6.17 + 152+« 137+029
DIl 137 135+044 053+0.23 127+040 167049 1454 + 0.26+ 079030
DI 102 150 +0.66 063 +£0.32 122+087 067032 17.76 £ 451+ 168 +050
C-terminal 76 348 £1.28+ 050 +0.26 167+094 064+035 1563 + 4,06+ 0.73+040
Total 563 152 +0.35+ 024 £0.08 134+019 091+014 10.89 + 200+ 120+021

# number of codons. N-terminal: signal peptide and prosequence. C-terminal: transmembrane domain and cytoplasmic tail.
Tests of the hypotheses that dN equals dS: *p < 0.05; *p < 0.005; *=p < 0.0001.

Codon-specific tests for selective neutrality by FEL, MEME and FUBAR methods have
shown that most of the amino acid substitutions in PKAMA1, PcyAMA1, PIAMA1 and PvAMA1
evolved under purifying selection. However, 6 amino acid residues (codons 15, 228, 277, 296, 359
and 481) in PKAMA1, 6 amino acids (codons 12, 222, 280, 382, 385 and 493) in PIAMA1 and one
amino acid change at codon 6 in PcyAMA1 displayed evidence of positive selection. Meanwhile, 25
amino acid substitutions in PvAMA1 have arisen from positive selection and 10 negatively selected
residues were detected. On the other hand, only 2 amino acid residues in PfAMA1 evolved under

purifying selection whilst positive selection occurred in 28 codons.

7. Intragenic recombination in the malarial AMA1 genes

The presence of sexual development malaria parasites in mosquito vectors has enabled
diversification of malarial genes by means of interallelic recombination. Various recombination
detection methods have been applied to the sequences of malarial AMA1 genes in this study.
Although the RDP package detected evidences of intragenic recombination only in PIAMA1 and
PfAMA1, the minimum number of recombination events (Rm) could be detected in all malarial
AMAT1 genes, i.e. 4, 8 and 9 sites in PKAMA1 from Thailand, Sabah and Sarawak, respectively
(Table 9). Furthermore, 14 and 15 recombination sites were found in PIAMA1 and PcyAMA1,
respectively. For PvAMA1, 17, 10 and 7 recombination sites were observed among isolates from
Thailand, Brazil and Indonesia, respectively. These results have purported that recombination have

conferred an important role in shaping genetic diversity in the AMA loci of diverse malaria species.



Table 9. Recombination in PKAMA1

Population n Rm Recombination between sites
Thailand 16 4 (66,357) (357,564) (564,684) (829,986)

(24,66) (66,72) (72,114) (321,357) (357,492) (630,648)
Sarawak 52 9

(648,744) (744,886) (1232,1441)

(66,72) (72,321) (357,630) (630,648) (648,684)
Sabah 35 8

(684,732) (744,886) (886,1441)

(24,66) (66,72) (72,114) (114,174) (321,357) (357,492)
Total# 105 12 (630,648) (648,732) (829,886) (886,1075) (1232,1441)

(1441,1530)

# Sequences from the H and hackeri strains are included.

Rm = minimum number of recombination events.

8. Analysis of potential transmission cycles of P. knowlesi between hosts: Human-derived

versus macaque-derived PkAMA1 in Thailand?

The phylogenetic tree inferred from the malarial AMA1 genes have shown that P. vivax, P.

knowlesi, P. cynomolgi, P. inui, P. coatneyi and P. fieldi were clustered together akin to that inferred

from the cytochrome b and the 18S rRNA genes. Differences in topologies of these trees could

stem from post-speciation accumulation of mutations in these loci. Our analysis has shown

differential selective pressure on malarial AMA1 genes whilst cytochrome b is believed to evolve

neutrally. Meanwhile, the 18S rRNA locus could have some functional constraints albeit being a

non-protein coding gene (Figure 6). Maximum likelihood phylogenetic analysis of PkKAMA1 revealed

that most Thai isolates exhibited a distinct cluster whereas most Sarawak and Sabah samples

were distributed together in other clusters of the tree (Figure 7)
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Figure 6. Maximum likelihood trees inferred from AMA1 (upper), 18S rRNA (middle) and
cytochrome b (bottom) of P. vivax (Pv), P. inui (Pi), P. cynomolgi (Pcy), P. coatneyi (Pco), P.

knowlesi (Pk), P. fieldi (Pfi) and P. falciparum (Pf).
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Figure 7. Maximum likelihood tree of PkKAMA1 from Thailand, Sarawak and Sabah.
Circles and triangles represent human and macaque isolates, respectively.



The number of mutations in PKAMA1 of human-derived and macaque-derived isolates was
identical although there were slightly more haplotypes detected among human isolates resulting in
higher level of haplotype diversity in human isolates than those derived from macaques. Although
the nucleotide diversity of human derived isolates exceeded that of macaque origins, the difference
was not statistically meaningful (p>0.05)(Table 10). Nevertheless, the minimum number of
recombination events in human derived isolates doubled those from macaques. Taken together,
these molecular diversity indices seem not to support strict zoonotic transmission of P. knowlesi
from macaque to humans in which the greater magnitude of diversity would be expected in

macaque derived isolates than those from human infections.

Table 10 Comparison of molecular diversity indices between human-derived and macaque-derived

PKAMA1
Human-derived PKAMA1 Macaque-derived PKAMA1
No. isolates 12 12
No. mutations 20 20
No. haplotypes 8 7
Haplotype diversity (S.D.) 0.924 (0.057) 0.864 (0.078)
Nucleotide diversity (S.E.) 0.00465 (0.00052) 0.00414 (0.0079)
Rm* 4 2

*Minimum number of recombination events

The phylogenetic networks inferred from PkAMA-1 generated similar topology regardless of
different nucleotide substitution models. Most terminal branches of the networks received high
percentage of bootstrap supports (data not shown); thereby, only a representative networks is
shown in Figure 8A. Although the precise location of the root may not be unequivocally located, it
could be around interconnecting nodes of most PKAMA-1 sequences from monkeys that are
clustered together with short terminal branches. A series of edges were observed along several
branches of the networks that could reflect some character conflict or could represent evolutionary
history such as recombination or hybridization. Meanwhile, split decomposition has revealed 2
distinct clusters: one containing most monkey-derived sequences displaying short branches and the

other containing most human-derived sequences having long branches (Figure 8B).



HCT190. HCT1709. HCT467

4B132, MHBS53, HNR220, KNRSOO,
HNR234

/ _
A
\

M0 148
MHE 124, MHE 148

FAN B

Figure 8 (A) Neighbor-net network and (B) split decomposition network inferred from PKAMA1

using uncorrected p distance with bootstrap values more than 90%. Human and monkey isolates

are shown with initials ‘H’ and ‘M’, respectively.

9. Assess population growth/decline of macaque natural hosts.

The population history of reservoir hosts has important impact on the spread and
maintenance of zoonotic disease. To assess the population change in macaques in Thailand, the
mitochondrial cytochrome b sequences of both long-tailed (n = 50) and pig-tailed (n = 26)
macaques were determined in this study. Unfortunately, all 26 mitochondrial cytochrome b
sequences of pig-tailed macaques were nuclear mitochondrial DNA (NUMT), precluding accurate
analysis of population history. Therefore, analysis has been carried out for the corresponding gene
sequences of long-tailed macaques. By applying, Tajima’s D and its related statistics, Fu and Li’s
D* and F* tests for 50 sequences from long-tailed macaques. Although a significant deviation from
zero for Tajima’s D and its related statistics can imply deviation from selective neutrality, such
significant values may imply population history. However, results have shown no significant
deviation from zero for all these tests: Tajima’'s D = -0.48 (p > 0.1), Fu and Li’s D* = -1.0091 (p >
0.1), Fu and Li’'s F* = -0.9069 (p > 0.1). On the other hand, mismatch distribution analysis under
the assumption of constant population growth model has shown remarkable differences between
observed and expected allele frequencies of nucleotide substitutions in the mitochondrial
cytochrome b sequences (Figure 9). Although the sum of squared deviation or SSD values did not
show significant values under either demographic expansion or spatial expansion models, results
from mismatch distribution analysis under demographic expansion model yielded a significant value

of the Harpending’s raggedness index (0.04, p = 0.01). On the other hand, the Harpending’s



raggedness index was not significant under spatial expansion model (p = 0.08) (Table 11). Taken
together, these analyses have supported that long-tailed macaques in Thailand have been

undergone the process of population expansion.
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Figure 9 Mismatch distribution of observed and expected values of allele frequencies in the

mitochondrial cytochrome b of 50 long-tailed macaques.

Table 11 Estimated demographic expansion and spatial expansion parameters for long-tailed

macaques based on the mitochondrial cytochrome b sequences

Statistics All sequences Mean

Demographic expansion

Tau 28.95316 28.95316
Tau qt 2.5% 15.13091 15.13091
Tau qt 5% 17.86727 17.86727
Tau qt 95% 239.9526 239.9526
Tau qt 97.5% 241.9526 241.9526
ThetaO 0.00176 0.00176
ThetaO qt 2.5% 0 0
ThetaO qt 5% 0 0

ThetaO gt 95% 0.63632 0.63632



Statistics All sequences Mean
ThetaO qt 97.5% 4.14319 4.14319
Theta1 24.89981 24.89981
Theta1 qt 2.5% 15.75674 15.75674
Theta1 qt 5% 16.89077 16.89077
Theta1 qt 95% 64.97786 64.97786
Theta1 qt 97.5% 69.23571 69.23571
SSD 0.02796 0.02796
Model (SSD) p-value 0.11 0.11
Raggedness index 0.03967 0.03967
Raggedness p-value 0.01 0.01
Spatial expansion

Tau 16.38526 16.38526
Tau qt 2.5% 4.5038 4.5038
Tau qt 5% 10.25929 10.25929
Tau gt 95% 44.8431 44.8431
Tau qt 97.5% 46.2202 46.2202
Theta 10.29392 10.29392
Theta qt 2.5% 0.08793 0.08793
Theta qt 5% 0.33471 0.33471
Theta qt 95% 16.95372 16.95372
Theta gt 97.5% 17.66293 17.66293
M 2.24253 2.24253
M qt 2.5% 0.46656 0.46656
M qt 5% 0.8196 0.8196
M gt 95% 13.10662 13.10662
M qt 97.5% 15.80311 15.80311
SSD 0.02432 0.02432
Model (SSD) p-value 0.34 0.34
Raggedness index 0.03967 0.03967
Raggedness p-value 0.08 0.08




10. Surveys of the potential anopheline vectors for Plasmodium knowlesi, Plasmodium
cynomolgi and Plasmodium inui

Our previous studies have shown that zoonotic malaria in humans were more
predominantly encountered among malaria patients in southern part of the country (Putaporntip et
al. 2009; Jongwutiwes et al, 2011). Meanwhile, a number of long-tailed and pig-tailed macaques in
southern Thailand harbored one or more species of Plasmodium, some of which could cross-
transmit to humans (Putaporntip et al., 2010). For the feasibility to obtain adequate, longitudinal
and informative data, the site for mosquito sample collection was chosen at a suburb of Narathiwat
Province.
10.1 Collection using human bait trap

By using human volunteers as baits, adult female anopheline mosquitoes were collected
during March-April 2018, July — August 2018, January — February 2019 and November —
December 2019. A total of 331 adult anopheline mosquitoes were captured by using human baited
trap. Of these, anopheline mosquitoes can be classified into 7 groups, consisting of 15 species
based on morphological identification. Anopheles maculatus was the most prevalent species,

accounting for more than 35% (n=119) of all samples collected (Table 12).

Table 12 Distribution of female anopheline mosquitoes collected during March-April 2018, July —

August 2018, January — February 2019 and November — December 2019 by using human bait trap

Anopheles mosquitoes Human baited trap

Total

Group species Mar- Apr 18 Jul - Aug 18 Jan - Feb 19 Nov - Dec 19

An. dirus 0 2 25 1 28

An. dirus A,B,C 0 0 0 1 1

An. leucosphyrus A 0 0 0 8 8
Leucosphyrus

An. introlatus 0 0 3 8 11

An. nemophilous 0 0 1 2 3

Dirus unknown 0 0 12 12 24

An. maculatus 19 25 48 27 119

An. willmori 3 1 0 0 4
Maculatus

An. tessellatus 0 0 1 0 1

Maculatus unknown 0 0 a 7 11

Barbirostris An. barbirostris 8 0 0 3 11



Anopheles mosquitoes Human baited trap

Total

Group species Mar- Apr 18 Jul - Aug 18 Jan - Feb 19 Nov - Dec 19

An. hodgkini 9 32 1 12 54

An. donaldi 1 q 0 2 7

Barbirostris unknown 3 3 19 11 36
Urmnbrosus An. umbrosus 1 1 0 0 2

An. whartoni 1 0 0 0 1
Hycanus

Hyrcanus unknown 1 0 0 1 2
Funestus An. aconitus 0 0 0 2 2
Minimus An. minimus 0 2 0 1 3

unknown 0 1 0 2 3

Total 46 71 114 100 331

10.2 Collection using cow bait trap

Using of cow bait trap to capture, anopheline mosquitoes were conducted during March-
April 2018, July — August 2018, January — February 2019 and November — December 2019.
A total of 2,890 adult anopheline mosquitoes were captured by using this method. According to
morphological feature, 10 groups and 25 species of the anopheline mosquitoes were identified. The
predominant captured mosquitoes were Anopheles maculatus (n=1,450), Anopheles kochi (n=180)

and Anopheles kawari (n=173), respectively (Table 13).

Table 13 Female anopheline mosquitoes collected during March-April 2018, July — August 2018,

January — February 2019 and November — December 2019 by using cow bait trap

Anopheline mosquitoes Collecting adult mosquitoes Total
Group species Mar- Apr 18 Jul-Aug 18 Feb-Jan 19  Nov -Dec 19
Leucosphyrus An. hackeri 0 0 1 0 1
An. maculatus 826 300 247 1 1450
An. sawadwongporni 0 3 0 0 3
Maculatus An. willmori 7 45 0 0 52
An. karwari 8 2 65 98 173
An. tessellatus 0 9 151 12 172
An. barbirostris 8 10 21 1 a0
An. barbumbrosus 0 0 1 0 1
Barbirostris An. hodgkini 0 7 6 4 17
An. campestris 0 1 1 0 2
An. donaldi 1 6 0 6 13



Anopheline mosquitoes Collecting adult mosquitoes

Group species Mar- Apr 18 Jul-Aug 18  Feb-Jan 19  Nov -Dec 19 Total
Barbirostris unknown 4 24 79 16 123
An. letifer 2 1 1 0 4
Umbrosus An. umbrosus 8 2 0 12
Umbrosus unknown 1 0 3 0 4
An. peditaeniatus 37 13 8 1 59
An. paraliae 1 0 0 3 4
An. crawfordi 41 52 35 9 137
An. nigerrimus 1 0 0 1
Hyrcanus
An. hyrcanus 0 4 0 4
An. nitidus 3 4 0 16
An. sinensis 5 3 13 23
Hyrcanus unknown 1 17 103 13 134
. An. nivipes 0 5 1 5 11
Annularis
An. phihippinensis 18 25 29 22 94
Kochi An. kochi 12 50 75 43 180
An. vagus 49 20 26 0 95
Ludlowae An. subpictus 1 0 2
An. indefinitus 1 0 1 6
Funestus An. aconitus 2 51 24 35 112
Minimus An. minimus 0 20 0 3 23
unknown 1 10 1 12
Total 1037 674 906 363 2980

10.3 Collection using monkey bait trap

Monkey bait trapping was used for collecting anopheline mosquitoes during March-April
2018, July — August 2018, January — February 2019 and November — December 2019. A total of
109 adult anopheline mosquitoes were captured by using this method. By morphological features,
the captured anopheline mosquitoes could be classified into 8 groups, comprising 12 species. The
predominant mosquitoes were Anopheles maculatus (n=38), Anopheles hodgkini (n=34) and

Anopheles donaldi (n=4), respectively (Table 14).

Table 14 Number of female anopheline mosquitoes collected during March-April 2018, July —

August 2018, January — February 2019 and November — December 2019 by using monkey bait

trap
Anopheles msoquitoes Collecting adult mosquitoes Total
Group species Mar- Apr 18 Jul-Aug 18  Jan-Feb 19  Nov -Dec 19
Leucosphyrus  unknown 0 0 0 1 1

Maculatus An. maculatus 24 1 1 12 38



Anopheles msoquitoes Collecting adult mosquitoes Total

Group species Mar- Apr 18 Jul-Aug 18  Jan-Feb 19  Nov -Dec 19
An. willmori 0 1 0 0 1
An. tessellatus 0 0 1 0 1
An. barbirostris 1 0 0 1 2
An. hodgkini 7 16 5 6 34
Barbirostris
An. donaldi 0 4 0 0 4
unknown 0 2 5 2 9
Umbrosus An. umbrosus 1 1 0 0 2
Hyrcanus An. peditaeniatus 1 1 0 0 2
An. crawfordi 0 0 1 2 3
unknown 0 1 1 0 2
Kochi An. kochi 0 2 1 0 3
Funestus An. aconitus 0 0 0 3 3
Asiaticus An. interuptus 0 0 1 0 1
unknown 0 3 0 0 3
Total 34 32 16 27 109

10.4 Collection using CDC light trap

Besides human and animal bait traps, surveys of anopheline mosquitoes were also done by
using the CDC light trapping during March-April 2018, July — August 2018, January — February
2019 and November — December 2019. A total of 40 adult anopheline mosquitoes were captured.
Four groups consisting of 8 species of Anopheles were identified baed on morphological features.
Anopheles hodgkini belonging to Barbirostris group is most prevalent, accounting for more than
52.5 % (n=21) of all mosquitoes collected, followed by Anopheles barbirostris (n=8) and Anopheles

barbumbrosus (n=2), respectively (Table 15).



Table 15 Number of female anopheline mosquitoes were collected during March-April 2018, July —
August 2018, January — February 2019 and November — December 2019 by using CDC light trap
(CDC)

Anopheline mosquitoes Collecting adult mosquitoes Total
Group species Mar- Apr 18  Jul-Aug 18  Jan -Feb 19 Nov -Dec 19
An. hackeri 1 0 0 0 1
Leucosphyrus
An. nemophilous 1 0 0 0 1
Maculatus An. maculatus 1 0 0 0 1
An. barbirostris 8 0 0 0 8
An. barbumbrosus 1 1 0 0 2
Barbirostris An. hodgkini 10 10 1 0 21
An. donaldi 0 1 0 0 1
unknown 1 1 1 0 3
Umbrosus An. umbrosus 1 1 0 0 2
Total 24 14 2 0 40

During four collection periods (March - April 2018, July - August 2018, January - February
2019 and November - December 2019) using human, animal and CDC light traps, a total of 3,460
adult anopheline mosquitoes belonging to 11 groups and 35 species were identified (Figure 10 &
Table 16). The effect of rainfall seems to play an important role for mosquito abundance. The
population densities of these potential malaria vectors peaked during March-April 2018 and
January — February 2019, and the lowest vector density occurred in November-December 2019.
The relationship between rainfall and the number of anopheline mosquitoes is shown in Figure 11.
There was an inverse relationship between the average rainfall and the population densities of
anopheline mosquitoes.

Primary vector, secondary vector and suspected vector for human malaria species have
been previously reported. Based on this information, anopheline mosquitoes collected that
belonged to the primary vector species contributed 51.2 % (n=1,773) of all samples, while those
belonging to secondary vectors, suspected vector and others were 3.4% (n=117), 9.8% (n=338)
and 35.6% (n=1,232), respectively. Primary vectors consist of Anopheles dirus (n=79), Anopheles
maculatus (n=1,668) and Anopheles minimus (n=26) while Anopheles aconitus (n=117) identified

as secondary vector was found. Suspected vectors obtained in these surveys contained 4 species



including Anopheles barbirostris (n=61), Anopheles campestris (n=2), Anopheles philippinensis

(n=94) and Anopheles kochi (n=83) (Table 17 & Figure 12).
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Figure 10. Distribution of Anopheles vectors from all 4 survey periods.



Table 16 Number of female anopheline mosquitoes collected during March-April 2018, July — August 2018, January — February 2019 and
November — December 2019 by using human bait trap, cow bait trap, monkey bait trap and CDC light trap

Collection period

Anopheline mosquitoes
Mar- Apr 2018 Jul-Aug 2018 Jan-Feb 2019 Nov -Dec 2019 Total

Group species HBT CBT MBT CDC HBT CBT MBT CDC HBT CBT MBT CDC HBT CBT MBT CDC
An. hackeri 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 2
An. dirus 0 0 0 0 2 0 0 0 25 0 0 0 1 0 0 0 28
An. dirus AB,C 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1

Leucosphyrus  An. leucosphyrus A 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 8
An. introlatus 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 11
An. nemophilous 0 0 0 1 0 0 0 0 1 0 0 0 2 0 0 0 4
unknown 0 0 0 0 0 0 0 0 12 0 0 0 12 0 1 0 25
An. maculatus 19 826 24 1 25 300 1 0 48 247 1 0 27 77 12 0 1608
An. sawadwongporni 3 0 0 0 1 3 0 0 0 0 0 0 0 0 0 0 7

Maculatus An. willmori 0 7 0 0 0 a5 1 0 0 0 0 0 0 0 0 53
An. karwari 0 8 0 0 0 2 0 0 0 65 0 0 0 98 0 0 173
An. tessellatus 0 0 0 0 0 0 0 1 151 1 0 0 2 0 0 174
unknown 0 0 0 0 0 0 0 0 4 0 0 0 7 0 0 0 11
An. barbirostris 8 8 1 8 0 10 0 0 0 21 0 0 3 1 1 0 61
An. barbumbrosus 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 3

. ) An. hodgkini 9 0 7 10 32 16 10 1 6 5 1 12 4 6 0 126

Barbirostris
An. campestris 0 0 0 0 1 0 0 1 0 0 0 0 0 0 2
An. donaldi 1 1 0 6 4 1 0 0 0 0 2 6 0 0 25
unknown 3 4 0 1 3 24 2 1 19 79 5 1 11 16 2 0 171




Table 16 (count.)

Anopheline mosquitoes

Collection period

Mar- Apr 2018 Jul-Aug 2018 Jan-Feb 2019 Nov -Dec 2019 Total
Group species HBT CBT MBT CDC HBT CBT MBT CDC HBT CBT MBT CDC HBT CBT MBT CDC
An. letifer 0 2 0 0 0 1 0 0 0 1 0 0 0 0 0 0 4
UmMbrosUs An. umbrosus 1 8 1 1 1 2 1 1 0 2 0 0 0 0 0 0 18
An. baezai 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
unknown 0 1 0 0 0 0 0 0 0 3 0 0 0 0 0 0
An. peditaeniatus 0 37 1 0 0 13 1 0 0 8 0 0 0 1 0 0 61
An. paraliae 0 1 0 0 0 0 0 0 0 0 0 0 0 3 0 0 4
An. crawfordi 0 41 0 0 0 52 0 0 0 35 1 0 0 9 2 0 140
An. nigerrimus 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Hyrcanus An. hyrcanus 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 4
An. nitidus 0 3 0 0 0 4 0 0 0 9 0 0 0 0 0 0 16
An. whartoni 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
An. sinensis 0 5 0 0 0 2 0 0 0 3 0 0 0 13 0 0 23
unknown 1 1 0 0 0 17 1 0 0 103 1 0 1 13 0 0 138
Annularis An. nivipes 0 0 0 0 0 5 0 0 0 1 0 0 0 5 0 0 11
An. philippinensis 0 18 0 0 0 25 0 0 0 29 0 0 0 22 0 0 94
Kochi An. kochi 0 12 0 0 0 50 0 0 0 75 1 0 0 43 0 0 181
Ludlowae An. vagus 0 49 0 0 0 20 2 0 0 26 0 0 0 0 0 97
An. subpictus 0 1 0 0 0 0 0 0 1 0 0 0 0 0
An.indefinitus 0 1 0 0 0 4 0 0 0 0 0 0 0 0 0
Funestus An. aconitus 0 2 0 0 0 51 0 0 0 24 0 0 2 35 3 0 117
Asiaticus An. interuptus 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1
Minimus An. minimus 0 0 0 0 2 20 0 0 0 0 0 1 0 0 26
unknown unknown 0 0 0 0 1 1 3 0 0 10 0 0 2 1 0 0 18
Total 46 1037 34 24 71 674 32 14 114 906 16 2 100 363 27 3460
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Table 17 Distribution of human mosquito vectors during March-April 2018, July — August 2018, January — February 2019 and November
— December 2019

Vectors Mar- Apr 2018 Jul-Aug 2018 Jan-Feb 2019 Nov -Dec 2019 Total
number percent number percent number percent number percent number percent
primary vector 882.0 77.3 400.0 50.6 338.0 32.6 153.0 31.2 1773.0 51.2
secondary vector 2.0 0.2 51.0 6.4 24.0 2.3 40.0 8.2 117.0 34
suspected vector 55.0 4.8 86.0 10.9 127.0 12.2 70.0 14.3 338.0 9.8
other 202.0 17.7 254.0 32.1 549.0 529 227.0 46.3 1232.0 35.6

Total 1141.0 100.0 791.0 100.0 1038.0 100.0 490.0 100.0 3460.0 100.0
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Figure 12 Distribution of primary, secondary and suspected human malaria vectors

Of 3460 anopheline mosquitoes, 510 samples were tested for the present of Plasmodium
by using PCR-based method. Results revealed that 10 (1.96 %) mosquitoes yielded positive
Plasmodium-specific PCR products. All but one malaria-infected mosquitoes were An. dirus (n=9)

and the remaining sample was An. maculatus (n=1) (Tables 18).

