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Abstract

Despite a striking reduction in the reported number of human malaria cases in Thailand over the past
3 decades due to nation-wide integrated malaria control strategies, the disease remains a significant health
problem along border areas of the country. Besides insecticide-resistant mosquito vectors and drug-resistant
malarial parasites, cross-border migration of infected individuals and more recently the occurrence of
Plasmodium knowlesi, a nonhuman primate malaria, causing human infections could potentially hamper
further success of malaria control program. To gain insights into the status of malaria circulating among
people living in main endemic areas of Thailand, we have conducted a comprehensive survey to elucidate the
malaria species distribution in Tak, Chantaburi, Narathiwat and Yala Provinces by examination of Giemsa
stained blood films collected from febrile patients attending malaria clinics and compared with results
obtained from polymerase chain reaction (PCR) method targeting the small subunit ribosomal RNA gene of
human malaria and Plasmodium knowlesi. In total, 4134 blood samples were obtained from individuals in Tak
(n=1630), Chantaburi (n=316), Narathiwat (n=546) and Yala (n=1642) during September 2008-October 2009.
Of these, microscopy detected malaria in 3603 patients, consisting of Plasmodium falciparum (48.49%),
Plasmodium vivax (51.15%), co-infection of Plasmodium falciparum and Plasmodium vivax (0.33%) and one
patient infected with Plasmodium malariae. Meanwhile, the PCR method has detected submicroscopic
parasitemia in 147 cases, accounting for 3.9% of all PCR-positive samples. Furthermore, PCR could detect
more malaria species and mixed species infections were found 35 times more often than those by microscopy.
There was a difference in malaria species distribution in these 4 provinces examined. Importantly,
Plasmodium knowlesi was diagnosed by PCR in 15 patients distributed in all provinces under this survey, nine
of these were co-infected with either Plasmodium falciparum or Plasmodium vivax. The majority of knowlesi
malaria occurred in male with an average age of 34.5 years. Comparing with our previous surveys, the species
distribution of malaria in Thailand seems to exhibit spatial and temporal variation whereas Plasmodium

knowlesi infecting humans seems to be widely distributed, albeit at a low prevalence.
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Abstract

The presence of human infections caused by Plasmodium knowlesi in Thailand has highlighted the
importance of macaque monkeys as reservoir hosts that are highly populated in southern Thailand. To address
the prevalence and distribution of malaria in nonhuman primates that may reflect the status of disease trend in
humans, a survey of malaria in monkey populations in Narathiwat Province and nearby areas have been
conducted in 2009. In total, 665 monkeys were captured that included Macaca nemestrina (n=455), Macaca
fascicularis (n=187), Macaca arctoides (n=4), Semnopithecus obscurus (n=7) and hybrid macaques (n=2). Of
these, microscopy detected malaria and Hepatocystis in 164 samples while nested PCR targeting the small
subunit ribosomal RNA gene (SSU rRNA) yielded positive results in 190 isolates (28.6%). Microscopy could
presumptively diagnose parasite species in 139 isolates comprising Plasmodium inui (n=69), Plasmodium
cynomolgi (n=2), Plasmodium knowlesi (n=1) and Hepatocystis (67). On the other hand, analysis of the SSU
rRNA and mitochondrial cytochrome b sequences has revealed that mixed infections of different malaria
species were found in 36.3% of all PCR positive isolates. Meanwhile, Plasmodium inui was the most prevalent
species identified accounting for 36.3% and 38.9% of malaria infected Macaca nemestrina and Macaca
fascicularis, respectively. Importantly, Plasmodium knowlesi was detected in 12 isolates (9 Macaca
nemestrina, 2 Macaca fascicularis and 1 Semnopithecus obscurus) and 10 of these were co-infections with
other malaria species and Hepatocystis. Although sequence analysis has unambiguously identified 7
Plasmodium species in this survey (Plasmodium inui, Plasmodium knowlesi, Plasmodium cynomolgi,
Plasmodium coatneyi, Plasmodium fieldi and Plasmodium simiovale) and Hepatocystis, phylogenetic
inference has placed 47 malarial mitochondrial sequences into 2 distinct clades with high bootstrap supports,
suggesting that they belonged to novel Plasmodium species. The presence of Plasmodium knowlesi in
southern Thailand macaque population could reflect that these monkeys could serve as reservoir hosts for
human infections while the low prevalence of this malaria in macaques and humans could suggest that humans

mainly acquired infections from infected reservoirs through appropriate mosquito vectors.
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Abstract

