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SUMMARY

Plasmodium knowlesi is a simian malaria parasite currently recognized as the fifth
cause of human malaria. Singapore reported its first local human knowlesi infection in
2007 and epidemiological investigations revealed that long-tailed macaques were the
reservoir host of this blood parasite. Apart from P. knowlesi, long-tailed macaques are
also natural host to P. coatneyi, P. fieldi, P. cynomolgi and P. inui, of which the latter
two were also found to be infectious to humans under laboratory conditions. As there
was no previous study of simian malaria parasites in Singapore’s macaques, this study
aims to determine their prevalence for the risk assessment of zoonotic transmission of
simian malaria parasites to the general human population. Detection and accurate
identification of simian malaria parasites through microscopy is typically challenged
by low parasitemia, mixed species infection in the natural hosts and overlapping
morphological characteristics among the different simian Plasmodium species. A
sensitive Plasmodium parasite screening polymerase chain reaction (PCR) assay and a
simian malaria species-specific nested PCR assay were thus developed. The PCR
primers for Plasmodium parasites screening were designed against the conserved
regions in the small subunit ribosomal RNA (SSU rRNA) genes. These primers were
able to detect the four human and five simian Plasmodium species parasites, and
could be used in both conventional and real-time PCR. The simian Plasmodium
species-specific nested PCR assay, on the other hand, was developed using the
Plasmodium circumsporozoite protein (csp) gene. Plasmodium screening on 65 peri-
domestic and 92 wild macaques revealed that the former group was uninfected, while
71.7% of the sampled wild macaques were infected. Peri-domestic macaques were

found in areas near human habitations while wild macaques were caught in military

vi



forest where access is restricted to the general public. All five simian Plasmodium
species were detected, with P. knowlesi having the highest prevalence (68.2%),
followed by P. cynomolgi (60.6%), P. fieldi (16.7%), P. coatneyi (3.0%) and P. inui
(1.5%). Co-infection with multiple species of Plasmodium parasites was also
observed; double infection was detected in 23 (34.8%) macaques while five (7.6%)
were infected with three Plasmodium species. Phylogenetic analysis of the non-repeat
region of the Plasmodium csp gene from 15 infected macaques revealed high
genotypic diversity of the parasites, reflecting a high intensity of malaria transmission
among the macaques in the forest. On the other hand, all four local knowlesi cases
had single P. knowlesi genotype which was identical to the P. knowlesi isolates of
some macaques, suggesting that macaques were the reservoir hosts of the knowlesi
malaria. Identical Plasmodium csp sequences shared by macaques caught at different
timepoint also illustrates an ongoing sylvatic transmission. Despite these findings, the
risk of zoonotic transmission of simian malaria parasites to the general population is
assessed to be low as malaria parasites were absent among peri-domestic macaques,
and all human knowlesi cases reported in Singapore were thus far occupational or
travel related. However, to enable continuous risk assessment and surveillance, more
studies will be required to determine the identity and distribution of the mosquito

vector/s and the spatial distribution of the wild macaques.
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CHAPTER ONE

General Introduction

1.1 Malaria

Malaria is an ancient disease, first described by ancient Egyptians in 1500B.C [1].
Despite years of intensive research, no successful vaccine for this disease has yet been
developed, and it remains a serious public health problem in many tropical countries.
According to World Health Organization (WHO), 225 million cases of malaria were
reported in 2009, with a mortality of 781,000 [2]. In 2009, an estimated 1.3 billion
people or 76% of the total population in Southeast Asian region were at risk of

malaria [3].

Malaria is caused by protozoan parasites of the genus Plasmodium, family
Plasmodiidae, suborder Haemosporidiidae, order Coccidia. Approximately 170
species of Plasmodium parasites, capable of infecting rodents, primates, reptiles and
birds, have been discovered thus far [1, 4]. Five species of parasites, namely P.
falciparium, P. vivax, P. ovale, P. malariae and P. knowlesi have been reported to
cause disease in humans. Plasmodium vivax is the most widely distributed human
malaria, while infection by P. falciparium is usually the most fatal. Plasmodium
knowlesi, a simian malaria parasite originating from the Old World macaques, was

recently incriminated as the fifth malaria species that infects humans.
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Figure 1.1: Global malaria situation, 2010 [5]




The classic clinical symptoms of malaria infection include intermittent fever,
shivering, joint pains, headaches and repeated vomiting. If treatment is delayed, it can
lead to severe complications such as renal failure, hypoglycemia, anemia, pulmonary

edema, shock and coma, and eventually death [6].

1.1.1 Life cycle of malaria parasites

All malaria parasites require two hosts to complete their life cycle; the definitive
invertebrate hosts and the intermediate vertebrate hosts. Most Plasmodium parasites
are transmitted by mosquitoes, and those infecting human and non-human primates

are transmitted exclusively by anopheline mosquitoes [4, 7].

Vertebrate hosts are infected through the bite of an infective mosquito when
sporozoites are inoculated into the bloodstream during feeding (Figure 1.2). These
sporozoites migrate to the liver and invade the hepatocytes, where they undergo an
extensive replication known as primary schizogony, to produce exoerythrocytic
schizonts (exoerythrocytic phase). Some species of Plasmodium parasites, such as P.
vivax, P. ovale, P. cynomolgi, P.fieldi and P. simiovale, can produce a latent hepatic
stage known as hypnozoites, which lay dormant in the liver for a period of time before

invading the blood cells again [4, 7-10].

Each exoerythrocytic schizonts may contain 30,000 to 50,000 merozoites, which are
released into the bloodstream where they invade the red blood cells (erythrocytic

phase). In the erythrocytes, the merozoites undergo asexual development, forming



Figure 1.2: The life cycle of malaria parasite [11]



ring forms or early trophozoites, which will develop into mature trophozoites. These
trophozoites then undergo schizogony, producing schizonts. The infected erythrocytes
eventually lyze and merozoites are released into the blood stream. Some merozoites
invade other erythrocytes and reinitiate another asexual erythrocytic cycle, while
others differentiate into the microgametocytes (male) and macrogametocytes
(female). The release of cellular contents from the ruptured erythrocytes triggers the
host’s immune system, resulting in clinical symptoms of fever and chills. Depending
on the species of malaria parasite, the periodicity (time required to complete an
erythrocytic cycle) ranges from 24 hours (quotidian periodicity) to 48 hours (tertian

periodicity) or 72 hours (quartan periodicity) [7, 9].

The infection cycle in invertebrate hosts begins when it ingests both gametocyctes
during its blood meal. The fall in temperature and presence of xanthurenic acid in the
mosquito’s gut trigger the development of the gametocytes to gametes. In the
mosquito’s midgut, the microgametes fuse with the macrogametes to form a zygote.
Within 24 hours, the zygote differentiates into a motile and elongated ookinete, which
then penetrates through the midgut epithelium and develops into an oocyst. Oocysts
undergo sporogony (asexual multiplication in mosquito) and produce thousands of
sporozoites. Eventually, the oocysts rupture, releasing the sporozoites which enter the
haemolymph and subsequently migrate to the salivary gland. Inoculation of the
sporozoites during blood feeding into a new vertebrate host perpetuates the malaria

parasite’s life cycle.



1.2 Non-human primate malarias

More than 20 species of simian malarial parasites that infect monkeys, apes and
lemurs have been described (Table 1.1) [1, 7, 12]. These parasites, together with their
natural hosts, can be found in the Asian, African, Central and South American region.
Most of these parasites can be grouped with the four human malaria parasites based
on the similarity of their erythrocytic cycle periodicity and morphology [7]. The
distribution of simian malaria parasites affecting macaques in Southeast Asia was
reported to follow the distribution of the Anopheles leucosphyrus group of mosquitoes

(Figure 1.3) [12].

1.3 Simian malaria infections in man

Several studies had been conducted to test the infectivity of simian malaria parasites
in man. The first experiment was carried out by Blacklock and Adler in 1922, using P.
reichenowi, the simian form of P. falciparium [13]. However, the transfer of this
simian malaria parasite species from chimpanzee to human volunteer using blood
passage failed. The first reported successful experimental transmission was performed
a decade later by Knowles and Das Gupta, who transmitted P. knowlesi to three
human volunteers using blood inoculation [14]. The clinical symptoms observed
ranged from mild, intermittent to severe fever. Unlike other human malaria infections,
the fever of this simian malaria infection was observed to be of a daily remittent type.
With the knowledge of P. knowlesi capable of inducing fever, this parasite was later
used as a pyretic agent to treat patients with neuro-syphilis [15]. Other than P.
knowlesi, the same author also successfully infected human volunteers with P. inui

using blood passages in 1938 [16].



Table 1.1: List of non-human primate Plasmodium species, their periodicity,
distribution and natural hosts [1, 7,9, 12, 17]

Plasmodium

Periodicity

Distribution

. Natural Hosts
species
P. knowlesi Quotidian Southeast Asia
P. cynomolgi** Tertian Southeast Asia, India, Sri Lanka
P. coatneyi* Tertian Southeast Asia
P. fieldi**** Tertian Southeast Asia
P. inui*** Quartan Southeast Asia, India, Sri Lanka, Taiwan
P. fragile* Tertian India, Sri Lanka
P. simiovale**** Tertian Sri Lanka Old world monkeys
P. shortii Quartan India, Sri Lanka
P. gonderi** Tertian Africa
P. petersi Unknown Africa
P. georgsi Unknown Africa
P. brasilianum***  Quartan South America
P. simium** Tertian Brazil New world monkeys
P. eylesi** Tertian Southeast Asia
P. hylobati** Tertian Southeast Asia
P. jefferyi+* Tertian Southeast Asia .
P. youngi** Tertian Southeast Asia Gibbons
P. pitheci** Tertian Southeast Asia
P. silvaticum Tertian Southeast Asia Orang utans
P. schwetzi** Tertian Africa
P. reichenowi* Tertian Africa Gorrillas,
P. rodhaini*** Quartan Africa Chimpanzees
P. girardi Unknown Madagascar
P. foleyi Unknown Madagascar
P. coulangesi Unknown Madagascar
P. percygarnhami  Unknown Madagascar Lemurs
P. uilenbergi Unknown Madagascar
P. bucki Unknown Madagascar
P. lemuris Unknown Madagascar

‘6*” 6‘**’ ‘6***”
b b b

“x#Ex” indicates malaria parasites grouped under the falciparum-,
vivax-, malariae- and ovale-type family, respectively [7]
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On the other hand, attempts to infect human with simian malaria parasites through
mosquitoes were not successful [30, 31]. Hence, there was a general consensus that
transmission of simian malaria parasites to humans was not possible. As such, non-
human primate malaria was not taken into consideration during the strategic planning
of malaria eradication during the World Health Assembly in 1955 [32]. In 1960, this
dogma was proven wrong when reports of accidental human infection of P. cynomolgi
by An. freeborni surfaced in two separate laboratories in the United States [33, 34].
These sparked the re-initiation of experimental mosquito transmission of simian
malaria to man, and revealed the transmissibility of P. knowlesi, P. inui and P.
cynomolgi from monkey to man, and from man to man through infectious mosquito
bites under laboratory setting [35-39]. Likewise, other simian malaria parasites
originating from apes and New World monkeys (P. schwetzi, P. brasilianum, P.

simium and P. eylesi) were also proven to be transmissible to man [38, 40-42].

Substantial proof of natural infection of simian malaria parasites in man was only
demonstrated in 1965 when Chin and co-workers reported a natural P. knowlesi
infection in an American man who had spent nights working in a jungle in Pahang,
peninsular Malaysia [43]. Surveillance studies in that locality revealed the presence of
P. knowlesi in a sample of the wild macaque population there. However, when blood
samples from residents in the area were pooled and injected into rhesus monkeys, a
monkey species that typically does not survive P. knowlesi infections, none of these
rhesus monkeys were infected. This large scale surveillance study concluded that

human P. knowlesi infection was extremely rare. A few years later in 1971, another



presumptive case of natural human P. knowlesi infection was also reported in Johore,

peninsular Malaysia [44].

The belief of human P. knowlesi infection being a rare incidence was overturned in
2004 when a large focus of human knowlesi infection was detected in the Kapit
division of Sarawak, East Malaysia [45]. These cases were initially misdiagnosed as
P. malariae using microscopy, although the symptoms were atypical of P. malariae
infection and nested PCR failed to detect its DNA. Using molecular methods, 106
(51%) malaria cases in Kapit were attributable solely to P. knowlesi infection and 14
(7%) were co-infections of P. knowlesi and other human Plasmodium species. In
contrast to the rare and sporadic reports of human P. knowlesi infection in the 1960s,
this is the first report of a large focus of naturally acquired simian malaria infection in
man. As P. knowlesi is morphologically similar to P. falciparum and P. malariae
during the early ring stages and late trophozoites respectively, it is not possible to
identify P. knowlesi parasites using microscopic observation of the thin blood film.
Hence, Singh and co-workers designed a nested PCR assay for detection of P.
knowlesi [45]. With the diagnostic test made available and an increased awareness of
P. knowlesi as a possible cause of malaria in human, reports of naturally acquired
human knowlesi cases surfaced in other parts of Southeast Asia: peninsular Malaysia
[24], Singapore [46], Indonesian Borneo [47, 48], Sabah [49], Philippines [50],
Thailand [51-53], Myanmar [54, 55], Vietnam [56, 57] and Cambodia[58]. The
impact of P. knowlesi on travel medicine has also been recognised as non-endemic
regions of the world, such as Europe [59-61], New Zealand[62], Australia [47] and

the United States [63], reported importation of P. knowlesi cases from the Southeast
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Asia region. Most significantly, fatalities due to P. knowlesi infections have been
reported [64, 65]. The increased incidence of P. knowlesi infection and its associated
fatalities prompted a synchronous echo from the public health community to relook
into the impact of knowlesi malaria, and a classification of P. knowlesi as the fifth
human malaria parasite [66-70]. However, unlike the other four human malaria
parasite, P. knowlesi infection remains a zoonotic disease as there has been no

evidence to suggest the occurrence of human-to-human transmission [25].

1.4 Detection and identification of simian malaria parasites

1.4.1 Microscopic observations

Microscopic examination of the Giemsa stained thin blood film is a universally
accepted gold standard for primary identification of malaria parasites. It is also the
main method for identification of Plasmodium parasites in non-human primates since
the early 1900s [7, 9, 12, 18, 22, 23, 28, 71, 72]. However, there is an inherent
difficulty in the accurate identification of simian malaria parasites due to overlapping
morphological characteristics among these parasites [1]. Besides, individual macaques
are often co-infected with two or more species of malaria parasites; and coupled with
a low parasitaemia, microscopic identification of simian malaria parasites became

confusing, inaccurate and insensitive [1, 7].

There are also shared morphological characteristics between simian malaria parasites
and human malaria parasites. As a result, a significant proportion of the P. knowlesi

cases in Kapit, Sarawak, were previously misdiagnosed as P. falciparum or P.
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malariae using microscopy [45]. In addition, the morphology of P. cynomolgi and P.
fieldi resembles that of P. vivax and P. ovale, respectively [27, 33], , and P. inui is
reminiscent of P. malariae [7]. Hence, the accuracy of the identification using

microscopy is greatly dependent on the experience of the microscopists.

1.4.2 Polymerase Chain Reaction (PCR) assays

Although microscopic examination of blood film remains the gold standard for
malaria diagnostics, there is an increasing trend in using PCR to confirm the presence
of malaria infection. As PCR can provide discriminatory power that could circumvent
the limitations of identifying malaria parasites using microscopy, this method is
frequently used when epidemiological and clinical findings do not match the

microscopy results.

The nested PCR assay is a widely used method to detect the four human malaria
parasites [73]. The nest one amplification reaction uses the Plasmodium genus-
specific PCR primers, which amplifies all Plasmodium species’ small subunit
ribosomal RNA (SSU rRNA) gene. To determine the species of Plasmodium parasites
present, the products of this nest one PCR reaction are subjected to four separate nest
two amplification reactions, using primers specific for each human malaria parasite
species. This assay is reported to have higher sensitivity than the conventional

microscopy method [74].
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The high sensitivity of the malaria-specific nested PCR assay allows the detection of
malaria sporozoites in mosquitoes [75-77], and dried blood spots on filter papers [74,
78], making it useful for epidemiological investigation of malaria outbreaks and the
detection of low-grade parasitaemia in high malaria endemicity areas [79]. This
method has also been verified by the US CDC researchers to be the method of choice

for detection of mixed malaria infections and sub-clinical infections [80].

Due to similarities in morphology between simian malaria parasites and that of
humans, it is difficult to ascertain the occurrence of zoonosis through microscopy.
Hence, cases of naturally-acquired human infection of simian malaria parasite may be
overlooked. Nested PCR using P. knowlesi-specific primers played an important role
in the discovery of a large focus of human knowlesi malaria, previously diagnosed as
either P. malariae and/or P. falciparum cases. In the 1940s, Field illustrated an
infection which he considered as an aberrant form of P. vivax in two patients from
Malaysia [81]. Twenty years later, Sandosham et al. presented a slide of P. cynomolgi
bastianellii, which had identical features to what Field had described [27]. Due to the
close morphological similarity between these parasites, P.cynomolgi could be
transmitted unknowingly to humans in nature. The development of simian malaria

species specific PCR assay will hence aid in the confirmation of such zoonoses.
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1.5 Malaria in Singapore

1.5.1 The historical perspective

Singapore attained the malaria-free status from World Health Organization (WHO) on
22 Nov 1982. However, the route to attaining the stature of malaria eradication is not
without its labours. Singapore, like its neighbouring countries in Southeast Asia, was

also once plagued with malaria.

Malaria was rampant in the early British colonial ruling days. In 1908, it was the
second leading cause of death after tuberculosis. At the peak of an outbreak in 1911,
about 20 deaths due to malaria were reported in a day. Hence, to bring the malaria
epidemics under control, a comprehensive anti-malaria drainage system and oiling
programme was introduced [82]. In 1966, malaria became a notifiable disease and all
notified cases were investigated for epidemiological and entomological information.
Legislation to control the breeding of Anopheles vectors was also tightened in 1968

[83].

However, rapid urbanization in the 1970s exacerbated the malaria problem in
Singapore as land developments created favourable breeding grounds for the
Anopheles vectors, and construction workers were mostly recruited from malaria-
endemic countries. Despite precautionary measures to prevent Anopheles breeding
and efforts to screen foreign workers for malaria parasites, malaria outbreaks still
occurred. A revolutionary change in the strategy of malaria control in Singapore took

place in 1975 when more aggressive efforts were taken to break the transmission
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cycle. Vector surveillance and control was stepped up and maps of malaria sensitive
areas were updated bi-yearly. Oiling programme was also extended to previously
uncontrolled areas and areas with vector breeding were oiled frequently. Foreign
workers’ dormitories were also routinely sprayed with insecticide. This highly
structured vector surveillance and control program nearly eradicated the malaria
vectors. Whenever a malaria transmission is suspected, active case detection and mass
blood surveys ensued until the reservoir of infection has been detected and treated.
Vector control efforts such as larvicidal measures and residual spraying were also
intensified. With this control strategy, the number of local malaria cases began to

decline [83] (refer to Figure 1.4).