Table 18 Detection of simian malaria DNA in anopheline mosquitoes

Anopheles mosquitoes Total Simian malaria molecular detection
Group species samples Number of Negative  Positive
collected observation

An. hackeri 2 1 1 0

An. dirus 28 28 19 9

An. dirus A,B,C 1 1 1 0

Leucosphyrus  An. leucosphyrus A 8 8 8 0
An. introlatus 11 11 11 0

An. nemophilous 4 a4 4 0

unknown 25 25 25 0




Anopheles mosquitoes

Simian malaria molecular detection

Total
Group species samples Number of Negative  Positive
collected observation
An. maculatus 1608 158 157 1
An. sawadwongporni 3 0 0 0
Maculatus An. willmori 57 5 5 0
An. karwari 173 0 0 0
An. tessellatus 174 2 2 0
unknown 11 11 11 0
An. barbirostris 61 21 21 0
An. barbumbrosus 3 2 2 0
Barbirostric An. hodgkini 126 109 109 0
An.campestris 2 0 0 0
An. donaldi 25 12 12 0
unknown 171 48 48 0
An. letifer 4 0 0 0
Urnbrosus An. umbrosus 18 6 6 0
An. baezai 0 0 0 0
unknown 4 0 0 0
An. peditaeniatus 61 6 6 0
An. paraliae 4 1 1 0
An. crawfordi 140 13 13 0
An. nigerrimus 1 1 1 0
Hyrcanus An. hyrcanus a 0 0 0
An. nitidus 16 1 1 0
An. whartoni 1 0 1 0
An. sinensis 23 0 0 0
unknown 138 0 a4 0
An. annularis 0 0 0 0
Annularis An. nivipes 11 0 0 0
An. philippinensis 94 0 0 0
Kochi An. kochi 183 0 3 0
An. vagus 95 13 13 0
Ludlowae An. subpictus 2 0 0 0
An.indefinitus 6 0 0 0
Funestus An. aconitus 117 0 5 0
Asiaticus An. interuptus 1 0 1 0
Minimus An. minimus 26 0 3 0
unknown unknown 18 0 6 0
Total 3460 510 500 10




To determine the species of malaria parasites in positive mosquito samples, nested PCR
targeting Plasmodium mitochondrial gene was performed. The amplification products of primary
PCR were analyzed by 1 % agarose gel electrophoresis. The results of positive PCR products

were shown in lanes 1-4 and 6-11 of Figure 13.

M 1 2 3 4 5 6 7 8 9 10 N

8

23130

2322

2027

564

Figure 13 Agarose gel electrophoresis of malaria positive from anopheline samples by nested

PCR targeting mitochondrial gene. Molecular marker is shown in lane M.

Sequence and phylogenetic analyses of the mitochondrial gene segments of 10
Plasmodium positive mosquitoes have shown that two samples each contained P. inui and P.
cynomolgi and one had P. knowlesi (Figure 14 and Table 19). The species of malaria parasites
in the remaining 5 samples were not primate Plasmodium species It is noteworthy that
malaria-positive mosquitoes were found almost all year round with slightly more prevalence
during January and February. All these mosquitoes were caught by using human bait trap,
suggesting their anthropophilic tendency. Therefore, these mosquitoes could serve as

potential mosquito vectors for cross-transmission of these simian malaria to humans.
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Figure 14 Neighbor-joining tree inferred from the variable sequences of the mitochondria gene of
Plasmodium sp.from anopheline mosquitoes, compared with those reported elsewhere for human
or macaque isolates using a maximum composite likelihood model. Bootstrap values from 1,000
pseudoreplicates of >50% are shown along the branches. The scale bar underneath the tree
indicates the number of base substitutions per site. Plasmodium species are listed along with

their respective GenBank accession numbers.

Table 19 Distribution of Plasmodium infections in anopheline mosquitoes diagnosed by PCR

Date Location Trap Sample Group Species P(as:;c;d/um
Jan. 2019 Narathiwat ~ Human bait trap HBT177 Leucosphyrus  An. dirus P. sp.

Jan. 2019 Narathiwat ~ Human bait trap HBT179 Leucosphyrus  An. dirus P. sp.

Jan. 2019 Narathiwat  Human bait trap HBT181 Leucosphyrus  An. dirus P. cynomolgi
Feb. 2019  Narathiwat Human bait trap HBT206 Leucosphyrus  An. dirus P. knowlesi
Feb. 2019  Narathiwat Human bait trap HBT207 Leucosphyrus — An. dirus P. inui

Sep. 2019 Narathiwat  Human bait trap HBT253 Leucosphyrus  An. dirus P. sp.

Oct. 2019 Narathiwat ~ Human bait trap HBT255 Leucosphyrus  An. dirus P. cynomolgi
Nov. 2019  Narathiwat Human bait trap HBT258 Leucosphyrus  An. dirus P. inui

Dec. 2019  Narathiwat  Human bait trap HBT314 Maculatus An. maculatus P, sp.

Dec. 2019  Narathiwat  Human bait trap HBT329 Leucosphyrus  An. dirus P. sp.




DISCUSSION

Primate malaria parasites such as Plasmodium knowlesi, Plasmodium cynomolgi and
Plasmodium inui have been circulating among macaque monkeys in Thailand in which long-tailed
macaque (Macaca fascicularis) and pig-tailed macaque (Macaca nemestrina) serve as main
natural reservoir hosts (Putaporntip et al. 2010). Importantly, Plasmodium konowlesi and
Plasmodium cynomolgi have been reported to infect humans in several Southeast Asian
countries under natural transmission via infected mosquito bites (Singh et al. 2004; Jongwutiwes
et al. 2004; Luchavez et al. 2008; Ng et al. 2008; Van den Eede et al. 2009; Nakazawa et al.
2009; Figtree et al. 2010; Jiang et al. 2010; Khim et al. 2011; Ta et al. 2014; Grignard et al.
2019). An experimental and accidental transmissions of Plasmodium inui to humans has been
incriminated in symptomatic infections (Coatney et al. 1971). Our previous studies of
Plasmodium infections in both pig-tailed and long-tailed macaques have revealed the presence
of Plasmodium knowlesi, Plasmodium cynomolgi, Plasmodium inui and other simian malaria
species in Thailand, mainly in southern part of the country (Putaporntip et al. 2010). Most
patients infected with Plasmodium knowlesi and Plasmodium cynomolgi resided in areas where
macaques were living in vicinity; therefore, the risk of acquiring this simian malaria could occur
upon poaching of macaques’ habitats. This study is the first to discover Plasmodium cynomolgi
and Plasmodium inui infections in humans in Thailand where both pig-tailed and long-tailed
macaque natural hosts were prevalent. Interestingly, all patients who were infected with
Plasmodium cynomolgi and Plasmodium inui infections harbored Plasmodium vivax in their
circulations, implying that anopheline vectors for this simian malaria species could be either the
same. Human infections with Plasmodium cynomolgi seems not to be a newly occurring infection
because it has been reported among blood samples collected from a range of time periods since
2007. However, there has not been any report on naturally acquired human infection with
Plasmodium inui. Morphological similarity between these two simian malaria with other human
malaria could compromise conventional microscopic diagnosis (Garnham, 1966). Therefore,
nested PCR developed in this study can be a useful technique to differentiate cryptic species of
Plasmodium in human circulation. The PCR method detected significantly more cases of mixed
infections. Mixed-species infections tend to be overlooked by microscopic diagnosis, especially
when one parasite species is present at a remarkably lower density than the over-dominant one.
For example, in Thailand approximately [ 133% of cryptic Plasmodium vivax infections became
clinically patent after treatment for Plasmodium falciparum infection, whereas [ 113% of
Plasmodium vivax infections coexisted with cryptic Plasmodium falciparum infections

(Looareesuwan et al. 1987; Siripoon et al. 2002). Our study has shown that the distribution and



prevalence of mixed-species infections varies across geographic regions of Thailand, a variation
that is probably correlated with the annual parasite incidence (API) rate.

To date, six species of macaques have been identified in Thailand, i.e. Macaca
fascicularis (long-tailed macaque), Macaca nemestrina (pig-tailed macaque), Macaca leonina
(northern pig-tailed macaque), Macaca mulatta (rhesus macaque), Macaca arctoides (stump-
tailed macaque), and Macaca assamensis (Assamese macaque) (Malaivijitnond et al. 2005). Of
these, long-tailed and pig-tailed macaques inhabit a wide range of geographic locations in
Thailand and are natural hosts for some malaria parasites capable of causing disease in
humans, i.e., Plasmodium knowlesi, Plasmodium cynomolgi and Plasmodium inui (Bruce-Chwatt,
1968; Fooden, 1994). However, assessment of Plasmodium infections among these macaques
remains largely unknown. In this study, we determined the prevalence of nonhuman primate
malaria in pig-tailed and long-tailed macaques in Narathiwat Province. The study areas were
located at forest areas of 3 districts of the province where anopheline mosquitoes were
abundant. A high prevalence of Plasmodium inui was found in long-tailed macaques (57.14%)
and pig-tailed macaques (39.95%), followed by Hepatocystis spp., Plasmodium cynomolgi,
Plasmodium knowlesi, Plasmodium coatneyi and Plasmodium fieldi, respectively.

Interestingly, our longitudinal monitoring of simian malaria and Hepatocystis infections in
20 pig-tailed macaques and 3 long-tailed macaques has shown that the low prevalence of simian
malaria in macaques in Thailand based on a cross-sectional survey may not imply the low risk of
zoonotic malaria transmission potential whereas long-term infection and/or re-infection of simian
malaria in these macaques can maintain transmission cycles within individual infected macaques
as well as cross-transmission between macaques and humans.

The AMA1 genes of P. knowlesi, P. cynomolgi and P. inui exhibited extensive sequence
diversity among isolates. Most of the nucleotide substitutions occurred in the extracellular
domains, i.e. domains I, Il and lll, akin to what have been observed in the homologous genes in
P. vivax and P. falciparum. Our analysis has revealed differential selective pressure operated on
the malarial AMA1 genes in which P. vivax and P. vivax-related lineage have mainly evolved
under purifying selection, probably from structural or functional constraints in these proteins.
However, codon-specific selection analysis has revealed that particular codons in PKAMA1,
PIAMA1 and PcyAMA1 were under pervasive or episodic positive selection that could have been
masked by recurrent purifying selection in order to restore the function of these proteins.
Interestingly, the signal of deviation from selective neutrality was not detected by comparison of
dS and dN in each domain of the PvAMA1 gene (Putaporntip et al. 2009). By contrast, a number

of positively selected residues were found in this locus by using codon-based analysis of



deviation from selective neutrality, consistent with the fact that PvAMA1 was immunogenic upon
natural infection. Importantly, PvAMA1 has been considered to be was a target of invasion
inhibitory antibodies akin to PFAMA1; thereby, these proteins are potential candidates for malaria
vaccine development (Healer et al. 2004).

Sequence analysis of the AMAT locus of P. vivax and P. vivax-related malaria parasites,
e.g. P. knowlesi, P. cynomolgi, P. inui, P. fieldi and P. coatneyi, has shown that the evolution of
this locus seems to co-diverge with speciation of Plasmodium species as viewed from the
congruency in clustering of P. vivax and P. vivax-related malaria parasites in the phylogenetic
trees constructed from the 78S rRNA and cytochrome b genes. Subsequent differential selective
pressures exerted on each of these loci could have shaped the tree topologies for P. vivax and
P. vivax-related malaria parasites. The positive selective pressure particularly exerted on the
extracellular domains of malarial AMA1 implies that these portions of protein are targets of
immunological responses from their respective host species, i.e. humans and macaques.

The first naturally acquired P. knowlesi infection in human was reported in 1965 in which
definite diagnosis required experimental inoculation of the patient’s blood into macaque hosts
and studies of developmental stages in laboratory reared anopheline mosquitoes (Chin et al.
1965). Limitation of diagnostic microscopy for P. knowlesi in blood smears stems from
morphological resemblance of ring stages with those of P. falciparum and the band-shape
trophozoites with those of P. malariae. It was not until 2004 that human infections with this
simian malaria were identified in Malaysian Sarawak (Singh et al. 2004) and Thailand
(Jongwutiwes et al. 2004) by means of molecular diagnosis. Thereafter, several hundreds of
human cases were reported from almost all Southeast Asian countries including Nicobar Islands
of India in Andaman Sea (Millar and Cox-Singh. 2015; Tyagi et al. 2013). However, high
prevalence of infections caused by this parasite has been observed in Sarawak and Malaysian
peninsula accounting for about half of malaria cases in these areas (Singh et al. 2004;
Vythilingam et al. 2008).

In Thailand, P. knowlesi can be detected in several major malaria endemic areas at
relatively low prevalence (Jongwutiwes et al. 2004; Putaporntip et al. 2009; Jongwutiwes et al.
2011). The distribution of P. knowlesi seems to overlap these macaque habitats leading to an
assumption of zoonotic transmission of this simian malaria (Fooden, 1994). However, our recent
analysis of the polymorphic merozoite surface protein 1 (MSP-1) locus has shown that the
number of haplotypes, haplotype diversity, nucleotide diversity and recombination sites of
human-derived isolates remarkably exceeded that of monkey-derived sequences while

phylogenetic networks displayed a character pattern that could have arisen from the presence of



two independent routes of P. knowlesi transmission, i.e. from macaques to human and from
human to humans in Thailand (Putaporntip et al. 2013). However, the effects of sampling
process could not be entirely excluded because the number of samples included in the analysis
was limited and the possibility of differential selective pressure on MSP-1 exerted by different
host species could influence the extent of molecular diversity indices and complicate
interpretation of the phylogenetic networks. The present study suggested two modes of
transmission of P. knowlesi in humans consisting of (i) a previously well-perceived mode from
macaques to humans evidenced by neighbor-net analysis showing admixture of PKAMA1
haplotypes from humans and macaques and (ii) a relatively high molecular indices in human-
derived PKAMA1, i.e. haplotype diversity, nucleotide diversity and minimum number of
recombination events, than those from macaque origins. Taken together, besides being a strong
candidate for human malaria vaccines, the AMA1 sequences of simian malaria parasites provide
important information on the evolution and mode of transmission of simian malaria from macaque
natural hosts to humans.

Several studies have shown that mosquitoes belonging to Leucosphyrus group were
discovered as a vector for Plasmodium knowlesi in Southeast Asia countries. According to the
study in Malaysian Borneo, Anopheles latens mosquitoes were identified as a vector of
Plasmodium knowlesi (Vythilingam et al. 2006). In Vietnam, Plasmodium knowlesi was reported
to be transmitted by Anopleles dirus in forested areas (Nakazawa et al. 2009). Anopheles
balabacensis , Anopheles hackeri , Anopheles cracens and Anopheles introlatus have been
reported as a primary vector in several areas of Malaysia (Wharton and Eyles 1961; Vythilingam
et al. 2014; Wong et al. 2015). However, there has no study on potential vector for simian
malaria in Thailand. This study is the first to document that Anopheles dirus and Anopheles
maculatus served as a potential vector for Plasmodium knowlesi, Plasmodium cynomolgi and
Plasmodium inui in Narathiwat province southern Thailand.

In conclusion, this study provide a more comprehensive view on the distribution of simian
malaria parasites in both humans and macaque natural hosts in Thailand. The presence of P.
knowlesi, P. cynomolgi and P. inui co-circulating with other human malaria parasites has
suggested that cross-transmission of these simian malaria species between macaques and
humans has been ongoing. Further simultaneous monitoring of Plasmodium infections in humans

and macaques is warranted.
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Of Men and Monkeys: Plasmodium knowlesi in humans, Thailand

Somchai Jongwutiwes

Molecular Biology of Malaria and Opportunistic Parasites Research Unit, Department of Parasitology,

Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand

Naturally acquired human infections with Plasmodium knowlesi are endemic in Southeast Asia. Our
previous survey in 2006-2007 has shown a wide-spread and low prevalence of P. knowlesi in Thailand,
accounting for 0.57% of all malaria cases identified. The follow-up study in the same endemic areas in
2008-2009 and a retrospective analysis of malaria species in patients’ blood samples from one of these
endemic areas collected in 1996 have shown that P. knowlesi contributed 0.67% and 0.48%,
respectively, indicating that this simian malaria is not newly emergent human pathogen in this country.
Sequence analysis of the complete merozoite surface protein-1 gene of P. knowlesi (Pkmsp-1) from
human and macaque blood samples has revealed considerable genetic diversity among isolates.
Importantly, the Pkmsp-1 sequence from one patient was identical to that from a pig-tailed macaque
living in the same locality, suggesting potential cross-transmission of P. knowlesi from naturally
infected macaques to humans or vice versa. The number of haplotypes, haplotype diversity, nucleotide
diversity and recombination sites of human-derived sequences exceeded that of monkey-derived
sequences. Phylogenetic networks based on concatenated conserved sequences of Pkmsp-1 displayed a
character pattern that could have arisen from sampling process or the presence of two independent
routes of P. knowlesi transmission, i.e. from macaque to human and from human to human in Thailand.
Importantly, recent life-threatening and fatal infections occurring in Thai patients have highlighted the

clinical significance of this simian malaria in this country.
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Of Monkeys and Men: Plasmodium knowlesi in macaques, Thailand

Chaturong Putaporntip

Molecular Biology of Malaria and Opportunistic Parasites Research Unit, Department of Parasitology,

Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand

The emergence of naturally acquired human infections caused by Plasmodium knowlesi in
Southeast Asia has emphasized the public health importance of zoonotic malaria in this region. Both
long-tailed (Macaca fascicularis) and pig-tailed (M. nemestrina) macaques that are prevalent in
Southeast Asian countries including Thailand serve as main natural hosts for P. knowlesi. To explore
the potential risk of macaques as reservoir hosts of nonhuman primate malaria potentially
transmissible to humans, it is crucial to know the prevalence of this simian malaria parasite and those
potentially causing human infections among macaques in Thailand. Because morphological diagnosis
of nonhuman primate malaria can be presumptive and some may not be unequivocally determined, we
analyzed both the mitochondrial cytochrome b gene sequences and the small subunit ribosomal RNA
genes of 297 malaria/Hepatocystis-positive isolates obtained from 987 monkeys comprising 351
long-tailed and 636 pig-tailed macaques. Species assignment is determined from phylogentic tree
construction with reference sequences available in the GenBank database. All simian malaria parasites
known to circulate among these macaques were detected in this study, i.e. P. knowlesi, P. cynomolgi,
P. coatneyi, P. inui and P. fieldi. A low prevalence of P. knowlesi in both macaque species was
observed, mainly clustering in southern Thailand. It is interesting to note that P. knowlesi and P.
cynomolgi are known to be transmissible to humans under natural infection. Hence, some risks emerge
for those living in vicinity of or encroaching upon macaques’ natural habitats in this region where

anopheline vectors are abundant.
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Human babesiosis in China

Xunjia Cheng

Department of Medical Microbiology and Parasitology, School of Basic Medical Sciences;

Fudan University; Shanghai, China.

Babesia microti, a tick-borne intraerythrocytic protozoan parasite of the genus Babesia in the
phylum Apicomplexa, is the causative agent of babesiosis in animals and humans worldwide.
Although babesiosis predominantly affects animals, increasing cases of babesiosis in humans have
raised concerns in the medical community. The clinical spectrums related to babesiosis range from
clinical asymptomatic infection or influenza-like illness to fulminant fatal disease. The modest
symptoms of human babesiosis include fever, headaches, anemia, chills, myalgia, and fatigue. Severe
manifestations can also develop, such as hemolysis, jaundice, thrombocytopenia, hemoglobinuria, and
renal-hepatic failure, frequently in an immunocompromised host. The most serious, babesiosis can be
life-threatening in certain populations such as neonates/infants or immunocompromised patients.

Babesiosis is endemic in the northeastern and midwestern of United States, the Western Pacific and
Europe countries. In China, babesiosis is an emerging disease, more than 150 cases had been reported
until 2011. Due to the similar clinical manifestations between babesiosis and malaria, absence of
awareness and diagnostic methods could lead to misdiagnosis of babesiosis to malaria which finally
result in miss appropriate therapy.

Molecular diagnosis method based on PCR amplification of the 18S ribosomal RNA was used for
diagnosis and identify the species to which the parasites belonged. After accurate diagnosis, Malarone,
a compound drug which consisted of atovaquone and proguanil hydrochloride, was administered to
the patient for 4 weeks at an interval of 1 week. After the patient recovered from high fever and
completion of the therapy, nested PCR could be performed to amplify patients’ blood gDNA by using
genus-specific primer for assess the therapeutic effects.

The latent period or severity of babesiosis varies depending on the condition of host and species of
Babesia. The parasite can be eradicated by the host immune system or the host can become a carrier
without any manifestation, such as an immunocompetent individual. Babesiosis can develop once the
host immunity declines, i.e., when the patient becomes weak, undergoes splenectomy, or takes
immunosuppressive drugs. Our present cases indicated that development of babesiosis usually
contributed to the decreasing of immunity or blood transplant. These findings demonstrated that it

would be important to improve the immunity of the patient against babesiosis.
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Trichomonas vaginalis infections in the Philippines

Windell L. Rivera

Institute of Biology, College of Science and Natural Sciences Research Institute,

University of the Philippines Diliman, Philippines

Trichomonas vaginalis 1is the causative agent of trichomoniasis, the most prevalent
sexually-transmitted infection (STI) in the world. The prevalence of trichomoniasis in the Philippines
is low compared to other countries. However, our studies showed an increasing trend in the prevalence
of this STI in the Philippines. This can be attributed to the use of nucleic acid amplification techniques
(NAATSs) which are more sensitive and rapid than the traditional methods of detecting this protozoon.
T. vaginalis parasitizes the urogenital tract of humans, however, infection in other cell types, like the
lung cells, was also observed. Infection with 7. vaginalis may cause inflammation and this effect was
associated with the presence of a virus inside the cell called Trichomonas vaginalis virus (TVV).
There are four species of TVV and all were detected in 7. vaginalis isolated from Pampanga,
Philippines. Another issue that must be of concern is the occurrence of drug-resistant 7. vaginalis
especially that only two drugs, metronidazole and tinidazole, have the approval for use in treatment of
the infection. This is even aggravated by the higher risk of acquiring human immunodeficiency virus
(HIV) when one has trichomoniasis. Our country is now challenged by a nearly uncontrollable rise of
HIV cases and it is indeed high time that we look into other agents of STI that aid in the spread of
HIV.
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e P9 F AR G~ D i P A B 0 B -

IR IERE

BEMER « [REEHED - RRUYIE

BN D A 27 ) SR OMEAIT L0 AN TFAR BRI S5 3 2IBNME & |
U, IRA IR ES oD %, AEERTIE, in vitro FERITB VT, EERIT, EEON
P AT A R R 0D BE PRI EE 20 RO 98 T R T 0 & R 2R I 75 5 R &2 3R D 72 2 F D R MR
P [Bacteroides fragilis; Wilgi® TH (Desulfovibrio desulfuricans)|z AT, Ziu ol
A O J R HE B I 2 S & IR IR R D SRt~ D R % B KB & B IR SEBR ARG R A T
EBLELTHIZ,

B L LI R BIEIRRT A — 3 2SR X I kD Entamoeba muris, 7 % &L
H kDT A —N (Entamoeba polecki spp., Endolimax sp., %), & MHHZE) S /5Bl S 7= 4
£ W Tritrichomonas foetus, Fg 5 * H 3k D * % o @ 4 4 # & B (Nyctotherus
(Nyctotheroides) teleacus )72 £ TH V| JR R OB T ESURIESEFENMEE 2 KNG & Hhhq %
S 472, Robinson #\ % Balamuth 55#ia H\\ 72, D. desulfuricans |3hifb/KFEELR &
LTCHILILD M, B. fragilis bV AT A VREIKE L TERIREORLKFEZEAT D, £
7o AU DR B UM B I UM B & [FTRR . B 7 kL — RN B e Ak B &2 4H O

BIEEWEOSMEEN FedS 7L KX ) 2#HF, £lo, Zhb 2 FMEOR#E
FYHICITAF R EROBREME OO D Th HIRHIERBEL I 0D Iz a L hF o F—
BEARWHNCHET2WE S RS TE Y | RO NZICEERT 2 ATRetE s & 5,
TET A —=ROFEA-D b OWFEI I K FE IR IKAE L TA B A, 300 -400 uw moles/L T

RiZEE SNz, £7-. E. muris, E. polecki spp., N. teleacus DI AKTE & HiC
Bk @ERBELEY) BETH T,

JRYL IR R ClX, JElT. B. fragilis O FIFICHRFT A —30 CBA ~ U AHH~D
R LR SELRE R L2, BT, RRT A —N L AER, REEE IR F 2 A L
REARAEEMNI & bALITERET D T foetus OREYLERRCIL, AR, IfEE F TiEewn
CBA ~ U A EWMIZ. B. fragilis LRI T 252 & KON RFIT A — 3% T B. fragilis &
HIZEMITEG S 72 CBA v U AT, RAMIZ S, MATHEIZ S B ~DES LT 2 2 &
ZRHE LT,

W58 T AR R BB R e = 1 L F—RET 2RI 2 b 0% < BRI & AR O
HlE b2, AZT 7 AEATEIRC, 2O X9 RBAERERMEME & R AR O b Y &
AT 2 2 &b, MEEOZITHE O i HE D RIELEPE A I = X LEOBMITHELDO G
DEEZD,
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JRYSERFZE 2 N AT 007 ) A VT F~T 4 7 A

A Bl

HHER « FEFES - MR

JEYLEDRH 2T ) AW A BT 52 2O I L. bhvbihiR—4 7 LA DNA v —
7 X oY —H S T HANBRR ICI D ALA TV D, ZHVE TIHERL L 72 B RGME D 729D D &
A7 L TIL, DNA i #7226 2 FE DLNICITMEFE D[R EA FRETH 5 Z & A n Lz, BifE
ARV AT LAORREZED, VA NVARERE R EORREAEW 2B ATREICT 5 L L i
SEAIRE 1 o0 R o E I b HkEk LT D, F72, LR ORYMEMRICHLE L 2D
T DAGHRIRHTIZ OV T, B OB A Z I LIz, Fric, &7/ LES L Taxonomy
HMERE L LT MB OF7 —# X—Z2THh % GenomeSync X°, T — Z IZEESWTEMFE
EHET L7200V 7 N TETHD GSTK /N5, 612, 7/ AESIT — & ~—
AZBITDE N AESIO 3 Z I OREEFRR L2V,
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JRHE Hh IR N IRIFRIE L B 1 2 A R ER B D HERE L2 D T

A A4 MUE Bt Al BRSO Wus . FE e
VHHEER - AR, CREELR - ERBMIIERER, CEEEK - BE R

[#55] WOK TR AERB Z b & ICERAREE R ONA (TSO) B S, SEIERK

JEPEIRR, T UL —RE~ODEPRIAE SN TE 72, BKkoH CRBERBREZxIR L
LEERRBR D EEBAAET 208, T OWRKEIRICOVWTORERTET V RATELEHG LN
TRy, —F, TNETORBRTEELRAEFROBRE T2, BHORERBDOIREE
TH DREMERE L TR, ZettilmneExbhnbd, 220, BsiTe TRk
TOMFRT, FCRKAZHFLLTEY, BRAZELT V7 NCB T 20 &2k
IR TH S, LTk~ i, BARANCEIT S TSO NIROZ 22 B & L, 12 ADH
ANERERANFEZSRIC, —EHERET 7 MMutbiERBR 2 305 L=, A, Bk
5RO IR A3 DIF R BRI M IF T B O WTHIT L, O BEE L A EHESL L OBG
2OV THRE LT,