Malarial parasites possess a 35 kb extrachromosomal genome located in close proximity to
mitochondria, designated apicoplast, that is a vital organelle for their survival. The apicoplast has evolved
through a secondary endosymbiosis along with the loss of photosynthetic genes in its circular genome.
Recently, it has been shown that apicoplast is a target for multiple antimalarial antibiotics such as tetracyclines,
clindamycines and macrolides which exert interference effects on the translation process, resulting in delayed
death of malarial parasites. Furthermore, apicoplast appears to synthesize the potent antioxidant lipoic acid
that could be deployed by Plasmodium as an antioxidant; thereby inhibition of apicoplast may lead to
susceptibility to oxidative stress. To date, the complete genome sequence of malarial apicoplast has been fully
determined from Plasmodium falciparum but not other related species. Therefore, we determined the complete
genome sequences of apicoplast from 3 other human malaria (Plasmodium vivax, Plasmodium malariae and
Plasmodium ovale) and 3 primate malaria (Plasmodium knowlesi, Plasmodium cynomolgi and
Plasmodiuminui). Sequence analysis has revealed that apicoplast genomes of all 6 Plasmodium species shared
structural organization akin to that of P. falciparum, consisting of inverted repeats encoding small subunit
ribosomal RNA (SSU rRNA) and large subunit ribosomal RNA (LSU rRNA), various transfer RNA , a series
of ribosomal proteins, RNA polymerase and open reading frames of unassigned proteins. The nucleotide
composition is extremely rich in A+T residues (~86.2-86.8%) and the codon usage notably biased. Nucleotide
substitutions in each locus within the apicoplast genomes of Plasmodium species are species specific.
However, phylogenetic relationship inferred from individual tRNA genes did not give concordant results with
species trees inferred from SSU rRNA or LSU rRNA. On the other hand, tree topologies inferred from all
other protein-coding loci displayed similar results with those based on sequences of the rRNA loci, suggesting
that evolution of apicoplast genomes have been ongoing along with speciation of malaria. Nevertheless,
several portions of the apicoplast genomes are well-conserved between species, implying that inference of
apicoplast may affect a broad range of Plasmodium species. Therefore, apicoplast genome is an attractive

target for drugs or other control intervention that may circumvent species-specific restriction.
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Abstract

Natural transmission of both human and nonhuman primate malaria requires Anopheles vectors.
During the past decades, ecological niche and breeding places of malaria vectors in Thailand have been altered,
partly due to deforestation and expanded urbanization. To explore the distribution and abundance of both
primary and secondary vectors in western and southern Thailand where malaria remain endemic, we
performed a prospective survey during dry season (October and December 2008) and rainy season (May —
August 2009) in Tak, Prachuab Khirikhan, Kanchanaburi and Ranong Provinces using both human and animal
baits. Of 28,011 anopheline mosquitos caught, 3,826 mosquitos belonged to primary malaria vectors which
included Anopheles minimus, the most prevalent species, accounting for 73.5%, followed by Anopheles
maculatus (25.9%) and Anopheles dirus (0.6%), respectively. Secondary vectors identified in this survey were
Anopheles sundaicus exclusively found in the coastal areas of Ranong Province and Anopheles aconitus wildly
distributed around rural villages. Anopheles barbirostris remains to be the most populated suspected vectors in
all provinces. There was no significant difference in species distribution of the primary vectors in each
endemic area during raining season and dry season. It is noteworthy that both human and animal baits
attracted primary vectors almost equally well while secondary vectors, suspected vectors and other anopheline
mosquitos preferred animal baits to human baits. Phylogenetic analysis inferred from internal transcribed
spacer II (/TS-2) and cytochrome oxidase II sequence revealed that Anopleles minimus (n=150) exhibited
microheterogeneity of sequences at both loci and all were clustered within complex A. Furthermore, searching
for malarial DNA in 397 Anopleles minumus by polymerase chain reaction targeting SSU rRNA of malaria
parasites showed that 15 mosquitos (3.8%) yielded positive tests for Plasmodium falciparum (n=3),
Plasmodium vivax (n=11) and co-existence of both species (n=1), supporting an important role of this
mosquito species as a malaria vector in Thailand. Likewise, Plasmodium knowlesi and Plasmodium inui were
found in Anopheles dirus complex that were caughted upon landing on human and monkey baits collected
from a forest area in Narathiwat Province, suggesting that these primate malarias could be potentially
transmitted by this anopheline mosquito. Information on the status of malaria vectors will form an essential

basis for national malaria control policy.
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