1.5.2 The current situation

Since attaining the malaria-free status, Singapore has maintained the standing for
years without major local transmissions. Although malaria cases have been reported,
more than 90% of these cases were contracted in Southeast Asia and the Indian
subcontinent as most Singaporeans travelled to malaria endemic countries without
taking adequate personal precautionary measures and chemoprophylaxis. Apart from
local residents, work permit holders, student pass holders, foreigners seeking medical
treatment in Singapore and tourists made up the rest of the overseas-acquired malaria
cases. Most of these infections were caused by P. vivax (66%-78.4%), followed by P.

falciparum (19.2%-31%)[84].
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With the influx of foreign labor from neighboring malaria-endemic countries and
presence of pockets of Anopheles vectors, Singapore has not been spared from the
occasional localised outbreaks of malaria. Between 1983 and 2009, 30 localised
outbreaks involving a total of 220 cases were reported. These outbreaks include those
that occurred in Punggol point, Tanjong Rhu/ East Coast Park, Dairy Farm, Mandai-
Sungei Kadut, Jurong Island, Sembawang and Lim Chu Kang [84, 85]. All were
eliminated through intensive epidemiological surveillance and vector control

operations.

Apart from human malaria transmission, malaria parasites from the monkey reservoir
too pose a threat to Singapore’s malaria-free status. Singapore reported its first
naturally-acquired human knowlesi malaria in 2007 [46]. The index case was a soldier
who contracted P. knowlesi infection after a period of training in a forested area
inhabited by the long-tailed macaque (Macaca fascicularis) in Lim Chu Kang, north-
western Singapore. This prompted a fever monitoring and surveillance for soldiers
who had visited the affected forest, which detected an additional five cases - four
cases in 2007 and one in 2008 [20, 86]. All were military personnel who had no travel
history, but had visited this restricted access forest prior to the onset of symptoms

[20].

As long-tailed macaque, the natural host of P. knowlesi, is an inhabitant in this
affected forest and various public nature parks, a joint operation was carried out by
the Singapore Armed Forces, the National Parks Board and the National Environment

Agency (NEA) to evaluate the risk of P. knowlesi infection in Singapore. Three long-
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tailed macaques were sampled from the heart of the restricted-access forest and ten
were sampled from a public nature reserve park. All three macaques from the
restricted forest were infected with P. knowlesi while those from the nature reserve
park were free from malaria infection. Phylogenetic analysis of the non-repeat region
of the P. knowlesi circumsporozoite protein gene revealed shared genotypes between
the human cases and the infected macaques, indicating that the cases had acquired the

infection in the vicinity where these monkeys were found [20].

The finding of P. knowlesi in Singapore is of no surprise as this parasite was first
discovered in India in 1931, from a long-tailed macaque imported from Singapore
[14, 87]. The re-discovery of P. knowlesi parasites from long-tailed macaques 80
years later demonstrated the continuous and ongoing sylvatic transmission of P.
knowlesi among the local long-tailed macaque population. The long-tailed macaque is
the most predominant non-human primate in Singapore. Apart from P. knowlesi, this
species of macaques is also known to harbor P. cynomolgi, P. inui, P. fieldi and P.
coatneyi [7]. However to-date, there has been no reports on the prevalence of malaria
in Singapore’s macaques. Surveillance studies of natural incidence of simian malaria
parasites in wild macaques had been conducted in Malaysia, Thailand, Indonesia,

Cambodia, Philippines, Taiwan, Pakistan and Bangladesh [12, 23, 24, 28].

Detection and identification of simian malaria parasites by microscopic observation of
the thin blood film has been stricken with difficulties and limitations, as previously
described. Correct identification can be achieved with PCR assays using primers

specific for each simian malaria parasite. These assays will also be useful in detecting
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zoonoses in humans, which may be overlooked using microscopy, due to close

morphology between simian and human malaria parasites.

1.6 Objectives of the study

The report of the locally-acquired knowlesi cases and the subsequent detection of P.
knowlesi parasites in a sample of local wild macaques demonstrate a potential risk of
zoonotic transmission of P. knowlesi in Singapore. However, as only a small sample
of macaques was tested for P. knowlesi previously, there is a need to screen for simian
malaria parasites in a larger population of macaques, preferably from different
geographical locations, for a better understanding on the prevalence rate of malaria
infection in local macaques. This is to enable a risk evaluation of zoonotic

transmission of simian malaria parasites to the general human population.

The overall objective of this project is to identify the simian malaria parasites in
Singapore’s long-tailed macaques. Specifically, the study aims to:
1. Develop a simian malaria species-specific PCR assay to identify P. knowlesi,
P. cynomolgi, P. inui, P. fieldi and P. coatneyi infections in long-tailed
macaques,
2. Determine the prevalence of simian malaria parasites in Singapore’s long-
tailed macaque population,
3. Characterize the circumsporozoite protein (csp) genes of simian malaria
parasites found in long-tailed macaques, and
4. Determine the molecular epidemiological linkage between the P. knowlesi
isolated from Singapore’s human cases and those isolated from local long-
tailed macaques.
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The information gathered from this study will not only constitue the first report of the
prevalence of malaria infection in Singapore’s macaques, but also help in expanding

our current understanding on the epidemiology of P. knowlesi in Singapore.
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CHAPTER TWO

Development of PCR assays for screening of simian malaria parasites

2.1 Introduction

Polymerase chain reaction assays are often used in malaria surveillance studies due to
its ability to process large sample numbers and its higher sensitivity as compared to
the microscopic examination of blood smears [74]. Although microscopy has been the
gold standard for malaria diagnosis, it is time consuming to screen large number of
samples using this method due to the preparation and interpretation of individual
slides [88]. In addition, false negative results may occur while screening samples with
low parasitemia [79, 89]. In view of this, a Plasmodium genus-specific nested PCR
assay was developed by Singh and co-workers [74]. However, due to the need to
perform two separate PCR reactions to confirm malaria infection, this assay can be
time consuming, expensive and prone to PCR product carry-over contamination. To
overcome this limitation, a sensitive Plasmodium genus-specific PCR assay
(conventional and real-time format) using a single pair of primer was developed in

this study.

A simian malaria species-specific PCR assay will also be developed for the
identification of the five simian malaria parasites (P. knowlesi, P. cynomolgi, P. inui,
P. fieldi and P. coatneyi) which long-tailed macaques are natural host to. As these five
parasites have overlapping morphological characteristics at different life stages, their
identification and differentiation using microscopy is impossible. On top of surveying

simian malaria parasites in monkeys, this assay can also be used in the confirmation

21



of P. knowlesi infection in humans. The published P. knowlesi- specific PCR primers
(Pmk8 and Pmkr9), was recently reported to exhibit stochastic cross amplification
with P. vivax genomic DNA [90], resulting in misidentification of these two parasites
in patients. Hence, the development of the simian malaria species-specific PCR assay

will be useful in the differentiation of P. knowlesi and P. vivax infections in humans.

Apart from P. knowlesi, other simian malaria parasites, such as P. cynomolgi and P.
inui, were also shown to be potentially infectious to humans [16, 33, 36, 37, 39, 91,
92]. The design of a simian malaria species-specific PCR assay will therefore be
useful in the surveillance of these parasites in macaques for the risk assessment of
potential zoonotic transmission of simian malaria parasites to the general human
population. Moreover, it could also aid in the detection of naturally-acquired P.

knowlesi, and possible P. cynomolgi and P. inui infections in humans.
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2.2 Materials and methods
2.2.1 Source of Plasmodium DNA material for PCR assays development

Filter paper blood spots of P. malariae and P. ovale were acquired from the National
Malaria Reference Centre, which was based in the Department of Microbiology,
National University of Singapore prior to 2009. This centre is currently managed by
the National Public Health Laboratory, Ministry of Health, Singapore. Plasmodium
falciparum, P. vivax and P. knowlesi were obtained through the routine malaria
diagnostic blood samples received by the Environmental Health Institute (EHI).
Bioethics approval and informed consent from patients had been obtained for the use
of these samples. Blood spots containing P. coatneyi, P. cynomolgi, P. fieldi and P.
inui on the Isocode™ Stix (Krackeler Scientific, Inc., Albany, N.Y.) were obtained
from the Laboratory Research and Development Unit (LRDU) of the Malaria branch,
Division of Parasitic Diseases and Malaria, Centers for Disease Control & Prevention

(CDC), Georgia, USA (Appendix A).

2.2.2 DNA extraction
2.2.2.1 Filter paper blood spots

DNA was extracted from dried filter paper blood spots using Instagene'™ (Bio-Rad
Laboratories, Hercules CA, USA) based on the method described by Cox-Singh et al.
[78]. Two hundred microlitres of fully suspended Instagene™ matrix was added to a
clean 1.5ml microcentrifuge tube using a large bore pipette tip. Two dried blood spots
were clipped out using an ethanol flamed paper punch. The clippings were then added

into the Instagene™ suspension. The tube was incubated at 56°C for 30min, with
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vortexing for 10sec every 15min of incubation, before it was placed in a boiling water
bath for 8min. It was then centrifuged at 12,000 rpm for 3min and the supernatant
(containing the DNA) was decanted. The DNA template was stored at - 20°C until

further use.

2.2.2.2 Blood spots on Isocode™ Stix

Extraction of DNA from blood spotted on Isocode™ Stix was carried out using
protocol published by CDC’s Division of Parasitic Diseases and Malaria [93]. One
triangle of the dipstick was clipped off and transferred into a microcentrifuge tube and
washed twice with 500ul of deionized sterile water (dH,O) by vortexing three times
for at least Ssec. After complete removal of dH,0O, the tube was briefly centrifuged
and the residual water was pipetted off. Fifty microlitres of dH,O were added and
incubated at 95°C for 30min. Finally, the tube was gently tapped 20 times before the
supernatant was transferred into a new microcentrifuge tube. The DNA template was

then stored at - 20°C until further use.

2.2.2.3 Whole blood

DNA was extracted from 200 pl of whole blood (venous blood in EDTA anti-
coagulant) using DNeasy® Blood and Tissue kit (QIAGEN, Hilden, Germany)
according to the manufacturer’s instructions. Briefly, 20 ul of Proteinase K was added
into a 1.5ml microcentrifuge tube, followed by 200ul of the sample whole blood and
200ul of Buffer AL. The sample was vortexed before incubating at 56°C for 10min.
Two hundred microlitres of molecular grade absolute ethanol was then added to the
sample followed by vortexing. The entire mixture was pipetted into the DNeasy Mini

spin column placed in collection tube. The column was centrifuged at 8,000rpm for a
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minute. The flow-through and the collection tube were discarded. Five hundred
microlitres of wash buffer AW1 was then added to the spin column coupled with a
new collection tube, followed by centrifugation at 8,000rpm for a minute. The flow-
through and collection tube were discarded and 500ul of the final wash buffer AW2
was added into the column, with a new collection tube. Final centrifugation at
14,000rpm at three minutes was applied to dry the membrane of the spin column. To
elute the DNA, the column was transferred to a sterile 1.5ml microcentrifuge tube and
200ul of buffer AE was added directly onto the column membrane. The column was
incubated at room temperature for a minute and finally spun at 8,000rpm for a minute

to elute.

2.2.3 Development of Plasmodium genus-specific PCR assays

2.2.3.1 Design of Plasmodium genus-specific PCR primers

Sequences of the small subunit ribosomal RNA (SSU rRNA) genes of both sexual and
asexual stages of human and simian Plasmodium species were retrieved from
GenBank database. These sequences were aligned using the MegAlign software
(DNASTAR, Lasergene, USA) and the Plasmodium genus-specific primers were
designed based on the conserved regions of the gene. Figure 2.1 illustrates the
alignment of the reference sequences and the selection of potential primer binding
sites. All oligonucleotides (top-purified grade) were synthesized by a company
specialized in oligonucleotide synthesis (AlTbiotech Pte Ltd., Singapore). The
oligonucleotide sequences are shown in Table 2.1. The theoretical melting
temperature (7},) for each primer was calculated using the basic Wallace rule [94]:

T, (°C) =2°C(A+T) + 4°C(G+C)
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Figure 2.1: Alignment of SSU rRNA genes of the different Plasmodium species for

design of the Plasmodium genus-specific primers.

Table 2.1: Oligonucleotide sequences of PCR primers designed for malaria parasite

detection
Primer Sequence Tm (°C)  Expected
name Product
size (bp)
PlasF 5'- AGTGTGTATCAATCGAGTTTCT -3' 44.9 188
PlasR 5’- CTTGTCACTACCTCTCTTCTTTAGA -3’ 48.2
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2.2.3.2 Use of primers PlasF and PlasR for conventional PCR

To determine the optimum annealing temperature required for primers PlasF and
PlasR, amplification was performed in a 50ul -reaction mixture (as illustrated in Table
2.2), using gradient conventional PCR (Veriti® Thermal Cycler, Applied Biostsyems,
Foster City, CA USA). The temperature tested was between 51°C to 61°C, with an
increment of 2°C between each test temperature. The DNA templates used for testing
were genomic DNA of P. vivax, with parasite count of 100, 0.3 and 0.06 parasite/pl.
Separate reactions with genomic DNA of uninfected human and macaque samples
were also included in the PCR optimization process. This was to test for any cross-
reactivity of the primers with these DNA. The PCR parameters are listed in Table

2.3.

2.2.3.3 Comparison of sensitivity of detection with nested PCR assay

To determine and compare the sensitivity of the PCR assay, blood from P. vivax
infected patient was used. The parasite density of this sample was determined by
counting the number of parasites per 200 leukocytes. The parasite density was
converted into parasites/ul, assuming a mean leukocyte count of 8000 [95].
Thereafter, the blood sample was diluted with malaria-free blood to obtain a
theoretical parasite density of 100, 50, 25, 12.5, 6.25, 3.13, 1.56, 0.78, 0.39, 0.195,
0.0975, 0.0488, 0.024, 0.012, 0.006 and 0.003 parasites/ul of blood. The DNA of

these serially diluted P. vivax blood samples were extracted according to the protocol
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mentioned in Section 2.2.2.3, and tested with the primers PlasF and PlasR using the

optimized annealing temperature.

Table 2.2: Components of “master-mix” for optimization of primers using

conventional PCR

Components Final Volume (pnl)
concentration
RNase & DNase-free molecular grade water - 18.75
(Promega, Madison WI, USA)
5x reaction buffer, green (Promega) 1x 10.0
MgCl, 25mM (Promega) 2.5 mM 5.0
dNTP mix, 10mM each (Promega) 200 uM each 1.0
Forward primer (2.5 pM) 0.25 uM 5.0
Reverse primer (2.5 uM) 0.25 uM 5.0
GoTaq DNA polymerase, SU/ ul (Promega) 1.25U0 0.25
DNA template - 5.0
Total volume per reaction - 50.0
Table 2.3: Cycling parameters for conventional PCR optimization
Steps Temperature/°C Time/s No. cycles
Initial denaturation 95 240 1
Denaturation 95 30
Annealing X 30 44
Extension 72 30
Final extension 72 120 1
20 ~
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To compare the sensitivity of the optimized single round PCR assay with that of the
published Plasmodium genus-specific nested PCR assay, the same panel of DNA was
amplified using primers rPLU1 and rPLUS5 followed by rPLU3 and rPLU4 as
described by Singh et al. [74]. The PCR products were analyzed by electrophoresis in
2% agarose gel (1% Base Pte Ltd, Singapore), stained with Gel-Red™ (Biotium,

Hayward, CA, USA), and observed under ultraviolet transillumination.

2.2.3.4 Use of primers PlasF and PlasR in real-time PCR assay

Real-time PCR using SYBR green method was carried out using LightCycler® 480
Instrument (Roche Diagnostics, Penzberg, Germany). The components of the real-
time PCR mix and cycling parameters for the PCR program are listed in Table 2.4 and
2.5, respectively.

After PCR amplification, Ty, curve analysis and melting temperature was performed
using the LightCycler® 480 Melting Curve analysis software. The PCR products were
heated to 95°C for 30sec and cooled to 60°C for 30 sec and then slowly heated back to
95°C at a rate of 2.2°C/sec. Obtained fluorescence signals are continuously monitored
during the slow heating process. Plotting the fluorescence (F) versus temperature (T)
generates the melting curve chart. Melting temperature was determined using the
LightCycler® 480 Basic Software T, calling analysis module by plotting a derivative
melting curve (-dF/dT) where the center of a melting peak corresponds to the point of
inflection. Amplification graphs were checked for the cross-point (Cp) value of the
PCR product. The Cp value represented the cycle by which the fluorescence of a
sample increased to a level higher than the background fluorescence in the
amplification cycle.
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Table 2.4: Components of “master-mix” for real-time PCR assay

Components Final concentration Volume
(nl)
RNase & DNase-free molecular grade water - 3

(QIAGEN, Hilden, Germany)

2x Quantitect SYBR Green PCR Master Mix 1x 10.0
(QIAGEN)

PlasF (10 uM) 0.50 uM 1.0
PlasR (10 uM) 0.50 uM 1.0
DNA template - 5.0
Total volume per reaction - 20.0

Table 2.5: Real-time PCR program for malaria screening using LightCycler® 480
Instrument

Temperature/ Time/s Cycle Slope  Acquisition
Program °C (°C/sec) mode
Denaturation 95 900 1 4.4 None
Amplification 94 15 22 None
50 30 50 22 None
72 30 4.4 Single
Melting 95 30 4.4 None
60 30 1 4.4 None

95 0 2.2 Continuous
Cooling 40 10 1 22 None
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2.2.3.5 Sensitivity and specificity of real-time PCR assay using primers PlasF and
PlasR

The sensitivity of the primers PlasF and PlasR in real time PCR assay was determined
based on both parasite density (Section 2.2.3.3) and parasite’s SSU rRNA copy
numbers (Section 2.2.3.6.5).

The specificity of the real-time PCR assay in detecting Plasmodium parasites was
determined by comparing the amplification results obtained using the DNA of four
human and five simian malaria parasites, with that of DNA from the non-infected

human and macaque samples.

2.2.3.6 Preparation of plasmid standards for quantitative real-time PCR assay

2.2.3.6.1 Amplification of gene insert for plasmid standards

The gene insert for the control plasmid was a segment of the SSU rRNA gene, which
encompassed the region amplified by the designed primers PlasF and PlasR. The
primers used in the amplification of this gene insert are given in Table 2.6. Using
protocol described in Section 2.2.3.2, PCR optimization for this set of cloning primers
was conducted. Product from this amplification was subsequently cloned into a TOPO

plasmid vector.
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Table 2.6: Oligonucleotide sequences of PCR primers for amplifying the gene insert
in control plasmids

Primer Sequence Tm Expected
name (°C) Product
size (bp)

CloningF 5’ TATTAACTTAAGGAATTATAACAAAGAAG 3 485

CloningR 5> ATACGCTATTGGAGCTGGAATTACCG 3’ 59.7 370
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2.2.3.6.2 Cloning of PCR product

TOPO TA Cloning® Kit (Invitrogen, Carlsbad CA, USA) was used and performed
according to the manufacturer’s instructions. Briefly, the ligation reaction was carried
out in a six microlitres reaction volume containing four microlitres of the PCR
product, one microlitre of salt solution and one microlitre of TOPO® vector. The

reaction mix was incubated at room temperature for 30min.

The chemically competent cells used for transformation were One Shot® TOP10
E.coli provided in the kit (Invitrogen, Carlsbad CA, USA). Two microlitres of the
ligation reaction mix was added to the vial of competent cells and incubated on ice for
30min. For the heat shock procedure, the whole set-up was placed in a 42°C waterbath
for 30sec without shaking, and thereafter immediately put on ice for two minutes. To
revive the cells, 250l of SOC medium (Invitrogen, Carlsbad CA, USA) was added to
the transformants and incubated at 37°C with horizontal shaking at 200rpm. Two
volumes of 50ul transformant culture were then spread on Luria-Bertani (LB) agar
containing 2.5% (w/v) of LB broth, Miller (Amresco, USA) and 1.5% (w/v) of
nutrient agar (Pronadisa, Spain), supplemented with 50 pg/ml Kanamycin (Invitrogen,
Carlsbad CA, USA). The plates were incubated overnight at 37°C for bacterial

growth.