(5715] BRPRAFZE TR FRHE IR SAI D B AR NICB T D22 - AN TR ONER
ZRVT, R BUR YR O FRERE & . T OHEB AR L7, EITHFZE TR, 12 AD EA
NEERERE A BEZ x5 & L, TSO O&EERIZ 1000 f#, 2500 f&#, 7500 f# D 3 2y (%
ALZE 4L TSO 1000, TSO 2500, TSO 7500 & 7§ %), FHEZ 1 AT T ERZHY 9T, %
ZMBEILTSO ®WANE 72137 78R Z 1 HNARL, PR 7. 14, 28, 56 H (2 ML dr 2 52
i L7z, AR E HEE U, GFERERELAS 200/ul DL b 5 U7 iE B 2 i BREREE 2 L E s L,
ERFODIRIGH & A bW TR L,

[(K5R] 77 B RHED 3 NOFEF#E1E 37.0 5% (£6.68 SD) TdH V. TSO HED 9 Nid 34.2 %
(£6.23 SD) T o 7=, iERBHLAFFIC IS 1 5 7T B R EEO VIR ERER S 366.7/ul (£378.6 SD)
T, TSO Bf1E 166.7/ul (£86.6 SD) T o7z, TSO HHINAR 56 H 14 DI FRERZ LA,
7T AR (33.3/ul) &L LT TSO 1000 (33.3/ul) CTIXHEZEN2-72h, TSO 2500
(766.7/ul) & TSO 7500 (300/ul) TIXFNENHEBERMHBEREZRERD bl (p<0.01),
TFEEERERHE 213, TSO BAINR 28 H LAREIZA U, TSO 2500, TSO 7500 Tk TSO HFAINR %
56 H BIZAFIEERBD iR & 7 o7z, BBt B RAER 2380 7 2 Bl T Ak o LR %

tEodemd, BRIER Z R WIFBREREE ZIE 5 & 3 BIRRD 7=,

[F53m] TSO WARIC L D 4FBRERIE 22 13 R AR ME T o 7o, AFEREREE %1% TSO PR 28 A LA
Bl BT D720, BRRIICITHo 8IS MALECH D, Fio, BEIERMEDIFIBERE L
JEFI B RO B, BRMERICOVWTIIERIFEMASLETH 5,
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2019 FE\ZIIE ST Y BT DT =W R B REEO FARM

EE ORISR BER R NI Fage !l fEm o
MW OBEREC SR 7 P SR
VH B A A, 2R - A

2018 4, YA (RRICHIA Y &) OAEBNFER EHEE SN DT =5 F RIEORE N L
Too THVE DT, HE SITEFRMMNOEEREHICHHT TO 12 HRIZBN T, FFES A
11 Al ST Y4 59 BEXRRICT =V X ABMREEOSNR (LLFT7 =0FR) O%F
ARMAERAE L. (BIS . 588 M HARFAEMFERRE), —H. 20019 YT Y A KD
T =Y REORE TR L BAETEHEORTEAERNC I UT, 7T ARRETT 7 4
L& EESTVD, ZHITMERE TES, 110 IZEDETH D, HEICENELT
PR E LT, T - ROBEEDHREZHE L TVD I EDIED, BV ADOT =4 F 254K
MHEAE L B D 2 ERB 2 BND, £ 2T, 2019 454 RO 2 fkkt L. 2018 FEOfE R &
T o2& e LT,

i, —HRB L O EHEGICB VT 201944 A0 6 Al snio Yy 4 41 B%
FRIAER, 7= XA TS LI N HOBELRT 182 AR RSNz, I hav K
U7 DNA @ COII s DO HRStE:, & L <I3E%Z DNA O ITS fHlk A x5 & Lic ) 74
A A PCRIEIZ LY 1D BARIX Anisakis berlandi. A. pegreffii. A. simplex s. 5.3 5\ M A. typica.
MDY DIXAT A physeteris & [FIE S, 9 H A. physeteris &L LTc, —J., 7T=%hF =R
JED LT B RK BT Td D A simplexs. s.dTD 72 < | RO FAERNZ LT 2 & 2018 I
KO 5 TS S V7o Y 4TI A A3 84%, T FFAETREE 9.2 IK/R TH - 7Dzt L,
2019 1L FFAESR 32%, FEIFARE 2.6 BIK/R CThoTo, Y AOFHWHFIZHAET D AM R
KLV ETHY  ZNBT =Y F ZIEOHBITEEL TV D Z LRI N, AFE T,
SEDORY Y FITBT 2HERI S HOETRET 5,
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BRERSN S EIZ AT o~V 7 ek A b B IR RICEAT D
Neoentomelas asatoi (Nematoda: Rhabdiasidae) D& M) ZARMEIZ B9~ 2 WF5E

el EA
H R %4 R

b LB OBISHER ORI, ELLAERFNRICE T L2 EERERERD, ~U 7H
b A MUY (Ateuchosaurus pellopleurus) 1%, BiEKFIESHE (MU 51, EEHEE. PGS
) A2 L, E I FRBMEN W WEBFEATE CH D, A NSO RO
Neoentomelas asatoi 73 % £ %, Neoentomelas J&IIHiEYEHHOE AR TH Y . N. asatoi 1
FOBNGR L, AT, BHEICTHEEZLEL L, FEONY Zre At b7,
FEATHIFRIC K0 R RERYICHEZE 1401k L7z, thifiaE 7R & LR8BS UL RSB b TV 5,
AWFFETIL, N. asatoi {22V THE EO ISR L 72 BIRA b /L 6 2 i~ T,

BRERZI] 5 R Il 545 T2 N. asatoi FEAIZ DT, mtDNA M EEBL SN K 5 53+ R iR
WraiTolz, ZOREK, TNTNOBIZEAOMAERENSM L, BEMIZHEL TS Z &
MBI L7, £ LT, MifRER O 1 ERRE L BEFEEUIED 1 EERENLR S 7 L— F23 2
ORO BT, W7 L— FIZRWT, Ml R OEIAREE & 483658 B UL O AT o 8 1s i
BEZ/NS o7z (0.5-1.4%) , UThERMERTED B ICBEN 72 B2 9 L T b . BRI
BB LD BPERDP IR I NI, — D7 L— RNiX, Mo hiEeE B EREEN Tk & 7o
ThY., TN, wEHEEUAEEREOERS MR EICH 5 LHEE ST,

TRERSE Tk, BRI S 72 S A~D B AIELR BN 202D S I FFTRB I T
Do AWML, RO FAERD AR E — RN T b BN BB R E&H 2 Rz LT
L ERET D,
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Spirometra J&HIAS R OBAR b & Fl[F &

ik 'R IEMLC AR bR A #h2IE ¢, Chaturong Putaporntip’, Hla Myat Mon®,
EH O M 7. Somchai Jongwutiwes® . & #E S. AAHE B
VERRELAE - SRR P BEIRK - R - RYME, AR Y = v 7 BARBRE R
>Chulalongkorn Univ. * Parasitology. 6Yangon Technological Univ., ' &Ik « 246 « NBRC,
SR - RS - EREESR, T Y~ WX BB E T

[BH]  IHUEIE, ~ > Y U AEES W (Spirometra erinaceieuropaei) D7 v/ aA KO
FELES IV aPRALIKOERS, okl as RRFELEZAE, Tl
=V NI REDAERIZEIVEET DNBBITIETH D, AR, v Y VilHSEREWES 2 4
Foftiahie7vrkiras B HARREOEHA~NEBLTF A, Iv o v—TONE,
AT PLRH L et rad ROBETFRIEEZITSTZOT, EOMREHRET D,

(MRt L OHE] BF 240K THE VRS vekwras F2 @K 2140
A LR LT Lrkrad RIMEEK, Ivyor~—0ar7 78I 00T uh b
L7z vrtnras Re kil O 1 Ak, MATEMS LTHIRES LT i L BpE s
B3R LT L u b as B 79 fEfd BERERE~ LY 1 ENLHE LT L
rEL A R28EERDGF 119 iR A A G & L,

MROF Yy FEHNTE T LrtLladf Ripns DNA Z4liH L, 18S tDNA, mtDNA cox!
B LW nad3 Bint O — 27 =0 AT I L ORBBARHITIC & 0 FEFRE 217 - 72,

[(RRBLUELR] b b AEBIOIZANLHH LT Lak/Llas KO 18S tDNA
D 2189bp H 782bp A fRAT L 72 AE K. i L7 T X TOREULD S. erinaceieuropaei (KY552801)
£ 100%—E L7z, —J7. mtDNA coxl {51 1566bp H 709bp 35 & O mtDNA nad3 #is1 D4
346bp ZIRNT LT-FE R, MEZ L HIZ6 DD 7 T AX —%FH L=, AE, 119 {EDE k., ~
EB LT ANLHIH L727 L r /L3 A RO mtDNA cox!. mtDNA nad3 A5+ O b
HBnh, EREBREDO S ~~ELLHH LT Lokl as R 92.9%(26/28)7 S. decipiens

(cox1:KJ599679. nad3:KJ599679) &ZNZh 100% B L7z, £7=, b hrbfifHIhiz 1
fAERB LT A, Ixr~—0a 7T, BT AL I 78K S, ranarum @ mtDNA
cox] (MH298843) & 100% K L7273, nad3 BB LTI L7 7 L o RBLHI 0 %Rk )5 e
RMTE ol

S. ranarum JEQF L, PEMBSE THEIFEICEM L TWD Z &, KlERBIT 5 ~E00
TADOEFARIN G, EWEE TRV ERB SNz, Spirometra JEZLEAS RIZIX, S
erinaceieuropaei, S. decipiens, S. ranarum. S. houghtoni 33 X O S. okumurai 75 £ 73 FH 53T
% 3, Genbank {28k S IV TUWDFEIL S. erinaceieuropaei, S. decipiens. S. ranarum D& T 5,
LU S, = > Y VilBEIX, Pl utiadf NOBEGEFITICE D BN A
DRFEICSDRBDGEbHDL T ENP LN LRI,
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[ EVEDIEMT K D W B DTEREAEIZ SN T

NI FR
H B A by

We DGR EAREAREROBRITIE, 1) R ZBAERIZTR AR, 70% % 7 — VETREE (LI,
BETE) . E70E, 2) RKEI AT FTRALRATA KT T AOMICEY - HEL, AFA
RETHETET 2 (LR, JEFE) ORI T 5, Cribb & Bray (2010)72 & 13 B [E 15 % 2
HVEIZ T HRELTRL TS, ZOEFTE LT H OO WG CHLAETEL 2 &,
HENHRTEDOETREEIND Z 22T, ., EEEORETE LT, JEFRITE-T
HARDE AL HIRIZ [FE AT (distorted) EE SN D Z & EFORRENFEMAIZL > T
BANZERH Y, ZIUT K> THIEMEA R D (BB RW) 2 & [HEDOERIZ AR
MBI Z L 2B T TnD, THET, WL —HTOHETHERENTAERITESW TR
WS SN TELEN, SRITBEEIEICH =T RERON? [EVELAFEEEOEATITIEN
KBWDBREENELLHDN? TNLOERMICEZA DI EHZHE L,

[#48F « L] B\ ERED Y F T = )V OBEGIZ %A L T 7= Paramphistome 38D Diplodiscus
amphichrus japonicus Yamaguti, 1936 & JABIRED © 72 7 7 O Wl AE 12 %4 L T2 1
W H. Psettarium japonicum (Goto & Ozaki, 1929)Z A4kt & L7, MifEZ 50 2 DO H{ETEE L,
T I LN IVERBAAT N O bR VY TR Bk, BRL, BT HN
N LTEAL, KAEARL Uiz, WHEONIERE & ERE 2 B\ EEE & B A TR L7z,

(2R - B Y FHo A OW i TiE, BEEEE ETHEC K 2RI o4, IR 1 -
1720 MR TR 12 132, (KIE 1: 1.26 & BT X DI & BRI K AR o=,
TEMEIC R E DT £ ORBITRBFEIC L > TRAR -7, WEIEEIZ SV TR, 1A
LA RO EE T b EE & LA O RKimiEIL, WOz >\ Ty
WARARD T8 Z 2 NTHARICBIR S iz, — 5T ik B TIIEFEOREBIC K - TREMA
FHERNZEH LTRAE CREE S L7z, BAEE L7z T4 = /L O W BT I i O W O FE R 23—
E Loz, LEDL1Z, WTFNOFIEICL > THEEO —HNAARICEESND Z
EPHIH LT, ARBIIRRFEZEO L T IR 5 2 &, AR L, ol hE
WZOWTHERETTHZ e E LB X BNLD,
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WNO~EHE 3 Fli) DS BOo0vo 7=k B Ochetosoma kansense

Mk BE. PEE EM R sk’
VH R A RE, R X

WA PER X ONKBRPE >~~~ Y Elaphe quadrivirgata 7> O 58 S 7= W B Ochetosoma
kansense \Z-OWTIXE 86 [Al H ARFHABF4 (2017 4F) THE Lz, ZoWmpadgs Iz
fEEE, 0L ZAENTIZY YA~ ETTER, MO~ D ORMERDOH LIERN B 25

(FMB) . Al v~~Y, T4 XA > a U Elaphe climacophora 33 & VY~ 71 773 Rhabdophis
tigrinus 7N IR SN B ZBET DM H - T D THRET D,

WHIE 2019 F 6 A, MILRD T ~~E, TAHXA v avBI OV~ A% 1K, EHR
DY ~HHL 1TIEOAPERNPLERE S, 10%TF /) —VEESNIZHDTH D,

W ER 2.5-5.8 mm, RKME 1.1-1.9 mm (EVEARZFHAD OfFME T, BREMIC
Ochetosoma JE\ZJET % & HIBr S4v, AFEFLIHIED L~/ C BRI B 1. IR BRI AM A
DFRHFNT D D IR D 2 FEZ 0NV, IBEENMERRITE LRV & OB R D
O. kansense & [RITE STz, £iz, BIBTMITZAT o7& 245, 28S tDNA (9 1270 HAxT)
OEFNEETIX, SRIO~E 3 D GERE SN2 O. kansense 1%, AL KPE~Y$E Drymarchon
corais 7> LR ST O. kansense, 38 L OHE S ~ ~ED B D O. kansense (2017 F-DFF)
EREN LT, TALXA v avBIOY~ DT D 0. kansense AT LR EZE 2 D
ns,

ZOWHITFEITIKRKRIBIZOMT 22 ERHOBNTNDEN, ZORBOAETFER & HENE
HORMNOEBLET H &, WHITIEKD T > =)V Lithobates catesbeianus & & 12 H A~
NS, VTN B LA ERICRBRTFELE D LEZ X b,

723, Ochetosoma 7> Renifer @ junior synonym & ZfL TV % ("Keys to the Trematoda Vol.3"
(2008)72 &) DIXFEY T, B4 & L TIX Ochetosoma BWEIEEZ LD,
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T 7 RIVPE Amphimerus JEFTW HL D/~ I A B — ~D G55k

il R FREREZ IR #R EWELE Y WS, mAHR
mﬁ £, SEJARS M IR —=x"°
Yelff - FABY . PIRATK - AMBRERE, CHERK - BE, THREwK - [E,
SEANER - B, CHTR B - BRIE, TR KRR - M SR AR
97%)ﬁﬁ-@-177Fw

%20 AL Opisthorchiidae (2B T PN HIL, 77720 T, 7 AU I KEIZH 5
T2, HTH Amphimerus JBIZHFAS VDR RUE, BT A U A BR< & H 5 2O FE
ERAMEINTWD, HELIFE=7 7 ALl « = A A TV HX AR TERIC Amphimerus
BTN DR 2 H 1 L AEDRRIR (2Wr - 10I) & 2 W3y (Rl NERIEEME 7R &)
BT 2R ZHE Lz, SENI AL AL —~DREGLRBR 2 320 L 720 T, il 2 s+ 2,

FATHI CTEREE LIZRAKBNDARRDRAZ AT Y T 2l L, 8 BHO T —/LT U NDHAH
—ICRE ARG (130 f8/E0) | #eh54% 293 A & TRIFAICLER - IR L7z, mAI3iagE - if
BEXOEIL L, JeaE AEAZFR LT, BRBIE L FHIZ1T o 7, NI —H0 13 FE AL Ak
AL L, BUROFAMRD & IR DI BRI Z -~ 72,

INIA B —D Amphimerus JBIFW BT3B RIS < L A EIORECTIX, 1 380671 42

£ (BEAZEVH )T O 355%) OBREREIL ST, ERE& 17 A LRb R THBR L
EARD B IE, FENICRIIZED 2R R SR S 722, BRI & IR
L, AJEOEBUIELEWI L 0 RBLT 2 Z L 30 o, WEHMIEARDBIZE T, IF5E
BICHEMRE 2RO T, ST HERICIERZ T LTS - BEICEETLLERD
Nl S OITHE LR O & IR Oyrk, NHE JE S Ak oG5, iekae £L L
7oA DT s, BRI A2 o TICRBO bl L LEBIEEFICH ., IFFE~
DB DB KIZRER TH O | WP R FEE B OZ L S HAREGOR# L Z 2 bz,
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~ Y AR BIEIC K D SR R~ DR L EEY = AR (RAGE) D B 5-

AR, BRI OKIE L ONm EmE D Sk BET A R R
LA S G R
AN - IR - RS A RS, A - B - S
ek - RN SRIRIE LR - M 5 T

e - B EmEOREERIIIR T 284 THA, EEFEETT 7V AT THE
28 TN ELHEE S TIY . BAH IR WEEF (NTD) O 1 T b FHICIRAN R EYE Th 5,
ANEDIRIFAR T HEMB BRI, BREMICHE EERNICEA L, mITHEICENBET LR TRk
B PEINEAT S, T OMFRTA U 2 ASE QMBI 2RI, FEL, TR, BB, TR K
PR ZE . REAKSOHIPIERRIC K D MR E 2R ECTh D, FRICBRIER <X, FFIEPIC &R L7 R
JEBH DRAE i & W IFIEFE RN BREE & 72 55, Z OJRREAFICEE T 2 70 im0 sId R 72
BRZV, EREFEA L, v =RFERDOZW T, T VU ek, HEk, v/ r7 >y
— DIZHBL LTV DR L EY Z R (RAGE) (2K AE U 72 S I R B 2 il 2 - 5
MEERR L2 EnD, FERRYUSEIC RAGE & 7 VBN EHEICEE L T D £ & 2T
%, FZCABFZETIE. RAGE KB~ 7 A~ v Y MWK Schistosoma mansoni % Ji&Ys &
. BIVE O RIER X ORZEER L & RAGE 3 7 F VDR IZ SN TELEEMZ T,

[F1BF - HiE] B4 35 L OV RAGE KB~ 7 212 150 20 S. mansoni BV 71 VU 7 % % e il Yy
S, K2 o ARBICHERIEIC X0 s AR U RS & FH L 72, ELISAJEIC X Y S. mansoni
R R RT YA LRI b3 2 BUARAm, SR IE 2 O 7o AR R RS RE AR 2 38 X OV o 973 B AR Ak
Blgz a9l Lz,

[R5 - B22] BAERE L OVRAGE KIE~ 7 AN S LN s BIC A B R ZITR 0 b
ST, ETLMBAM TIENT IO FFR 16, [gEED LA RO bR, AERET o7,
BLBRZEVN Z &1, RAGE RIE~ U7 ADFRIFEO Y A X3, WAL b FEI/NITH -T2
Z LB, RAGE 73 RPN JE FH D RAENS B0 Z e < IFAFEOTE R & (et L T\ 5 2 & A3
SARBEIND, LLEORGEN G i o> I P SFIE T AU RAGE & 27 F /L D SR FIZH
HZENEZBIVDHH, RAGE OTEMEALA BON F 7o 13 IR WAL R T~ 2 225 D> I3 5
WD D, F 2 TH%IT, ERIIE IR L~ UARECBIIZ RS L2~ 7 22O T,
ARFEER L FREDIENT 21T 9 TETH D,
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—R%EEE
JRIEMET A — 3 Balamuthia mandrillaris O~ 77 A JEKYLTE T VAL &
W2 Wik OB %

fEd A, JUKMH 6], Ak —

R, BHAETEEDO T A — N2 K D8R & U C, Naegleria fowleri (2 X B JFFRMET A —
ASVEREIEAN X R°.  Balamuthia mandrillaris <> Acanthamoeba J&IZ K 2 WEFEMET A — SPEAKN A
MHRPIZHE SN TS, THUHDOT A= NIER SN AP HEICARLTEBY 21
LI LT MOEET L2, BYEE TS <2V, Lol BYERNLT D &) THE
IRIER A G Z L. BOERD 90%L L EHEFITEW I LBMBE L R>o TV D, TOHKE
LT, BHIOZEHENPHEL SN TV RW I LA RIBRIEN RN ERET oD, £
T A= SMERR ST R ERR RN Z L < O RAENE FPAXIR R & OEERIAEE L\,

EANTIZZNSD 5 S B mandrillaris 1\ X DMRFEEGI VPR B L. T A= L D
Y 2 R R I2AT O ZWHER R R CTh 5, 7z, IBIHBAEIZ L D B. mandrillaris D&Y 6
WESNTEBY ., BHEATOBETHEREL T 5-OOREFELROLNLTND, £ITAK
W22 ClE. B. mandrillaris D~ ™7 AKYSTE 5 )L A RIS U JIZ BT AR AL F~—F—
LT, B~ U A TREMICET 2R ORE LT O, £z, BIERREET V& BIER
WETINEMESLT H 2 LT, BRI TO RIS 5 BIECE - CRE R TO LB 5
BHEIR - DBRKE 2 A5, DL EORRAISH L, AR A IZHH AT 6e 72 R 5 8 e 22 Wrik o
BA¥EZ HiEd
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FTATA A= TN L DIRFT A —23 Peroxiredoxin O E)REAZAT

A Em, BN BE W R

FER « & - SR - ARG

Peroxiredoxin (Prx) (FZFEEEM N O EFEERAYN E TR IRFESN TV DL Y V7 E
Th D, FRET A= N2IF 2-cys ¥ A 7O Prx MFE L, 15 ENITI T 5 BIRO AT IR
WCHEREEZRETLEZONTWDIRET A =0 Prx 137/ LRI 8 B FAFIEL .,
TR RS A T D & 233 FRIEETHERL S 1D Prx OMLIT, N RERNC RKES D B 2
Prx, C KusllZHHAESNDOH D Prx D3 XA FIW3FH 2 ENTE D, ZhE TITHFIEE
TIE, EE L7 Rkm B Rz D C Prx BMEECHIBEIZRTET 2 LS Lo Ay, st
N—=TINHITHRRREICRET DLV IHEGH Y, 3 Z A T TRECHEEEN R 2D FTHE
PELEZDBND, AR TITEDOREMEZRFTT 5720, 3 24 7O Prx IZTHOWT, N Rl
FRtaet % )78 (GFP) M3flA L7z Prx (GFP-Prx) % i #BL4 D -k 2 #6157 L 7=, HL GFP
iRz RnWiv o247 ay Nafrotzl 2 A, GFP-Prx OHEEN T8 E T 530 K
N3 R CHERE STz, EHRIRICEBIT S GFP-Prx DT A T A A=V T E{To-/ER, 3k
HICHOL TR E I BILE S, R RO IEENI M o T AR ISRV EOE B B STz,
Flo, Abr=FY =l Lo TR b A% 5 2T GFP-Prx OEWEMENT 21T 57223, 3K
HIRINAT% CREDZESHKM OE N IIHMR TE ool - T, 3 %A 7D Prx [ THRTE
DFEWT W EEZ bILD, Sk, GFP-Prx FEUKICBIELKFIZ L > THR{ELA FL 2% 5
% C GFP-Prx OBWEENT 21T O TETH D, Fio. ALY D Prx T, B{LA ML RIZX
STRAFXFVH—BIEEOH S 10 HELL VXY Xa L 5EDOH 5 20 BRICE(LT 52 &
WHREINTNDDOT, 3 A4 FHICET BN REELIERTEEDEWNIT DN T b
THTETH D,
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PR 3 & oD SREBALRICAE T 9~ 2 BT RUR IR 7 A — SRRl R D PRIR

HHORRET N MR IER R R
VBEISK - R - RRYWEFBE P RIRKBE - SEEARTIERE - KR A5 B

RIFT A — NElE, FEE EECTEFNE TREO FERFER THY . BRIZEBNTHH
NS L EIELCBOE R BEGI S E 72 o CWBIRRTH H, £, T A —N
I E EOBNMEE EBHICEE L TWD Z EARBINTWD, ST AL, MK
M (EAWEAYCHEBAEY ORMEY) 2T, RETT A — L BRNMERE & o4k
BEBGRIAE LR T A — " OHIECHMRR A ZILE LGS, HBUEME R ZTRE LT,
BT I K DR T A — RIS 2RI L. 22 OEREFF 272 2 &Ik
D TRFT A — N FIER K OVESE(L & BV E /A & ORI E R S c T o 2 &
ZHIBE Lz, /B E L EERAERAEZHAWCTHZICEE LA ) —= o P 2 T o124
. 2HOWELE R KEE OR RN, R T A — S IHBERE R RICH WD Escherichia col i,
T A= NOBEFEICHR S BT 5 Z L 2 R LT D Bacteroides fragilis, 38X OGRFIT A
— N ER AL (YIM-DHARS H A HERRHM1-IMSS) DG IZHEE T, LG E K (Robinson
B M A HERRHML-IMSS) 12 O A AR ETE 2 m 3 2 & & AL Uiz, BIfE, Z o280y
IZoWTC, &/ r~ NI 7 4 — % AWIIEEMBEORRA#ED TN D, KRKSTIH, R
7 U —=2 7 O IR ORI 2 E TIATo e —EORFHERIC OV TS
Do
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INAFA A= TIWCED T cruzi JEYe~ w7 A DRIE D H

R H L B BT &S 200 L MNE ETL S R IgHE ET
VRERS R « B8 - B HMRAILS
PR KB « [ - EEWESEE v —

[ 5 & HMY] Chagas WHITMlaNE AR B CTh 5 Trypanosoma cruzi 125> TH &L 2
o, JRBAE MUEET 5L, B TIEIRASKE R ENL BV, BRADKEITE M
CBAITL., HHE L W) BRI Z R TR 3B 0 BE COMASCE RIS T B2 3% L,
T 5660655, L., 18P Chagas W OIREIZARFIZIBHA L E 2o TR, £
T, BPRBRORIEOTKAETEFME~ T AET L THLNITLZEEZAME L, A

FA A=V TITL YT LT,

[FrEbE HiE] RIEZABMETES b T oAV 2=y 7 ~T A (IDOL =7 R) &HWiz,
IDOL ~v &A%, IL-13 Yo —%—iflffl FiZ Luciferase % L' "h—&% —i@&n 1 & L TEA
LIev U AT, RIENMEE D E TL-1B OIEMHEISHEV RIESAL DRI S LD,
T. cruzi ® Colombia ¥, Y #% IDOL ~ 7 A ZZNFH 1 X 105 parasites [HEYs S,
RERFHIC L 2 E LTz, HIERFIZIE 3 mg/mouse @ D-Luciferin ## 5 L. 10 31&IZ
AFA A= 7 AT A (ImagEM X2 EM-CCD 7 A 73 XY HC Image ¥ A7 A
Hamamatsu Photonics) Z MW THT 21T o7, NS 1 BREEICHE L, RIEOFREAE
AL L E OB A RN LTz, 7z, BRI X D 0RO E LA b 2 — 2 X0 g LTz,
[FERIFRE G~ T ANFTRICEBN TS &Y 5 Bl F TIEBEE 2RI S e -7z,
YL 6 #H75 Colombia BRIEYL~ 7 A DMERIZ I v, JJEY: 11 BB, Z 0%k
FHR Lz, —50 Y BRERGe~ 0 A TIEL IEBICI3mEs 22 3358 0 H v, JERRIC & FEH
B En, £, BYE 17 HoO LT a— CIIERERLOHIER DR IEN RO ST,

(B2 L fEEE] AR D, Colombia HREGL~ 7 22T, Y% 6 BT IL-18 23
P22 LB e ZORISLHRZRIEL TWDAREERZ X b7z, Y &
e~ 7 AT, BHIIWII TH o 7eh, IERMOIEZ 2 L2, ZORRNL, HiBIZE
B IL-1 B DIEMHALDNE Z 2 FIREMEDS RIB S 4T, A1k, ~ U A DIROFERG 2 F R L |
DR RVBIIE L CTWDNEDPRGET D2 BENH D, £7-, JRADRTE & RIEFA & O BEME
T T D TETH 5,
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PCR-RFLP {E&# W=7 7 RVIZHHi T B U — v a~=7 JJBFED R E

JNEE KA ' Eduardo A. Gomez®, B TH. ', Ahmed Tabbabi',
A KA Ba #mAC
VHIRERIK - B - EEWE. Py T RV - A R AR - B - B E

V—va<w=TERRMERY U Fa vzl snsd ) —vav=7 Hli k> Tl
HINDEETHD, & MIHREFIET Y — 2 2~ =7 R 20 FER#RE STV D05,
ANE TIRR GRS BRIR G (BFR, PR, RERR ) ZRET 5 2 &0, BRI L -
TIREEADBZMEN R 2 L E b TRy | R B2 FET 5 2 & ks
FHOWBRPLTHRHUEREICHETH D, AT TIX. =7 7 RO R BRI L OB SR
J— o~ = THEDRFERIKRD S B O cytochrome b (cyt b), heat shock protein 70 (hsp70).
mannose phosphate isomerase (mpi)33 &2 O} 6-phosphogluconate dehydrogenase (6pgd) D %1151~ D
WA O 21TV, V=Y a~v=T FUREDO 3H~OBEMEIC SOV TRET Lz, 72, 2
L6 D51 % V72 PCR- Restriction Fragment Length Polymorphism (RFLP){AZ L 5 fif {8 72
MO FRIEEOFESNL R ATz, =7 T NIV ThHBEI Ve 7 [ Leishmania (Viannia) guyanensis, L.
(V.) panamensis, L. (V.) braziliensis, L. (V.) naiffi, L. (V.) lainsoni, Leishmania (Leishmania)
major-like, L. (L.) mexicanal® V) — =~ =7 Jf ik L OEE A EZ AW T, 4 DOBE 1O
JABRFE A~ OF AEICOWTHREELTZE 2 A, D 3 DOBEE I LT eyt b BB 7O
BRSO FEMT TIXERFE D /348 e T AR An 1 O ELBLHIARAT 73 7 s o R E 12 A A
ThdLEZHNTZ, WIZ, XY ##7Z PCR-RFLP IEIC X 2 MOEHNEOM 2 AL, L
it 4 DO BT OFER I L OTEN I 2 gt USRI R OIS 7 — o 2 i L7z, cpr b BB

FAFHENEE N LN & | hsp70 BAsFIXFERM] T RFLP N Z — U DNEHEILEWT Z 7 X v b &
Wi 20 E N o2 Z b, 2 OBIGFIERFLP FATIZI3E L TW R E B b,
—J7. mpi BIn 1B LW 6pgd BARFITFENER R D72 < mpi BAZF D Haelll UIHT & Hapl
Ik, 3 KON 6pgd BA51- D Bspl12861 BT & Hinfl UIErc K-> CIFE A EOFENSFHTE S Z
LN o T, mpi BAL 1-X° 6pgd i& A5 1O PCR-RFLP AT TIXX B TE 72 o T Urigx M L. (V)
guyanensis & L. (V.) panamensis I%, hsp70 38151 D Becl YW THFAFRETH D Z & i T
e, BRI, TOFEEZT T RVICEBIT 2 RB0EFREICISHT S & L blc, 2ofo
[E L HU COFREIISHDB AR TH D20 T 20 E N O D LEZ BT,
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TH NIRRT DT VT FHEOR & DERE

S EmAy . N AL SR BUR
NERBER « EEEED - BGTES: « F4 U e R

U A IEIT A THEEO~YZ Y TEEETH Y | RE#EE L The Uganda Malaria
Reduction Strategic Plan # %L T\ 5, = Z Tlx, @ 2014 4 F TIZ Long Lasting
Insecticide Nets (LLINs) Z i E kS5, @ 2017 FF TIZ 85%LL EOERMNIE
LW~ Z D T7OTPPEZSICOT L 2 ENBITLNTND, VI FBUFIE 2000 b~
Z U7 PRHICEE T 5 A 2 Demographic Health Survey (DHS) & Malaria Indicator
Survey (MIS) TITo>TW5, ZOT—&#1b, b O HBEDOEMECE OFEEZ &
D Z EETREIEDS . AR O M X oy O R B 23 E AR TR - TV D 72 D FEERIT IR &
o TG, ABFETIR, BEATBOd RIS 4 2 B HE B O /R & AR 5 0 #HUs X 55 o
Wbz L7z ETF—% ZHfEAr L. The Uganda Malaria Reduction Strategic Plan 7% &
ZETERINTNDDD, EOMEIIMD, IOV THRE LT,

DHS:MIS ®F — 4 % v k% The DHS Program (https://dhsprogram. com) 7>H AF L.
2006, 2009, 2011, 2014-15, 2016 FDFF 5 /3 12OV T, WIRFTA R, WHRDO AF T4,
W 2 ) U722 o 7o Bl 2 il A A MR X ) 2 AR EE AR ISR — b, & B (T HLlE g D RRAE S
bz 5 L7z,

T ORER, WIRFTA EA 20% % # 2 7200 1% 2006 41213 10 ikt 3 Hilk D 7272 - 7273,
2016 21T 1 Mg A R < AU T T0% 2 2 Tz, S HIT, 2006 IR E 0 J57 234D
DES L W IRERERE o7 (26% vs 14%) DIZKF L, 2014 FIZITHE TIRTRRE L 7o
Tz (58.7% vs 60.1%), WED AT HIEIZHOWNTIE, 2006 FETIIFTATHBHED 5 6
21.5% M EEHEARIZ K 2 & D TH > 7243,2016 FI21E, Z OEIG A 9 BHE I E TN LT,
ZO—HT, WRAZFERA L2 7ot oFE ML Tk, ToHBE LTIE, mbHL
TWRNWED R ERbE T,

U EDFERG, BEOIZOWTIER TE TWDHA, HEQIZSDWTIE, A5 TH
LEEZOND, A%, WIROBEZEMHOHFIZNZ, EOHEHAFTEOWTOHEEFBLET
bHEEZDLID,
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—f%sEE - 15
A< = U 7 JFH i N-7 3 JL{k Rabbb & Arfl, Rablb @
INBARIT R Z B 1 D SR E g T

SO RISV A BT OBHE OEPIC Bk I M R
K ECERYS, W EFES, P mET
VEISTIRYLT - B, B - B - AR MBREE, O IS R - I - [ERRBEEER S R
VROIEA - [E - JERBIE -+ AEIKESE. CHUEOK - EMBIER . CROK - BEE - AME(Y

BB~ T U TIE . Plasmodium falciparum \ZFRIMERPNICTERR L= AN T, @ fEO
B Ry B aE EMRE R ORI~ LT 5 2 & T, BRI Lo RESRE A R
5, BEEN~ T U 7R RO RYL IR MERE DS S 7 L PEXEL & de X X Bk, ifELEY &
FIRRIZ /RN D IR E S L CTHRE S NS EE X LN TS, Ll FHRANOEER
R 2 OWNTOHREIT D220,

Z TR TR, LM ETEa L T L0 —HICRFE S D N-T 214k Rabs
(PfRabbb) 1Z#& H L7=, ZefTAF%EClE. PfRabbb 1L I/ R TlE7e < /MEMEEEIZ BTE L
R T AR FIC bR S D T E G STV D, Rab OREDMEINCIX, RIET
HDANTIRT LFEGH X EORIENEETH S, & 2T PfRabbb DfEE ¥ L /X7 E DIF
ExkHle & T A, AN TANDIRITFRET 5 2 &3 STV 5 Arfl GTPase, Arfl
DOIEPE(EIR - Sec?, Rablb GTPase M7RE 1 7 % 437-, Arfl & Rablb A% PfRab5b & 3L/F7ET
5L BHERT A0, TEEAIEMER PfRabsb™! 28 B L MR H X8 R BEROLHURE 21T
272& Z A, Arfl & Rablb 7% PfRabbb & 3LJR{ET % Z L 3Bl S 7z, Arfl & Rablb [3/ME
REFFICRET 2D TIRRWNEE X, Mk~ —T—D Bip & DJRIAE % B 15 B
LSM880 with Airyscan THEIZZ L7=, EDOHEE Arfl, Rablb & HIT/MABEHIIET D L& &
B2, Arfl @573 Rablb £ 0 &/NARIZIEVWLEIZWD 2 &R bro Tz,

B OFERA S PfRabsb |E Arfl, Rablb & /N NTEE T EAMER T2 mTREM: 2 R
Mz, £z, MFEEY TIXINVERITHIET D Arfl, Rablb 23, Ji BN TlI/MafREFs
IZRIELT2Z E0nh . A OREr Z PR~ 7 U 7TRBICRFS LTV TS, Fk
WNTORIEERRRDDONH LD LoD BrE~ 7 U 7 7 b o/ afls—= 1 DR O i
PEHIENE, A AEMICH AR TR L TV D & TS,
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~ 5 U TIRBEEAT —I5bIcBIT 5
RNA WS 77 4 o =R X7 7 3 ) —OfiEHT

Fl RO B M B2 S5k s

VHOR E RSB RERERT - BEERRATTIERL - [EI BB W A R A B
PEERY - B - EERGR RS

~ 7V 7R B3 AE 8 K OB DR TR ZE L 2 RV oo fE Efla~MRA L TAET D,
HRMERA T — P RBEON, K1~ 5 %FEE D AR D AFERMA~ &b L, 18 EE )
SIEITAEATT D, ABTHRHRIT BN A~ DOBATR . MR M L, T 5, R
L7eP A F— MIFIHRARTH LA —F Fx— b~ &b d 5, BEVATERMERIZ BV TR
RNA ~U 7 —Z2Toh % DOZLIZ L 2 BERINHIHAE N B < . A —F R — FOFEFITLER T
X7 O mRNA FEER E 220y, BB~ DOBATHER., £ OBERIGIIMEREN D Z L
TR TWD, Fixid, LrL, ZASIFETHBHCZ N7 BIZh Db Tlakl, &
)2 A —F 2 — MERE TOENENDOEME TURERZ 7 ERIEFICHR ST
RETHDEERT, EZTELIEL, ~ 7 VTIRAT ) LD insilico fRIT S . & O G1%
DL Z NI ET7 7 IV =D EER, BREToT2, TOME. AT —VRRMY
CRBLTWDEY LI T4 o H—F NI ET7 7 IV —RNEETHZEERHLE, b
P34 LT N KumfillC R L7 CCCH LY v 7 7 ¢ U — R A A % Fi D, Plasmodium T
MTORAAL L OFFEIMEILIS%LL ETH o7, CCCHHE Y 7 7 ¢ o —2 37 E o
AT mRNA EFEAT 5 E VWb TEY , mRNA ORGECFIERIIH O~ D B 52552 &
NTWD,

T T, RBFETIE, 2OV I 740 H—H X787 7 U —% Three tandem Zinc
Finger protein (TZF) & 4 {417, A RHMAM O A —F 32— MNIOFMER T —DIZHBLT 5 5D
7 TZF (2B L T, CRISPR/Cas9 |Z & » TEAx ¥ RIEMKK O GFP il & & o /3 7 B3 Btk & 1R
L. TZF ORER OVRIEIZBE T BT 21T o 72, A H O TZF XBMEMICRBL L, KIEHIT
ETERHAIA N D A —F R — MI~ORRBICEB W T AT —URRICEEDILE D Z E NG
Mo Tz,

LLEORERIE, TZF R~ 7 U 7RO 4k - BE DD % v 7 R AT 5 % 3
JET77 IV —THdDILEBIRELTND,
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- BEEE 3D HEIEMATIC K W WD T LN E o T
F— A2 "~ T U 7RO EE

AR BRI 2O JIE ' AE SRR MR RS, KR B LS,
PRl EFE . ABL — 1 RO
VESLIRGLhT - 5/ EBER, 2 BB - B - ZEMBREE, BRI - B R Ui,
AR - BElE - TEREAENT, 5 ENTERYLF - REYSREE, SHUIK - AMBRET R,
THOK - BEE - AEME

B AWM OB OBFERIENT ., HIROMEEMER ICB W CIER ICHEE R & B 2 5, BEMERA
EREATHRAEEYTIE, LB RHIENALETH D EE X LNDHNEOFEMITIHE EH
Bkl o T, =7 U 7 EHROBEIIL, B MANTORFN L RNHO 2 SORE
AT =V NI HETHENTOF—V A NHOREAT —VUNFEEL, BEOREL DT
BRI MR L DRET D NMbLN TS, <7 U 7 RAOOHIEIZE L CTIXRANEY
DIENS, BORN 2 NHERY KT Z L TERKREZRRT VY T=—XThHb L
PRENTWND, LaL, oRFRE L 4 —2 2 NI 5K O BAFEHIE O 26T AR <
Y. FrICA— A MR AMEEEROE RN T A RERPELE SN D BURENE
BAT =V THLN, TOFEMITHA LN L o TV,

Z ZCAMIE TR, 2O A I~ 7 U TJH R Plasmodium berghei (Pb), P. yoelii (Py)
1OV N~T U TR P. cynomolgi (Pey) % /N~ 7 WIZERSE, oA —T A
N & CREM 2R BT 24T o 72, EAME M L 28RO R, Py OA—v R M
o F X I~ ) TR E L TERROCRAERMPKRE <. N~ 5T 0 DA 6 DJE M E
PIRD CTHHRE Tdo o 7=, TIT, SR O PGS0 A L T 1 T O ER R A BlE T 5720,
EHRA A2 B — DEBERE BB E AV T, A A3 b KE S REDESH 7 Pey DA
— VR b OFFNT A FENE LTz, 155 AT E T R D IS O 8D A A — U & S
LR, Bz bic, A=Y A MO~ T U T REOKIT 1 N LEBREA~EME LT
B, SR O ASBE SN, Z ofiEERIE. 2 E Tl ST RN O HEgE
B L IIHMICR AR MO FEFRRTHLIP VAL AT A AR EONRBEXTH D
endopolygeny [ZEEELL TWA Z ERFIOHTH LN E e oTo, AFEETIE, RO T A 7% A
7 VAT D BT 2 MR O B RIC OV T biam L2V,
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~ 7 U 7 R HUE G R i Bk O FLAE R~ D HFE

v NN e
R B R 2 2 2 S P
AT KA - BRETRL I BRI R

~ 7 U 7 RAE, AT 2 AR E 2 5 2, FR 40 TAEZBEZ D A2 2 FEICE
HBLODNHEIZE > TREICEBOHRFEETH H. FFIZ, IRFP O~ 7 U TIERHETZ T T2
SHBRICOERBREELEZHZ L0, v~ 7 U THATHIZEW THESMEE o T 5.
MR~ Z U TIZ X DR IR OWRPERCIERE 2 KRB < TediciE, ~ 7 U 7m0 Rkt & &
BT, MESKEL T T 514 A~ —h—% AW 72 2 WnE OMESL IS E AR R Th
5.

TR, Fxld, EFTO~Z V7O RAET VN ERCTEMEICLY, TR~ ADOKT
JEMAMLRRIC R T 2~ Z U 7 BRI R ER OB &1, FEEIR~ 7 2 O R TR & ik
LCHEBEICHMT S Z La RN L. —7, YR M ER D B2 T RE AR~ O SERR R 70k e
IRIMEROEFEIC X DI~ DR BIZ OV T L MIZE N TV, & 2 TARIFZET
MR~ U T X D PR O REA L & . ZICBET 500 T REA~OREEZ I 5 )
T2 ExEME LT,

WERRIC X B IENSERE DL 2 B 5 C T 572012, HEEIE~ 7 R LR~ 7 2 D5k
DU T 7T A — LT AT o 72 & 2 A, ik~ U X DIEN#AIZ 8T, Alpha-S1-casein X°
Glycam1 72 & OFLARCFE RN R BT 550 T OF LWEEMARD bz, K PRV
W RIMEAT DFER, ZBAE 17 B B OIER~ U 2O R FRE#EKE TiX, MR~ A &g L
T, ROFLOWEENBO LN, EBIC, v UAS TV 7 HRAZEESERER~ 7 A
@&T%%ﬁ%@m,%%Eﬁ@%mm&:%ﬁ@v?U?EE@%ﬁmﬁﬁﬁﬁbfwé
ZEERRHLE ZnOO/MENS, HIEMITER~ 7 ) 7 o RMBZICAENTHD 2 &
MR S 7.

wIZ, ~ 7 A~ T VT RR ARG SR~ 7 2 ORI & FERYAT IR~ © 2 DI
MO T 07 A — LT 21T o7, ZO/RKR, v~V AT U 7R ARG S Eio ik~
7 A DRI IZ BT, STATI R ligpl ZR EDIFN-y IZ X » TRENFEINDI D THREL
SEMLTWAZ EEZRHLE. 2D FOHINE, ~U AT U 7R Z KL
IR~ 7 A DRI B VT HRD DR, T ORBERIIEIR~ v A DRI &
WL TIRL AL THoTe, ZRHORERND, v~ 7V THRRZ2 KR ST AR~ 7 2O FLR
FAAKIZ 35T, IFNGRI R R RIEFUS D FEE S L5 2 L R S 47z,
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BARAFERFREARIE KIELHK

H F X=k B i H & Xk B i B £ X=k B
11947  HMAE Lt 31 1971 iz Lt 61 2001 REBE FEH

2 1947 RFHEKE  HFEE 32 1972 KB # Lt 62 2002 RfE # #iam
31948 B/NIXA FEH 33 1973 /MEBX Lt 63 2003 @ fEE IR
41948 WIEHRE Lt 34 1974  EIREENE Lt 64 2004 dt iR Lt

5 1949 REhEa Lt 3B 1975 FEARHE— Lt 65 2005  EBEEE Lt

6 1949 BHEX R 36 1976 HLR+mEB  fEET 66 2006 EFEEED Lt
71950  FRoARBHE Lt 37 1977 ®E% B Lt 67 2007 /MIFDE Lt

8 1950 ®INAA FEM 38 1978 EHREFIE e 68 2008 &‘EH B BN

9 1951 REREEA Lt 39 1979 REM—F  ZHEHKH 69 2009 RFEEZ Lt
10 1951 RAFE RIiET 40 1980 KX A FAHT 70 2010  FiERE— FAHT
1952 HEHE R 411981 EEBEA I 72011 IHEXE  =EH

12 1952 #H=ER B RFT 42 1982 iRiE 18 R 72 2012 A — AIsET™H
131953 AKAEA  REH 131983 F RAS  EEWE o0ty HERR ga
14 1954 K 4 Lt 44 1984  WEEE I 74 2014 HE#sZ THH
15 1955  EKEX Lt 45 1985 EAERE Lt 75 2015 EEEHER Lt
16 1956 HERMEZM  FEM 46 1986  #5AK SF BiEW 76 2016  MAAFER IR
17 1957  FHaEERE AIsET™H 47 1987 HhERT AT PR ET 772017 i EF R
18 1958  KEBIEH# #iam 48 1988 SHEBRHE ] 78 2018 MEEKRE THH
19 1959 &I FEH 49 1989 /ML A Lt 79 2019 4% #AF Lt
20 1960  AOfAFSER Lt 50 1990 /NEEEA Lt

21 1961  RELE Lt 51 1991  chESpRi EfEm

22 1962 REER BT 52 1992  {REEE— R

23 1963 mH R 53 1993 3t B R REAXE BAXEE
24 1964 @B/ T Lt 54 1994  EEE#HE—E  RR#H 2000-2002 EAERKXZ "H B
25 1965 HE HH 55 1995  KKBht Lt 2003-2005 JEXRE KL 'R #
26 1966 GREFIA AiTAg™ 56 1996 ER—H NG 2006-2008 REEEREMKEF EEER
27 1967 BREFIE HRF 57 1997 &R # HmHER 2009-2011 HBAREMKZ WEBZ
28 1968 # #4E R 58 1998 i@ I NI of 2012-2014 HHAE INMAEEE
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Abstract

Plasmodium cynomolgi co-existed with P.vivax (n=7), with P.falciparum (n=1) and with
P.vivax and P.knowlesi (n=1) among 1,180 symptomatic malaria patients (0.76%) in Thailand.
All but one had macaques living in vicinity. Furthermore, human knowlesi malaria was newly

identified in northeastern area, suggesting wide distribution of simian malaria in this country.
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An oriental simian malaria parasite Plasmodium cynomolgi possesses several biological
and genetic characteristics akin to those of the most widespread species of human malaria
parasite Plasmodium vivax. Although P. cynomolgi has been circulating among various monkey
species such as long-tailed macaque (Macaca fascicularis) and pig-tailed macaque (M.
nemestrina), experimental and accidental transmissions of this simian malaria parasite to humans
have been incriminated in symptomatic infections (/). Several mosquito vectors for human
malaria can also transmit simian malaria, rendering the risk of cross-species transmission of this
simian malaria in areas where monkey natural hosts exist (/,2). Both pig-tailed and long-tailed
macaques populate in various Southeast Asian countries including Thailand while infections
with P. cynomolgi are not uncommon (3,4). The first natural cynomolgi malaria in human has
been reported from eastern Malaysia (5). Subsequent surveillances in western Cambodia and
northern Sabah, Malaysia have revealed asymptomatic human infections with this simian
malaria, albeit at low prevalence (6,7). Furthermore, symptomatic P. cynomolgi infection
reportedly occurred in a traveler to Southeast Asia (8). Herein, we have identified cryptic P.
cynomolgi co-infected with other Plasmodium species in symptomatic malaria patients in

Thailand.

The Study

A total of 1,359 blood samples from febrile individuals who attended malaria clinics or
local hospitals in Tak (n=192, during 2007-2013), Ubon Ratchathani (n=239, during 2014-2016),
Chanthaburi (n=144, during 2009), Yala (n=592, during 2008-2018) and Narathiwat (n=192,
during 2008-2010) Provinces were examined. Of these, 1,152 patients were diagnosed by
microscopy to be caused by P. vivax (869 patients, 75.43%), P. falciparum (272 patients,
23.61%), co-infection of both species (11 patients, 0.96%).

Species-specific nested PCR targeting the mitochondrial cytochrome b gene (m¢Cytb) of

five human malaria species were deployed for molecular detection as previously described (9,70)

3
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including P. cynomolgi-specific nested PCR newly developed herein (Appendix). The PCR
method diagnosed 1,180 malaria patients with P. vivax exceeding P. falciparum infections
(Table 1). The mean age was 26.3 years (range 7-85 years) and 940 males. All PCR-positive
malaria patients developed febrile symptoms for 1 to 7 days (mean £ S.D. = 3.1 £ 1.3 days) prior
to blood sample collection. Mixed species infections were detected in 77 patients (0.93%); 55 of
these were caused by P. falciparum and P. vivax. Monoinfections of P. knowlesi, P. malariae

and P. ovale occurred in 4, 3 and 1 patients, respectively. In total, P. knowlesi was detected in 18

Page 6 of 18

patients; 10 of these were newly identified from Ubon Ratchathani Province bordering Cambodia

and Laos. More importantly, P. cynomolgi was detected in 9 patients; all of which were co-
infected with P. vivax (n=7), with P. falciparum (n=1) and with P. vivax and P. knowlesi (n=1).

The overall prevalence of P. cynomolgi infections was 0.76%. Patients infected with P.

cynomolgi were found in all provinces in this study. Although 5 of these patients were from Yala

Province, the proportion of P. cynomolgi infections among malaria cases in each endemic area
was almost comparable, ranging from 0.52% to 0.87%.

DNA from 10 P. knowlesi isolates from Ubon Ratchathani Province and 9 P. cynomolgi
isolates were subject to nested PCR amplification spanning 1,318 bp region of mtCOXI. Direct
sequencing of the purified PCR-amplified template was successfully performed from all P.
knowlesi and 6 P. cynomolgi isolates. All mtCOXI sequences of P. knowlesi from Ubon
Ratchathani Province were different and distinct from the first natural human infection in
Thailand (AY598141)(/1). Likewise, all 6 P. cynomolgi isolates contained different sequences
and belonged to 2 clades; one was closely related with the Gombak strain (AB444129) and the
remaining 5 isolates were clustered with the RO strain (AB444126)(Figure 1).

All but one P. cynomolgi infection occurred in male patients with the age range from 15
to 53 years (median = 32 years). The majority of cynomolgi malaria patients resided in areas
where domesticated or wild macaques were living in vicinity. Infections with P. cynomolgi

occurred in different periods of sample collections with more cases detected in rainy season than

4
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in dry season (Table 2). The parasite density of P. cynomolgi could not be determined from
blood smears because of morphological resemblance to P. vivax while an isolate co-infected with
P. falciparum (YL3634) had very low parasitemia. Six of 8 patients with P. cynomolgi co-
infection had parasitemia <10,000 parasites/microL or approximately less than 0.2%. Self-
reported defervescence among P. cynomolgi-infected patients occurred within one to three days
after antimalarial treatment with chloroquine plus primaquine or artesunate plus mefloquine per
onsite microscopic diagnosis of vivax or falciparum malaria, respectively. However, data on

long-term follow up was not available.