Colony PCR was conducted using Plasmodium genus-specific primers PlasF and
PlasR to screen the E. coli transformants for the gene insert. A single colony of the
E.coli transformant was picked using a sterile 10 ul pipette tip and dipped into 20 pl
PCR reaction mix containing 0.5 pM of each primer, 200 uM dNTP (Promega, WI,
USA), 3mM MgCl,, 1x reaction buffer and 0.5 units Tag DNA polymerase (Promega,

WI, USA). Colony PCR was carried out with an initial denaturation at 95°C for
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10min, followed by 35 amplification cycles of 95°C for 30sec, 57 °C for 30sec and 72
°C for 30sec. The final elongation step was 72 °C for four minutes. At the end of the
last cycle, the temperature was reduced to 20°C. The PCR products were analyzed by
electrophoresis in 2% agarose gel, stained with Gel-Red™ (Biotium, Hayward, CA,

USA), and observed under ultraviolet transillumination.

2.2.3.6.3 Preparation of glycerol stocks

Escherichia coli colonies, which contained the plasmid construct with the gene of
interest, were each inoculated into five millilitres of LB broth, containing 2.5% of LB
broth, Miller (Amresco, USA), supplemented with 50ug/ml of Kanamycin
(Invitrogen, Carlsbad CA, USA). The culture was grown at 37°C in a shaker
incubator at 200rpm for at least eight hours for the subsequent preparation of glycerol

stocks and plasmid extraction.

Glycerol stocks were prepared for long-term storage of the individual bacterial
cultures at -80°C. They were prepared by mixing 0.85ml of culture with 0.15ml of
sterile glycerol (BDH, UK) in a 1.5ml microcentrifuge tube, followed by subsequent

storage at -80°C.

2.2.3.6.4 Extraction of plasmid DNA

Extraction of plasmid DNA was carried out using PureLink™ Quick Plasmid
Miniprep (Invitrogen, Carlsbad CA, USA) according to the manufacturer’s protocol.
An overnight broth culture of the transformants was pelleted in a 1.5ml
microcentrifuge tube. It was then resuspended by vortexing in 250ul of Resuspension
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Buffer with RNase A. To lyze the cells, 250ul lysis buffer was added and mixed
gently by inverting the tubes, followed by incubation at room temperature for three
minutes. To precipitate the lyzed bacterial cells, 350ul of Precipitation Buffer was
added and mixed immediately by inverting the tubes until the solution became
homogenous. The mixture was then centrifuged at 12,000rpm for 10min to clarify the
lysate from lysis debris. The entire solution was then transferred onto the PureLink ™
Quick Plasmid Miniprep Spin Column and centrifuged at 12,000rpm for one minute.
The flow through was discarded and the collection tube was re-used. Seven hundred
microlitres of Wash Buffer was added onto the column and it was thereafter
centrifuged at 12,000rpm for one minute. The flow through was discarded and the
collection tube was re-used. To dry the column membrane, the column/collection tube
was centrifuged at 12,000rpm for one minute. The collection tube was discarded and
the column was transferred to a new 1.5ml microcentrifuge tube. Seventy-five
microlitres of TE buffer was added directly to the membrane and the
column/microcentrifuge tube was incubated at room temperature for one minute. To
elute the plasmid DNA, the column/microcentrifuge tube was centrifuged at
12,000rpm for two minutes. The eluted plasmid DNA was sent for sequencing at 1*
BASE Pte Ltd (Singapore), using BigDye Terminator Cycle Sequencing kit (Applied

Biosystems, USA). The remaining plasmid was stored at -20°C for later use.

2.2.3.6.5 Dilution of stock plasmid for qPCR standards

The stock plasmid DNA concentration was determined by measuring the absorbance
at 260nm (A260) in a spectrophotometer (GeneQuant Pro, GE Healthcare, UK). For
reliable DNA quantification, A260 readings should lie between 0.1 and 1.0. An
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absorbance of 1 unit at 260nm corresponds to 50pg plasmid DNA per ml. Serial
dilution of the stock plasmids was performed to obtain plasmid standards containing
300,000, 30,000, 3,000, 300, 30, 3, 0.3, 0.03 and 0.003 copies of the gene insert.
Firstly, the mass of single plasmid molecule was calculated using the formula:
Mass = plasmid size (bp) x 1.096¢ %!

Thereafter, the mass of plasmid DNA containing the required copy number of insert
was calculated by multiplying the mass of single plasmid molecule with the required
copy number. This calculated mass was divided by five microlitre (the volume
transferred into each PCR reaction) to obtain the concentration of plasmid DNA
needed to achieve the copy number of interest. With the concentration of the stock
plasmid known after measurement by the spectrophotometer, serial dilution was
conducted using TE buffer (QIAGEN, Hilden, Germany) to obtain the required
plasmid DNA concentration of each copy number of interest, using the formular C;V,
=C,V,. The nine quantification standards (equivalent from 0.003 to 30,000 genome
copies per ul) were run in triplicates using real-time PCR for generation of standard
curve. Using LightCycler® 480 Basic Software, a standard curve and the PCR

efficiency was automatically calculated and displayed.

2.2.4 Development of simian malaria species-specific nested PCR assay

2.2.4.1 Optimization of annealing temperature for nest one Plasmodium genus-

specific primers

The simian malaria species-specific nested PCR assay was designed based on the
Plasmodium circumsporozoite protein (csp) gene. The nest one PCR assay involves
the amplification of the full Plasmodium csp gene using oligonucleotide primers
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PkCSP-F [45] and the PKCSPR2 [20] (refer to Table 2.7). The amplified products
have an approximate size between 1,000bp to 1,200bp. PCR amplification was carried
out using high fidelity DNA polymerase in a 50ul reaction volume. The reaction mix
contained five microlitre of DNA template, 200 uM of ANTP (Promega, Madison WI,
USA), 1x Phusion® Flash PCR Master Mix (Finnzymes, Espoo, Finland) and 0.5uM
of each primers. PCR optimization was performed with annealing temperature of
51°C to 61°C, with 2°C increment, using Veriti® Thermal Cycler (Applied
Biostsyems, Foster City, CA USA). The cycling parameters were as followed: initial
denaturation at 98°C for 10sec, followed by 44 cycles of 98°C for one second,
different annealing temperatures for five seconds, and extension at 72 °C for 20 sec.

Final elongation was at 72°C for two minutes.

DNA extracted from blood of malaria-free human and macaque samples were used as
negative controls. PCR products were visualized in 2% agarose gel and the optimum

annealing temperature was determined.

2.2.4.2 Nest two simian Plasmodium species-specific PCR assay

2.2.4.2.1 Cloning and sequencing of the simian malaria parasites’ csp genes
Cloning and sequencing of the csp genes of the five simian malaria parasites were
conducted to obtain the complete gene sequence for the design of simian malaria

species-specific primers.

Cloning was conducted using Zero Blunt® PCR Cloning Kit (Invitrogen, Carlsbad
CA, USA) and the cloning procedures described in Section 2.2.3.6.2 were used. For

colony PCR of the E. coli transformants, PCR reaction mix and cycling parameters
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Table 2.7: Oligonucleotide sequences of PCR primers used for amplifying the csp
gene

Primer name Sequence
PkCSP-F 5" TCCTCCACATACTTAATACAAGA 3°
PKCSPR2 5" TCAGCTACTTAATTGAATAATGC 3’
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described in Section 2.2.3.6.2 were used, with PKCSP-F and PKCSPR?2 as primers,

and an annealing temperature of 55°C and extension of one minute.

Positive clones were inoculated into five millitres of LB broth, containing 2.5% of LB
broth, Miller (Amresco, USA), supplemented with 50ug/ml of Kanamycin
(Invitrogen, Carlsbad CA, USA). The culture was grown at 37°C in a shaker
incubator at 200rpm for at least eight hours. Plasmids of the individual bacterial
culture were extracted using PureLink™ Quick Plasmid Miniprep (Invitrogen,

Carlsbad CA, USA) as described in Section 2.2.3.6.4.

Sequencing of the csp gene was conducted by a commercial company, 1% BASE Pte
Ltd (Singapore), using BigDye Terminator Cycle Sequencing kit (Applied
Biosystems, USA), using primers M13F(-20) (5’-GTAAAACGACGGCCAGT-3’)

and M13R(-24) (5> GGAAACAGCTATGACCATG 3’).

2.2.4.2.2 Circumsporozoite protein gene sequence analysis

The consensus sequence of csp genes from each simian Plasmodium species was
obtained by assembling a contiguous sequence from the raw sequencing data using
Segqman program (Lasergene, DNASTAR, USA). The 5’ and 3’ untranslated regions
of the csp gene were removed to obtain the full coding sequence. As csp gene’s
internal repeat region is not useful for simian malaria species-specific primer design,
only the 456 nucleotide residues encoding the non-repeat N-terminal (first 195
nucleotides of coding sequence) and C-terminal (261 nucleotides of coding sequence)

of the gene [96] were used for sequence alignment and primer design.
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2.2.4.2.3 Simian Plasmodium species-specific primer design

In addition to the sequences generated, the csp gene sequences of other simian malaria
parasites published in GenBank were also used in primer design. All sequences were
aligned using MegAlign software (Lasergene, DNASTAR, USA). The species-
specific PCR primers were designed based on the highly variable regions of the gene.
The primers for the five simian Plasmodium species are listed in Table 2.8. The

primer binding sites of each primer are illustrated in Appendix B.

2.2.4.2.4 Optimization of nest two species-specific PCR assay

To determine the optimum annealing temperature for the species-specific primers,
nest two PCR assays were carried out using gradient PCR, with annealing
temperatures listed in Table 2.8. These primers were tested against the four human
and five simian Plasmodium species to ensure their species specificity. Table 2.9 and
2.10 listed the nest two PCR reaction mix and cycling conditions used. All PCR
products were analyzed by electrophoresis in 2% agarose gel, stained with Gel-Red™

(Biotium, Hayward, CA, USA), and observed under ultraviolet transillumination.
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Table 2.8: Oligonucleotide sequences of primers and the range of annealing temperatures used for PCR optimization

Plasmodium | Primer name Primer sequence Expected product Annealing
species size (bp) temperature (°C)
P. coatneyi CspCOAT-F1 5" — TTACCTACAGAAAATTAGATCTAC - 3’ 238 58, 60, 62, 64
CspCOAT-R1 5’ — GCCCTAATGAATTACTCACAAA -3’
P. cynomolgi CspCYNO-F2.1 5’-TCTACCATT(A/G)GC(G/A)(C/T)CGAGTGGAG - 3’ 203 58, 60, 62, 64, 66
CspCYNO-R2 5’ — AGGACTAACAATATGACTAGC -3’
P. fieldi CspFIELDI-F2a 5" — GGTGACAAAAAACCAGATA -3’ 141 59, 61, 63, 65
PKCSPR2 5’-TCAGCTACTTAATTGAATAATGC-3’
P. inui CspINUI-F2 5’ -CTTACCACCGAATGGAGTG -3’ 206 58, 60, 62, 64, 66
CspINUI-R1 5’-AATAATGCTA(G/T)GACTA(G/A)CAATAT(T/G)ACTAC-3’
P. knowlesi CspKnowlesiF 5’- ACCTTGA(G/A)GTGGAAGCTTGTGT-3’ 107 59, 61, 63, 65
PKCSPR2 5’-TCAGCTACTTAATTGAATAATGC-3’
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Table 2.9: Components of “master-mix” for nest two PCR optimization

Components Final Volume (ul)
concentration
RNase & DNase-free molecular grade water - 7.9
(Promega, Madison WI, USA)
5x reaction buffer, green (Promega) 1x 4.0
MgCl, 25 mM (Promega) 2mM 1.6
dNTP mix, 10 mM each (Promega) 200uM 0.4
Forward primer (2.5 mM) 0.25 uM 2.0
Reverse primer (2.5 mM) 0.25 uM 2.0
GoTaq DNA polymerase, SU/ ul (Promega) 1.25U 0.1
DNA template - 2
Total volume per reaction - 20.0
Table 2.10: Cycling parameters for nest two PCR
Steps Temperature/°C Time/s No. Cycles
Initial denaturation 95 240 1
Denaturation 95 30
Annealing X 30 44
Extension 72 30
Final extension 72 120 1
20 ~
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2.3  Results

2.3.1 Use of primers PlasF and PlasR for conventional PCR

Primer set PlasF and PlasR was able to detect DNA extracted from P. vivax of
different parasite load, at all the tested annealing temperature. No amplification was
observed with DNA from non-infected samples. All PCR reactions with P. vivax
DNA yielded the expected product size of 180bp (Figure 2.2). Although stochastic
cross-reaction was seen with malaria-negative macaque DNA at lower annealing
temperature, the product size of this non-specific PCR reaction was incorrect, and this

stochastic cross-reaction was abolished at higher annealing temperature.

2.3.2 Comparison of sensitivity with nested PCR

The Plasmodium genus-specific nested PCR assay designed by Singh and colleagues
was reported to have a sensitivity of at least six parasites/ul of blood using DNA
extracted from bloodspot [74]. Using DNA of P. vivax diluted to different
parasitemia, the nested PCR assay produced a constantly high intensity of specific
product band (as observed on gel electrophoresis) regardless of the parasite count in
the samples, while the single run PCR showed a concentration-dependent intensity of
the PCR band (Figure 2.3). The nested PCR assay was able to detect up to 0.006
parasites/ul whereas the single conventional PCR assay using the newly designed

primers PlasF and PlasR was able to detect up to 0.003 parasites/ul (Figure 2.3).
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Figure 2.2: PCR optimization of primer set PlasF and PlasR. Lane numbers (1 to 4)
represent P. vivax of parasitemia 100p/ul, 0.3 p/ul, 0.06 p/ul, and malaria-negative
macaque sample, respectively. Molecular size markers (100-basepair ladder) are
marked in lane M.
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Figure 2.3: Comparison of sensitivity between single conventional PCR run using
PlasF and PlasR (A) and the published nested PCR (B) in Plasmodium parasite
detection. Molecular size markers are in lane M. Lane 1 to 18 are PCR amplification
products using P. vivax of the following parasitemia (parasites/ ul): 100 (lane 1), 50
(lane 2), 25 (lane 3), 12.5 (lane 4), 6.25 (lane 5), 3.13 (lane 6), 1.56 (lane 7), 0.78
(lane 8), 0.39 (lane 9), 0.195 (lane 10), 0.0975 (lane 11), 0.0488 (lane 12), 0.024 (lane
13), 0.012 (lane 14), 0.006 (lane 15), 0.003 (lane 16), malaria-negative human sample
(lane 17), and malaria-negative macaque sample (lane 18).
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2.3.3 Sensitivity of real-time PCR assay

Real-time PCR using DNA of P. vivax with parastemia ranging from 0.003 to 100
parasites/ul (Figure 2.4) was conducted to compare the sensitivity with the single
conventional PCR run. Both real-time and conventional PCR assays were observed to
have comparable sensitivity of detecting at least 0.003 parasites/ul of blood (Table
2.11). In terms of sensitivity level in copy numbers, the real-time PCR assay was able
to detect up to 0.3 copies/ul (Figure 2.5 and Table 2.12). However, only one out of the
triplicates was found to be positive. No amplification was detected using 0.03 and

0.003 copies/ul.

The slope of the standard curve describes the kinetics of the PCR amplification i.e.
how fast the target DNA can increase with the amplification cycles (an indication of
PCR efficiency). A perfect amplification will produce a standard curve with
efficiency value of “two”, denoting that the amount of product doubles with each PCR
cycle. The standard curve generated by the real-time PCR assay using primers PlasF
and PlasR had an efficiency of 1.854 (Figure 2.6). This translates to an efficiency of

92.7%, which is within the acceptable range of 90% to 100% [97].

The error value (mean squared error of the single data points fit to the regression line),
is a measure of the accuracy of the quantification result based on the standard curve.
The error value of the standard curve produced is 0.013, which was within the

acceptable range of less than 0.2 [98].
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Figure 2.4: Amplification curve of P. vivax with parasitemia of 0.003 to
100parasites/ul. The graph was generated using LightCycler® 480 software.

Table 2.11: Sensitivity of real-time PCR based on parasitemia

Parasites/ul CP value
100 21.46
50 22.89
25 2391
12.5 2491
6.25 26.05
3.125 26.90
1.56 27.89
0.78 28.84
0.39 30.00
0.195 30.82
0.0975 31.97
0.04875 33.68
0.024 34.61
0.012 33.82
0.006 35.33
0.003 36.05
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Figure 2.5: Amplification curve using plasmid controls of 0.003 to 300,000 copies.
Genome concentration at 0.03 and 0.003 copies/ul were too low to be detected hence
no amplification curve was observed. The graph was generated using LightCycler®
480 software.
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Table 2.12: Sensitivity of real-time PCR based on copy numbers

DNA copy numbers/ ul CP
300,000 19.75
300,000 19.71
300,000 19.97
30,000 23.50
30,000 23.47
30,000 23.45
3,000 27.20
3,000 27.12
3,000 27.42
300 30.94
300 30.96
300 30.74
30 33.85
30 34.17
30 35.07
3 36.44
3 36.18
3 36.16
0.3 -

0.3 -

0.3 40.09
0.03 -

0.03 -

0.03 -

0.003 -

0.003 -
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Figure 2.6: Standard curve generated from the amplification profile of the SYBR
green-based quantitative PCR of known genome copy numbers (3 to 300,000 copies/
ul) using the PlasF and PlasR primers. This standard curve was generated using
LightCycler® 480 software.
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2.3.4 Specificity of primers in detecting Plasmodium parasites

To determine the Plasmodium genus specificity of primers PlasF and PlasR, real-time
PCR assays were run against the four human and five simian malaria parasites’ and
malaria-negative human and macaques’ DNA. Melting peak analysis revealed the
clear detection of all the Plasmodium species controls, with an average melting
temperature (7,,) of 80.32°C (Figure 2.7), though P. cynomologi showed a slightly
higher 7, of 81.10°C. None of the amplification reaction with malaria-negative
human and macaque DNA produced a product with a melting temperature of 80°C

(Table 2.13).
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Figure 2.7: Melting curve analysis with nine Plasmodium species controls and four
malaria-negative human and macaques samples. Strong 7, peaks were seen using
Plasmodium controls but not malaria-negative samples. The graph was generated
using LightCycler® 480 software.

Table 2.13: T,, values of PCR producted generated with each Plasmodium species.

Samples T,./°C
P. falciparum 80.38
P. malariae 80.42
P. ovale 80.40
P. vivax 80.23
P. knowlesi 80.09
P. coatneyi 80.32
P. cynomolgi 81.10
P. fieldi 80.32
P. inui 80.60

Negative human blood 1 -
Negative human blood 2 -
Negative monkey blood 1 -
Negative monkey blood2 -
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2.3.5 Development of simian malaria species-specific nested PCR assay

2.3.5.1 Optimization of annealing temperature for nest one Plasmodium genus-

specific primers

Primer set PkCSP-F and PKCSPR2 was able to detect the positive control (P. knowlesi
DNA) at all the annealing temperatures tested (Figure 2.8). Although non-specific
amplification of human and macaque DNA was observed at lower annealing
temperature of 51°C and 53°C, these bands disappeared at higher temperature. Hence,
55°C was used as the annealing temperature for the nest one amplification of the full
csp gene. When tested against the four human and five simian malaria parasites’
DNA, these primers were found to be specific against P. knowlesi, P.coatneyi, P.

cynomolgi, P. fieldi, P. inui only (Figure 2.9).