Conclusions

This is the first identification of P. cynomolgi in humans, Thailand where both pig-tailed
and long-tailed macaque natural hosts were prevalent. All patients with P. cynomolgi infections
harbored either P. falciparum or P. vivax in their circulations, implying that anopheline vectors
for this simian malaria species could be either the same or having both anthropophilic and
zoophilic tendencies. The presence of P. cynomolgi in diverse malaria endemic areas of Thailand
has suggested that cross-species transmission of this simian malaria occurred not infrequently.
Human infections with P. cynomolgi seems not to be a newly emerging infection because it has
been detected among blood samples collected from a range of time periods since 2007.
Undoubtedly, morphological similarity between P. cynomolgi and P. vivax can hamper
conventional microscopic diagnosis (/,5,8). Cryptic co-existence of simian and human malaria
species could further preclude accurate molecular detection when proper diagnostic devices are
not included.

Our previous surveys of Plasmodium infections in both pig-tailed and long-tailed
macaques have revealed the presence of P. cynomolgi and other simian malaria species in
Thailand, mainly in southern part of the country (4). Most patients infected with P. cynomolgi

resided in areas where macaques were living in vicinity; therefore, the risk of acquiring this
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simian malaria could occur upon encroachment to infected macaques’ habitats akin to P.
knowlesi. It is noteworthy that mixed species infection of P. cynomolgi, P. knowlesi and P. vivax
occurred in a patient in Yala province whose housing area was surrounded by several
domesticated pig-tailed and long-tailed macaques.

Analysis of the mtCOXI sequences of P. cynolmogi from 6 patients has shown that all
isolates possess different sequences, suggesting that several strains or clones of this simian
parasite are capable of cross-transmission from macaques to humans. Meanwhile, P. cynomolgi
seems to contain 2 divergent lineages (/2), represented by strains RO and Gombak. Importantly,
the mtCOX1 sequences of both lineages were found in human-derived isolates in this study,
further supporting that diverse strains of P. cynomolgi can infect humans. Likewise, sequence
diversity in mtCOXI of P. knowlesi from Ubon Ratchathani Province has suggested that cross-
transmission from macaques to humans may not be restricted to particular parasite strains.

Although human knowlesi malaria may present with asymptomatic to fatal infections,
asymptomatic and benign symptoms reportedly occurred in P. cynomolgi-infected individuals (5-
8). Meanwhile, severe and complicated malaria has been observed in rhesus macaque
experimentally infected with P. cynomolgi (13). Whether severe cynomolgi malaria could occur
in humans remains to be eluciated. If human infections with P. cynomolgi could become public
health problems, control measures would be complicated by the presence of hypnozoites akin to
vivax malaria (/4,15). Undoubtedly, further surveillance of this simian malaria in humans is

mandatory.
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Table 1. Distribution of Plasmodium infections diagnosed by PCR

No. of cases by province

Species Total %*
Tak o PO . Chanthaburi  Yala  Narathiwat
P. vivax 98 57 141 467 59 822 69.66
P. falciparum 72 41 - 87 73 273 23.14
P. knowlesi - 4 - - - 4 0.34
P. malariae - 2 - 1 - 3 0.25
P. ovale - - - 1 - 1 0.09
P. vivax + P. falciparum 21 8 - 11 15 55 4.66
P. vivax + P. knowlesi - 3 2 - 4 9 0.76
P. vivax + P. cynomolgi 1 1 1 3 1 7 0.59
P. vivax +_P. knowlesi + P. _ 4 ) 1 } 1 0.09
cynomolgi
P. falciparum + P. knowlesi - 3 - 1 - 4 0.34
P. falciparum + P. cynomolgi - - - 1 - 1 0.09
Negative - 120 - 19 40 179 -
Total 192 239 144 592 192 1359 -

* Per cent of total malaria cases (n = 1,180).
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250  Table 2. Demographic and parasitologic features of Plasmodium cynomolgi-infected patients

251
: Season  Monkey .
Patient Gender Age Ethnicity Period Province of in Microscopy pe_lra3|_tes/ P.CR .
(years) : . - microliter diagnosis
infection  vicinity
November . P. vivax,
TSY1522 Male 38 Karen 2007 Tak Dry No P. vivax 12,160 P. cynomolgi
CT606  Male 30 Cambodian ~ O%9P®"  Chanthaburi Rainy  Yes P. vivax 86,535 P.ovivax,
2009 P. cynomolgi
. August Ubon . . P. vivax,
UBY120 Male 32 Thai 2015 Ratchathani Rainy Yes P. vivax 570 P. cynomolgi
NR105  Male 53 Thai July Narathiwat ~ Rainy  Yes P. vivax 4,620 p.vivax,
2008 P. cynomolgi
April P. vivax,
YL3179 Male 15 Thai 2816 Yala Dry Yes P. vivax 1,140 P. knowlesi
P. cynomolgi
YL3634  Female 40 Thai December v, Rainy  Yes P 60 P. falciparum,
2016 falciparum P. cynomolgi
YL3680  Male 49 Thai December v, Rainy  Yes P. vivax 3,720 p.vivax,
2016 P. cynomolgi
YL3685  Male 18 Thai December v, Rainy  Yes P. vivax 4,680 p.vivax,
2016 P. cynomolgi
YL4278  Male 21 Thai October v 14 Rainy  Yes P. vivax 7,440 P.vivax,
2017 P. cynomolgi
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
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Figure legend

Figure 1. Maximum likelihood phylogenetic tree inferred from mtCOX1I of Plasmodium
cynomolgi and P. knowlesi spanning 1,318 bp region in relation with other closely related
species. Human isolates from Yala, Narathiwat, Chanthaburi and Ubon Ratchathani Provinces
are shown as circle, triangle, square and diamond, respectively. GenBank accession numbers of
reference sequences are in parentheses. Bootstrap values more than 50% based on 1,000

pseudoreplicates are shown on the branches. Scale bar indicates nucleotide substitution per site.
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Figure 1. Maximum likelihood phylogenetic tree inferred from mtCOX1 of Plasmodium cynomolgi and P.
knowlesi spanning 1,318 bp region in relation with other closely related species. Human isolates from Yala,
Narathiwat, Chanthaburi and Ubon Ratchathani Provinces are shown as circle, triangle, square and diamond,
respectively. GenBank accession numbers of reference sequences are in parentheses. Bootstrap values more
than 50% based on 1,000 pseudoreplicates are shown on the branches. Scale bar indicates nucleotide
substitution per site.
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Table 1. Distribution of Plasmodium infections diagnosed by PCR
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No. of cases by province

s Tak Ra t[cjlll)e?tllllani Chanthaburi Yala Narathiwat Totl "
P. vivax 98 57 141 467 59 822 69.66
P. falciparum 72 41 - 87 73 273 23.14
P. knowlesi - 4 - - - 4 0.34
P. malariae - 2 - 1 - 3 0.25
P. ovale - - - 1 - 1 0.09
P. vivax + P. falciparum 21 8 - 11 15 55 4.66
P. vivax + P. knowlesi - 3 2 - 4 9 0.76
P. vivax + P. cynomolgi 1 1 1 3 1 7 0.59
P. vivax + P. knowlesi + P. cynomolgi - - - 1 - 1 0.09
P. falciparum + P. knowlesi - 3 - 1 - 4 0.34
P. falciparum + P. cynomolgi - - - 1 - 1 0.09
Negative - 120 - 19 40 179 -
Total 192 239 144 592 192 1359 -

* Per cent of total malaria cases (n = 1,180).
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Ace Period Season Monkey Parasites
Patient Gender & Ethnicity Province of in Microscopy  / PCR diagnosis
(years) . . L
infection  vicinity pL
TSY1522 Male 38 Karen November 2007 ~ Tak Dry No P. vivax 12,160 Prvvax
P. cynomolgi
CT606 Male 30 Cambodian  October 2009 Chanthaburi Rainy Yes P. vivax 86,535 P. vivax, .
P. cynomolgi
. Ubon . . P. vivax,
UBY120 Male 32 Thai August 2015 Ratchathani Rainy Yes P. vivax 570 P. cynomolgi
NRI105 Male 53 Thai July 2008 Narathiwat ~ Rainy Yes P. vivax 4,620 P. vivax, .
P. cynomolgi
P. vivax,
YL3179  Male 15 Thai April 2016 Yala Dry Yes P.vivax 1,140 P. knowlesi
P. cynomolgi
YL3634 Female 40 Thai December 2016 Yala Rainy  Yes P. falciparum 60 P. jalciparum,
P. cynomolgi
YL3680 Male 49 Thai December 2016 Yala Rainy  Yes P. vivax 3720  Lovvexo
P. cynomolgi
. . . P. vivax,
YL3685 Male 18 Thai December 2016  Yala Rainy Yes P. vivax 4,680 .
P. cynomolgi
. . . P. vivax,
YL4278  Male 21 Thai October 2017 Yala Rainy Yes P. vivax 7,440 .
P. cynomolgi
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Appendix Nested PCR detection of Plasmodium cynomolgi

Positions after

Primers Sequence (5> 2 37) the RO strain®
Primary PCR

PCOX1-F0 CTTTTAACGCCTGACATGGATGGATAATACTCG 3,196-3,228
PCOX1-R0O TCTGGATAATCAGGAATACGTCTAGGCATTAC 4,645-4,676
Secondary PCR

Pcyl COXI-F CCAAGCCTCACTTATTGTTAATTTATTTTT 3,291-3,320
Pcy2COXI-F CTTATTGTTAATTATATATTGTATTATATATTTTTTG **
PcyCOXI-R CTGGAGAACCACATAAAATTGGTAAAAAA 3,579-3,607

*GenBank accession number AB444131
**Sequence after P. cynomolgi from macaques in Thailand (Putaporntip et al. unpublished.)
Primary DNA amplification was done in 30 uL reaction mixture containing template
DNA, 2.5 mM MgCl,, 300 mM each deoxynucleoside triphosphate, 3 pL of 10X ExTaq PCR
buffer, 0.3 uM of primers PCOX1-F0 and PCOX1-R0 and 1.25 units of ExTaq DNA polymerase
(Takara, Seta, Japan). The thermal cycle profile contained preamplification denaturation at 94°C,
1 min followed by 35 cycles of 94°C, 40 s; 50°C, 30 s and 72°C, 1 min, and a final extension at
72°C, 5 min. Secondary PCR was performed in a total volume of 30 pL in 2 separate reactions;
one using primers PcylCOX1-F and PcyCOX1-R, and the other using primers Pcy2COX1-F and
PcyCOXI1-R. The reaction mixtures were essentially the same as those for primary PCR except
primers and 2 microL of primary PCR product as templates. All amplifications were performed
in an Applied Biosystem GeneAmp® PCR System 9700 thermocycler (PE Biosystems, Foster
City, CA) and were analysed by 2% agarose gel electrophoresis. The expected PCR fragments

from primary and secondary PCR were 1,481 bp and 317-320 bp, respectively.
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ABSTRACT

Plasmodium vivax, the chronic relapsing human malaria parasite with the most widespread distribution, pos-
sesses proteins associated with the merozoite surface that could be targets for host immune responses and po-
tential vaccine candidates. Of these, the merozoite surface protein 3 of P. vivax (PvMSP3) is an attractive vaccine
target as well as a genetic marker for epidemiological surveillance. PvMSP3 comprises a group of protein
members encoded by a multigene family. Although some protein members, i.e. PvMSP3a and PvMSP3f, have
been targets for molecular and immunological investigations, the most abundantly expressed protein member
during late asexual erythrocytic stages, PvMSP3F2 (PVX 97710), remains unexplored.

To address domain organization and evolution of this locus, the complete coding sequences of 31 P. vivax
isolates from diverse malaria endemic areas of Thailand were analyzed and compared with 10 previously re-
ported sequences. Results revealed that all PvMSP3F2 sequences differed but could be divided into 5 repeat-
containing domains flanked by 6 non-repeat domains. Repeat domains Il and IV at the 5’ portion and domain X
at the 3’ portion exhibited extensive sequence and length variation whereas repeat domains VI and VIII located
at the central region were relatively conserved. Despite a repertoire of PvMSP3F2 variants, predicted coiled-coil
tertiary structure and predicted B-cell epitopes seem to be maintained. Evidence of intragenic recombination has
been detected among field isolates in Thailand that could enhance sequence diversity at this locus. Non-repeat
domains I and IX located at the 5" end and at the 3’ portion, respectively, seem to have evolved under purifying
selection. Evidence of positive selection was found in non-repeat domains III, V and VII where a number of
predicted HLA class I epitopes were identified. Amino acid substitutions in these predicted epitopes could alter
predicted peptide binding affinity or abolish peptide epitope property, suggesting that polymorphism in these
epitopes conferred host immune evasion. Further studies on PvMSP3F2 are warranted, particularly on inter-
action with host immune system and the potential role of this PvMSP3 protein member as a vaccine target.

1. Introduction

merozoites is a fundamental step to initiate and to continue asexual
reproductive cycle responsible for pathology and symptoms of malaria.

Plasmodium vivax is a chronic relapsing species of human malaria
parasites that incriminates in substantial public health burden outside
of Africa. Although a remarkable global reduction in malaria cases by
integrated malaria control strategies has been achieved since 2010, a
stalling of the progress was observed during the past few years (WHO,
2018). Meanwhile, conventional control of malaria caused by P. falci-
parum could lead to a relative increase in the number of vivax malaria
cases as has been observed in Thailand (Delacollette et al., 2009).
Therefore, an alternative control measure by development of malaria
vaccines is prevailing.

During the complex alternating life cycles between anopheline
mosquito vectors and human hosts, erythrocyte invasion by Plasmodium

* Corresponding author.

The process involves both non-specific and specific receptors on ery-
throcyte surface and various proteins on, or associated with the mem-
brane of malarial merozoites (Hadley, 1986; Gaur et al., 2004).
Therefore, interruption of this process is of prime importance for ma-
laria vaccine development against blood-stage infection. Several pro-
teins have been identified to be participating in receptor-ligand inter-
action during merozoite invasion of erythrocytes such as the merozoite
surface proteins-1 (MSP-1) adhesion complex (Baldwin et al., 2015)
interacting with erythrocyte band 3 and glycophorin A, and the apical
membrane antigen 1 (AMA1) binding to rhoptry neck (RON) protein
complex (Lamarque et al., 2011). For P. vivax, Duffy-binding protein
and reticulocyte binding proteins play pivotal roles during reticulocyte
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invasion (Gupta et al., 2018). Meanwhile, a number of other merozoite
surface proteins of unknown function, such as the merozoite surface
protein 3 of P. falciparum (PfMSP3), have been identified as potential
targets for protective antibodies. Antibodies to PfMSP3 have been
shown to act coherently with monocytes to mediate parasite killing by a
mechanism known as antibody-dependent cellular inhibition
(Bouharoun-Tayoun et al., 1995). Naturally acquired anti-PfMSP3 an-
tibodies among individuals living in endemic areas conferred a sig-
nificantly lower risk of developing symptomatic and severe malaria.
Importantly, MSP3 has been identified in P. vivax (PvMSP3) that shares
predicted central alpha-helical secondary structure and alanine-rich
coiled-coil domains at the central region of these proteins akin to
PfMSP3 (Jimenez et al., 2008).

Unlike being encoded by a single gene as in PIMSP3, PvMSP3s are
groups of related proteins translated from a multi-gene family, com-
prising 12 gene members in the Salvador I strain (Jiang et al., 2013;
Rice et al., 2014). Variation in the number of gene members in the
PvyMSP3 family has been observed among isolates (Rice et al., 2014). Of
these, PvMSP3a (PvMSP3H or PVX_097720) and PvMSP3j (PvMSP3C or
PVX_097680) whose sequences exhibit extensive diversity among iso-
lates have been widely used as genetic markers to differentiate P. vivax
strains (Bruce et al., 1999; Yang et al., 2006), albeit a caveat on their
applications has been scrutinized (Rice et al., 2013). Both PvMSP3a
and PvMSP3p are immunogenic upon natural malaria exposure. Im-
portantly, Papua New Guinean children who had antibodies to block II
of PvMSP3a were at significantly lower risk of acquiring clinical vivax
malaria (Stanisic et al., 2013). Although PvMSP3s has been considered
a potential vaccine candidate against vivax malaria, it is not well un-
derstood which particular protein members could elicit protective im-
munity. Meanwhile, the PyMSP3 family exhibits differential timing of
gene expression during trophozoite and schizont stages based on stage-
specific transcriptional assay (Jiang et al., 2013). At merozoite stage,
PvMSP3 were found to be localized on the surface except for a protein
member designated PvMSP3F1 (PVX_097700) that has been found to be
concentrated at the apical end of the merozoite. Therefore, it has been
suggested that individual PvMSP3 could exert unique functions but
could also have complementary roles (Jiang et al., 2013).

Among members of the PvMSP3 family, PvMSP3F2 or PVX_ 097710
is the most abundantly expressed protein (Jiang et al., 2013), con-
tributing to almost half the amount of all PvMSP3 proteins found at the
merozoite stage. Despite the lack of comprehensive study on the protein
function, the major constituent of PvMSP3F2 on the cell surface could
imply its important role, albeit currently unknown, at the merozoite
stage. To date, little is known about the gene structure and extent of
sequence diversity at the PvMSP3F2 locus. In this study, we analyzed
the complete coding sequences of PvMSP3F2 among Thai isolates col-
lected from symptomatic vivax malaria patients from diverse geo-
graphic areas of the country. Results revealed extensive polymorphism
at this locus that has been influenced by frequent intragenic re-
combination. Natural selection observed in some domains of PvMSP3F2
has suggested that further investigations are warranted in terms of
biological and immunological aspects of this member.

2. Materials and methods
2.1. Human ethics statement

This study was approved by the Institutional Review Board in
Human Research of Faculty of Medicine, Chulalongkorn University,
Thailand (IRB No. 546/58 and COA No. 041/2016). Informed consent
was obtained from all participants or from their parents or guardians
prior to blood sample collection.

2.2. Sources of P. vivax samples

Fifty venous blood samples were obtained from febrile individuals
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who were diagnosed having vivax malaria by microscopic examination
of Giemsa stained blood films. The EDTA-preserved blood samples were
collected from Tak province in 2005 and 2013 (n = 13), Ubon
Ratchathani province in 2009 and 2016 (n = 10), Chanthaburi pro-
vince in 2007 and 2011 (n = 12), Narathiwat and Yala province in
2008-2009 (n = 15). Yala and Narathiwat provinces are located next to
each other and malaria transmission has been almost similar during the
past decades; therefore, these provinces are considered herein to be the
same origin. Genomic DNA of blood samples was prepared by using
QIAamp DNA mini kit (Qiagen, Hilden, Germany) as recommended in
the manufacturer's protocol. DNA was stored at —40 °C until use.

2.3. PCR detection of P. vivax and genotyping

The presence of P. vivax DNA in each samples was confirmed by
nested PCR method using genus- and species-specific primers derived
from the 18S rRNA gene for primary and nested PCR, respectively, as
described (Putaporntip et al., 2009). Allele-specific PCR targeting the
polymorphic block 6 of the merozoite surface protein 1 of P. vivax was
used to determine the number of parasite clones in each isolate as
previously reported (Putaporntip et al., 2002; Kosuwin et al., 2014;
Cheng et al., 2018).

2.4. Amplification and sequencing of PvMSP3F2

The complete coding region of PvMSP3F2 from all isolates that
contained single PvMSP1 block 6 haplotypes were amplified by PCR
using primers PvMSP3.9-F (5- CGCTAACTGAAAGGTAGTGTATATC
-3") and PvMSP3.9-R (5- CCACAAACGGGAAACATC -3’) of the Salvador
I strain (GenBank accession no. AAKMO01000016). These primers have
been pre-verified to specifically amplify this locus without cross am-
plification of the paralogous member PvMSP3F1 (PVX 097700).
Amplification was performed in a total volume of 30 UL containing PCR
buffer, 200 pM dNTP, 0.2 uM of each primer, nuclease free water, 2 pL.
of template DNA and 1.25units of TaKaRa LA Taq™ (Takara, Seta,
Japan). The thermal cycling profiles for PCR contained a pre-amplifi-
cation denaturation at 94 °C, 60 s; followed by 35 cycles of denaturation
at 96 °C, 20's; annealing at 56 °C, 30 s; polymerization at 72 °C, 5 min,
and final elongation at 72 °C, 10 min. PCR amplification was carried out
in GeneAmp 9700 PCR thermal cycler (Applied Biosystems, Foster City,
CA). The PCR products were fractionated on 1% agarose gel electro-
phoresis, stained with ethidium bromide and examined under UV
transillumination. Template DNA of isolates used for sequencing was
purified by using QIAquick PCR purification kit (Qiagen, Hilden,
Germany). DNA sequences were determined directly and from both
directions using ABI PRISM BigDye Terminator v3.1 Ready Reaction
Cycle Sequencing kit (Applied Biosystems) and sequencing primers.

2.5. Data analysis

Alignment of nucleotide sequences was performed by using the
codon-based option in MUSCLE program with manual adjustment by
eye (Edgar, 2004). Besides the complete coding sequence of Salvador I
strain, all other available partial sequences of PvMSP3F2 in the public
database were included in this analysis: Vietnam PaloAlto (GenBank
accession numbers KC907586), Mauritania I (KC907589), Brazil I
(KC907590), Chesson (KC907588), Panama I (KC907591), Vietnam II
(KC907592), North Korea I (AFNJ01000104), Sumatra (KC907587) and
India VII (AFBK01001357). These partial sequences lack 10 and 9 co-
dons at the 5" and the 3’ ends of the gene, respectively. Inclusion of
these partial sequences did not compromise the integrity and accuracy
of analysis because these missing sequences are rather conserved.
Furthermore, all sites at which the alignment postulated a gap were
eliminated in pairwise comparisons of the analysis. Searching for re-
petitive DNA sequence motifs was done by scanning each sequence with
Tandem Repeats Finder version 4.0 program (Benson, 1999). The
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number of haplotype and haplotype diversity including its sampling
variance were computed by using the DnaSP version 5.10 program
(Librado and Rozas, 2009). The number of nucleotide substitutions per
site (d) in the sample sequences was calculated using maximum com-
posite likelihood model (Tamura et al., 2013). The number of synon-
ymous substitutions per synonymous site (ds) and the number of non-
synonymous substitutions per nonsynonymous site (dy) were computed
by using Nei and Gojobori's model (Nei and Gojobori, 1986) with Jukes-
Cantor correction (Jukes and Cantor, 1969). The bootstrap method with
1000 pseudosamplings was carried out to obtain the standard errors of
these parameters as implemented in the MEGA 6.0 program (Tamura
et al., 2013). A two-tailed Z-test was deployed to determine statistical
differences between these parameters and the significance level was set
at p < 0.05. Exploration of codon-based selection was performed by
using the fixed effects likelihood (FEL) (Kosakovsky Pond and Frost,
2005) and fast unconstrained Bayesian approximation (FUBAR)
(Murrell, 2013) methods implemented in the Datamonkey Web-Server
(Weaver et al., 2018). Significance level settings for these tests were
considered per the default values available on the Datamonkey Web-
server. Evidences of intragenic recombination were analyzed by using
the Recombination Detection Program version 4 (RDP4) (Martin et al.,
2015) that included RDP4 (Martin et al., 2005a), GENCONV (Padidam
et al., 1999), Bootscan/Recscan (Martin et al., 2005b), the Maximum
Chi Square (Maynard Smith, 1992), CHIMAERA (Posada and Crandall,
2001), Sister Scanning (Gibbs et al., 2000) and 3SEQ (Lam et al., 2018)
methods. Relationship among sequences was analyzed by phylogenetic
tree construction based on the maximum likelihood method using the
best substitution model for the sequence data that yielded the minimum
Bayesian Information Criterion (BIC) scores (Tamura et al., 2013).
Confidence levels of clustering patterns in the phylogenetic tree were
assessed by 1000 bootstrap pseudoreplicates. Predicted coiled-coil
motif of amino acid sequences was performed using PAIRCOIL program
(Berger et al., 1995). BepiPred 2.0 server was deployed to predict B-cell
epitopes based on a random forest algorithm trained on epitopes an-
notated from antibody-antigen protein structures (Jespersen et al.,
2017). The PvMSP3F2-derived peptides binding to human MHC mole-
cules were predicted using The Immune Epitope Database (IEDB)
webserver (http://www.iedb.org)(Vita et al., 2019) for some common
HLA classes I and II among Thai population: HLA-A2, -A24, -A11, -A33,
-B46, -B60, -B13, -DRB1*1202, -DRB1*1502, -DRB1*0701,
-DRB1*1501, and -DRB5*1602 (Romphruk et al., 1999; Phiancharoen
et al., 2004; Kupatawintu et al., 2010). The MHC class I and II pre-
dictions were made on 4/17/2013 using the IEDB analysis resource
Consensus tool (Kim et al., 2012; Wang et al., 2008; Wang et al., 2010)
which combines predictions from Artificial Neural Network (ANN)
(Nielsen et al., 2003; Lundegaard et al., 2008), stabilized matrix
method (SMM) (Peters and Sette, 2005) and combinatorial peptide li-
brary (comblib)(Sidney et al., 2008). The predicted output is given in
units of ICso nM, in which peptides with IC5, values < 50nM are
considered high affinity, < 500nM intermediate affinity and <
5000 nM low affinity. Most known epitopes have high or intermediate
affinity whilst no known T-cell epitope has an ICso value > 5000 nM
(Vita et al., 2019).

3. Results
3.1. Sequence diversity in PvMSP3F2

All 50 P. vivax isolates diagnosed by microscopy gave concordant
positive results by species-specific nested PCR. Of these, 12 isolates
were excluded due to mixed PvMSP1 genotypes. PCR amplification and
sequencing of the PvMSP3F2 locus was done in the remaining 38 iso-
lates. Seven of these isolates contained mixed and superimposed signals
on electropherogram and were omitted from this study. Therefore, 31
PvMSP3F2 complete nucleotide sequences were available for analysis.
The geographic origins of these isolates were as follows: 7 from Tak, 4
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Fig. 1. Domain organization of PvMSP3F2.

from Ubon Ratchathani, 8 from Chanthaburi and 12 from Yala/
Narathiwat provinces. All these isolates displayed different sequences
and the total number of nucleotides in the complete coding sequences
PvMSP3F2 ranged from 3369 to 4182bp (mean = 3712 bp; median
3741 bp), resulting in 18 inertion/deletion (indel) haplotypes. All 10
PvMSP3F2 in the GenBank database displayed different sequences and
possessed the total number of nucleotides within the range of these Thai
isolates. All previously reported sequences differed from isolates in this
study.

3.2. Domain organization of PvMSP3F2

Sequence comparison among 31 distinct Thai haplotypes and 10
previously reported sequences has shown that the coding regions of
PvMSP3F2 can be divided into 11 domains, containing 6 non-repeat
domains intervened by 5 repeat domains (Fig. 1). The non-repeat do-
main I at the 5’ end, spanning 249 nucleotides, was the most conserved
region (Table 1). No insertion or deletion was observed in non-repeat
domains except domain I1I in which one codon has been deleted from 6
Thai isolates and the Panama I strain. The numbers of nucleotide sub-
stitutions per site in non-repeat domains varied from 0.0416 in domain
Ito 0.1794 in domain III. Among 5 repeat domains, domains II, IV and
X were polymorphic (d = 0.1716-0.2708) than other repeat domains
due to the presence of repeats with remarkable size variation among
isolates. Repeats in domains II and IV of PvMSP3F2 comprised more
complex and degenerate repeat motifs than other repeat-containing
domains (Supplementary data 1); therefore, apparent amino acid re-
peats were barely observed. Repeat domains VI and VIII were less
polymorphic without size variation. Although the average numbers of
haplotypes for all non-repeat and for all repeat domains were com-
parable (23 and 22.8 haplotypes per domain, respectively), the num-
bers of nucleotide substitutions per site in repeat domains significantly
outnumbered those in non-repeat domains (p < 0.01, Z-test)(Table 1).

3.3. Tests for deviation from selective neutrality

Comparison between the rate of synonymous substitutions per sy-
nonymous site or ds with the rate of nonsynonymous substitutions per
nonsynonymous site or dy was performed for each domain except do-
mains II, IV and X in which perfectly matched sites could not be un-
ambiguously aligned due to indel polymorphism. Among non-repeat
domains, ds was significantly greater than dy in domains I and IX,
suggesting purifying selection in these regions (Table 2). On the other
hand, positive selection as evidenced by a significantly greater dy than
ds was observed in non-repeat domains III, IV and VII. These findings
remain consistent when analysis was performed separately among Thai
isolates and those previously reported (Table 2). A discordant result
occurred only in domain I where departure from selective neutrality
was not found among non-Thai haplotypes. No deviation from selective
neutrality was observed in other domains analyzed. Meanwhile, codon-
based analysis by FEL and FUBAR methods across the coding sequences
of PvMSP3F2 excluding domains II, IV and X has identified 119 posi-
tively selected codons and 113 codons under negative selection based
the default cut-off values and concordant results from both methods.
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Table 1

Haplotypes and nucleotide differences in PvMSP3F2.
Domain No. nt M S H h = S.D. d + S.E.
I-Non-repeats 249 35 34 29 0.973 += 0.013 0.0416 + 0.0077
[I-Repeats 189-453 122 86 29 0.962 = 0.019 0.2704 £ 0.0546
III-Non-repeats 102-105 81 60 20 0.940 = 0.019 0.1794 = 0.0227
IV-Repeats 237-1086 148 112 33 0.954 + 0.018 0.2708 = 0.0194
V-Non-repeats 234 121 102 18 0.934 = 0.019 0.1619 = 0.0169
VI-Repeats 45 14 10 12 0.902 = 0.020 0.0836 = 0.0280
VII-Non-repeats 288 160 129 19 0.933 = 0.021 0.1705 = 0.0191
VIII-Repeats 132 62 53 20 0.909 £ 0.030 0.1384 = 0.0191
IX-Non-repeats 1437 611 537 36 0.989 = 0.010 0.1133 £ 0.0057
X-Repeats 126-183 52 48 20 0.887 =+ 0.036 0.1716 *= 0.0339
XI-Non-repeats 270 118 109 16 0.879 = 0.031 0.1303 = 0.0164
All non-repeats 2571-2583 1117 962 39 0.996 += 0.007 0.1127 += 0.0060
All repeats 726-1542 381 294 39 0.989 =+ 0.010 0.2037 + 0.0341#
All coding 33424182 1515 1271 41 1.000 = 0.006 0.1265 *= 0.0085

M, the number of mutations; S, the number of segregating sites; H, the number of haplotype; h, haplotype diversity; &, nucleotide diversity; S.D., standard deviation;

S.E., standard error.

Test of the hypothesis that d for all repeat domains equals that for all non-repeat domains: # p < 0.01.

The distribution of codons deviated from selective neutrality was not
even, i.e. the number of positively selected codons more than two fold
exceeding negatively selected codons in domains III, IV and VII whereas
the reverse was true for domain I (Fig. 2 and Supplementary datas 2 and
3).

3.4. Recombination

Evidence of intragenic recombination in PvMSP3F2 was analyzed by
using the RDP package for isolates from each endemic area. In total, 94
recombination events were identified. Both P. vivax isolates from
Chanthaburi and Ubon atchthani provinces had 31 recombination
events in this locus, followed by 19 recombination events among
parasites from Tak province. Meanwhile, isolates from Yala and
Narathiwat provinces possessed 13 recombination events.
Recombination breakpoints occurred across all domains of the gene
with more prevalence in non-repeat domain I, repeat domains II and X
with an average of 6.4, 5.6 and 7.1 sites per 100bp, respectively
(Table 3 and Supplementary data 4). The median distance between
recombination breakpoints was similar across endemic areas, varying
from 190 to 228 bp.

3.5. Predicted linear B cell epitopes

The central coiled-coil heptad repeat structure in PvMSP3F2 was
predicted to be maintained among different haplotypes regardless of
size and sequence variation based on analysis by the PAIRCOIL program
(Fig. 3). It has been suggested that the central coiled-coil heptad repeat
structure of PvMSP3 was a target for antibody recognition (Galinski
et al., 1999; MourAo et al., 2012; Bitencourt et al., 2013). Therefore, the

Table 2
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Fig. 2. Numbers of positively selected codons (filled bar) and negatively se-
lected codons (open bar) in each domain of PvMSP3F2.

propensity for B cell epitopes was assessed across the full length of
sequences. By using the default cut-off value of 0.5 as suggested in the
BepiPred 2.0 web-server for sequence-based epitope prediction
(Jespersen et al., 2017), the potential B cell epitopes in the central
portion of all PvMSP3F2 variants seem to be maintained (Fig. 3). Fur-
ther analysis of non-repeat domains III, V and VII with signatures of
positive selection has shown some variation in predicted linear B cell
epitope scores among haplotypes while the majority of sites in these
domains had epitope scores above the predicted threshold (> 0.5)
(Supplementary data 5). Therefore, it seems likely that extensive se-
quence variation might not abolish antigenicity of this protein.

3.6. Predicted helper T-cell epitopes

In silico prediction of CD4+ T cell epitopes based on the allele

Numbers of synonymous (ds) and nonsynonymous (dy) substitutions per site between PvMSP3F2 haplotypes.

Domain Thai isolates (n = 31) Non-Thai isolates/strains (n = 10)
ds + S.E. dy + S.E. ds + S.E. dy + S.E.

[-Non-repeats 0.1010 = 0.0272** 0.0262 = 0.0076 0.0526 = 0.0215 0.0306 = 0.0090
IM-Non-repeats 0.0805 = 0.0284 0.1722 + 0.0247* 0.0957 + 0.0360 0.1915 + 0.0326*
V-Non-repeats 0.0851 = 0.0190 0.1695 =+ 0.0215%** 0.0969 = 0.0233 0.1567 + 0.0201*
VI-Repeats 0.0433 = 0.0309 0.0642 = 0.0277 0.0466 + 0.0373 0.0588 + 0.0214
VII-Non-repeats 0.0806 = 0.0192 0.1829 = 0.0189%*** 0.0775 = 0.0212 0.1901 £ 0.0224****
VIII-Repeats 0.0982 + 0.0269 0.1257 =+ 0.0248 0.1088 =+ 0.0407 0.1252 += 0.0221
[X-Non-repeats 0.1586 = 0.0119**** 0.1030 = 0.0061 0.1302 = 0.0139*** 0.0879 = 0.0065
XI-Non-repeats 0.1285 + 0.0294 0.0808 =+ 0.0124 0.0806 = 0.0248 0.0643 = 0.0129
All 0.1255 = 0.0084 0.1084 = 0.0039 0.1062 = 0.0086 0.1010 = 0.0050

Test of the hypothesis that dy equals the corresponding ds: * p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 0.0005.
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Table 3

Recombination events in PvMSP3F2 among Thai isolates.
Origin/Province No. events# Location of breakpoints Distance (bp)

Non-repeats Repeats Range Mean Median

Tak (n = 7) 19 34 4 7-3589 776 223
Chanthaburi (n = 8) 31 39 23 22-3796 484 209
Ubon Ratchathani (n = 4) 31 41 21 24-3897 688 228
Yala and Narathiwat (n = 12) 13 19 7 75-2552 445 190
Total 94 133 55 7-3897 605 219

# Detection using the RDP package.
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Fig. 3. Plots of predicted scores for coiled-coil motif (A) and B-cell epitopes (B)
across the complete amino acid sequence of PvMSP3F2. Broken lines indicate
default cutoff values.

independent CD4+ T cell immunogenicity at population level (Paul
et al., 2015) has identified 12-14 potential epitopes in PvMSP3F2
(Supplementary data 6). None of these predicted epitopes occurred in
repeat domains. However, the propensity of peptides binding to some
common HLA-DR haplotypes in Thai population, i.e. DRB1¥1202,
DRB1*1502, DRB1*0701, DRB1*1501, and DRB5*1602, was not found
in PvMSP3F2. Meanwhile, a number of predicted peptides binding to
some common MHC class I molecules in Thai population, i.e. HLA-A2,
-A24, Al1, -A33, -B46, -B60 and -B13, have been identified (Supple-
mentary data 7). Importantly, amino acid substitutions in these HLA
class I-binding peptides could affect their predicted binding affinities,
varying from slight reduction in binding scores to complete loss of
binding affinities. For example, peptides AVQEATYAK and AVNQAT-
SAK from non-repeat domain III were predicted to possess high affinity
to HLA-A*11.01 whereas variant peptides AVKQATYAK, AVKQATYAK,
AVQQATDAK, AVEQATYAK, AVQQATDEK, VVKKVTDAK, AVKLAS-
DAK, AVKQATDAK and VVEQATSAK were considered to have inter-
mediate binding affinity. Furthermore, other variant peptides AVEQA-
TGAK and AAKQATTAK displayed low binding affinity scores whereas
predicted binding affinity was abolished in peptides VEKQATNAK and
AVEQATGAQ. Some other examples are listed in Table 4.

3.7. Phylogenetic analysis

A phylogenetic tree of all PvMSP3F2 sequences was constructed
using the maximum likelihood method with the PvMSP3DI
(PVX_097685) sequence of the Salvador I strain as an outgroup. The
tree topology did not reveal discernible clade in PvMSP3F2.
Furthermore, sequences of Thai isolates did not cluster according to
their geographic origins (Fig. 4).

4. Discussion

Among the PvMSP3 gene family, PvMSP3a and PvMSP3f3 have been
extensively analyzed for the extent of sequence diversity and gene or-
ganization (Rayner et al., 2002; Rayner et al., 2004; Ord et al., 2005;
Rice et al., 2013; Putaporntip et al., 2014). Both of these loci exhibit
extensive sequence variation among isolates; thereby, these genes have
been deployed for genotyping of P. vivax among field isolates (Bruce
et al.,, 1999; Yang et al., 2006). Herein, sequence analysis of the com-
plete coding region of distinct PvMSP3F2 sequences has revealed a high
level of sequence diversity (d = 0.1275, n = 41) greater than those
observed in both PvMSP3a (n = 48) and PvMSP33 in which the d values
of these genes were, 0.0443 (n = 48) and 0.1017 (n = 65), respec-
tively, based on the same calculation parameter (data not shown).
Therefore, PvMSP3F2 could be an additional genetic marker for strain-
typing of P. vivax. It is noteworthy that these 3 genes shared similar
predicted protein secondary structure and motifs, characterized by
signal peptides and conserved NLRNG motif at the N-terminal region,
central coiled-coil tertiary peptide structure containing heptad repeat
motifs and glutamine-rich motif near the C-terminal part (Jimenez
et al., 2008; Jiang et al., 2013). However, the locations of polymorphic
repeats domains of PvMSP3a and PvMSP3f occupied approximately the
central portion of the genes whereas PvMSP3F2 contained 5 repeat-
containing domains. The first two repeat domains near the 5 portion of
PvYMSP3F2 seem to be reminiscent to the central repeat regions of
PvMSP3a and PvMSP3p in terms of length and long stretches of inser-
tion or deletion of sequences. Coding repeat arrays are abundant in
malarial proteins and are prone to expansion and contraction by
slipped-strand mispairing or recombinational mechanisms such as gene
conversion or unequal crossing-over (Levinson and Gutman, 1987).
Phylogenetic analysis also suggested that PvMSP3F2 was not closely
related to these two gene members in the PvMSP3 family (Rice et al.,
2013). Differences in the magnitude of sequence diversity of individual
genes encoding protein family could be due to genetic drift and selec-
tion pressure (Ohta, 1983; Hughes, 1994). Variation in tandem repeats
can accelerate evolution of coding sequence and regulatory regions that
may be associated with phenotypic diversity (Caburet et al., 2005;
Gemayel et al., 2010). Therefore, it is likely that repeats in the PvMSP3
gene family could enhance sequence diversity within gene member and
accelerate divergence between paralogues through the process of
slipped-strand mispairing and/or recombinational mechanisms. The
lower levels of sequence divergence between paralogous gene members
in PvMSP3 (PvMSP3D1 and PvMSP3D2, PvMSP3E1 and PvMSP3E2, and
PvMSP3F1 and PvMSP3F2) than those between their orthologues in P.
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Table 4
Amino acid substitutions in some predicted HLA class I-binding peptides in PvMSP3F2.
Domain HLA Peptide 1Cs¢ nM# n Domain HLA Peptide ICs50 nM# n
il A*11.01 AVQEATYAK 21 1 viII A*11.01 VTDDSVTKAK 157 3
AVNQATSAK 38 3 VTEKSISDAK 306 1
AVKQATYAK 73 7 VETKSVSEAK 312 4
AVKQATYAK 77 1 VTEDSVTKAK 314 14
AVQQATDAK 92 2 VTEESLSEAK 414 2
AVEQATYAK 102 2 VTEESVSEAK 424 3
AVQQATDEK 122 3 VTEDSVTKGK 479 1
VVKKVTDAK 132 3 LTEDSVTKAK 501 2
AVKLASDAK 201 2 LEEGSVSDAK 1765 3
AVKQATDAK 306 8 VEEDSVSGAK 15,779 2
VVEQATSAK 316 3 VEEKSVSEAK 16,602 6
AVEQATGAK 668 1
AAKQATTAK 755 1 VII B*44.02 AENAKEKAK 418 2
VEKQATNAK 13,214 2 AENAKKKAE 1166 14
AVEQATGAQ 27,157 2 AENAKKKVE 1650 1
VEKAKEKAK 5883 6
v A*11.01 ASDKVTIANK 65 8 AEKAKEKAK 11,159 1
ASDKVTSESK 147 1 VEKAKVKAK 14,565 1
ISDKMTIANK 167 9 ADKAKEKAK 23,801 11
ASDKVTSENK 176 3 AKNAKEKAK 33,357 2
ISDKMSIANK 200 4 TKNAKEKAK 37,964 3
ASDKVTSEDK 207 3
ASKKVTSEDK 285 3 Vil B*46.01 KFAKEVSSAEY 345 6
ISDKIKIANK 440 3 ELAKDVSSAEF 1981 1
ASDKVTSENE 28,941 7 ELAKDVSSAEY 3123 2
KLAKEVSSAEY 6387 6
v A*11.01 STKAKEAEK 179 7 ELAKEVSSAEY 6406 8
STKAKDAEK 291 6 SLAKEVSKAEY 8377 5
SPKAKEAEK 12,087 1 KLAKKVSSAEY 8389 2
STKAKGAET 22,800 3 KFAKEVSSAEC 8837 1
STKAKDAET 26,861 3 KLAKEVSESEY 9015 2
SQKAKDAET 33,289 8 ALAKKVSKAEY 10,779 4
SQKAKEAET 33,041 2 SLAKQVSKAEY 11,348 3
SKKAKDAEIL 38,361 1 ELQKKVSSAEY 24,482 1
SKKAKDAET 40,992 10
Vil B*58.01 KAAEVATHI 7 9
v A*11.01 ASKRADEALYK 90 4 KAAKVATHI 7 8
ASKRAEEAFEK 571 1 KAADVATHI 11 3
ASNRAGKAFDK 587 1 KAANVAKHI 80 5
ASNRAKEALGK 641 8 KAANVVTDI 95 5
ASKRADEALGK 683 1 KAADVAKHI 96 5
ASKRAEEAFGK 878 2 KAANVATDI 98 3
ASKRAEEALEK 956 6 KAANIATDI 270 2
ASNRAKEALDK 960 2 KAENVAKHI 4031 1
ASKRADEALDK 1026 3
ASKRAEEALDK 2214 6
ASKRADEALGR 4929 7

#Binding prediction score by artificial neural network (ANN) method. IC50 values < 50nM indicates high affinity peptides, < 500nM intermediate

affinity, < 5000 nM low affinity and > 5000 nM non T cell epitope.
Total n = 41.

cynomolgi MSP3 (PcyMSP3) could suggest post-speciation duplication of
these gene members and imply their recent origins. However, the
magnitude of sequence divergence between PvMSP3EI and PvMSP3E2
was remarkably lower than those between other paralogues, implying
differential evolution of these duplicated gene members (Rice et al.,
2013).

Like other proteins on the surface of malarial merozoites, PvMSP3a
and PvMSP3f are immunogenic upon natural P. vivax infections
(Mourao et al., 2012; Stanisic et al., 2013; Bitencourt et al., 2013).
Despite no seroepidemiological study on PvMSP3F2, antibodies raised
against protein members of PvMSP3 family displayed both cross-re-
active and member-specific responses, suggesting the presence of both
shared and unique B cell epitopes among protein members (Jiang et al.,
2013). B cell epitopes in PvMSP3a have been investigated by using
naturally acquired antibodies from P. vivax-exposed individuals and
located mainly at the central repeat region (Lima-Junior et al., 2011).
Meanwhile, prediction of linear B cell epitopes across PvMSP3F2 has
indicated a number of regions with high epitope scores, spanning >

70% of the protein and sparing only short regions of both N- and C-
termini (Fig. 3). Although extensive sequence and length variation in
this gene were observed among field isolates leading to variation in
predicted linear B cell epitope scores (e.g. domains III, V and VII), the
predicted B cell epitopes as well as the predicted coiled-coil tertiary
structure in this protein seems to be maintained. The presence of
abundant negatively selected codons distributed across the protein has
suggested that PvMSP3F2 could be influenced by some structural con-
straints and probably be exposed to host immune system. Meanwhile,
most malarial surface proteins seem to have evolved under positive
selection, probably exerted by host immune pressure (Hughes and
Hughes, 1995). Likewise, positive selection has been detected in a
number of codons almost comparable to negatively selected codons.
However, signature of positive selection seems to be more predominant
in domains III, V and VII than other domains, indicating heterogeneity
in selection pressure across the PvMSP3F2 locus. Despite variation in
predicted linear B cell epitope scores was envisaged in these positively
selected domains, Although PvMSP3F2 was predicted to contain CD4 +
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Fig. 4. Maximum likelihood tree of PvMSP3F2 based on the General Time Reversible with gamma distribution (BIC score = 68,149.878). Numbers on the branch
represent the percentage of 500 bootstrap samples supporting the branches; values > 70% are shown.

T cell epitopes (Supplementary data 6), none of them could be potential
epitopes for some common HLA-DR alleles in Thai population. There-
fore, positive selection in this molecule seems not be conferred by
avoidance of being recognized by HLA-class II-mediated immunity. By
contrast, several predicted HLA class I-binding peptides were detected
in this protein based on some common alleles in Thai population. Im-
portantly, amino acid substitutions in these epitopes could alter their
predicted peptide binding affinity, varying from no obvious change,
reduction in binding affinity to loss of binding propensity. Alteration in
HLA-class I-binding affinity could be a mechanism for malaria parasite
to escape from host immune destruction by narrowing the repertoire of
cellular immune response which has been reported from analyses of the
circumsporozoite protein of Plasmodium falciparum (Zevering et al.,
1990; Plebanski et al., 1999). Positive selection that maintains a poly-
morphism (balancing selection) in PvMSP3F2, particularly in domains
I, V and VII where remarkable changes in predicted peptide binding
affinity to HLA-class I molecule, could imply its role in immune evasion
process. On the other hand, despite no drastic change in predicted
scores for linear B cell epitopes in these domains, it is intriguing to
address whether amino acid sequence diversity could alter three di-
mensional structures of B cell epitopes in PvMSP3F2 and confer dif-
ferential effects on protective immunity against P. vivax infections.
Undoubtedly, further experimental studies on the effects of variants in
this protein on antibody responses are required.

Genetic recombination in malaria parasites has been identified in a
number of malarial genes and genomes (Ranford-Cartwright and

Mwangi, 2012; Miles et al., 2016; Putaporntip et al., 2001; Putaporntip
et al., 2002). The magnitude of sequence diversity and the efficacy of
selection can be influenced by the effects of recombination
(Charlesworth and Campos, 2014). Our previous analysis has shown
that intragenic recombination has contributed to sequence variation in
PvMSP3p, in which 45 recombination breakpoints occurred among 45
P. vivax isolates from Tak province while none was found among 28
isolates from Yala and Narathiwat provinces (Putaporntip et al., 2014).
By using much fewer number of isolates with the same recombination
prediction program, as many as 31 recombination events were detected
among 8 isolates from Chanthaburi and the same number of re-
combination events were found among 4 isolates from Ubon Ratch-
athani whilst 19 recombination events occurred among 7 isolates from
Tak. It is noteworthy that recombination sites were detected at almost
comparable frequencies in non-repeat domains (mean = 0.0516/sites)
and repeat domains (mean = 0.0556/sites), suggesting that re-
combination uniformly occurred and played an important role in the
generation of sequence diversity at this locus. More importantly, 13
recombination events were observed in PvMSP3F2 among 12 isolates
from Yala and Narathiwat provinces. Because P. vivax isolates from
these provinces used for analysis of PvMSP3F2 and PvMSP3f were
sampled just a few years apart (2006 versus 2007-2008), a stark con-
trast in recombination events in these loci could rather stem from in-
trinsic difference in recombination propensity of each locus than simply
from temporal variation in parasite population.

In conclusion, PvMSP3F2 has different domain organization from
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those of PvMSP3a and PvMSP3f albeit sharing predicted coiled-coil
tertiary structure, conserved NLRNG motif and variable glutamine-rich
region. Extensive sequence diversity in PvMSP3F2 has been observed
among clinical isolates of P. vivax. Our analysis of both nucleotide and
amino acid sequences of this locus provide evidence of structural or
functional constraint on this molecule. Evidence of positive selection
and alteration of predicted peptide binding affinity to HLA class I of
some common alleles in Thai population has suggested that PvIMSP3F2
could be a target for host immune responses. However, further ex-
perimental studies are undoubtedly required to address whether this
protein member in the PvMSP3 family could be a target for vaccine
against P. vivax.
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Multiple Novel Mutations in Plasmodium falciparum Chloroquine Resistance Transporter Gene
during Implementation of Artemisinin Combination Therapy in Thailand
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Abstract. Mutations in the chloroquine resistance transporter gene of Plasmodium falciparum (Pfcrt) are associated
with drug susceptibility status of chloroquine and other antimalarials that interfere with heme detoxification process
including artemisinin. We aim to investigate whether an increase in duration of artemisinin combination therapy (ACT) in
Thailand could affect mutations in Pfcrt. The complete coding sequences of Pfcrt and dihydrofolate reductase (Pfdhfr),
and size polymorphisms of the merozoite surface proteins-1 and 2 (Pfmsp-1 and Pfmsp-2) of 189 P. falciparum isolates
collected during 1991 and 2016 were analyzed. In total, 12 novel amino acid substitutions and 13 novel PfCRT haplotypes
were identified. The most prevalent haplotype belonged to the Dd2 sequence and no wild type was found. A significant
positive correlation between the frequency of Pfcrt mutants and the year of sample collection was observed during
nationwide ACT implementation (r = 0.780; P = 0.038). The number of haplotypes and nucleotide diversity of isolates
collected during 3-day ACT (2009-2016) significantly outnumbered those collected before this treatment regimen.
Positive Darwinian selection occurred in the transmembrane domains only among isolates collected during 3-day ACT
but not among those collected before this period. No remarkable change was observed in the molecular indices for other
loci analyzed when similar comparisons were performed. An increase in the duration of artesunate in combination therapy
in Thailand could exert selective pressure on the Pfcrt locus, resulting in emergence of novel variants. The impact of these

novel haplotypes on antimalarial susceptibilities requires further study.

INTRODUCTION

A worldwide effort to control malaria has been highly reliant
on antimalarial chemotherapy; therefore, drug resistance in
malaria parasites can substantially preclude effective thera-
peutic and preventive interventions. One of the most devas-
tating impacts of this phenomenon has been widely concerned
since the emergence and spread of chloroquine resistance in
Plasmodium falciparum, the most prevalent and malignant
malaria species in the tropics. To date, the global dispersal of
chloroquine-resistant P. falciparum has rendered the drug in-
effective in almost all disease-endemic countries.’