52



51°C 53°C 55°C 57°C 59°C 61°C

Figure 2.8: Determination of optimum annealing temperature for nest one PCR assay.
Lane numbers (1 to 3) represent P. knowlesi DNA, malaria-negative human and
macaque DNA, respectively. Annealing temperatures tested were 51°C, 53°C, 55°C,
57°C, 59°C and 61°C. Molecular size markers (1000-basepair ladder) are marked in
lane M.

M Pf Pm Po Pv Pk Pct Pcy Pfi Pin -ve(Hu) -ve(Ma)

1.2kb

1.1kb
1.0kb

Figure 2.9: Nest one PCR on the four human and five simian malaria parasite
controls. The DNA templates used were as follows: P. falciparum (Pf), P. malariae
(Pm), P. ovale (Po), P. vivax (Pv), P. knowlesi (Pk), P. coatneyi (Pct), P. cynomolgi
(Pcy), P. fieldi (Pfi), P. inui (Pin), and malaria-negative human (-veHu) and macaque
(-veMa). Molecular size markers (1000-basepair ladder) are marked in lane M.
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2.3.5.2 Determination of optimum annealing temperature and specificity of nest

two species-specific primers

Each set of species-specific primers were tested against the nest one products of the
four human and five simian Plasmodium species parasites, using annealing
temperature listed in Table 2.8. The optimized annealing temperature for CspCOAT-
F1 and CspCOAT-R1, CspCYNO-F2.1 and CspCYNOR2, CspFIELDI-F2a and
PKCSPR2, CspINUI-F2 and CspINUI-R1, and CspKnowlesiF and PKCSPR2 are 62
°C, 66°C, 61°C, 64°C and 63°C, respectively (Table 2.14). Using the optimized
annealing temperature, the respective primer sets were highly specific towards the
Plasmodium species they were designed for (see Figure 2.10). No amplification was

observed for all four human Plasmodium species.
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Table 2.14: Specificity of each primer pair in detecting the five simian Plasmodium
parasites’ DNA at various annealing temperatures. The optimum temperature selected
for each species-specific primer set is labelled with *.

Primer Pair

Plasmodium species

Annealing temperature(°C)

tested Presence of amplified products
58 60 62% 64 66
P. coatneyi + + + +/- -
P. cynomolgi - - - - -
CspCOAT-F1 P. fieldi i i i i i
CspCOAT-RI1
P. knowlesi + +/- - - -
P.inui - - - - _
58 60 62 64 66*
P. coatneyi - - - - -
P. cynomolgi + + + + +
gzg giﬁgg 1 P. fieldi v+ + /- ]
P. knowlesi - - - - -
P.inui - - - - _
59 61%* 63 65
P. coatneyi - - - -
P. cynomolgi - - - i
breseRe P. fieldi f4 w4
P. knowlesi - - - -
P.inui - - - ,
58 60 62 64°* 66
P. coatneyi + + +/- - _
P. cynomolgi - - - - -
CspINUI-F2 P. fieldi ) ) ) ] ]
CspINUI-R1
P. knowlesi - - - - -
P.inui + + + + +/-
59 61 63* 65
P. coatneyi + +/- - -
CspKnowlesiF P. cynomolgi - - - -
PKCSPR2 P. fieldi +/- - - ,
P. knowlesi + + + +/-
P.inui - - - -

“+” indicates strong band
“+/-” indicates faint band

(132

indicates no amplification product
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Figure 2.10: Specificity of each primer set in detecting the five simian Plasmodium
species. The DNA templates used were P. falciparum (Pf), P. malariae (Pm), P. ovale
(Po), P. vivax (Pv), P. knowlesi (Pk), P. coatneyi (Pct), P. cynomolgi (Pcy), P. fieldi
(Pfi), P. inui (Pin), and malaria-negative human (-veHu) and macaque (-veMa).
Molecular size markers (50-basepair ladder) are marked in lane M.
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24 Discussion

The newly designed PlasF and PlasR are efficient and versatile primers that can be
used for both conventional and real-time PCR methods. SYBR green-based and
probe-based assays are the two commonly used real-time PCR methods to detect
malaria parasites in blood samples. Between these methods, SYBR green assay is less
expensive and precludes the use of complex light-sensitive probes. Furthermore,
probe-based method is sensitive to nucleotide base mismatch which may result in
false negative results. This is probable if an assay is designed to encompass multiple
species within a genus, such as malaria. With these in mind, the SYBR green-based

assay was chosen instead.

Primers PlasF and PlasR were designed based on the conserved region of both asexual
and sexual stages of the Plasmodium SSU rRNA. When used in both PCR formats,
the assay can detect at least 0.003parasites/ul, which is slightly higher than that of the
published nested PCR assay. Furthermore, the ability of the SYBR green quantitative
real-time PCR assay to detect less than three gene copies/ul also translates to a
detection limit of less than one parasite/ul, as SSU rRNA is a multi-copy gene in
Plasmodium parasites. Plasmodium species possess around four to eight SSU rRNA
gene copies, with different copies expressed at different developmental stage of the
parasite [99]. Hence, the sensitivity of the primers is most likely due to the multi-copy

nature of the target gene and its short fragment length of 180bp [100].

The quantitative feature of real-time PCR is an additional advantage over the
conventional PCR assays and microscopy. Counting blood-stage parasites can be
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time-consuming and the accuracy of quantification is affected by factors, such as
number of fields observed under the microscopy and the experience of the
microscopist. Hence, due to these limitations, the standard curve for quantitative PCR
was generated using plasmid standards rather than the counted parasitemia. In
addition, as different Plasmodium species have different copy number of SSU rRNA
genes, a standard curve generated using known parasitemia of one Plasmodium
species will not be useful for quantification of another. Therefore, real-time PCR
based on known copy numbers of SSU rRNA provides an unbiased and objective

method in determining parasite load.

Aside from its high sensitivity, the primers were able to detect all human and five
simian malaria parasites with no cross-reactivity with human or long-tailed macaque
DNA. From the results obtained, the 7}, averaged at 80.32 °C with the exception of P.
cynomolgi at 81.10°C (Table 2.13). The difference in the T, values between P.
cynomolgi and the rest of the Plasmodium species is likely a result of sequence
polymorphism in the region between the two primers’ binding sides, resulting in a
difference in the GC content. Nonetheless, primers PlasF and PlasR are found to be
highly specific for Plasmodium parasites, since no amplification reaction with
malaria-negative human and macaque DNA produced a product with a melting

temperature of 80°C and above (Figure 2.7).

When the current primers were used in both methods, complete amplification reaction
was achieved in less than 1.5 hours, whereas, the published Plasmodium genus-
specific nested PCR assays can only be completed in around four hours. Moreover, as
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this assay requires only a single round of amplification, the problem of cross
contamination of PCR products (commonly associated with nested PCR assay), was
significantly reduced. The ability of the primers, PlasF and PlasR, to detect all human
malaria parasites coupled with its high sensitivity and short amplification time can be
useful in the Plasmodium screening of large sample numbers. In comparison to the
Plasmodium genus-specific nested PCR assay, disease surveillance using a single run
PCR method will cost less especially when conducted in a hypoendemic area where
malaria prevalence is low. The ability of the primers to be used in both conventional
and real time PCR methods will also allow areas with different resources to have

comparable malaria screening results.

In contrast to the Plasmodium parasites screening PCR assays, the simian malaria
species-specific nested PCR assay was designed based on the Plasmodium csp gene
instead of the SSU rRNA gene. The SSU rRNA gene is a multi-copy gene; each
Plasmodium parasite species possesses several structurally distinct sets of SSU rRNA
gene [99]. Hence, the design of five sets of simian Plasmodium species-specific
primers using this gene may be challenging due to potential shared primer binding site
between different species of malaria parasites. An example is the cross reaction of the
published P. knowlesi specific primers (Pmk8 and Pmkr9) with the SSU rRNA gene
segment of P. vivax [90], resulting in inaccurate identification of these parasites in
human patients. Aside from being a single copy gene, the Plasmodium csp gene is a
good target for the design of simian malaria species specific primers as csp sequences

of several malaria parasites are readily available in the GenBank.
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Overall, the newly developed nested PCR assay was found to be specific in
distinguishing P. knowlesi, P. coatneyi, P. cynomolgi, P. fieldi and P. inui in macaque
samples. Furthermore, primers CspKnowlesiF and PKCSPR2 were able to
differentiate P. knowlesi from P. vivax in human infections. However, the sensitivity
of this nested PCR assay could not be determined since the parasitemia of the simian

Plasmodium DNA controls were not known.
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CHAPTER THREE

Prevalence of simian malaria parasites in Singapore’s macaques

3.1 Introduction

A surveillance study of malaria parasites in Malayan monkeys revealed that long-
tailed macaques (Macaca fascicularis) have the greatest prevalence of malaria as
compared to other macaque species [22]. With an estimated population of 1400, long-
tailed macaque is the predominant macaque species in Singapore [101, 102]. They can
be found in forest and near human habitations. In a previous study, this species of
macaque was incriminated as the natural host of P. knowlesi infection for the human
cases in Singapore [20]. As P. knowlesi infection in humans can be severe and
potentially fatal [64, 65, 69], and other simian malaria parasites such as P. cynomolgi
and P. inui, have been shown to be potentially infectious to humans, there is a need to
determine the prevalence of simian malaria parasites in local macaques so that the risk

of potential malaria zoonosis can be established
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3.2 Materials and methods

3.2.1 Macaques’ blood samples

Macaques in this surveillance study can be categorized into two groups — the wild
(denoted with code WM) and the peri-domestic (denoded with code PM). Wild
macaques were caught in the forests used for military training, an area which the
general public had no access to. Hence, wild macaques had limited interaction with
the general human population in Singapore. These macaques were caught under an
operational surveillance program approved by the Singapore military’s joint medical
committee and the DSO National Laboratory’s Institutional Animal Care and Use
Committee. Two macaques were sampled from the mainland forest in November
2007 upon notification of the first human knowlesi cases. Another 91 macaques were
sampled from both the mainland (n=84) and offshore military forest (n=7) from April
2009 to May 2011. On the other hand, peri-domestic macaques are found near human
habitations and have closer interactions with the general public. Ten macaques were
sampled from the central nature reserve park in January 2008. Another 55 were
sampled from various parts of Singapore as part of a routine population control effort
by the Agri-Food and Veterinary Authority of Singapore (AVA).

All macaques caught were sent to AVA for age, sex and species characterization (see
Appendix C and D for details of peri-domestic and wild macaques respectively). The
age of macaques was estimated by dentition analysis [103]. Macaques age three years
and below were classified as juveniles while those estimated to be age three years and
above were classified as adults (Elvira Menguita, personal communication,1® Nov

2011). Blood was collected in accordance with the ethical practices of AVA, and
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EDTA blood samples were sent to EHI for analysis. Figure 3.1 illustrates the

locations where macaques were sampled.

3.2.2 DNA extraction and screening of macaques’ blood samples for simian
malaria parasites

DNA was extracted from the EDTA whole blood using protocol described in Section
2.2.2.3. A rapid screening of malaria parasites was conducted using the real-time PCR
described in Chapter Two. For samples positive for malaria parasites, species-specific
PCR assay were subsequently used to identify the species of malaria parasites. PCR
products were analyzed by electrophoresis in 2% agarose gel, stained with Gel-Red™

(Biotium, Hayward, CA, USA), and observed under ultraviolet transillumination.
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Figure 3.1: Geographical representation of locations where macaques in this study
were sampled. Area highlighted in green is the restricted access forest where wild
long-tailed macaques were caught. Seven wild macaques were also sampled in Pulau
Tekong (represented by a green point). Peridomestic macaques, on the other hand,
were indicated with blue points. The size of the blue points was relative to the number
of macaques sampled. Area highlighted in blue is the Central Nature Reserve, where
ten peridomesticated macaques were sampled in 2008.

Map was plotted using www.map.gov.sg.
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3.3 Results

3.3.1 Screening of macaques for Plasmodium parasites

A total of 157 out of the 158 long-tailed macaques (Macaca fascicularis) sampled
were screened for malaria parasites using real-time PCR assay. Of these, 92 and 65
were wild and peri-domestic macaques, respectively. Of the 92 wild macaques, 71.7%
(n=66) were infected with malaria parasites. Among these infected ones, 36.4%
(n=24) were juveniles. This corresponds to a high infection rate of 80% (out of total
30) among the juveniles macaques. Comparatively, the infection rate among the adult
macaques is only 67.7%. None of the peri-domesticated macaques were found to be

infected (Table 3.1).

All the malaria positive samples were subsequently screened with the nested PCR to
determine the species of Plasmodium parasites present. All five simian malaria
parasites were detected, with P. knowlesi being the most prevalent (68.2%), followed
by P. cynomolgi (60.6%), P. fieldi (16.7%), P. coatneyi (3.0%) and P. inui (1.5%).
Furthermore, 62.5% (n=15) of the infected juvenile macaques harboured P. knowlesi.
Plasmodium inui was only detected from the single malaria-positive macaque trapped

in the military off-shore island.

In addition to the high malaria prevalence among the wild macaques, co-infection
with multiple species of Plasmodium parasites was also observed. Dual infection was
detected in 23 (34.8%) macaques, of which five were juveniles. Five (7.6%)
macaques were infected with three Plasmodium species, of which two were juveniles
Out of these 28 macaques with multiple infections, 25 (89.3%) had P. knowlesi
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infection in them. Table 3.2 summarizes the malaria infections in the infected

macaques. The screening results of individual macaques are listed in Appendix D.
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Table 3.1: Summary of malaria infections in macaques sampled in this study

Infection rate of macaques screened
Macaque population N Infected Not infected
n | Percentage/% n | Percentage/%

Adult 62 42 67.7 20 323

Wild Juvenile 30 24 80 6 20

Sub total 92 66 71.7 26 28.3
Peri- Adul‘t 50 50

Jomestic Juvenile 15 0 15 100
Sub total 65 65

Total Plasmodium positive: 66
Total Plasmodium negative: 91 (26 wild, 65 peri-domestic)
Total screened: 157

Table 3.2: Breakdown of malaria infections in infected macaques

Macaque type
Infection  Plasmodium species Adult Juveniles Total
Single Pk H 0 —
Pcy 10 8 18
Pk, Pcy 11 4 15
Pk, Pfi 3 0 3
Double Pk, Pct 1 0 1
Pk, Pin 1 0 1
Pcy, Pfi 2 1 3
Thille Pk, Pc?l, Pfi 3 4
Pk, Pfi, Pct 0 1 1
Total Plasmodium-positive 66

Pct, Pcy, Pfi, Pin and Pk denodes Plasmodium coatneyi, P. cynomolgi, P. fieldi, P.
inui and P. knowlesi, respectively
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3.4  Discussion

The screening of 157 macaques sampled from different localities in Singapore
revealed that all malaria-infected macaques were found in the restricted forest, an area
with very limited access to the general public. On the other hand, none of the peri-
domestic macaques was found to be infected with malaria parasites. Similar
observations were reported in Thailand and Malaysia [24, 28]. In both countries, all
macaques caught in the urban areas were negative for malaria infection while those
caught from the forest had a high infection rate. The reason for this observed
difference was hypothesized to be the lack of competent vectors for simian malaria

transmission in the urban areas.

Overall infection rate was high, with 71.7% of the population sampled infected. Of
these 57.6%, 34.8% and 7.6% were due to single, dual or triple infections,
respectively. Among the infected wild macaques, Plasmodium knowlesi has the
highest prevalence rate (68.2%). Other than P. knowlesi, these wild macaques also
harboured P. coatneyi, P. cynomolgi, P. fieldi and P. inui. In addition, 80% of the
juvenile macaques were found to be infected with malaria parasites. The high
infection rate, especially among the juveniles, suggests a high intensity of
transmission occurring in the forest. Although transplacental transmission in simian
malaria parasites has not been reported, it cannot be ruled out that the high infection
rates among juvenile macaques can be due to this. An understanding of the genotypic
diversity of Plasmodium parasites found in these macaques might be able to shed

further insights regarding these hypotheses.
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Plasmodium cynomolgi is also a common malaria parasite found in local macaque
population, with a prevalence rate of 60.6%. Together with P. inui, these malaria
parasites were shown to be infectious to humans under laboratory conditions [35-39].
To date, there has been no report of naturally-acquired human infections with these
parasites. One possible reason could be misdiagnosis due to their overlapping
morphological characteristics with the human malaria parasites. Therefore, the simian
malaria species-specific PCR assay will be useful in distinguishing these zoonotic

malaria infections.

Although none of the peri-domesticated macaques were infected with malaria, we can
only conclude that the risk of a zoonotic transmission is low but not totally
diminished. It is possible for the wild macaques in the restricted-access forest to
migrate out to areas with human habitations, although they generally inhabited in the
restricted-access forest, an area restricted to the general public. However, the actual
risk of simian malaria transmission to humans could not be determined since the
vector involved in the transmission in Singapore is currently not known. In addition,
the sampling of macaques in this study was carried out under the operations of the
military and the national veterinary authority. Hence, no random selection of
macaques sampling sites was performed and the areas where our macaques were
caught from might not constitute the entire range of Singapore’s macaques’
distribution. Hence, it is possible that there may be other areas (not covered in this
study), with simian malaria transmission occurring. From the current study, P. inui
was only detected in one of the wild macaques sampled from an offshore military

island. Although P. inui was not detected among the macaques from mainland
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Singapore, we cannot conclude that this species of malaria parasite is absent as the
sample of wild macaques obtained may not be representative of the total population.

This study constitutes the first report of surveillance of simian malaria parasites in
long-tailed macaques in Singapore. Although previous study had illustrated that wild
long-tailed macaques were the reservoir hosts of human P. knowlesi infections [20],
the current results showed that local long-tailed macaques also harbour P. coatneyi,

P. cynomolgi, P. fieldi and P. inui.
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CHAPTER FOUR

Characterization of the circumsporozoite protein genes of Plasmodium species
from Singapore’s macaques

4.1 Introduction

Sixty-six wild long-tailed macaques were screened positive for malaria parasites using
real-time PCR (Chapter 3). With the use of nested PCR assay developed in this study,
P. knowlesi, P. cynomolgi, P. fieldi P. coatneyi and P. inui were detected. To confirm
the nested PCR results, at least one gene of the parasite is to be characterized. The
circumsporozoite protein (csp) gene is a gene which has been proven useful for the
phylogenetic inferences of Plasmodium parasites. It produces a phylogenetic tree with
topology similar to one constructed using the SSU rRNA gene sequence [96]. As it is
an attractive candidate for malaria vaccine development due to its high immunogenic
nature, there are more nucleotide sequence information on this gene in the GenBank
as compared with other antigen-coding Plasmodium gene [104]. It is thus particularly

useful for phylogenetic inferences.

The csp gene is a single copy gene which encodes for an antigenic protein that covers
the entire surface of the sporozoites [96, 105]. It is composed of a variable central
region of repeats, flanked by two conserved motifs known as region I and region II-
plus, located at the amino- and carboxyl-terminal ends of the gene, respectively [96,
106, 107]. Region I is based on the short amino acid motif KLKQP and this motif can
be found in almost all mammalian Plasmodium parasites described thus far. On the
other hand, region II-plus is a 20-amino acid motif

EWSXCXVTCGXG(V/)XXRX(K/R), which is homologous to the type 1 repeat of
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Figure 4.1: A schematic diagram illustrating the anatomy of the Plasmodium csp
gene. The variable central repeat region is flanked by two conserved motifs (region I
and region II-plus) at the amino- and carboxyl-terminal ends, respectively. Region I
and Region II-plus is denoted by RI and RII-plus. For phylogenetic analysis, only the
first 195 from the non-repeat N-terminal and the last 256 nucleotides from the C-
terminal were used.
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human thromospondin [106]. Both regions have been described to be important for
the sporozoites’ invasion into the mammalian host’s hepatocyte cells [96, 108].
Subsequent studies had also revealed the potential role of region II-plus in sporozoite

motility and invasion into mosquito salivary glands [106, 109].