Plasmodium falciparum chloroquine resistance transporter
or chloroquine resistance transporter of P. falciparum is a
48.6-kDa transmembrane protein on the digestive vacuolar
membrane that confers chloroquine resistance.® It is encoded
by a single copy 13-exon gene, Pfcrt, comprising 424 codons.
A point mutation at codon 76 (K76T) is a key determinant of
chloroquine resistance phenotype.>® However, the hitherto
mutation per se may not be the sole predictor of drug re-
sistance, whereas specific substitutions beyond codon 76
could modulate drug susceptibility status or compensate for
the fitness costs of chloroquine-resistant parasites.>*® To
date, at least 30 amino acid substitutions and ~51 haplotypes
were identified in PfCRT of natural isolates.”® In Thailand, all
P. falciparum isolates collected during the past two decades
exhibited chloroquine-resistant phenotypes, and the key
mutations at codons 72-76 of the Pfcrt gene revealed CVIET
as the most predominant haplotype.®'"
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Antimalarial treatment in Thailand has been relied on
parasite-based diagnosis by microscopy, whereas antima-
larial drug policies have been implemented and changed in
response to therapeutic efficacy based on national surveil-
lance system. Chloroquine was introduced to treat malaria
caused by all Plasmodium species in 1945 and was imple-
mented nationwide in 1965 despite the first report on drug
resistance in falciparum malaria patients in 1957.'%'% Be-
cause of the widespread occurrence of chloroquine re-
sistance in P. falciparum, national treatment policy was
changed to the combination of sulfadoxine and pyrimeth-
amine (SP) in 1974 and was implemented until 1981 when
antifolate resistance deteriorated in most endemic areas of the
country.™ During 1982 and 1985, quinine plus tetracycline
were used as a standard treatment regimen and was replaced
by the combination of mefloquine and SP because of the
problem of drug compliance. Because the lack of evidence for
delaying mefloquine resistance in combination therapy and
the adverse effects from SP, mefloquine monotherapy was
initiated in 1990, fully implemented in 1992, and used until
1994 when severe deterioration of mefloquine efficacy
occurred.'*"® During 1995 and 2008, artemisinin combina-
tion therapy (ACT) with mefloquine as a partner drug was
deployed as a 2-day treatment regimen (Figure 1). Because of
emergence and increasing tendency in the treatment failure
rate of 2-day ACT, treatment with 3-day ACT regimen was
initiated in 2008 and completely implemented nationwide in
2009."” However, a recent increase in treatment failure of 3-
day ACT has prompted the change in treatment regimen to
dihydroartemisinin plus piperaquine in 2017 and fully
implemented in 2018. Nevertheless, chloroquine has been
used as the first-line drug to treat vivax and other non-
falciparum malaria since its first implementation in 1965.
Importantly, about 8-10% of vivax malaria patients had
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Figure 1. (A) Annual numbers of Plasmodium falciparum—infected
cases in Thailand during 1990 and 2016. Vertical broken demarcation lines
indicate the period of nationwide implementation of antimalarial treatment
regimens: MSP, mefloquine combined with sulfadoxine and pyrimeth-
amine; M, mefloquine monotherapy; 2-day artemisinin combination ther-
apy (ACT), artesunate plus mefloquine for 2 days; 3-day ACT, 2-day ACT
plus artesunate on day 3. (B) Biannual frequencies of mutant Plasmo-
dium falciparum chloroquine resistance transporter (Pfcrt) haplo-
types (spots) relative to the Dd2 sequence (GenBank accession no.
AF030694). Correlation between frequencies of mutant haplotypes
and years of sample collection (during 1991 and 201 represented in
broken line: Pearson’s correlation coefficient, r = 0.382; P = 0.350,
and during 2003 and 2016 shown in solid line: r = 0.780; P = 0.038).

submicroscopic P. falciparum infection and were treated
with chloroquine.™®° Therefore, it is likely that a small pro-
portion of P. falciparum populations in Thailand could have
been exposed to chloroquine.

Although mutations in Pfcrt are not considered to be the key
molecular markers for resistance of P. falciparum to other
antimalarial drugs, transfection-based approaches have
shown that certain mutations at this locus conferred alteration
in susceptibilities to artemisinin and some partner drugs in
ACT, particularly those that interfere with heme detoxification
process in the parasite’s digestive vacuole such as meflo-
quine and piperaquine.®2°-22 Importantly, changing antima-
larial treatment regimens to ACT have remarkable impacts on
P. falciparum drug resistance markers, including Pfcrt of
parasite populations in Uganda and Kenya where chloroquine
resistance deteriorated around the turn of the century.23-2° To
determine whether nationwide implementation of ACT and its
modification could influence mutations in Pfcrt, we analyzed
the complete coding sequences of Pfcrt and the dihydrofolate
reductase gene (Pfdhfr) along with length polymorphisms in
the merozoite surface proteins-1 and 2 (Pfmsp-1 and Pfmsp-
2) genes of P. falciparum isolates in Thailand. Results revealed
multiple novel Pfcrt haplotypes with greater molecular di-
versity indices among isolates collected during implementa-
tion of the 3-day ACT regimen than those collected before this

period, consistent with ongoing selective pressure on this
locus.

METHODS

Parasite populations. Venous blood samples were
obtained from 383 P. falciparum—-infected patients initially di-
agnosed by microscopy and confirmed by species-specific
polymerase chain reaction (PCR) assay.?® Blood samples
were collected during 1991, 2003-2006, 2008-2011, and
2013-2016 from seven provinces of Thailand bordering
Myanmar, Cambodia, and Malaysia (Supplemental Figure 1).
The parasite density determined from thick blood films ranged
from 35 to 217,800 parasites/uL (geometric mean = 2,761
parasites/uL). Each blood sample was aliquoted; one pre-
served in EDTA anticoagulant and the other in RNA pre-
servative for DNA and RNA extractions, respectively. The
annual P. falciparum cases and the national treatment regi-
mens for falciparum malaria in Thailand during sample col-
lection period are depicted in Figure 1.

Detection of multiple-clone infections. Clonality of sam-
ples was determined by PCR analysis of size polymorphisms
in block 2 of the Pfmsp-1 and the central repeats of the Pfmsp-
2 of P. falciparum (Supplemental Material 1).

Sequencing of Pfcrt. The complete coding region of Pfcrt
was obtained from direct sequencing of the PCR products
amplified from cDNA and genomic DNA of each isolate
(Supplemental Material 2). All singleton substitutions were re-
determined using PCR products from independent amplifi-
cations of newly synthesized cDNA template from the same
isolate.

Sequencing of Pfdhfr. The complete Pfdhfr sequence was
amplified by PCR using genomic DNA of each isolate
(Supplemental Material 3). Sequences were determined di-
rectly from purified PCR products.

Ethics. Written informed consent was obtained from all
participants or from their parents or guardians before blood
sample collection. The ethical aspects of this study were
reviewed and approved by the Institutional Review Board on
Human Research of Faculty of Medicine, Chulalongkorn
University (IRB No. 257/57).

Statistical analysis. The sequences were aligned against
the corresponding gene of the 3D7 clone. Haplotype diversity
(h) and its sampling variance were calculated using the DnaSP
program.?” Nucleotide diversity (11), the rates of synonymous
substitutions per synonymous site (ds), and nonsynonymous
substitutions per nonsynonymous site (dy) and phylogenetic
tree were analyzed by using the MEGA 6.0 program.?® Evi-
dence of genetic recombination was determined by various
recombination tests implemented in the RDP4 package.?®
Tajima’s D statistics was used for computing deviation from
neutrality.3® Tajima’s D test determines the differences be-
tween the average number of nucleotide differences and an
estimate of 8 from the number of segregating sites where 6 =
4Nep, in which Ne and y are the effective population size and
the mutation rate, respectively.*® Under an equilibrium model
or no influence from population history, significant positive
Tajima’s D values imply balancing or positive selection,
whereas significant negative values suggest purifying or
negative selection. Analysis of population genetic structure
was performed by using molecular variance approach imple-
mented in the Arlequin 3.5 software.®"
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RESULTS

Novel Pfcrt coding sequences. Analysis of size polymor-
phisms in Pfmsp-1 and Pfmsp-2 revealed that 242 of 383
isolates harbored single alleles of both loci. The complete
coding sequences of Pfcrt could be obtained from 189 of
these 242 isolates (78.1%). Compared with the 3D7 sequence,
26 nucleotide substitutions were detected among 189 Pfcrt
sequences, resulting in 21 amino acid changes. Most nucle-
otide substitutions (84.6%) occurred in the putative trans-
membrane domain-encoding regions. Newly identified amino
acid substitutions included 76l, 78L, 97R, 147D, 166L, 172M,
218F, 220P, 320T, 333I, 337N, and 351V (Table 1). In total, 21
genotypes were identified, yielding 18 different amino acid
haplotypes. Haplotype | was most prevalent (87.83%) that
shared the same sequence with the Dd2 clone (GenBank ac-
cession no. AF030694). Single synonymous substitutions
were detected in three isolates at 411T>C, 543A>G, and
567T>C, all belonged to haplotype I. Isolates in haplotype |
were heterogeneous based on analysis of the Pfmsp-1 and
Pfmsp-2 loci. Haplotype Il was found in four isolates (2.1%)
that were identical with a Thai isolate TM93 collected two
decades ago.32 Haplotype lll possessed the same sequence
as the K1 strain first isolated from Kanchanaburiin 1979%% and
the Colombian FCB strain.®* Haplotypes IV and V shared
perfect sequence identity with the Cambodian isolate 734 and
the Ghanaian isolate GB4, respectively.”2> The remaining
haplotypes VI-XVIII were novel and occurred as single isolates
(Table 1). The wild-type Pfcrt was not found. Although the
number of isolates collected from each endemic area and from
different period in this study was uneven, the overall fre-
quencies of mutant codons relative to the wild-type (3D7) and

TaBLE 1

the most common Dd2 haplotypes were very low, ranging
from 0.5% to 2.1% (Table 2).

The complete Pfdhfr coding sequences. The complete
Pfdhfr sequences from the same 189 isolates contained four
nonsynonymous nucleotide substitutions, resulting in amino
acid changes at N511, C59R, S108N, and 1164L. In total, four
amino acid haplotypes were identified, characterized by IRNL
(64.02%), IRNI (31.75%), NRNL (2.64%), and NRNI (1.59%).

Population genetics inferred from Pfmsp-1 and Pfmsp-
2. We observed 13 Pfmsp-1, 9 Pfmsp-2, and 73 combined
Pfmsp-1 and Pfmsp-2 alleles among these 189 isolates. The
number of haplotypes and haplotype diversity of these loci
were almost comparable for populations bordering Myan-
mar and Cambodia, whereas lower levels of these param-
eters occurred for parasites near Malaysia (Supplemental
Table 1). Genetic structuring was observed because all
pairwise Fst values deviated significantly from zero, sug-
gesting limited gene flow across these distant endemic
areas and consistent with previous analyses using other
loci (Supplemental Table 2).3¢

Variations in Pfcrt and other loci relative to change in
ACT regimens. There was a significant positive correlation
between frequency of Pfcrt mutants and the year of sample
collection during implementation of ACT (during 2003 and
2016) (r=0.780; P = 0.038) but not when all sample collection
period was considered (during 1991 and 2016) (r= 0.382; P =
0.350) (Figure 1). For further analyses, these samples were,
therefore, assigned in the “pre-3-day ACT” and “3-day ACT”
groups for those collected during 1991 and 2008, and 2009
and 2016, respectively. The number of Pfcrt haplotypes was
significantly increased in the 3-day ACT group in comparison

Distribution of Plasmodium falciparum chloroquine resistance transporter haplotypes among 189 clinical isolates in Thailand

Haplotype Amino acid substitution No. isolates
* * *
11111111111 11222 2 222 3333 3333 3 -
12 3777779 24444566677 99012 7 777 2233 3555 7 E
04 9245687 34578203624 48580 1 357 0634 7016 1 S - D
3D7 QD SCMNKFH HAFGLTLSIFI IETIA Q HPN ANTS ICII R E H o o
Known variants KY PSIET Q RFI IAYRV TKA S E NLD SSN R T I B ,a 5 Total (%)
KA L Y P S DA LT g ° o 5
I v 4§ 588t
N T 8 8 4 4 8 ©8
] O BH m > =
I (Dd2,TSY164) e 1 ..S E . S T I 78 21 3 32 13 13 6 166(87.83)
II (TM93,CT449) .. JLIET.L Lol ..S E . .S. T I - - 3 - - 4(2.12)
IIT (K1,UBT2150) .. LJIET.. oL ....S E . .S.. I - 2 - - - = - 2(1.06)
IV (Cam734,UBN82) .. ..IDT.. .F..I...... T...S E . .S. -1 - - - = - 1(0.53)
V (GB4,CT448) .. JWIET.. Lo ....S E . I - - 1 - - - - 1(0.53)
VI (UBN73) .. ..IDT. EOUTL T...S E . ..S. . - 1 - - - 1 - 2(1.06)
VII (UBT1650) 1 . S E . .S. LTI - 1 - - - 1 - 2(1.06)
VIII (TSY2473) N 1 ..S E . .S.. LTI 1 - - - - - - 1(0.53)
IX (AP2064) .. JWJIET.. Lo ..S E . LTI 1 - - - - - - 1(0.53)
X (AP2425) e I ..S E . .S.. LTI 1 - - - - - - 1(0.53)
XI (AP2427) I ..S E . .S.. T I 1 - - - - - - 1(0.53)
XII (AP2466) .. JWIET.. Lol ..S E . S.. T I 1 - - - - - - 1(0.53)
XIII (AP2474) .. JWJIET o Lo ..S E . .S.. T I 1 - - - - 1(0.53)
XIV (UBT2860) .. JWIET.. o0 oLl ..S E . .S.. T I - - - - - - 1(0.53)
XV (CT467) .. JWIET.. Lol ....S E . .S . T I - - 1 - - - - 1(0.53)
XVI (TD529) .. ..IDT.. F..I...... T...S E . .S.. T I - - -1 - - - 1(0.53)
XVII (YL2823) e 1 ..S E . .S.. T I - - - - -1 - 1(0.53)
XVIII (NR367) .. LJIET.. L. ... EBE ... .8.. ...T1I - - - - - = 1 1(0.53)
Exon 1- 2------ 3---------- 4---- 6 7-- 9--- 10-- 11 84 27 6 36 13 16 7 189(100)

*Positions found in experimental clones/lines induced by selective drug pressure.?" Italicized amino acids denote induced mutations by drug pressures. Dots are identical residues with the 3D7
sequence (GenBank accession no. KM28867). Known isolates/strains carrying haplotypes |-V are shown in bold. Novel residues are highlighted. Representative isolates are in parentheses.

Demarcations of exons are indicated by dashes.
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with the 2-day ACT group (P < 0.05, randomization test). By
contrast, there was no significant difference in the number of
haplotypes of Pfdhfr, Pfmsp-1, and Pfmsp-2 between these
groups (Supplemental Table 3). The distribution of Pfcrt hap-
lotypes was more skewed toward few haplotypes in the pre-
3-day ACT than in the 3-day ACT groups as viewed from
haplotype diversity values of total samples. The haplotype
diversity in Pfdhfr, Pfmsp-1, and Pfmsp-2 of the correspond-
ing populations was almost comparable (Supplemental Table 3).
The number of mutations and nucleotide diversity of Pfcrt in
the 3-day ACT group exceeded those in the pre-3-day ACT
group. Nonsynonymous nucleotide diversity consistently
outnumbered synonymous nucleotide diversity for all com-
parisons shown in Table 3.

Domain-specific selection in Pfcrt. A signature of positive
selection in Pfcrt was evidenced by a significantly greater dy
(0.0036 + 0.0009) than ds (0.0010 + 0.0006) (P < 0.05). The
transmembrane domains of PfCRT reportedly dictate the
transport of chloroquine and other charged molecules
across parasite’s acid vesicles, thereby affecting drug
accumulation and heme detoxification process.3 Hence,
we analyzed nucleotide diversity for the putative trans-
membrane domain-encoding regions containing 199 co-
dons and compared with that for the remainders of the
coding regions spanning 225 codons. The mean nucleotide
diversity for the transmembrane domains was 7-fold greater
than that for the remaining regions and the difference was
statistically significant (P < 0.05) (Table 4). The nucleotide
diversity at nonsynonymous sites (1ry) of 189 isolates sig-
nificantly outnumbered that at synonymous sites (1s) for
transmembrane domains (P < 0.05), but not for the remaining
regions, and occurred only in the 3-day ACT group. There
was no significant difference in g between these groups.
Meanwhile, Tajima’s D statistics yielded significantly negative
values (Table 5). Importantly, significant negative Tajima’s D
values were observed at nonsynonymous sites but not at
synonymous sites. Meanwhile, no evidence of recombination
was discernible in Pfcrt by all tests analyzed.

DISCUSSION

The complete Pfcrt coding sequences of 198 isolates col-
lected over two decades from seven endemic provinces
contained 21 distinct genotypes, 13 of which were novel.
Together with previous reports, at least 67 naturally occurring
Pfcrt haplotypes have been documented.”-® Haplotypes I-lllin

this study were previously detected among Thai isolates col-
lected over three decades ago, suggesting temporal stability
of these haplotypes in this country. Likewise, identical se-
quences of isolate Cam734 from Cambodia collected a de-
cade ago and haplotype IV, and isolate GB4 from Ghana and
haplotype V could imply local and intercontinental spread of
chloroquine-resistant P. falciparum. Spatiotemporal persis-
tence of particular Pfcrt haplotypes has suggested adaptive
evolutionary success of parasites carrying these variants in
response to antimalarial drug pressure across endemic areas.

Twelve novel amino acid substitutions identified in this
study have contributed to a total of 34 naturally occurring
amino acid substitution sites in PfCRT so far identified. Most
novel amino acid substitutions were found in single isolates
and were not confined to particular endemic areas. Therefore,
it is likely that mutations in Pfcrt could have arisen as in-
dependent events, probably as a result of the stochastic na-
ture of a de novo point mutation. The significance of these
novel mutations in PfCRT remains to be elucidated. However,
a mutation at K76l in Pfcrt of two laboratory lines (J3D4 and
C5%7®Y induced by in vitro chloroquine selective pressure has
been observed in isolate YL2823 from Yala collected in
2015.29 Although mutations in Pfcrt could have arisen initially
from a stochastic mutational process, the shared mutations
between a clinical isolate and drug-induced laboratory clones
could suggest a common evolutionary pathway exerted by
antimalarial selective pressure.

The interplay between antimalarial drug treatment regimens
and genetics of malaria parasites has been documented. A
timely withdrawal of chloroquine as a standard treatment of
falciparum malaria has resulted in reemergence and expan-
sion of chloroquine-sensitive parasites that still remain in the
containment areas.®” By contrast, an increase in drug pres-
sure could enhance the emergence of drug resistance geno-
types as nationwide modification of ACT from 2-day to 3-day
regimens in Thailand gave rise to a remarkable increase in the
prevalence of artemisinin resistance genotypes. Several lines
of evidence have suggested that mutations in Pfcrt can
modulate susceptibility of artemisinin and some partner drugs
used in ACT such as piperaquine, mefloquine, lumefantrine,
and amodiaquine.®?" Importantly, some of these compounds
share with chloroquine a quinolone scaffold and affect heme
detoxification process of the parasites.® This in turn suggests
that some antimalarials other than chloroquine could mediate
selective pressure on Pfcrt as evidenced by the emergence of
Pfert mutations induced by stepwise selection with amanta-
dine or halofantrine.2° Therefore, cessation of chloroquine

TABLE 3
Nucleotide diversity in Plasmodium falciparum chloroquine resistance transporter of Plasmodium falciparum populations in relation to sample

collection period

Population bordering Year n M h T+ SE (x107%) s + SE (x107%) Iy % SE (x1079)
Myanmar 1991-2008 41 10 2 0.038 £ 0.037 0.000 + 0.000 0.049 = 0.045
2009-2016 56 15 7 0.197 £ 0.074 0.131 £0.127 0.215 +0.084
Cambodia 1991-2008 41 15 4 0.340 £ 0.140 0.179 £ 0.166 0.384 £ 0.180
2009-2016 28 20 9 1.488 + 0.392## 0.000 + 0.000 1.896 + 0.571*
Malaysia 1991-2008 10 10 2 0.157 £ 0.154 0.000 + 0.000 0.200 + 0.190
2009-2016 13 19 5 1.701 £ 0.409##4# 0.565 + 0.537 2.0183 £ 0.572**
Total 1991-2008 92 17 6 0.187 £ 0.071 0.080 + 0.078 0.217 +0.087
2009-2016 97 27 179 0.780 + 0.228# 0.151 £ 0.106 0.951 + 0.255**

h = number of haplotypes; M = number of mutations relative to the 3D7 coding regions; T = nucleotide diversity; s = nucleotide diversity at synonymous sites; my = nucleotide diversity at
nonsynonymous sites. Test of significant difference between 1 for population during 1991 and 2008 and those during 2009 and 2016: #P < 0.05; ##P < 0.01; ###P < 0.005. Test of significant
difference between 1y for population during 1991 and 2008 and those during 2009 and 2016: *P < 0.05; **P < 0.01; ***P < 0.005. Randomization test of the hypothesis that the number of haplotypes

for the population during 1991 and 2008 equals those during 2009 and 2016: P < 0.05.
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TaBLE 4
Nucleotide diversity (11) at synonymous sites (1Ts) and nonsynonymous sites (1y) of the Pfcrt coding sequences of Thai isolates collected during

1991 and 2016

Collection period/Pfcrt domain m(x1079) s (x1079) My (x107%)
1991-2008 (N = 92)

All coding region 0.187 + 0.071 0.080 +0.078 0.217 £ 0.084
Transmembrane domains 0.363 £ 0.154 ¢ 0.162 £ 0.163 0.422 +£0.187
Remaining regions 0.032 +0.032 0.000 + 0.000 0.041 +£0.039

2009-2016 (N = 97)

All coding region 0.780 + 0.228¢ 0.151 £0.102 0.951 + 0.245##™
Transmembrane domains 1.427 + 0.431 ¢ 0.307 £ 0.210 1.753 £ 0.523#*
Remaining regions 0.211 +0.126 0.000 + 0.000 0.265 = 0.159

All

All coding region 0.494 +0.128 0.117 £ 0.067 0.597 = 0.160#
Transmembrane domains 0.915+0.253¢ 0.236 £ 0.134 1.113 £ 0.330#
Remaining regions 0.124 + 0.076 0.000 + 0.000 0.156 + 0.094

Pfcrt = Plasmodium falciparum chloroquine resistance transporter. Test of the hypothesis that mean 1 for transmembrane domains equals that for the remaining regions: P < 0.05. Test of the
hypothesis that mean T for all coding regions of population during 1991 and 2008 equals the corresponding value of population during 2009 and 2016: P < 0.05. Test of the hypothesis that mean g
equals the corresponding mean tiy: #P < 0.05; ##P < 0.01. Test of the hypothesis that mean 1y for population during 1991 and 2008 equals mean 1y for population during 2009 and 2016: *P < 0.05;

**P <0.01.

usage against falciparum malaria may not prevent ongoing
selection in the Pfcrt locus because ACT may influence the
evolution of this gene. A significant increase in the number of
haplotypes and nonsynonymous mutations in Pfcrt across
malaria-endemic areas in Thailand after nationwide change in
ACT to 3-day regimen could be exerted by an increase in in-
tensity of drug pressure from either increased duration of
artesunate administration or long-term use and cumulative
effect of mefloquine. This phenomenon occurred neither by
chance nor by population process because no significant
change in the number of haplotypes was observed in other
unrelated genetic loci (Pfdhfr, Pfmsp-1, and Pfmsp-2), whereas
gene flow was limited across endemic areas. Furthermore, in-
tragenic recombination seems not to play an important role
in generating sequence variation in Pfcrt among samples
analyzed.

Natural selection exerted by antimalarial drugs could have
influenced sequence variation in genes conferring drug
resistance.'?*® Our study has shown that positive Darwinian
selection favoring amino acid variants in Pfcrt was evidenced
inthe 3-day ACT group but not inisolates collected previously,
suggesting that selective pressure has been triggered by an
increase in duration of treatment regimen. Evidence of positive
selection occurred exclusively in the transmembrane domains
of PfCRT for the 3-day ACT group (Table 3). Tajima’s D test for
nonsynonymous sites in Pfcrt yielded significant deviation
from zero in negative direction, whereas a nonsignificant D
value was found at synonymous sites (Table 4). The absence
of recombination event along with the low level of gene
(haplotype) diversity in the Pfcrt locus and the excess of

low-frequency variants at nonsynonymous sites (strong neg-
ative Tajima’s D value) are consistent with the presence of
slightly deleterious mutations in coding regions of this gene. In
fact, variation in the growth rate of Pfcrt mutants has been
documented among different haplotypes.® Therefore, slightly
deleterious mutations in Pfcrt will be subject to ongoing pu-
rifying selection which will either eliminate the change from the
population or drive them to low frequencies.®® On the other
hand, some compensatory mutations seem to be required to
restore the fitness of some mutants. For example, the Cam734
haplotype (haplotype IV in this study) reportedly acquired the
mutations A144F, [148L, and S333T with dual chloroquine
resistance phenotype and compensatory restoration of fit-
ness.® A prolonged bottleneck effect or selective sweeps on
the Pfcrt locus could occur during several decades of chlo-
roquine selective pressure in Thailand as evidenced by anal-
ysis of flanking microsatellite loci.?® Several lines of evidence
have supported the prediction that slightly deleterious vari-
ants will accumulate in a species that has undergone a severe
bottleneck or in cases where recombination is reduced or
absent.*>*' A number of singleton substitutions and the
presence of synonymous polymorphism in Pfcrt of Thai iso-
lates could have arisen from genetic drift, whereas the emer-
gence of slightly deleterious mutations is a transient feature of
evolution and these nonsynonymous mutations are subject to
be eliminated by ongoing purifying selection. Importantly, in-
tegrated malaria control strategies in Thailand other than an-
timalarial treatment policy during the sample collection period
were unchanged. Taken together, it is likely that an increase in
duration of artesunate as a 3-day ACT regimen could provoke

TaBLE 5
Genetic diversity in Plasmodium falciparum chloroquine resistance transporter of Plasmodium falciparum populations in Thailand

Sampling period

Endemic areas bordering

Population 1991-2008 2009-2016 Myanmar Cambodia Malaysia Total
N 92 97 97 69 23 189
No. haplotypes 6 17 8 11 6 21
No. polymorphic sites 9 22 8 16 15 25
No. segregating sites 9 20 8 14 15 23
Tajima’s D —2.187### —2.2644### —2.178### —2.026# —2.423### —2.376###
D (synonymous sites) -1.037 -1.382 -1.031 -1.069 -1.161 -1.516
D (nonsynonymous sites) -2.119# —2.198### -2.105# -1.972# —2.403### —2.302###

#, ##, and ### denote significant values at P < 0.05, P < 0.02, and P < 0.01, respectively.
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further selective pressure on the Pfcrt locus among P. falciparum
isolates in Thailand. The impact of these novel haplotypes on
parasite growth rate and drug susceptibility status would require
further elucidation such as by transfection-based approaches.
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Abstract. Chloroquine resistance transporter of Plasmodium falciparum (PfCRT) is a food
vacuolar transmembrane protein that mediates susceptibility of the parasite to chloroquine.
A mutation at K76T of the Pfcrt gene is a key determinant for chloroquine resistance phenotype.
In the absence of drug pressure, in vitro growth rate of chloroquine-resistance parasites was
outcompeted by wild-type parasites unless intragenic compensatory mutations occurred.
Chloroquine-resistant P. falciparum bearing the Cam734 haplotype known to circulate in
endemic areas of Cambodia bordering Thailand contains 9 mutations in Pfcrt and exhibits
both chloroquine resistance and comparable growth rate to the chloroquine-sensitive 3D7
strain. To analyze the evolution of the Cam734 haplotype, codon-based analysis was performed
by using the mixed effects model of evolution (MEME), branch-site random effects likelihood
(BR-REL) and other related methods. Results revealed that the Cam734 haplotype has evolved
distinctively from other known mutant haplotypes including the most common Dd2 haplotype
in Southeast Asia. Evidence of episodic positive selection was detected at codon 144,
characterized by c.[430G>T; 431C>T] (p.A144F), known to be indispensable for both
chloroquine resistance and restoration of growth rate of the parasites. To survey the prevalence
of mutations at codons 76 and 144 in Pfcrt among Thai isolates, restriction fragment analysis
of 548 P. falciparum isolates collected from six endemic provinces of Thailand during 1991
and 2016 was performed. The 144F Pfcrt mutant was detected in 7 (1.28%) isolates. All Thai
isolates analyzed herein harbored a mutation at codon 76 whilst the wild-type parasite was
not found. The low prevalence of isolates bearing the mutation 144F in PfCRT could imply
little or lack of survival advantage of this mutant in endemic areas of Thailand where the
wild-type parasites seem to be absent or extremely rare.