Conversely, the variable central repeat region is made up of short amino acid residues
which are tandemly repeated, making the circumsporozoite protein highly
immunogenic. The length of a repeat unit and the number of repeats differ across and
within species, making the size of a full c¢sp gene highly variable [105]. As such, only
the non-repeat regions at the N- and C-terminal were used for sequence alignment and
phylogenetic analysis (Figure 4.1). Although the exact function of the repeat region is
unknown, it has been hypothesized that the peptide repeats may act as a “smoke

screen” to evade host immune system during the sporozoites’ invasion [105].

In this study, the csp gene was used to determine the phylogenetic relationship of
malaria parasites detected from the long-tailed macaques. This gene has been used in
phylogeny studies to understand the evolutionary history and relatedness of different
primate malaria parasites [25, 104, 110]. Since csp is a single copy gene, each csp
sequence is representative of a single Plasmodium parasite isolate. Hence,
characterization of the csp gene could provide an indication on the genetic diversity of
the Plasmodium parasites in our macaque samples. Moreover, this gene has also been
used in the molecular epidemiological investigation of human knowlesi cases [20, 24,
25]. Characterization of Plasmodium csp gene from humans and macaques will aid
also in the understanding on the transmission dynamics of simian malaria parasites in

Singapore.
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4.2 Materials and methods

4.2.1 Isolates used for csp gene characterization

The csp genes of malaria parasites from 15 wild long-tailed macaques, denoted as

SG/EHI/'WMO01/Y07, SG/EHI/'WMO02/YO07, SG/EHI/'WMO04/Y 09,
SG/EHI/'WMO05/Y 09, SG/EHI/'WM11/Y09, SG/EHI/'WM15/Y09,
SG/EHI/'WM16/Y09, SG/EHI/WM17/Y09, SG/EHI/'WM18/Y09,
SG/EHI/'WM26/Y09, SG/EHI/'WM33/Y09, SG/EHI/'WM35/Y09,

SG/EHI/WM42/Y10, SG/EHI/WM44/Y10 and SG/EHI/'WM91/Y11, and together
with those obtained from the LRDU of the Malaria branch, Division of Parasitic
Diseases and Malaria, CDC, USA were characterized. The P. knowlesi csp gene
sequences obtained from the human cases isolated in 2007 (SG/EHI/H1/Y07,
SG/EHI/H2/Y07, SG/EHI/H7/Y07) and 2008 (SG/EHI/H24/Y08), were analyzed. In
addition, two local knowlesi cases imported from peninsular Malaysia reported in
2009 were also included in the analysis. The full csp gene sequences of these isolates,

together with their GenBank accession numbers were listed in Appendix E.

4.2.2 Cloning of the Plasmodium csp genes

Amplification of the Plasmodium csp gene was carried out using the protocol
described in Section 2.3.5. For cloning of blunt-end PCR products, the Zero Blunt®
PCR Cloning Kit (Invitrogen, Carlsbad CA, USA) was used, with reference to the
methods described in Section 2.2.3.6.2. At least 80 E. coli transformants were
screened by colony PCR using PKCSP-F and PKCSPR2 primers, as described in

Section 2.2.4.2.1.
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For macaque samples co-infected with two or more species of malaria parasites, a
second round PCR was performed on the products of the colony PCR to screen for the
relevant simian malaria species in each monkey. The amplification parameters and
reaction mix followed that described in Section 2.2.4.1.4, using the appropriate set of
simian malaria species-specific primers and its optimized annealing temperature.
Upon screening, at least ten transformants of each Plasmodium species from each

human or macaque samples were selected for sequencing.

4.2.3 Preparation of glycerol stocks and plasmid DNA extraction

Glycerol stocks of transformants containing the correct csp inserts were prepared

using methods described in Section 2.2.3.6.3.

Extraction of plasmid DNA was carried out using PureLink™ Quick Plasmid
Miniprep (Invitrogen, Carlsbad CA, USA) according to the manufacturer’s protocol

(Section 2.2.3.6.4).

4.2.4 Sequencing of the csp gene

Sequencing of the csp genes was conducted, by a commercial company (1* BASE Pte
Ltd., Singapore), according to the BigDye Terminator Cycle Sequencing kit (Applied
Biosystems, USA) protocol. The primers used for the sequencing of the complete csp

genes are listed in Table 4.1.
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Table 4.1: Oligonucleotide sequences of primers used in the sequencing of the csp
gene

Primers Direction Oligonucleotide sequences
M13F (-20) Forward 5' GTAAAACGACGGCCAGT 3'
M13R (-24) Reverse 5' GGAAACAGCTATGACCATG 3'
CSP Internal Repeat F Forward 5" CGAGGCAGAGGACTTGGTGA 3°
CSP Internal Repeat R Reverse 5" CCACAGGTTACACTGCAT 3’
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4.2.5 DNA sequence analysis

The consensus sequence of csp gene from each Plasmodium species was obtained by
assembling a contiguous sequence from the raw sequencing data using Seqman
program (Lasergene, DNASTAR, USA). The untranslated regions of the csp gene
were removed to obtain the full coding gene sequence. Only the sequence encoding
the non-repeat N-terminal (first 195 nucleotides of coding sequence) and C-terminal
(261 nucleotides of coding sequence) of the csp gene was aligned [45, 96] using
MegAlign software (Lasergene, DNASTAR, USA). Transformants representative of
each sequence polymorphism were selected for subsequent phylogenetic and full csp
gene analysis. Complete csp sequences from the GenBank database (Table 4.2) were

also retrieved to compare and analyse with the sequences obtained from this study.

To analyse the repeat region, the csp gene sequences were translated into amino acids
using the EditSeq software (Lasergene, DNASTAR, USA). The entire repeat region
of the csp gene was determined based on the maximum number of amino acid that
formed a tandem repeat motif. To determine the polymorphisms within the repeat
region of each Plasmodium species, unique amino acid motif sequence were assigned
with an alphabet and arranged to reflect the actual amino acid sequence in the repeat

region.
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Table 4.2: List of GenBank csp sequences used in the phylogenetic analysis

Plasmodium species Accession Geographical origin Host Reference
number number
P. falciparum M83164 Thailand Homo sapiens [111]
P. vivax M34697 Thailand H. sapiens [112]
P. malariae . .
U09766 China H. sapiens [113]

P.knowlesi, H K00822 Peninsular Malaysia H. sapiens [114]
P.knowlesi, Nuri M11031 Peninsular Malaysia Macaca fascicularis [115]
P. knowlesi, MPRK13 EU687469 Peninsular Malaysia H. sapiens [24]
P. knowlesi, M197 EU821336 Peninsular Malaysia M. fascicularis [24]
P.knowlesi, KH 100 GU002488 Sarawak H. sapiens [25]
P.knowlesi, LT48-B11 GU002510 Sarawak M. fascicularis [25]
P. cynomolgi, Ceylon M15103 Sri Lanka M. nemestrina [116]
P. cynomolgi, Berok M15104 Peninsular Malaysia M. nemestrina [116]
P. coatneyi GU002522 Sarawak M. fascicularis [25]
P. coatneyi, Hackeri AY135360  Peninsular Malaysia M. fascicularis [110]
P. fieldi GU002521 Sarawak M. fascicularis [25]
P. inui GU002523 Sarawak M. fascicularis [25]
P. inui FJ009512 Peninsular Malaysia M. fascicularis [24]
P. inui, strain Taiwan II FN597613 Taiwan M. cyclopis [117]
P. inui, strain Taiwan | FN597612 Taiwan M. cyclopis [117]
P. simium L05069 Brazil Alouatta fuscus [118]
P. simiovale V09765 Sti Lanka M. sinica [119]
P. berghei, ANKA Grammonys

- verghet, X17606 Zaire surdaster [120]
P. yoelii J02695 Central Africa Thamnomys rutilans [120]
P. gallinaceum U65959 Sri Lanka Gallus gallus [96]
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4.2.6 Phylogenetic analysis

The neighbour-joining (NJ) [121] and maximum-likelihood (ML) [122] method were
used to analyze the csp gene sequences of all Plasmodium species obtained from
long-tailed macaques and knowlesi patients. Phylogenetic analysis was carried out
using MEGA version 5.0 ([123]; http://www.megasotfware.net). For both NJ and
ML method, Kimura-parameter model was used in all analyses, including transition
and transversion. Internal node reliability was measured by the bootstrap method after

1000 replicates [110].

4.3 Results

4.3.1 Cloning and sequencing of Plasmodium species csp genes

Plasmodium csp gene from 15 long-tailed macaques, four locally-acquired and two
imported human knowlesi cases were amplified and cloned. The presence of
Plasmodium csp genes further confirmed the presence of simian malaria parasites in
these samples. The number of transformant screened by PCR for each sample and
those chosen for complete sequencing are listed Table 4.3. At least 80 and 100
transformants for samples with single and mixed infection, respectively, were
randomly screened by PCR using primers PKCSP-F and PKCSPR2. However, for
SG/EHI/WM15/Y09 and SG/EHI/WMO91/Y11, despite screening more than 500
transformants, none was found to contain inserts containing P. coatneyi and P.

knowlesi csp genes respectively.
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Table 4.3: Summary of number of E.coli transformants of each isolate analyzed by
colony PCR, and the code of transformants selected for complete csp gene analysis
and phylogenetic inferences

No. . Code of transformants for
transformants Plasmodium .
Isolate . phylogenetic and full sequence
analyzed by species analvsis
PCR y

SG/EHI/HO1/Y07 90 Pk SG/EHI/H1/Y07-15
SG/EHI/H02/Y07 85 Pk SG/EHI/H2/Y07-12
SG/EHI/HO7/Y07 80 Pk SG/EHI/H7/Y07-01
SG/EHI/H24/Y08 80 Pk SG/EHI/H24/Y08-10
SG/EHI/H1-im/Y09 102 Pk SG/EHI/H1-im/Y09 -17, 25, 80, 95, 102
SG/EHI/H2-im/Y 09 105 Pk SG/EHI/H2-im/Y09 -3,7, 11, 12, 18

Pk SG/EHI/WMO01/Y07-6

HI/WMO1/Y 1

SG/EHUWMO1/Y07 30 Pfi SG/EHI/WMO01/Y07-23

Pk SG/EHI/WMO02/Y07-1, 39
SG/EHI/'WMO02/Y (07 120 ’

Pcy SG/EHI/'WMO02/Y07-110
SG/EHI/WMO04/Y 09 80 Pk SG/EHI/WMO04/Y09-8, 9, 12, 13, 14, 15

Pk SG/EHI/WMO05/Y09-70, 79
SG/EHI/'WMO05/Y09 160 Pcy SG/EHI/WMO05/Y09-65

Pfi SG/EHI/WMO05/Y09-68
SG/EHI/WM11/Y09 80 Pk SG/EHI/WM11/Y09-74

Pk SG/EHI/WM15/Y09-149
SG/EHI/WM15/Y09 450 Pfi SG/EHI/WM15/Y09-163

Pct -

Pk SG/EHI/WM16/Y09-85
SG/EHI/WM16/Y09 100

Pcy SG/EHI/WM16/Y09-2, 34
SG/EHI/'WM17/Y09 80 Pk SG/EHI/'WM17/Y09-4, 30

Pcy SG/EHI/WM18/Y09-24
SG/EHUWMIS/Y09 100 Pfi SG/EHI/WM18/Y(09-92

SG/EHI/WM26/Y09-1, 13, 47, 60, 98,

SG/EHI/WM?26/Y09 80 Pk 123

Pk SG/EHI/WM33/Y09-39
SG/EHI/WM33/Y09 87

Pcy SG/EHI/WM33/Y(09-47
SG/EHI/'WM35/Y09 80 Pk SG/EHI/WM35/Y09-38, 74
SG/EHI/WM42/Y 10 80 Pcy SG/EHI/WM42/Y 10-1

Pcy SG/EHI/WM44/Y10-3, 30
SG/EHUWMA4/Y10 105 Pfi SG/EHI/WM44/Y 10-64
SG/EHI/WMO1/Y11 320 I;III: SG/EHI/WM91/Y11-61, 73

Pct, Pcy, Pfi, Pin and Pk denodes Plasmodium coatneyi, P. cynomolgi, P. fieldi, P.
inui and P. knowlesi, respectively.
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4.3.2 Phylogenetic analyses of the csp genes

The phylogenetic trees constructed using NJ and ML methods are shown in Figure 4.2
and 4.3, respectively. Both methods produced phylogenetic trees of similar topology,
and demonstrated that simian malaria parasites isolated from Singapore samples can
be clustered into four major clades, namely P. knowlesi, P. cynomolgi, P. fieldi and P.

nui.

Circumsporozoite protein gene sequences from transformants derived from 11
monkeys and the six human knowlesi cases formed a cluster with five subclades
within the P. knowlesi clade (Figure 4.4). The csp gene sequences derived from the
four locally-acquired human knowlesi cases were found to be identical to those
isolated from some of the long-tailed macaques caught in the restricted forest. On the
other hand, the csp gene sequences derived from two human knowlesi cases, which
were epidemiologically classified as “imported”, were found to form a distinct

subclade.
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Figure 4.2: Phylogenetic tree of the non-repeat region of the Plasmodium species csp
genes, constructed using the neighbour-joining method. Clones colored red are
isolates from human samples. Clones underlined had shared genotype. Figures on the
branches are bootstrap percentages based on 1000 replicates, and only bootstrap
percentages above 70% are shown.
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Figure 4.3: Phylogenetic tree of the non-repeat region of the Plasmodium species csp
genes, constructed using the maximum-likelthood method. Clones colored red are
isolates from human samples. Clones underlined had shared genotype. Figures on the

branches are bootstrap percentages based on 1000 replicates, and only bootstrap
percentages above 70% are shown.
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The sequences of the non-repeat region of transformants SG/EHI/H7/Y07-1 were
found to be identical to SG/EHI/'WM2/Y07-39 and SG/EHI/WM1/Y07-6, while
SG/EHI/H24/Y08-10 was found to be identical to SG/EHI/WM17/Y09-30 and
SG/EHI/WM?26/Y09-13. Similarly, the non-repeat region of transformants
SG/EHI/H1/Y07-15, SG/EHI/H2/Y07-12, SG/EHI/WMO02/Y07-1,
SG/EHI/WM11/Y09-74, SG/EHI/WM33/Y09-39 and SG/EHI/WM35/Y09-74 were
also found to be identical. SG/EHI/WM15/Y09-149, SG/EHI/WM4/Y(09-12 and
SG/EHI/WM16/Y09-85 were also found to have indistinguishable non-repeat regions.
Interestingly, the non-repeat P. knowlesi csp sequence of human and macaque
samples were identical although they were collected across years; human samples in
2007 (SG/EHI/HO1/Y07, SG/EHI/HO02/Y07 and SG/EHI/HO7/Y07) and 2008
(SG/EHI/H24/Y08), while most of the macaques in this study were surveyed in 2009

(Appendix D).

Nine csp gene sequences from seven long-tailed macaques (SG/EHI/WMO02/Y07,
SG/EHI/'WMO05/Y 09, SG/EHI/WM16/Y09, SG/EHI/'WM18/Y09,
SG/EHI/WM33/Y09, SG/EHI/WM42/Y 10, and SG/EHI/'WM44/Y10) were found to
cluster in the P. cynomolgi clade. Within the P. cynomologi cluster, three distinct sub-
clades with high bootstrap value were observed (Figure 4.2 and 4.3). Transformants
derived from SG/EHI/WMO05/Y09 and SG/EHI/WM44/Y 10 were found to cluster in
a subclade within P. cynomolgi clade, while transformants derived from
SG/EHI/WMI16/Y09 and SG/EHI/WM33/Y09, and SG/EHI/'WMO02/Y07,

SG/EHI/WM18/Y09 and SG/EHI/WM42/10, formed two distinct subclades.
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Figure 4.4: Phylogenetic tree of the non-repeat region of the P. knowlesi csp genes,
constructed using the neighbour-joining method. Clones colored red are isolates from

human samples. Figures on the branches are bootstrap percentages based on 1000
replicates, and only bootstrap percentages above 70% are shown.
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The P. fieldi clade consisted of one transformant each derived from
SG/EHI/WMO01/Y07, SG/EHI/'WMO05/Y07, SG/EHI/WM15/Y09,
SG/EHI/WM18/Y09 and SG/EHI/WM44/Y10. Transformants that shared identical
nucleotide sequences of the non-repeat region (SG/EHI/WMO1/Y07-23 with
SG/EHI/WMO05/Y09-68, and SG/EHI/WM15/Y09-163 with SG/EHI/WM18/Y09-92)
were clustered into one subclade (Figure 4.2 and 4.3). On the other hand, the P. inui
clade consisted of two transformants derived from SG/EHI/WM91/Y11 macaque.
Each transformant formed different subclade with high bootstrap values (Figure 4.2

and 4.3).

4.3.3 Polymorphisms of the non-repeat regions of the Plasmodium species csp

gene

4.3.3.1 P. knowlesi transformants

The 456 nucleotides sequence coding the non-repeat regions of the csp gene from
Singapore isolates were aligned with the P. knowlesi H strain as reference (Table 4.4).
Only single P. knowlesi csp genotypes were detected in each local human case, while
the number of genotypes presents in each monkey varied from one to six.
SG/EHI/'WMO04/Y09 and SG/EHI/WM26/Y09 harbored six different genotypes each,
while two genotypes were detected for monkey SG/EHI/WM35/Y09 and
SG/EHI/'WM17/Y09. Single genotypes were found in the rest of the monkeys.
Interestingly, five genotypes were detected from each of the imported human
knowlesi cases. Comparison of Singapore’s P. knowlesi isolates with the reference H

strain showed 53 polymorphic sites. Of these, 24 were due to synonymous mutations
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Table 4.4: Gene polymorphisms based on the 456 nucleotide residues encoding the
non-repeat region of the csp gene of P. knowlesi malaria parasites from Singapore’s
human and long-tailed macaques (in bold). Nucleotide positions are numbered
vertically above the polymorphic sites. Dots indicate identical nucleotide residues.
Highlighted areas denote non-synonymous mutations.

Strain/ clone

P. knowlesi H

P. knowlesi Nuri
SG/EHI/H1/Y07-15
SG/EHI/H2/Y07-12
SG/EHI/H7/Y07-1
SG/EHI/H24/Y08-10
SG/EHI/H1-im/Y09-17
SG/EHI/H1-im/Y09-25
SG/EHI/H1-im/Y09-80
SG/EHI/H1-im/Y09-95
SG/EHI/H1-im/Y09-102
SG/EHI/H2-im/Y09-3
SG/EHI/H2-im/Y 09-7
SG/EHI/H2-im/Y09-11
SG/EHI/H2-im/Y09-12
SG/EHI/H2-im/Y09-18
SG/EHI/WMO01/Y07-6
SG/EHI/WM02/Y07-1
SG/EHI/WM02/Y07-39
SG/EHI/WM04/Y09-8
SG/EHI/WM04/Y 09-9
SG/EHI/WM04/Y09-12
SG/EHI/WM04/Y09-13
SG/EHI/WM04/Y09-14
SG/EHI/WM04/Y09-15
SG/EHI/WMO05/Y09-70
SG/EHI/WMO05/Y09-79
SG/EHI/WM11/Y09-74
SG/EHI/WM15/Y09-149
SG/EHI/WM16/Y09-85
SG/EHI/WM17/Y09-4
SG/EHI/WM17/Y09-30
SG/EHI/WM26/Y09-1
SG/EHI/WM26/Y09-13
SG/EHI/WM26/Y09-47
SG/EHI/WM26/Y09-60
SG/EHI/WM26/Y09-98
SG/EHI/WM26/Y09-123
SG/EHI/WM33/Y09-39
SG/EHI/WM35/Y09-38
SG/EHI/WM235/Y(09-74

Nucleotide position

111 1 1 1 1 1 1 11
14 6 7 7 8 9 9 1 1 2 2 2 4 4 5 5 5 6
5§39 1 2 5 5 3 4 1 5 2 5 6 8 9 0 2 6 2
AAT C T TT CA ATATAZCAGAGA
A G C A A

G C A

G C A

G C A
. G C A .
G G C A A
G C A A
. G C A A
C G C A A
G C A A
. G C A A
G .. G C A A
G G C A A
. G C A A
A G C A A

G C A

G C A
. . . G C A .
. T G G G C A A
C T G G C A A
T G G C A A
T G G C A A G
T . G G C A A
T G G G C A A

G C A

G C A
. . G C A .
T G G C A A
T G . G C A A

C G C A

. G C A

C G C A

G C A

G C A .

G C A G

. G C A

C G C A

G C A

T G C A

G C A
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Table 4.4 continued.

Strain/ clone

P. knowlesi H

P. knowlesi Nuri
SG/EHI/H1/Y07-15
SG/EHI/H2/Y07-12
SG/EHI/H7/Y07-1
SG/EHI/H24/Y08-10
SG/EHI/H1-im/Y09-17
SG/EHI/H1-im/Y09-25
SG/EHI/H1-im/Y09-80
SG/EHI/H1-im/Y09-95
SG/EHI/H1-im/Y09-102
SG/EHI/H2-im/Y09-3
SG/EHI/H2-im/Y09-7
SG/EHI/H2-im/Y09-11
SG/EHI/H2-im/Y09-12
SG/EHI/H2-im/Y09-18
SG/EHI/WMO01/Y07-6
SG/EHI/WMO02/Y07-1
SG/EHI/WM02/Y07-39
SG/EHI/WMO04/Y 09-8
SG/EHI/WM04/Y 09-9
SG/EHI/WM04/Y 09-12
SG/EHI/WM04/Y09-13
SG/EHI/WM04/Y09-14
SG/EHI/WM04/Y09-15
SG/EHI/WMO05/Y09-70
SG/EHI/WMO05/Y09-79
SG/EHI/WM11/Y09-74
SG/EHI/WM15/Y09-149
SG/EHI/WM16/Y09-85
SG/EHI/WM17/Y09-4
SG/EHI/WM17/Y09-30
SG/EHI/WM26/Y09-1
SG/EHI/WM26/Y09-13
SG/EHI/WM26/Y09-47
SG/EHI/WM26/Y 09-60
SG/EHI/WM26/Y09-98
SG/EHI/WM26/Y09-123
SG/EHI/WM33/Y09-39
SG/EHI/WM35/Y09-38
SG/EHI/WM35/Y09-74

Nucleotide position

111222 2 2 2 2 2 2 3 3 3 3 3 3 3 3
99 9 000 11 2 5 7 9 0 0 0 0 0 0 1 1
4 7 8 012 3 9 81 6 7 3 5 6 7 8 9 0 5
A CAATGGT CCCTAAAGTCT C A
A . . G . . .
G C A G A T
G C A G A T
. . . G
A . G T . G
A C G T T G
A G T G
A G T G
A G T G
A G T G
A G T G
A G T G
A G T G
A G T G
G C A G A T
A G G
A G G
A G G
A G G .
A G . G G
A G G G . .
. ... G . G . . .
G G C A G A T
. . G C A G A T
A G G
A G G .
G
G
G
. G
G . G .
. G A T
A T G A G
. . G . . .
G C A G A T
G C A G A T
G C A G A T
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Table 4.4 continued.

Strain/ clone

P. knowlesi H

P. knowlesi Nuri
SG/EHI/H1/Y07-15
SG/EHI/H2/Y07-12
SG/EHI/H7/Y07-1
SG/EHI/H24/Y08-10
SG/EHI/H1-im/Y09-17
SG/EHI/H1-im/Y09-25
SG/EHI/H1-im/Y09-80
SG/EHI/H1-im/Y09-95
SG/EHI/H1-im/Y09-102
SG/EHI/H2-im/Y09-3
SG/EHI/H2-im/Y09-7
SG/EHI/H2-im/Y09-11
SG/EHI/H2-im/Y09-12
SG/EHI/H2-im/Y09-18
SG/EHI/WMO01/Y07-6
SG/EHI/WMO02/Y07-1
SG/EHI/WM02/Y07-39
SG/EHI/WMO04/Y 09-8
SG/EHI/WM04/Y 09-9
SG/EHI/WM04/Y 09-12
SG/EHI/WM04/Y09-13
SG/EHI/WM04/Y09-14
SG/EHI/WM04/Y09-15
SG/EHI/WMS5/Y09-70
SG/EHI/WMS5/Y09-79
SG/EHI/WM11/Y09-74
SG/EHI/WM15/Y09-149
SG/EHI/WM16/Y09-85
SG/EHI/WM17/Y09-4
SG/EHI/WM17/Y09-30
SG/EHI/WM26/Y09-1
SG/EHI/WM26/Y09-13
SG/EHI/WM26/Y09-47
SG/EHI/WM26/Y 09-60
SG/EHI/WM26/Y09-98
SG/EHI/WM26/Y09-123
SG/EHI/WM33/Y09-39
SG/EHI/WM35/Y09-38
SG/EHI/WM35/Y09-74

Nucleotide position

3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4

1 2 2 3 4 4 5 8 8 0 1 2 2 3 3 3

7 1 6 2 3 8 7 0 4 1 2 O 6 1 5 9

G T A A AT G A CT T C C T A C
T
T

A G A T G A

A G A T G A

A G A T G A

A G A . T G A .

A G . A G T G A G

A G G A T . G A

A G . A T A G A

A G G . T G A

A G A T G A

A G A T G A
T

A G A T G C

A G A T G

A G . A T G

A G G A T G

A G . A T . G

A G G A T C G
T

. . . . T

A G A T G

A G A T G

C T

T
T
T
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while the rest were due to non-synonymous mutations. Unique haplotypes CAGAT
(at positions 307, 308, 309, 310 and 315) were detected in two human samples
(SG/EHI/H1/07 and SG/EHI/H2/07) and five monkey samples (SG/EHI/WMO02/Y07,
SG/EHI/WMO05/Y09, SG/EHI/WM11/Y09, SG/EHI/'WM33/Y09 and
SG/EHI/'WM35/Y09). Both human samples and SG/EHI/WMO02/Y07 were isolated in
2007 while SG/EHI/WMO05/Y09, SG/EHI/WMI11/Y09, SG/EHI/WM33/Y09 and
SG/EHI/'WM35/Y09 were all isolated in 2009. Unique nucleotide sequence at
position 308 (G) were found in nine transformants from one human
(SG/EHI/H24/Y08-10) and four monkey (SG/EHI/WMO05/Y09-70,
SG/EHI/'WM17/Y09-4/30, SG/EHI/'WM26/Y09-1/98/47/123/134) samples. Two
unique nucleotide sequences at position 61 (T) and 122 (G) was detected in eight
transformants  from three = monkeys (SG/EHI/WMO04/Y09-8/9/12/13/14/15,
SG/EHI/WM15/Y09-149 and SG/EHI/WM16/Y09-85). Similarly, two unique
nucleotide sequences at position 251 (T) and 426 (A) were also detected in both
imported human knowlesi case. No unique polymorphism can be found in
transformant SG/EHI/H7/Y07-1 and SG/EHI/'WMO02/Y07-39 and
SG/EHI/'WMO1/Y07-6. Interestingly, P. knowlesi transformants with shared unique

haplotypes were found to cluster in the same subclade (Figure 4.4).

The pair-wise divergence of different P. knowlesi transformants from both monkeys

and human cases ranged from 02% to 4.8% (Table 4.5).
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Table 4.5: Percentage divergence of the non-repeat regions of the P. knowlesi clones calculated with the Kimura-2 parameter, using transitions and
transversions.

Isolate/ clone 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
1 P. knowlesi H o
2 P. knowlesi Nuri 1.6 sk

SG/EHI/H1/Y07-15,
SG/EHI/H2/Y07-12,
SG/EHI/'WM2/Y07-1,

3 22 22 e
SG/EHI/WM11/Y09-74,
SG/EHI/WM33/Y09-39,
SG/EHI/WM35/Y09-74
4 SG/EHIHI-im/Y09-17 34 31 38 e
5 SG/EHVHI-im/Y09-25 36 34 41 07 e
[3 SG/EHI/H1-im/Y09-95 3.4 3.1 3.8 0.4 07 ok
7 SG/EHIHI-im/Y09-102 36 34 41 07 09 07 e
8  SG/EHI/H2-im/Y09-3 34 31 38 04 07 04 07 e
9 SG/EHV/H2-im/Y09-7 36 34 41 02 09 07 09 07 e
10 SG/EHI/H2-im/Y09-11 34 31 38 09 L1 09 L1 09 L1 e
SG/EHI/HI-im/Y09-80, »
1 G/EHIHAmM/Y09-12 31 29 36 02 04 02 04 02 04 07 e
12 SG/EHIH2-im/Y09-18 34 31 38 04 07 04 07 04 07 09 02
SG/EHU/WM1/Y07-6,
13 SG/EHVH7/Y07-1, 07 09 16 27 29 27 29 27 29 27 25 27 ke
SG/EHI/WM2/Y07-39
14 SG/EHVWM4/Y09-8 36 34 41 16 18 16 18 16 18 2 13 1.6 29 e
15 SG/EHI/WM4/Y09-9 34 31 38 13 16 13 16 13 16 18 LI 13 27 07 =
16 SG/EHI/WMA4/Y09-13 36 34 41 16 18 16 18 L1 18 2 13 16 29 09 07 e
17 SG/EHI/WMA4/Y09-14 34 31 36 13 16 13 16 13 16 18 L1 13 27 07 04 07w
18 SG/EHI/WM4/Y09-15 41 38 45 2 22 2 22 2 22 25 18 2 34 13 L1 13 L1 e
19 SG/EHI/WM5/Y09-70 LI 09 18 31 34 31 34 31 34 31 29 31 04 34 31 34 31 38 e
20  SG/EHI/WMS/Y09-79 25 25 02 41 43 41 43 41 43 41 38 4l 18 43 41 43 38 48 2 ok
SG/EHI/WM15/Y09-149,
21 SG/EHI/'WM4/Y09-12, 30 29 36 L1 13 1Ll 13 LI 13 16 09 LI 25 04 02 04 02 09 29 38
SG/EHI/WM16/Y09-85
22 SG/EHI/WM17/Y09-4 LI 09 18 31 34 31 34 31 34 31 29 31 04 34 31 34 31 38 04 2 29 ek
SG/EHI/H24/Y08-10,
23 SG/EHI/WM17/Y09-30, 09 07 16 29 31 29 31 29 31 29 27 29 02 31 29 31 29 36 02 18 27 02
SG/EHI/WM26/Y09-13
24  SG/EHI/WM26/Y09-1 1.1 09 1.8 3.1 34 31 3.4 3.1 3.4 3.1 2.9 3.1 0.4 3.4 3.1 3.4 3.1 3.8 0.4 2 2.9 0.4 0.2
25 SG/EHI/WM26/Y09-47 LI 09 18 31 34 31 34 31 34 31 29 31 04 34 31 34 31 38 04 2 29 04 02 04 e
26 SG/EHI/WM26/Y09-60 27 27 04 43 45 43 45 43 45 43 41 43 2 45 43 45 4l 5 2207 41 22 2 22 22 e
27 SG/EHI/WM26/Y09-98 18 16 25 38 41 38 41 38 41 38 36 38 L1 4l 38 41 38 45 L1 27 36 LI 09 LI L1 29 e
28 SG/EHI/WM26/Y09-123 LI 09 18 31 34 31 34 31 34 31 29 31 04 34 31 34 31 38 04 2 29 04 02 04 04 22 11
29 SG/EHI/WM35/Y09-38 25 25 02 41 43 41 43 41 43 41 38 41 18 43 41 43 38 48 2 04 38 2 1.8 2 207 27 2w
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4.3.3.2 P. cynomolgi transformants

Circumsporozoite protein gene sequence alignment between transformants from seven
long-tailed macaques and P. cynomolgic Ceylon strain (as reference) disclosed 31
polymorphic sites. Twelve of these polymorphic sites were due to synonymous
mutations while 19 were non-synonymous mutations (Table 4.6). Pair-wise sequence
divergence between these transformants ranged from 0.2% to 4.5% (Table 4.7). After
the sequence were aligned, there were two genotypes each for SG/EHI/'WM16/Y09
and SG/EHI/WM44/10, while only one genotype each were observed for
SG/EHI/'WMO02/Y 07, SG/EHI/'WMO05/Y09, SG/EHI/'WM18/Y09,
SG/EHI/WM33/Y09 and SG/EHI/WM42/Y10. Unique haplotypes GCGG (at
positions 21, 63, 79 and 119) were detected in SG/EHI/WMI16/Y09 and
SG/EHI/WM33/Y09, while haplotypes AACA (at positions 247, 250, 251 and 302)

were detected in SG/EHI/WMO05/Y09 and SG/EHI/WM44/Y 10 (Table 4.6).
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Table 4.6: Gene polymorphisms based on the 456 nucleotide residues encoding the non-repeat region of the csp gene of P. cynomolgi malaria
parasites from Singapore’s long-tailed macaques (in bold). Nucleotide positions are numbered vertically above the polymorphic sites. Dots
indicate identical nucleotide residues. Highlighted areas denote non-synonymous mutations.

. Nucleotide position
Strain/ clone

1 1 2 2 2 2 2 2 2 2 2 3 3 3 3 3 4 4

1 2 2 3 5 5 6 6 6 6 7 8 8 1 3 0 1 1 4 4 5 5 5 6 0 1 4 5 6 0 1

4 1 3 9 4 6 1 3 6 9 9 7 9 9 8 3 0 4 4 7 0 1 2 6 2 1 4 8 0 8 8

P. cynomolgi, Ceylon A A C G C G €C G G A C CA A CTTAAGSGTT CGGATCATC G

P. cynomolgi, Berok G T T T C A C C G T G A C C C T G G T T C
SG/EHI/'WM02/Y07-110 T T €C A C C G G G C G T
SG/EHI/WM05/Y09-65 T T C€C A C C G G G A C A A C A T G A T
SG/EHI/WM16/Y09-2 T G C G G A A G T
SG/EHI/WM16/Y09-34 T G C G G A G T
SG/EHI/WM18/Y09-24 T T €C A C C G G G C G T
SG/EHI/WM33/Y09-47 T G C G G A G T G A T

SG/EHI/WM42/Y10-1 T T €C A C C G G G C

SG/EHI/WM44/Y10-3 T T €C A C C G G G A C A A C A T G A T
SG/EHI/WM44/Y10-30 T T €C A C T G G G A C A A C A T G A T

€6



Table 4.7: Percentage divergence of the non-repeat regions of the P. cynomolgi clones

calculated with the Kimura-2 parameter, using transitions and transversions.

Strain/ clone 1 2 3 4 5 6 7 8 9 10 11
1 P. cynomolgi, Ceylon HkE - - - - - - - - - -
2 P. cynomolgi, Berok 4.5  kwE - - - - - - - - -
3 SG/EHI/WMO02/Y07-110 2.7 3.1 **%% - . - - i - - -
4 SG/EHI/WMO05/Y09 -65 4.3 43 2 *&k . - - ; - - -
5 SG/EHI/WM16/Y(09-2 2 43 25 4.1 wEx - - - - -
6 SG/EHI/WM16/Y09-34 1.8 41 22 38 02 #=*x - i - -
7 SG/EHI/WM18/Y09-24 2.7 3.1 0 2 25 22 wEE L - - -
8 SG/EHI/WM33/Y09-47 25 43 29 31 09 07 29 *¥* . , -
9 SG/EHI/WM42/Y10-1 22 36 04 29 27 04 34 EEE o -
10 SG/EHI/WM44/Y10-3 43 43 2 41 38 2 31 2 wER
11 SG/EHI/WM44/Y10-30 43 45 22 02 41 38 2 31 22 2  *%*
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4.3.3.3 P. fieldi transformants

The non-repeat regions of the csp gene from Singapore isolates were aligned and
compared with P. fieldi reference strain obtained from CDC (Table 4.8). Single
genotype was observed for each of the monkeys infected with P. fieldi. Comparison
of P. fieldi isolated from Singapore monkeys with the reference strain showed seven
polymorphic sites. Four of the polymorphic sites were synonymous while the other
three were non-synonymous mutations. Unique haplotype AACCGG (at position 21,
92, 110, 222, 311 and 432) were detected in SG/EHI/WMO1/Y07 and
SG/EHI/'WMO05/Y09 that were caught in 2007 and 2009, respectively.
SG/EHI/WM15/Y09 and SG/EHI/WM18/Y09, both caught in 2009, had identical
genotype with a unique nucleotide at position 93 (A), 222 (C) and 432 (G). On the
other hand, there were only two polymorphic sites found in SG/EHI/WM44/Y 10-64 at
nucleotide positions 222 (C) and 432 (G). The pair-wise divergence between different
transformants of P. fieldi obtained from Singapore long-tailed macaques ranged from

0.2% to 1.3% (Table 4.9).
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Table 4.8: Gene polymorphisms based on the 456 nucleotide residues encoding the
non-repeat region of the csp gene of P. fieldi malaria parasites obtained from
Singapore’s long-tailed macaques (in bold). Nucleotide positions are numbered
vertically above the polymorphic sites. Dots indicate identical nucleotide residues.
High-lighted areas denote non-synonymous mutations.

Nucleotide position

1 2 3 4

Strain/ clone 2 9 9 1 2 1 3
1 2 3 0 2 1 2

P. fieldi (CDC) G C C T T A A
SG/EHI/WM01/Y07-23 A A C C G G
SG/EHI/WM05/Y09-68 A A . C C G G
SG/EHI/WM15/Y09-163 . . A C G
SG/EHI/WM18/Y09-92 . . A C G
SG/EHI/WM44/Y10-64 C G

Table 4.9: Percentage divergence of the non-repeat regions of the P. fieldi clones
calculated with the Kimura-2 parameter, using transitions and transversions.

Strain/ clone 1 2 3 4 5 6
1 P.fieldi (CDC) ok ) _ ) B )
2 SG/EHI/WMO01/Y07-23 1.3 sk . - - R
3 SG/EHI/WMO05/Y09-68 1.3 0 K - - -
4  SG/EHI/WM15/Y09-163 0.7 1.1 1.1 - _ .
5 SG/EHI/WM18/Y09-92 0.7 1.1 1.1 0 Fkk _
6 SG/EHI/WM44/Y10-64 0.4 0.9 0.9 0.2 0.2 ook
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4.3.3.4 P. inui transformants

Alignment of the non-repeat regions of P. inui csp gene sequence between
transformants derived from SG/EHI/WMO91/Y11 and P. inui obtained from CDC
revealed a total of 29 polymorphic sites where 10 synonymous and 19 non-
synonymous mutations were detected. When transformant SG/EHI/WM91/Y11-75
was compared to the CDC reference strain, there were only seven polymorphic sites
and pair-wise sequence divergence of 1.6% (Table 4.10 and 4.11). However, when
transformant SG/EHI/WM91/Y11-84 were compared to the CDC reference strain,
there were 26 polymorphic sites and pair-wise sequence divergence was 5.9%. On
the other hand, when SG/EHI/WM91/Y11-84 was compared to P. inui isolated from
East Malaysia (GU002523), there were only 18 polymorphic sites observed with a
pair-wise sequence divergence of 4.8%. In contrast, there were 33 polymorphic sites
and a pair-wise sequence divergence of 7.6% when SG/EHI/WMO91/Y11-75 was

compared to the same East Malaysian P. inui strain.
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Table 4.10: Gene polymorphisms based on the 456 nucleotide residues encoding the non-repeat region of the csp gene of P. inui malaria
parasites obtained from Singapore’s long-tailed macaques (in bold). Nucleotide positions are numbered vertically above the polymorphic sites.
Dots indicate identical nucleotide residues. Highlighted areas denote non-synonymous mutations.