INTRODUCTION

Chloroquine is a 4-aminoquinoline com-
pound first introduced as an antimalarial
agent active against asexual blood stages of
malaria parasites in 1945 and was served as
the frontline of treatment for all human
malaria species for several decades
(Wernsdorfer, 1991). It was not until the late
1950s and early 1960s that chloroquine-

861

resistant Plasmodium falciparum was
reported independently at Thailand-
Cambodia border and a few scattered foci in
Central America. Recent genetic analysis
has suggested at least four distinct
geographic origins for the emergence of
drug resistant parasites (Awasthi & Das,
2013; Mita et al., 2016). To date, chloroquine-
resistance P. falciparum occupies the
majority of malaria endemic areas.



Chloroquine resistance phenotype of
P. falciparum is characterized by a higher
rate of chloroquine efflux from the parasite’s
digestive vacuoles than the chloroquine-
susceptible one, leading to a suboptimal level
of chloroquine remaining inside the acidic
vacuoles where heme detoxification takes
place (Ecker et al., 2012; Summers et al.,
2012). The leading candidate of protein
conferring chloroquine resistance in P.
Jalciparum is a 48.6 kDa transmembrane
protein located on the digestive vacuolar
membrane, designated chloroquine
resistance transporter (PfCRT)(Fidock et al.,
2000). PfCRT consists of 424 amino acids,
encoded by a single copy 13-exon gene known
as Pfert. A point mutation at codon 76 (K76T)
is considered to be a key determinant of
chloroquine resistance that has been
ascertained in a number of laboratory and
field studies (Ecker et al., 2012). Therefore,
most of the molecular epidemiological
reports on Pfcrt genotypes have been confined
to sequence variation in exon 2. Importantly,
recent evidences have suggested that the
hitherto mutation (K76T) per se is not the
sole predictor of drug resistance while
specific substitutions beyond codon 76 could
modulate susceptibility status of the parasites
to other antimalarials believed to interfere
with heme detoxification (Ecker et al., 2012).

Pfert has evolved not without fitness
cost. In the absence of drug pressure, the
chloroquine-resistance parasites were
outcompeted in terms of growth rate by the
wild-type parasites upon in vitro co-
cultivation (Rosenthal, 2012). Consistently,
withdrawal of chloroquine as a standard
treatment regimen for falciparum malaria in
endemic areas of Kenya (Kiarie, 2015) and
Malawi (Kublin, 2003) has resulted in
reemergence and expansion of the remaining
chloroquine-sensitive parasites in the
containment areas. It is noteworthy that P
JSalciparum bearing different mutant Pfcrt
haplotypes seem to display differential
growth disadvantage in the absence of drug
pressure (Sa & Twu, 2010). Interestingly, the
Cam734 haplotype, characterized by M74I,
N75D, K76T, A144F, L148I, 1194T, A220S,
Q271E and T333S (Durrand et al., 2004),
conferred chloroquine resistance status

while the growth rate of parasites bearing
these mutations was comparable to the wild-
type parasites, e.g. the 3D7 strain (Petersen
et al., 2015).

Meanwhile, the Cam734 haplotype
displayed comparatively higher number of
nucleotide substitutions than other Pfcrt
mutants. Whether antimalarial drug pressure
on individual mutant codons in this haplotype
occurred constantly (pervasive positive
selection) or instantaneously and changed
over time (episodic or past positive
selection) remains to be elucidated. The
objectives of this study are (i) to explore the
prevalence of mutation at codon 76 in Pfcrt
among P. falciparum isolates collected
from diverse malaria endemic areas of
Thailand during 1991 and 2016, (ii) to identify
specific codons in the Cam734 Pfcrt
haplotype that have evolved under episodic
positive selection and (iii) to determine the
prevalence and geographic distribution of
P. falciparum isolates bearing the Cam734
haplotype in Thailand.

MATERIALS AND METHODS

Ethics Statement

Th ethical issues of this study were reviewed
and approved by the Institutional Review
Board on Human Research of Faculty of
Medicine, Chulalongkorn University (IRB
No0.257/57). Inform consent was obtained from
all participatants or their guardians prior to
blood sample collection.

Parasite populations

Blood samples (~1 ml) were obtained from
falciparum malaria patients who attended
malaria clinics or district hospitals in
endemic areas. Diagnosis of P. falciparum
infections was done by Giemsa-stained thin
and thick blood smears. In total, 548 P.
Jalciparum-infected blood samples were
collected from 5 endemic provinces of
Thailand including Tak (n = 200), Ubon
Ratchathani (n = 160), Chantaburi (n = 48),
Yala (n = 81), Narathiwat (n = 34) and Trat
(n =25) collected during 1991 and 2016. Fresh
blood sample from each patient was spotted
onto chromatography-grade filter paper
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(ET31CHR; Whatman, Madison, UK) and the
remaining volume was preserved in EDTA
anticoagulant.

DNA extraction and PCR-based detection
of Plasmodium species

Genomic DNA was extracted from 200 mL
of each blood sample by using @QIAamp DNA
mini kit (Qiagen, Hilden, Germany) per the
manufacturer’s recommendation and kept at
-40°C until use. P, falciparum was reaffirmed
by species-specific PCR targeting the
mitochondrial cytochrome b gene as
described previously (Putaporntip et al.,
2010). Genomic DNA of known species of
human malaria parasites including P.
Jalciparum, P. vivax, P. malariae, P. ovale
and P. knowlesi were used as positive control.

Analysis of mutations at codons 76 and
144 of Pfcrt by PCR-RFLP

The Pfcrt gene fragment spanning exons 2
and 3 was amplified by PCR using the
forward primer CRT1F (5-TTGTCGACC
TTAACAGATGGCTCAC-3")(Djimde et al.,
2001) and the reverse primer CRTOR (5'-
TCCGAGATAATTGTATAAGTGATATC-3").
PCR amplification was done in a total volume
of 30 nL: containing PCR buffer, 200 pM dNTP,
0.2 pM of each primer, nuclease free water, 2
pL of template DNA and 1.25 units of ExTaq
DNA polymerase (Takara, Seta, Japan). The
thermal cycler profiles consisted of a
preamplification denaturation at 94°C for 1
min, followed by 35 cycles of 94°C for 40 s,
56°C for 30 s, and 72°C for 1.5 min. Two
microlitres of the PCR products were used
as template for subsequent PCR amplification
of exon 2 using the same amplification
conditions except that the primers were
replaced with CRT2F (5-CTTGTCTTGGT
AAATGTGCTC-3") and CRT2R (5’-GAACA
TAATCATACAAATAAAGT-3") as described
previously (Djimde et al., 2001). Likewise,
amplification of exon 3 was carried out
with primers PFCRTE3-F (5-TATTTA
TTTCTTATGACCTTTTTAGGAACG-3") and
PFCRTES3-R (5’-GTAATTTAAAATAGTATA
CTTACCTATATC-3") using the same PCR
condition. After purification with QIAquick
PCR purification kit (Qiagen, Hilden,
Germany), the PCR products spanning exon

2 were digested with Apo I for detection of
the wild-type codon 76 (AAA for lysine) of
Pfert; therefore, indigestible products
indicated chloroquine-resistance mutants.
Meanwhile, the recognition site of Hae III
restriction endonuclease (GGICC) occurred
at codon 144 in which digestible PCR
products encompassing exon 3 indicated
the presence of wild-type codon (GCC for
alanine); therefore, uncut products indicated
mutation at this codon. The digested PCR
products were analyzed by using 1.5%
agarose gel electrophoresis.

RNA extraction, RT-PCR amplification
and sequencing of Pfcrt

Dry blood spot was excised from the filter
paper and cut into small pieces with sterile
scissors that had been flamed to eliminate
RNase prior to use. Total RNA was extracted
from the blood sample using QIAamp RNA
blood minikit (Qiagen, Hilden, Germany)
following the recommendations provided by
the manufacturer. Synthesis of cDNA was
obtained from 2 mL of RNA sample using
TaKARa RNA PCR (AMV) version 3.0 kit
(TaKaRa, Japan) in a total volume of 10 mL.
Two microlitres of cDNA product were used
as template for nested PCR amplification
of the complete coding region of Pfcrt.
The outer PCR primers were PFCRTF (5'-
CATATAACAAAATGAAATTCGC-3’) and
PFCRTR (5-TTATTGTGTAATAATTGAAT
CGACG-3’) and the inner primers were
PFCRTF1 (5-TCAAGCAAAAATGACGA
GCG-3") and PFCRTR1 (5-ACGTTGGTTAA
TTCTCCTTC-3"). PCR amplification was
performed in a total volume of 30 pL
containing PCR buffer, 200 pM dNTP, 0.2 pM
of each primer, nuclease free water, 2 pL of
template DNA and 1.25 units of ExTaq DNA
polymerase (Takara, Seta, Japan). The
amplification profiles for both primary and
nested PCR were essentially the same,
consisting of pre-amplification denaturation
at 94°C, 60 s and 30 cycles of 94°C, 30 s;
50°C, 30 s and 72°C, 2 min; followed by 72°C,
5 min. DNA amplification was performed
by using a GeneAmp 9700 PCR thermal
cycler (Applied Biosystems, Foster City, CA).
The PCR products were analyzed on 1%
agarose gel electrophoresis, stained with
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ethidium bromide and visualized under UV
transillumination. After purification with
QIAquick PCR purification kit (Qiagen,
Hilden, Germany), the PCR product was
used as template for direct sequencing
from both directions using ABI PRISM
BigDye Terminator v3.1 Ready Reaction
Cycle Sequencing kit (Applied Biosystems)
and sequencing primers.

Statistical analysis

Despite a number of reports on mutations
in PfCRT, complete or near complete
nucleotide sequences of this protein were
limited in the GenBank database. In this
study, we retrieved 13 distinct Pfcrt
sequences of natural P. falciparum isolates
and 4 distinct sequences from the Cambodian
isolates reported previously (Durrand et
al., 2004). The CLUSTAL_X program was
deployed for alignment of the complete or
near complete Pfcrt sequences. Geographic
origins, GenBank accession numbers and

amino acid substitutions of Pfcrt used in this
study were listed in Table 1. Phylogenetic tree
was constructed by the Maximum Likelihood
method based on the Tamura 3-parameter
model that gave the lowest Bayesian
Information Criterion (BIC) score. The
reliability of the tree was determined by
the bootstrap method implemented the
MEGA 6.0 software (Tamura et al., 2013).
Detection of selection on specific codons was
performed by estimation of the global ratio
of the rate of non-synonymous to synonymous
substitutions (dN/dS or ® value) across the
Pfert gene using various models. The fixed
effects likelihood (FEL), random effects
likelihood (REL), fast unconstrained
Bayesian approximation (FUBAR), branch
site REL analysis (BR-REL) and mixed effects
model of evolution (MEME) methods were
used for analysis (Pond & Frost, 2005). FEL
model compares the ratio of nonsynonymous
to synonymous substitution on a site-by-site
basis, without assuming an a priori

Table 1. The Pfcrt sequences of P. falciparum isolates used in this study

Amino acid substitutions

Isolal.te/ origin 1111122233333 GenBank accession

strain 777792446902723357 no. /references
245673480450163461

3D7 Africa? CMNKHHALLITAQNTSIR KM288867

Dd2 Thailand JIET..oo. L. SES..TI AF030694

TM6 Thailand IET.R....ASES...I AF468006

1061 Sudan IE ... SES. I AF233065

GM4 Ghana IET. .o SE. I HM854027

7G8 Brazil S..T....... S.D..L AF233067

DIV30 Brazil S..T....... S.D..L AF233064

TA6182 Colombia ETQ...... S..S..I DQ156109

TA7519 Colombia ETQ...... S..... T DQ156107

TU741 Colombia B S.D.NL DQ156108

PH1 Philippines L TOUTUY . DL AY254700

FVO Vietnam JIET. oL SES. I DQ533840

2300 Indonesia JIKT. ... SES...I AY651315

Cam734 Cambodia .IDT..FI.T.SE Durrand et al., 20

Cam738 Cambodia IDT...I.T.SE Durrand et al., 20

Cam742 Cambodia IET....... SE I Durrand et al., 20

Cam783 Cambodia JIET. ... SE...TI Durrand et al., 20

Dots are identical residues.

864



distribution of rates across sites whereas REL
model first fits a distribution of rates across
sites and then infers the substitution rate for
individual sites. MEME algorithm detects
codons under episodic positive selection
unmasked by the abundance of purifying
selection along the lineages. Significance
level settings for FEL, iFEL, REL and MEME
were p values < 0.1 and Bayes Factor > 1000
for REL followed the default values available
on the Datamonkey Web Server (Pond &
Frost, 2005). Searching for natural selection
based on the measurement of selective
influences on 31 structural and biochemical
amino acid properties during cladogenesis
was performed by using the TreeSAAP
program. Amino acid under positive selection
was analyzed by performing goodness-of-fit
and categorical statistical tests (Woolley et
al., 2003).

RESULTS

Phylogeny and codon-specific selection
in Cam73% and other Pfcrt haplotypes

Alignment of 17 Pfcrt sequences has
revealed 19 nucleotide substitutions,
resulting in 18 amino acid changes. Codon-
based analysis of departure from neutrality
has identified 13 positively selected sites
based on positive results by at least one
method. Most of these codons (77%) were

located in the transmembrane domains
(Table 2). Test of positive selection
implemented in the TreeSAAP program has
detected 10 amino acid substitutions with
significant alteration in physicochemical
properties (p<0.001). Taken together, 11
codons were under positive selection based
on a consensus of concordant results from
> 2 tests. Meanwhile, only 9 positively
selected codons gave concordant positive
results from > 3 tests (Table 2).

The fingerprint of episodic or past
positive selection was found in the Cam734
haplotype by both the mixed effects model
of evolution (MEME) and the branch-site
random effects likelihood (BR-REL) methods
in which substitution at codon 144 yielded
statistically significant tests (p<0.05). The
Cam734 lineage could have experienced a
short burst of adaptive evolution, resulting in
a mutation A144F (Figure 1).

P. falciparum populations

Of 548 P. falciparum-infected individuals
diagnosed by microscopy in this study, 353
(64.4%) were males and 195 (35.6%) females.
The population distribution by age ranged
from 4 to 67 years old (mean = 25 years).
No apparent severe manifestation of
malaria was observed during blood sample
collection. The duration of self-reported
febrile illness prior to seeking medical
diagnosis ranged from 1 to 7 days, of which

Table 2. Positive selection on amino acid substitutions in Pfcrt of worldwide isolates

Cod Test method Consensus
edon FEL iFEL REL FUBAR TreeSAAP >2 tests >3 tests

74% v

75% v v v v v

76 v v v v v

97* v v v v v

144% v v v v v v

148 v v v

194* v v v

290 v v v v v

271 v

3926+ v v v v v

333% v v v v v

356+ v v v v v

371 v v v v v

* Residues in transmembrane domains.

865



87

—— 2300 AY651315
_p———TME AF468006
—— FVO DQ533840

Dd2 AFD30694
Cam783 Ratanakiri

—— GB4 HMB5402T
Cam742 Preah-Vihear

1061 AF233065

Cam734 Preah-Vihear

—

TU741 DQ156108

= 7G8 AF233067
DIV30 AF233064
PH1 AY254700
3D7 KM28886T
—
0.001

65— TAGB182 DQ156109
——TAT7519 DQ156107

Cam738 Preah-Vihear

Figure 1. Maximum likelihood tree of the Pfcrt sequences among Thai isolates. Thick line indicates
branch under episodic positive selection detected by branch-site random effects likelihood (BR-REL)
analysis. The tree is rooted by using the 3D7 haplotype. Scale bar represents nucleotide substitutions

per site.

Table 3. Chronological and geographic distribution of P. falciparum-infected blood samples

Province Year of sample collection (n) Total
Tak 1995 (13), 1996 (26), 1997 (8), 2003 (14), 2004 (11), 2005 (5), 200
2006 (14), 2008 (13), 2009 (3), 2010 (20), 2011 (21), 2012 (16), 2013 (36)
Ubon Ratchathani 2008 (10), 2014 (123), 2015 (27) 160
Chanthaburi 2007 (24), 2009 (21), 2010 (3) 48
Yala 2007 (19), 2008 (26), 2015 (17), 2016 (19) 81
Narathiwat 2008 (34) 34
Trat 1991 (25) 25
Total 1991-2016 548

308 (56.2%) patients had fever for 1 to 3
days. No previous self-administration of
antimalarial drugs was reported among the
study populations. The chronological
distribution of samples by geographic origins
is listed in Table 3. PCR analysis reaffirmed
that all blood samples were infected with
P. falciparum. However, co-infections of
P falciparum and P. vivax were detected
in 15 patients (2.74%).
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Analysis of mutation at codon 76 in Pfcrt
The Pfert fragment encompassing exon 2
could be amplified from genomic DNA of
all isolates examined. The resulting PCR
products contained 200 bp without size
variation among isolates. For Apo 1
restriction endonuclease analysis, the
recognition site is 5-RIAATTIY-3’ where R
represents A or G and Y can be either C or T.
The wild-type codon 76 coding for lysine



221 bp
126 bp
95 bp

Figure 2. Agarose gel electrophoresis of representative PCR products
spanning exon 3 of Pfcrt digested with Hae III. M denotes 50-bp ladder
marker. Sample numbers 2 and 6 contained Hae III restriction site.

(codon AAA) and its adjacent codons 75 and
77 provide a restriction site for this enzyme.
Therefore, the PCR amplified fragments that
were digestible with Apo I, producing 2 DNA
fragments of 112 and 88 bp, indicate the
presence of codon for lysine at position 76,
the key residue for chloroquine-sensitive
parasites. On the other hand, if mutation(s)
occurs at codon 76, the restriction site for
Apo I would be disrupted; thereby the PCR
products remained uncut with this restriction
enzyme. Although the intact PCR fragments
after Apo I digestion indicate nonspecific
nucleotide substitution(s) at codon 76,
previous sequencing analysis has shown that
almost all nucleotide substitutions at this
codon were due to A = C change, resulting in
a change in amino acid from lysine to
threonine. The PCR products from all 548
isolates in this study were indigestible by
Apo 1. Hence, no evidence of chloroquine-
sensitive parasites was detected in the study
populations.

Analysis of mutation at codon 144 in
Pfert

The 221-bp PCR product spanning exon 3 of
Pfert could be amplified from all 548 isolates.
The wild-type codon 144 could be digestible
with Hae III generating 95 bp and 126 bp
fragments (Figure 2). Analysis of mutation
at codon 144 has revealed that 7 of 548
(1.28%) isolates were indigestible with
Hae 111, indicating the absence of GGCC at
nucleotides 429-431. These isolates were
collected from Trat province in 1991 (n = 1),
Tak province in 1995 (n = 2), Chanthaburi
province in 2007 (n = 1) and Ubon
Ratchathani province in 2014 (n = 3). The
complete Pfcrt sequences of these isolates
lacking Haelll resistriction site revealed
perfect sequence identity with the Cam734
haplotype, characterized by mutations at
c.222G>T (p.M741), c.223A>G (p.N75D),
c.227A>C (K76T), c430G>T;431C>T
(A144F), c.442C>A (p.L148I), ¢.581T>C
(p.1194T), c.658G>T(p.A220S), ¢.811C>G
(p-Q271E) and ¢.998C>G (p.T333S).
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DISCUSSION

In Thailand, P. falciparum isolates collected
during the past two decades exhibited
chloroquine resistance phenotype while
previous analysis of the key mutation at
codon 76 of the Pfcrt gene failed to detect the
wild-type codon (Chaicharoenkul et al., 2011;
Parker et al., 2012; Takahashi et al., 2012).
Our analysis of mutation at codon 76 of Pfcrt
among 548 isolates collected during 1991
and 2016 from six endemic provinces of the
country was in line with these previous
studies. Therefore, nationwide withdrawal of
chloroquine for the treatment of falciparum
malaria during the past 4 decades has no
discernible impact on drug resistance
status of P. falciparum in this country
(Wongsrichanalai et al., 2002). It is likely that
P. falciparum bearing drug resistance
phenotypes, which could have arisen as a
new allelic variant or which could have
circulated in the population at low pre-
valence, became populated and eventually
reached fixation because of survival
advantage following substantial chloroquine
pressure. Intriguingly, about 10.8% of
microscopically diagnosed P. vivax
infections were co-infected with sub-
microscopic P. falciparum based on PCR
detection and were treated with chloroquine
(Jongwutiwes et al., 2011). Therefore,
selective pressure from chloroquine on
subpopulations of P, falciparum could remain
in Thailand, especially along Myanmar
border where mixed species infections were
prevalent (~23% to ~24%)(Putaporntip et
al., 2009). Importantly, coexistence of P.
Jalciparum and P. vivax has been identified
in all malaria endemic areas of Thailand.
Therefore, it is likely that P. falciparum in
infected mosquito vectors could have the
possibility of exposure to chloroquine upon
taking blood meals from individuals infected
with P. vivax who were treated with
chloroquine. Furthermore, the long half-life
of chloroquine and its metabolites, lasting for
45 to 55 days and 59 to 67 days, respectively
(Gustafsson et al., 1987), in the circulation of
chloroquine-treated patients would exert
selective pressure on P. falciparum upon
subsequent infections.
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The emergence of chloroquine
resistance phenotype in P. falciparum
occurred with associated fitness cost as
exemplified by the inferior growth rate of
parasites bearing the Dd2 Pfert haplotype
in comparison with the wild-type strains. On
the other hand, intragenic compensatory
mutations in the Cam734 haplotype has
enhanced growth rate of P. falciparum
carrying these mutations. Importantly, gene
editing approach has shown that mutations
at N75D, A144F, L1481 and T333S in the
Cam734 haplotype contributed directly to
both chloroquine resistance and restoration
of parasite growth rate whereas a mutation
at [194T enhanced parasite growth without
conferring drug resistance (Gabryszewski et
al., 2016). Although the Cam734 haplotype
contained 9 amino acid substitutions in
comparison with the chloroquine-sensitive
haplotype in the 3D7 strain, reversal of A144F
to F144A by gene editing approach has led to
complete to near-complete sensitivity to
chloroquine albeit the presence of K76T and
other associated mutations in this parasite.
Therefore, mutation at codon 144 seems to
be crucial for chloroquine resistance in the
Cam734 haplotype (Gabryszewski et al.,
2016).

Analysis of departure from neutrality
has shown that all mutations in the Cam734
haplotype have evolved under positive
selection as determined by codon-based
methods and alteration in physicochemical
properties of amino acid substitutions.
Importantly, both MEME and BR-REL
methods gave a concordant result for
episodic positive selection at codon A144F
in the Cam734 haplotype, suggesting a short
burst of selective pressure on this codon.
Phylogenetic analysis has suggested that the
Cam734 haplotype could have arisen from
step-wise mutation from the Dd2 lineage.
The Cam734 haplotype was closely related
with the Cam738 haplotype whose sequence
was almost identical except the absence of
mutation at codon 144 in the latter haplotype
(Durrand et al., 2004). Interestingly,
mutations in the Cam738 haplotype did not
confer growth advantage in the absence of
drug pressure when compared with the
Cam734 haplotype (Gabryszewski et al.,



2016). A strikingly lower prevalence of the
Cam738 haplotype (2.5%) in comparison with
the Cam734 haplotype (22.5%) in Cambodia
in 2004 (Durrand et al., 2004) and the absence
of this haplotype in a more recent study
(Gabryszewski et al., 2016) could suggest
survival advantage of additional mutation
at codon 144 in the Cam734 haplotype.
Although our screening of the Cam734
haplotype was performed by analysis of a
mutation at codon 144, subsequent sequence
analysis of the complete coding region of
Pfert of isolates carrying the mutant codon
at this position has revealed identical
sequences with the Cam734 haplotype. It is
noteworthy that the Cam734 haplotype could
be detected almost across the sampling
period and circulated at low frequency
(1.28%) in diverse endemic provinces of
Thailand bordering Myanmar and Cambodia.

Despite evidence for growth advantage
while maintaining chloroquine resistance
status, the Cam734 haplotype was less
abundant than the Dd2 haplotype in Southeast
Asia (Durrand et al., 2004; Gabryszewski
et al., 2016). A recent genome-wide survey
revealed a comparable prevalence of this
haplotype in Laos and Vietnam, accounting
for 34.12% and 32.99%, respectively, while
a lower prevalence was observed in
Cambodia, ranging from 18.42% to 22.50%
(Durrand et al., 2004; Gabryszewski et al.,
2016). The low prevalence of the Cam734
haplotype in Thailand in this study was in line
with the previous survey in which only one
of 148 (0.68%) isolates was found to carry
this haplotype (Gabryszewski et al., 2016).
Differential prevalence of the Cam734
haplotype in this region could stem from
differences in national antimalarial drug
policies of these countries whilst specific
mutations in Pfcrt could mediate alteration
in susceptibility of P. falciparum to other
antimalarials such as artemisinin,
piperquine, mefloquine and amodiaquine.
Intriguingly, other antimalarial treatment
regimens that target heme detoxification
process could affect evolution of the Pfert
locus (Conrad et al., 2014; Agrawal et al.,
2017). Meanwhile, chloroquine resistance
associated with intragenic compensatory
mutations per se may not be sufficient for
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P. falciparum to outcompete other variants
because additional selective forces from
parasite genetic background, mosquito-
human transmission and selection within
anopheline mosquito vector could have
influenced the survival and competitiveness
of the parasites (Rosenthal, 2013).

CONCLUSION

The low prevalence of P. falciparum
populations bearing the mutant 144F in
Pfcrt known to confer compensatory
mutation in terms of growth rate may
suggest little or lack of survival advantage
of these mutants in the absence of wild-type
parasites circulating in Thailand.
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