Nucleotide position

Strain/ clone

1 11 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 4 4 4 4 4

145 789 0 4 4 5 6 7 7 7 9 9 0 2 3 3 3 4 6 7 8 8 8 1 1 4 4 5 5 5 7 1 2 3 3 3

3 50 4 5 7 3 7 1 5 7 3 5 3 8 0 6 8 2 3 5 2 3 4 8§ 3 4 2 8 9 8 1 6 3 5 9

P. inui (CDC) CCAGTA A G C G CCGCGCAGAATATGACAATCTCGTGTACAC

P. inui (GU002523) T A G A G G A C T A T T c C G C C C C A C AA C G A CT CC T . A
SG/EHI/WM91/Y11-75 A G A A C G G

SG/EHI/WM91/Y11-84 A AG C A A A Cc C cC € € C G A C G A C cC T ¢ C T G A

Table 4.11: Percentage divergence of the non-repeat regions of the P. inui clones calculated with the Kimura-2 parameter, using transitions and
transversions.

Strain/ clone 1 2 3 4
1 P. inui (CDC) ok - - -
2 P. inui (GU002523) 7.6 ok - -
3 SG/EHI/WM91/Y11-75 1.6 7.6 ok -
4 SG/EHI/WM91/Y11-84 5.9 4.8 5.2 Hkk
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4.3.4 Polymorphisms within the Region I, Region II-plus and the central

tandem repeat region of the Plasmodium species csp gene

4.3.4.1 P. knowlesi transformants

The region I of the csp genes (based on the short amino acid motif KLKQP), were
found to be conserved in all P. knowlesi transformants obtained in this study (Table
4.12). The nucleotide sequence of region II-plus was also found to be conserved
among all human and monkey samples, except at position 18, which was substituted
with either arginine (R) or lysine (K) (Table 4.12). The central repeat regions of P.
knowlesi transformants were highly variable with size ranging from 81 bp to 657 bp,
and can be categorized into amino acid consensus groupings (Table 4.13).
Plasmodium knowlesi transformants isolated from local human cases included the
following amino acid groupings N(A/E)GQPQAQGD(G/R)A  (H7-1),
EQPA(A/P)(G/A)(A/P)(G/R)(G/R/A) (H1-15 and H2-12) and
E(E/Q)PAPG(R/G)E(Q/E)PAP(G/A)(R/P) (H24-10). Interestingly, several
transformants isolated from monkeys also showed similar amino acid motif
groupings. To date, the amino acid motifs, (Q/E)GNGGAGQAQP and
EGNREAPAQP were only found in monkeys. In contrast, the amino acid motifs
(NAEGGAN(A/V)(G/R)QP and NAGGANAGQP) deduced from the two imported
human cases were unique and not found among P. knowlesi transformants isolated

from local monkeys and human cases.
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Table 4.12: Comparison of amino acid sequences in the region I and region II-plus of
the P. knowlesi H and Nuri strain, and isolates from the human and macaque samples.
Dots represent identical amino acid and those underlined indicate substituted residue.

Strain/ clone

Region 1 Region I1-plus

P. knowlesi H

P. knowlesi Nuri

SG/EHI/H1/Y07 - 15
SG/EHI/H2/Y07 - 12
SG/EHI/H7/Y07 - 1
SG/EHI/H24/Y08 - 10
SG/EHI/H1-im/Y09-17/18//80/95/100
SG/EHI/H2-im/Y09-3/7/11/12/18
SG/EHI/WMO01/Y07 - 6
SG/EHI/WMO02/Y07 - 1
SG/EHI/WMO02/Y07 - 39
SG/EHI/WMO04/Y09-3/6/8/9/12/13/14/15
SG/EHI/WMO05/Y09 - 70
SG/EHI/WMO05/Y09 - 79
SG/EHI/WM11/Y09 - 74
SG/EHI/WM15/Y09 - 149
SG/EHI/WM16/Y09 - 85
SG/EHI/WM17/Y09 - 4/18/30
SG/EHI/WM26/Y09 - 1/13/47/98/123
SG/EHI/WM26 /Y09- 60
SG/EHI/WM33 /Y09- 39
SG/EHI/WM35/Y09 - 38/74
SG/EHI/WMO91/Y11 - 24

KLKQP EWTPCSVTCGNGVRIRRK

~

mmmm

o m
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Table 4.13: Comparison of amino acid motifs and the sequence size of the tandem
repeat region and full csp gene for P. knowlesi H and Nuri strain, and isolates from
human and macaque samples

Amino acid motifs of Tandem Full
Isolate/ clone/ tandem repeat region No. Sequence of tandem repeat length of
strain (single alphabet code for repeats repeats region size  csp gene
each motif) (bp) (bp)
) NEGQPQAQGDGA (A) 1
P. knowlesi H ABBBBBBBBBBB 432 1092
NAGQPQAQGDGA (B) 11
esi EQPAAGAGG (C) 11
P. kn(m{ esi EQPAAGARG (D) 3 CCCDCCCCCDCCD 405 1056
Nuri CE
EQPAPAPRR (E) 1
H1-15%, H2- EQPAAGAGG (O) 12
12* WM11- EQPAPAPRR (E) 2
74%, WM26 - CCCCCCCCCCCEC
60, WM33 - e 405 1026
39% WM35 - EQPAPGAGA (F) 1
38, WM35 -
74%
NEGQPQAQGDGA (G) 1
H7-1 NAGQPQAQGDGA (H) 10 GHHHHHHHHHIH 432 1092
NAGQPQAQGDRA (I) 1
H24-10%*, WM5 EEPAPGREQPAPGR (J) 4
- 7\)?11\71‘;1;’1 g* 4 BEQPAPGREEPAPGR (K) 2
WM 17:30*’ EQPAPGREQPAPGR (L) 1
WM26 - 13%,
WM26 - 47, EQPAPGGEQPAPAP (N) 1
WM26 - 123
Hl-im-l7, Hl- NAEGGANAGQP (O) 10
im-25, Hl-im- NAGGANAGQP (P) 1
100, H2-im-3, O00PO0OQQO00Q 492 1278
H2-im-7, H2- 00Q
im-11, H2-im- NAEGGANARQP (Q) 4
18
NAEGGANAGQP (O 4
H1-im-80 QP (0) 00Q00Q 198 951
NAEGGANARQP (Q) 2
NAEGGANAGQP (0) 9
NAGGANAGQP (P 1
H1-im-95 QP ®) OOOPORQQO00Q 492 1242
NAEGGANVGQP (R) 1 00Q
NAEGGANARQP (Q) 4
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Table 4.13 continued

Amino acid motifs of Tandem Full
Strain/ clone tandem repeat region No. Sequence of tandem repeat length of
(single alphabet code for repeats repeats region size  csp gene
each motif) (bp) (bp)
NAEGGANAGQP (0) 14
H2-im-12 NAGGANAGQP (P) 1 00858883880(2 657 1443
NAEGGANARQP (Q) 5
QGNGGAGQAQP (S) 6
STTSSSSS 264 879
WMO04 -3 EGNGGAGQAQP (T) 2
WMO04 - 6%, QGNGGAGQAQP (S) 5
WMO04-12%, EGNGGAGQAQP (T) 9
WMO04 - 13,
Xﬁ?g_'g éi STTTTTTTTTSSSUS 492 1107
WMIS - 1 4’9 EGNREAPAQP (U) 1
WMOI - 24%*
GNGGAG
WMO04 - 8 Q QAQP (S) 3 SSUS 129 744
EGNREAPAQP (U) 1
GNGGAGQAQP (S 2
WMO04 -9 SGNGGAGSASP ((T)) 2 STTTTTTTTTTS 462 1077
QGNGGAGQAQP (S) 7
WMO04-15 EGNGGAGQAQP (T) 8 STTTTTT§SSSSTSU 525 1140
EGNREAPAQP (U) 1
EQPAAGAGG (C) 1
WMO05-79 EQPAPAPRR (E) 1 CEF 81 702
EQPAPGAGA (F) 1
EEPAPGREQPAPGR (J) 4
WM26 - 98 EQPAPGREEPAPGR (K) JIIKV 252 894

EQPAPGREEPAPAP (V)

* Identical csp non-repeat sequences (within same group)

Prefix SG/EHI/- had been omitted in this table
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4.3.4.2 P. cynomolgi transformants

The region I and region II-plus of P. cynomolgi transformants derived from all
monkey isolates were found to be identical with the exception of SG/EHI/WM16/09-2
and SG/EHI/WM44/10-3/30 (Table 4.14). The region I was based on the short amino
acid motif KLKQP, while region II-plus was based on EWSPCSVTCGKGVRMRRK.
In SG/EHI/WM16/09-2, position five of the region II-plus was substituted with a
tyrosine (Y) instead of cysteine (C), while in SG/EHI/WM44/10-3/30, the position 17
of the region Il-plus was substituted with a lysine (K) instead of arginine (R). The
central repeat regions of P. cynomolgi transformants were found to be variable, with
sizes ranging from 369 bp to 585 bp and composed of the following amino acid motif
sequences: DGNNAA, DGGVQPPA(G/A)GGN(N/R)A, PAAADGA, PAAGGN,
QAG(A/G)Q(A/P)G(G/A)(G/N)(N/A), QAGGDAGNA, QAGGA, AAANAGDGQP,
AANAGGA and QAAGGA (Table 4.15). The complete csp gene sequences of
transformants were identical ~ between SG/EHI/WMO02/Y07-110 and
SG/EHI/WM18/Y(09-24, and between SG/EHI/'WMO05/Y09-65 and

SG/EHI/WM44/Y 10-3 (Appendix E).
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Table 4.14: Comparison of amino acid sequences in the region I and region II-plus of
the P. cynomolgi Ceylon and Berok strain, and isolates from the macaque samples.
Dots represent identical amino acid and those underlined indicate substituted residue.

Strain/clone Region I Region II-plus

P. cynomolgi Ceylon KLKQP EWSPCSVTCGKGVRMRRK
P. cynomolgi Berok e e e e
SG/EHI/WMO02/Y07 - 110 e e e
SG/EHI/WMO05/Y09 - 65 e e e
SG/EHI/WM16/Y09 - 2 Ce T
SG/EHI/WM16/Y09 - 34 e e e
SG/EHI/WM18/Y09 - 24 e e e e
SG/EHI/WM33/Y09 - 47 e e e
SG/EHI/WM42/Y10 - 1 e e e
SG/EHI/WM44/Y 10 - 3/ 30 T K.
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Table 4.15: Comparison of amino acid motifs and the sequence size of the tandem
repeat region and full csp gene for P. cynomolgi Ceylon and Berok strain, and isolates
from macaque samples

Full

Amino acid motifs of Tandem
. length
. tandem reoeat region No. Sequence of repeat
Isolate/ clone/ strain . . of csp
(single alphabet code repeats tandem repeats region gene
f h moti ize (b
or each motif) size (bp) (bp)
AGNNAAAGE (A) 13
AGNNAAGGA(B) 5 AAAAAABABAC
. BAB
P. cynomolgi Ceylon AGNNAAGGE (C) 1 ABABBADADAE 585 1197
AGAGGAGR (D) 2
AGAGGAGG (E) 1
PAGDGA (F) 1
PEGDGA (G) 1
PAAPAGDGA (H) 10
) PAGNR (I) 1 FGHHHHHHHHH
P. cynomolgi Berok AGGQPAAGGNQ (1) 3 HUKIKITLM 537 1137
AGGNR (K) 2
AGAQAGGNQ (L) 1
AGAQAGGAN (M) 1
DGNNAA (N) 1
SG/EHI/WM2/Y(07 - 110%,  PAGVQPPAGGGRNA 5 Noooooooooo ¢, 1128
SG/EHI/WM18/Y09 -24* A (0) P
DGGVQPPAAGGNRA
1
®)
PAAADGA (Q) 10
SG/EHI/WMS5/Y09 - 65%, PAAGGN (R) 1 000Q00Q0Q0R
SG/EHI/'WM44/Y10 - 3%, QAGAQAGAGGN (S) 4 SSSTTTSU 492 1095
30 QAGGQPGAGGN (T) 3
QAGGQAGGANA (U) 1
QAGGDAGNA (V) 10 VVVWVWVWVW
VWVWVWVW
SG/EHI/WM16/Y09 - 2, 34 540 1158
QAGGA (W) 18 WWWWWWWW
WW
QAGGDAGNA (V) 10 VVVWVWVWVW
VWVWVWV
SG/EHI/WM33/Y09-47 525 1143
QAGGA (W) 17 WWWWWWwWWwW
WW
AAANAGDGQP (X) 10
AANAGGA (Y) 1 XXXXXXXXXXY
SG/EHI/WM42/Y10-1 369 978
QAAGGA (Z) 1 Zaa
QAGGA (a) 2

* Identical csp non-repeat sequences (within same group)
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4.3.4.3 P. fieldi transformants

The region I and region II-plus of P. fieldi transformants derived from all monkey
isolates were identical. These regions were based on the short amino acid motif
KLKQP and EWTPCSVTCGNGVRLRRK, respectively (Table 4.16). The central
repeat regions of P. fieldi transformants were variable with size ranging from 396 bp
to 561 bp and composed of the following amino acid motif sequences:

PGANQ(E/G)G(G/A)(A/K)(A/P)A and (A/G)(N/G)(D/G)AGQNQP (Table 4.17).

The complete csp gene sequences of transformants were identical between
SG/EHI/WMO01/Y07-23 and SG/EHI/WMO05/Y09-68, and between

SG/EHI/WM15/Y09-163 and SG/EHI/WM44/Y10-64 (Appendix E).
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Table 4.16: Comparison of amino acid sequences in the region I and region II-plus of
the P. fieldi from CDC, and isolates from the macaque samples. Dots represent

identical amino acid.

Strain/clone

Region I

Region II-plus

P. fieldi (CDC)

SG/EHI/'WMO01/Y07- 23

KLKQP

SG/EHI/WMO05/Y09 - 68
SG/EHI/WMI1S5 Y09- 163
SG/EHI/WM18 Y09 - 92

SG/EHI/'WM44 Y10-64

EWTPCSVTCGKGVRVRRK

Table 4.17: Comparison of amino acid motifs and the sequence size of the tandem
repeat region and full csp gene for P. fieldi (CDC), and isolates from macaque

samples
Amino acid motifs of Tandem Full
. length
. tandem repeat region No. Sequence of repeat
Isolate/ clone/ strain . . of csp
(single alphabet code for repeats tandem repeats region gene
each motif) size (bp) (bp)
ol di PGANQEGGAAA (A) 13
P. fieldi (CDC), Q AAAAAAAAAAA
SG/EHI/WM15/Y09-163, PGANQGGGAAA (B) 3 ABBBAC 561 1149
SG/EHI/'WM44/Y 10-64 PGANQGGAKPA (C) 1
SG/EHI/WM1/Y07-23*, ANDAGQNQP (D) 13 DDDDDDDDDDD 513 1131
SG/EHI/WMS5/Y09-68* GGGAGQNQP (E) 6 DDEEEEEE
PGANQEGGAAA (A) 9
SG/EHI/'WM18/Y09-92 PGANQGGGAAA (B) 2 AAAAAéAABBA 396 984
PGANQGGAKPA (C) 1

* Identical csp non-repeat sequences (within same group)
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4.3.4.4 P. inui transformants

The region I of P. inui is based on the amino acid motif NLKQP instead of the usual
KLKQP found in P. knowlesi, P. cynomolgi and P. fieldi. The region II-plus of
transformant SG/EHI/WM91/Y11-61 was identical to the CDC reference strain, while
SG/EHI/'WMO91/Y11-73’s region II-plus was identical to that of P. inui isolated from
East Malaysia (Table 4.18). The size of the central repeat region and the amino acid
motif sequences of both transformants varied from each other. SG/EHI/WMO91/Y11-
61 had a central repeat region of 420bp, with amino acid motif
A(G/Q)(D/G/N/K)P(A/G)(P/G)(P/Q), while SG/EHI/WM91/Y11-73’s central repeat
region  was 540 bp long, with the amino acid  motif

AG(E/Q)(A/P)G(G/A)AGQ(P/A)GA (Table 4.19).
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Table 4.18: Comparison of amino acid sequences in the region I and region II-plus of
the P. fieldi from CDC and East Malaysia, and isolates from the macaque samples.
Dots represent identical amino acid and those underlined indicate substituted residue.

Strain/clone Region I Region II-plus

P. inui (CDC) NLKQP EWSVCSVSCGQGVRVRRK
P. inui (GU002523) ce LW ALL T LT L

WMO1 - 61 e e
WMOI1 - 73 AL T LT L

Table 4.19: Comparison of amino acid motifs and the sequence size of the tandem
repeat region and full csp gene for P. inui (CDC), and isolates from macaque samples

Amino acid motifs of Full
Tandem
tandem reoeat length
. . . No. Sequence of tandem repeat
Strain/ clone region (single . of csp
repeats repeats region
alphabet code for size(bp) gene
each motif) P (bp)
AQDPGAP (A) 1
GQDPGAP (B) 10
P. inui (CDC) GQAPGAP (C) 3 ABBBBBCIEIEBCBCBD 375 1056
GQDPAAP (D) 2
ARDPAAP (E) 1
AGDPAPP (F) 14
AGGPAGQ (G) 1
SG/EHI/WM91/Y11-61 Q FFFFFFFFFFFFFFGHH 420 1014
AQNPGGP (H) 3 HII
AQKPGGP (I) 2
AGEAGGAGQPGA
O 12
SG/EHI/'WM91/Y11-73 AGQPG;}SGQPGA 2 JI1I111JJJJJKLK 540 1191
AGQAGAAGQAGA

(9)
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4.4 Discussion

The csp gene is a single copy gene which encodes for the highly antigenic surface
protein of the sporozoite [96, 105]. Its polymorphism can be observed through cloning
and sequencing of the gene isolate. Gene polymorphism can be presented as sequence
variation in the conserved non-repeat N- and C- terminal of the csp gene, or a

difference in the pattern and length of the tandem amino acid motif repeats.

Phylogenetic inferences based on the non-repeat region of csp gene from the
Plasmodium species isolates of 15 infected wild long-tailed macaques confirmed the
presence of four species of simian malaria parasites (P. knowlesi, P. cynomolgi, P.
fieldi and P. inui). These were in accordance to the respective macaques’ nested PCR
screening results, with the exception of macaque SG/EHIWMS59/Y10 and
SG/EHI/'WMO1/Y11. Nested PCR assay detected P. coatneyi in SG/EHI/WM59/Y 10
and P. knowlesi in SG/EHI/WMO91/Y11. However, transformants containing csp gene
of these two simian Plasmodium species were not isolated from the respective
samples. This could be due to the low parasite load of these parasite species in these
macaques. As such, their detection was only revealed by the highly sensitive nested

PCR assay.

Characterization of the csp gene not only confirmed the nested PCR assay’s results,
but also revealed the high genotypic diversity of the simian malaria parasites,
especially P. knowlesi (Table 4.20). Four distinct subclades were observed within the

P. knowlesi clade constructed with isolates from the macaques (Figure 4.4). There
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Table 4.20: Comparison of the species of malaria parasites from the 15 wild
macaques, identified by nested PCR assay and csp gene characterization

Monkey isolate Age Malaria parasites identified by:
Csp gene sequencing
Nested PCR (no. genotypes)
SG/EHI/'WMO01/Y07 Adult Pk, Pfi Pk (1), Pfi (1)
SG/EHI/'WMO02/Y07 Adult Pk, Pcy Pk (2), Pcy (1)
SG/EHI/WMO04/Y09 Adult Pk Pk (6)
SG/EHI/WMO05/Y09 Adult Pk, Pcy, Pfi Pk (2), Pcy (1), Pfi (1)
SG/EHI/WMI11/Y09  Juvenile Pk Pk (1)
SG/EHI/WM15/Y09  Juvenile Pk, Pfi, Pct Pk (1), Pfi (1)
SG/EHI/WM16/Y09 Adult Pk, Pcy Pk (1), Pcy (2)
SG/EHI/WM17/Y09  Juvenile Pk Pk (3)
SG/EH/WM18/Y09  Juvenile Pcy, Pfi Pcy (1), Pfi (1)
SG/EHI/WM26/Y09 Adult Pk Pk (6)
SG/EHI/WM33/Y09 Adult Pk, Pcy Pk (1), Pcy (1)
SG/EHI/WM35/Y09  Juvenile Pk Pk (2)
SG/EHI/WM42/Y10 Adult Pcy Pcy (1)
SG/EHI/WM44/Y 10 Adult Pcy, Pfi Pcy (2), Pfi (1)
SG/EHI/WMO1/Y11 Adult Pk, Pin Pin (2)

Pct, Pcy, Pfi, Pin and Pk denodes Plasmodium coatneyi, P. cynomolgi, P. fieldi, P.

inui and P. knowlesi, respectively.

111



were six macaques infected with multiple genotypes of P. knowlesi. Of these, two had
six genotypes; one had three genotypes, while the rest had two genotypes each. The
high prevalence of P. knowlesi, together with the multiple genotypes and species
infections in both adult and juvenile macaques, reflects a high malaria transmission
intensity among these macaques in the forest. In a study conducted by Arez and co-
workers in Antula, Republic of Guinea Bissau; an area with intense falciparium
transmission, the mosquito vector An. gambiae was found to acquire one to two
genotypes of P. falciparium, while multiple-genotype infections were common in the
human population. The asynchronous gametocyte production of different genotypes
of malaria parasites resulted in the low number of genotypes in the vector hosts, even
though the vertebrate hosts were infected with more than one genotypes of the
parasite. Hence, for a vertebrate host to acquire multiple genotypes of the parasites,
the host will have to receive multiple infective bites from several individual
mosquitoes harbouring different genotypes. Therefore, the presence of multiple
species and genotypes infection in the vertebrate hosts indicates the presence of high

malaria transmission intensity [124].

As discussed in previous chapter, the high malaria infection rate (80%) observed
among juvenile macaques might be a result of an intense malaria transmission in the
area, or the occurrence of vertical transmission of simian malaria parasites. Cases of
congenital malaria had been reported for P. vivax and P. falciparium [125], although
it is not yet known if the five simian malaria parasites can cross the placental barrier.
Nonetheless, seven out of 20 of the malaria-positive juvenile macaques were infected
with more than one species of Plasmodium parasites (Table 3.1). In addition, two of

the knowlesi-infected juvenile macaques which were randomly selected for the
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Plasmodium csp gene characterization were found to harbour multiple P. knowlesi
genotypes (Table 4.20). These observations too suggest the presence of a high malaria

transmission intensity in the restricted-access forest.

In contrast to the high genotypic diversity of parasites detected in the wild macaques,
all the locally-acquired human knowlesi cases were each infected with single
knowlesi genotype. This might be due to a lower exposure to mosquito bites for
humans as compared to the simian hosts, indicating that the vector responsible for the
simian malaria transmission in Singapore may be highly simiophagic (attracted to
monkey hosts for blood meal). In an entomological surveillance conducted by the
Singapore military in the affected forest, at least 6 species of anopheline mosquitoes
were caught through human landing catch. These include An. barbirostris sp. group,
An. sinensis, An. tesselatus, An. sundaicus, An. lesteri, and An. kochi [20]. Majority of
these mosquitoes caught were known to be anthropohilic [126] . Of the three thousand
mosquitoes screened by PCR, none was tested positive for malaria parasites (EHI
unpublished data), suggesting that these anopheline mosquitoes caught may not be
involved in the sylvatic transmission cycle of simian malaria parasites. Humans are
their accidental hosts and the risk of acquiring knowlesi infection is probably only
highest when they enter the forest. This could explain the low number of human
knowlesi cases reported in Singapore despite thousands of military personnel

accessing the affected forest area.

The genotypes found in the four local human cases were shared with five of the
macaques, some of which were caught at different time points. The identical csp

sequences between macaques and human cases suggested a strong molecular
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epidemiological linkage between the two. SG/EHI/HO1/Y07 and SG/EHI/H02/Y07,
the first two human knowlesi cases reported in 2007, had identical csp gene sequences
with P. knowlesi isolates from SG/EHI/WMO02/Y07. Similarly, the third human
knowlesi case in 2007 (SG/EHI/HO7/Y07) had shared csp gene sequences with the
two macaques caught in the same year (SG/EHI/WMO1/Y07 and
SG/EHI/'WMO02/Y07). Both macaques were trapped in the restricted access forest
upon the notification of the human knowlesi cases. These suggested that the wild
long-tailed macaques were reservoir hosts of P. knowlesi and the human cases might
have acquired the infection in the same vicinity where the infected macaques were
found. Interestingly, identical P. knowlesi csp gene sequences in two of the human
cases (SG/EHI/HO1/Y07 and SG/EHI/HO02/YO07) were also detected in macaques
sampled two  years later (SG/EHI/WMI11/Y09, SG/EHI/'WM33/Y09,
SG/EHI/WM35/Y09). The detection of identical P. knowlesi csp gene sequences in
macaques caught across different years may suggest an ongoing sylvatic transmission

of simian malaria parasites among the wild macaques.

Unlike the locally-acquired knowlesi cases, the two imported human knowlesi cases
(SG/EHI/H1-im/Y09 and SG/EHI/H2-im/Y09), had strikingly higher number of P.
knowlesi genotypes. These two patients had contracted the infection after visiting
Pahang, a state in peninsular Malaysia with reports of P. knowlesi trasmission [24].
Each patient sample had at least five distinct genotypes, indicating that these patients
might have acquired their infection from an area with intense P. knowlesi
transmission. This conclusion is drawn with reference to the observations made by
Arez and co-workers; the high genetic diversity of the parasites in humans is likely a

result of superinfection in an area with intense malaria transmission [124]. As the csp
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gene sequences of P. knowlesi isolates from these two cases were distinct from the P.
knowlesi isolates of our local cases and macaques, csp gene characterization may be
potentially useful in the differentiatiation of imported P. knowlesi cases from the

locally-acquired infections.

Sequence alignment of the csp non-repeat region of the P. inui isolates from
SG/EHI/WMO91/Y 11 revealed two sub-variants of P. inui, as demonstrated by the high
pair-wise divergence rate of 7.6% and amino acid polymorphisms at the conserved
region I and region II-plus (Table 4.18 and 4.19). One of the sub-variant was similar
to the isolate from CDC while the other was closer to the P. inui isolate from Kapit,
Sarawak. The high pair-wise divergence rate may suggest the presence of a sub-
variant of P. inui or possibly a novel species of malaria parasite that is closely related
to P. inui. However, a second gene needs to be sequenced to lend further support to

this finding.

In conclusion, analyses based on the csp genes of Plasmodium isolates from the
human and macaque samples revealed that knowlesi malaria is a zoonosis in
Singapore and the wild macaques are also reservoir hosts for a panel of simian
malaria parasites. The high diversity of simian malaria parasites found in local
macaques strongly suggests an intense and continuous sylvatic malaria transmission
among the wild macaques. Unfortunately, the vector responsible for this transmission

has yet to be identified.
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CHAPTER FIVE

SUMMARY AND INDICATIONS FOR FUTURE WORK

5.1 Summary

Natural infection of simian malaria in man was once considered to be rare and of no
public health significance, until the discovery of a large focus of human knowlesi
cases in Kapit Division of Sarawak, Malaysian Borneo in 2004 [45]. With the
knowledge of this zoonotic transmission and its clinical manifestations, coupled with
the advent of molecular assays for its detection, human knowlesi cases were first
reported in Singapore in 2007 [46]. This prompted an epidemiological investigation
that led to the identification of long-tailed macaques as the reservoir of infection.
Furthermore, only macaques found in the restricted forest were infected with P.
knowlesi. This suggests that transmission of P. knowlesi might be occurring in the
forest and not in urbanized areas [20]. Aside from P. knowlesi, long-tailed macaques
are also natural host to other species of malaria parasites, of which P. cynomolgi and
P. inui are potentially infectious to humans [7]. In order to evaluate the risk of
zoonotic malaria transmission in Singapore, this study was undertaken to determine

the prevalence and genetic diversity of simian malaria parasites in local macaques.

Microscopic observation of the giemsa-stained blood film for the detection and
identification of simian malaria parasites can be difficult and inaccurate due to the
overlapping morphological characteristics between different simian Plasmodium
species. Morphological identification is further complicated in macaques hosts with

mixed infection and low parasitemia [1, 7]. Therefore, a sensitive screening assay for
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Plasmodium parasites and a species-specific nested PCR assay to identify the five

different species of simian malaria parasite were developed.

The Plasmodium-genus specific PCR assay developed in this study was highly
specific and sensitive for malaria parasites. Its single amplification reaction reduces
the chance of PCR product cross contamination, a common problem associated with
the nested PCR assay. In addition, its short run-time and compatibility for use in both
conventional and real-time PCR format makes it useful for the screening of malaria
parasites in large number of samples, and allow laboratories with different resources
to have comparable results. The simian malaria-species specific assay designed in this
study was found to be specific to the five simian malaria species, making it a valuable
tool for the prevalence study of simian malaria parasites in macaques. As the
published knowlesi-specific PCR primers have shown random cross-reaction with P.
vivax [90], it has limited use in areas where these two parasites co-exist. Therefore,
the simian malaria-species specific assay designed in this study can also aid in the
confirmation of zoonotic transmission of P. knowlesi, and possibly P. cynomolgi and

P. inui in humans.

A total of 157 local long-tailed macaques were screened using the PCR assays
developed in this study. Of these, 92 macaques were caught in the restricted-access
forests, while 65 were caught from areas near to human habitations. Among the
macaques caught in the forest, 71.7% were found to harbour malaria parasites while
none of the peri-domestic macaques were infected. The difference in the infection rate
among macaques caught from different geographical locations could be due to the

lack of competent vectors for simian malaria transmission in the urban areas. Using
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the simian malaria species-specific nested PCR assay, all five simian Plasmodium
species (namely P. knowlesi, P. coatneyi, P. cynomolgi, P. fieldi and P. inui), which
long-tailed macaques are known natural host, were identified. Plasmodium knowlesi
(68.2%) was the most predominant malaria parasites found, followed by P. cynomolgi
(60.6%), P. fieldi (16.7%), P. coatneyi (3.0%) and P. inui (1.5%). All of these
malaria parasites, except P. inui, were found in wild macaques caught from mainland
Singapore, while P. knowlesi and P. inui were detected in the sole malaria-positive

macaque collected from the forest of an offshore military island.

The high infection rate of macaques, particularly among the juvenile macaques, might
be a result of an intense malaria transmission in the restricted forest. Although we
cannot negate the possibility of a vertical transmission of simian malaria parasites
from the infected mothers to the juveniles, the co-infection of multiple Plasmodium
species and genotypes among the infected macaques is also a reflection of an intense
malaria transmission in the forest. In addition, the sylvatic transmission of simian
malaria parasites among local macaques must have been ongoing in Singapore as P.
knowlesi was first discovered in a Singapore macaque in 1931 [14, 87]. The detection
of identical P. knowlesi csp gene sequences from macaques trapped across different

years (2007-2009) further accentuates this observation.

Molecular characterization and phylogentic analyses of the Plasmodium csp gene
obtained from Singapore isolates revealed that P. knowlesi found in local human cases
were identical to those found in some macaques. This clearly illustrates that four of
the human knowlesi cases were acquired locally and the transmission was zoonotic.

In contrast to the majority of the macaques which were infected with multiple P.
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knowlesi genotypes, only single genotype was found in local human cases. This may
reflect a high intensity of transmission in the forest and the human cases had acquired
the infection when they entered these forests. On the contrary, the two human cases
which contracted P. knowlesi infection after visiting Pahang, peninsular Malaysia,
harboured multiple knowlesi genotypes. These genotypes were distinct when
compared to the local isolates. These findings, together with other epidemiological

data, strongly confirmed that these P. knowlesi infections were not acquired locally.

5.2 Indications for future research

Despite the high intensity and ongoing transmission of malaria parasites among the
wild macaques, the vectors involved in the sylvatic transmission of zoonotic knowlesi
in Singapore have yet to be identified. To date, only mosquitoes from the Anopheles
leucosphyrus group have been incriminated as vectors of P. knowlesi and other simian
malaria parasites. These include An. hackeri [127] and An. cracens [24] in peninsular
Malaysia, An. latens in Sarawak, East Malaysia [128, 129] and An. dirus in Vietnam
[130, 131]. Although Singapore lies within the distribution limit of the An.
leucosphyrus group [12], there has been no records of the presence of these species
group of mosquitoes [132]. Entomological surveillance conducted by the Singapore
military in the affected forest also did not reveal the presence of the An. leucosphyrus
group of mosquitoes. Instead, at least six species of human-biting anopheline species

were found, but none of these mosquitoes collected was positive for malaria parasites.

The vector for simian malaria transmission in Singapore is postulated to be highly
attracted to monkey hosts instead of human, as inferred from the high intensity of

transmission among the macaques and a contrasting low sporadic human knowlesi
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incidence. Hence, future study that aims to elucidate the vector may require the use of

monkey-baited traps [24, 128].

The identity of the vector is important in ascertaining and mitigating the risk of
zoonotic knowlesi transmission so that targeted vector control operations can be
implemented. The efficiency of any vector in transmitting malaria in any given
geographical area is largely due to their bionomics, which are major elements in
determining the appropriateness of control measures to be initiated [133]. Since the
notification of the first human knowlesi case, the Singapore Armed Forces has put
into operation general mosquito control measures such as environmental management,
insecticide-treated uniforms and the use of Bacilus thuringiensis var. Israelensis [20].
These measures were implemented from 2007 to current, and have resulted in a
reduction of total mosquito population from 64.1 mosquitoes per sampling site in
August 2007 to 4.3 per site by June 2011 (Patrick Lam, personal communication, 14"
November 2011). Despite the drop in mosquito population, the infection rate of wild
macaques, particularly the juvenile macaques, remains high. Majority of these
juvenile macaques (age three years and below) were sampled from 2009 to 2011. The
high infection rate, along with the multiple species and genotypes infection among
these juveniles, suggests that the current mosquito control measures may not be
effective against the simiophagic vector responsible for simian malaria transmission
among the macaques. The knowledge of the vector identity and its bionomics will
allow the design of a targeted vector control strategy. Along with the available
epidemiological and molecular data obtained from the human cases and macaque
hosts, the vector identity and its associated entomological data will also provide a full

epidemiological picture of P. knowlesi transmission in Singapore.
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Apart from determining the vector responsible for the transmission, it may also be
important to monitor the movement and home range of the wild macaques through
global positioning system (GPS) tracking. This will determine the spatial distribution
of these macaques, and consequently aid in the identification of risk areas for P.
knowlesi transmission. Although peri-domesticated macaques in this study were found
to be negative for malaria parasite, it is possible that wild macaques from the
restricted-access forest may migrate to areas near human habitations due to
deforestation and habitat destruction. On the other hand, there is also a possibility of
simiophagic mosquito vector, migrating out with the monkeys to areas close to human
habitations. This future changes in land use and exploitation of the forest may result
in greater contact between monkeys, mosquitoes and humans, increasing the risk of
zonnotic transmission of simian malaria parasites to the general population.
Therefore, the elucidation of the vectors, together with the distribution and the
dispersal of the wild macaques in the restricted forest area should be investigated for

the identification of risk areas for P. knowlesi transmission.

5.3  Conclusion

This study has provided evidence to illustrate the presence of an intense and ongoing
sylvatic transmission of malaria parasites among local macaques. However, this
should not be a cause for alarm as the risk of the general population acquiring
zoonotic malaria should be low, due to the absence of malaria parasite in peri-
domestic macaques. Moreover, all reported local cases thus far were associated with
occupation or travel history. However, the risk of acquiring simian malaria in

Singapore can be better demonstrated with information on the spatial distribution of
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macaques and the identification of vectors involved in the transmission among

macaques and between macaques and humans.
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Appendix A: List of simian Plasmodium species controls and their source

Species Source Date of bloodspot

Plasmodium coatneyi Isolated from Anopheles 22/02/2010
hackeri

Plasmodium cynomolgi B Propagated in rhesus 12/04/2001
monkey

Plasmodium fieldi Isolated from Anopheles 24/04/2006
hackeri followed by
Rhesus monkey

Plasmodium inui Isolated from leaf 23/03/2004

monkey
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Appendix B: Binding sites of primers for simian Plasmodium species-specific PCR

P. coatneyi COC et

P.coatneyi COC o 2

P. coatneyi AY135360.seq

P.fieldi COC el 1

P. fieldi CDC cirl 2

P. figldi COC ¢l 3

P. fieldi COC cirl 4

P. knowlesi isolate LT22 clone LT22-A2
F. kmowlesi isolate LT22 clone LT22-83
P. knadesi isolate prk-1 HON 71983 58q
P. knowlesi KH3S AY 327560 seq

P. knowlesi KH115AY327570.5eg

P. kmowlesi strain Mud M11031.5eq

P. knowiesi with § and 3 flanking reg

P. knowlesi W2-CSP3g

P. knowiesi Wha2-CSP105

F. knowlesi SG Human 8=CSF10

P. knowlesi SG human 1- CSP1
P.eynomalgi strain BerokM15104 seq
P.cynomolgi strain Ceylon M15103.5eq
P.tynomolgi strain GombakM15100.seq
P.cynomolgi strain London M15101.seq
Pty nomolgi strainsg Mulligan and NIH M1
P, inui COG: ¢t 1

P inui CDC: ctrl 2

F.inu COC ¢t 3

Pinni strain Tabwan STW GO FNSOTE20.52
P.inui strain Tabwan ST 28 FNSOTE1 4 5e
Pinui strain Tabwanl FNS9TE12 5eq
P.inwi strain Taiwanll FNS97613.seq

Vel

GGTGTAAGACTTAGAAGAAAAGCTCATGCAGAAAAGAAAAAACCAGAGGACCTTACCATGGATGACCTTGACGTGGAAGTTTGTGCAATGEG
GETOTAAGACTTAGAAGAAAAGCTCATGCAGAAAAGAAAAAACCAGAGGACCTTACCATGGATGACCTTCACGTOGAAGTTTATGCAATGE
GGTGT&&G&CTTﬁGAAthﬁﬁG¢TCATG¢&GﬁhﬁhGAAAkthCﬁGAGGACCTThCCATGG#TG&CCTTGACGTGG&AGTTTGTQC&&TGG
GGTGTA&GﬁGTTAGAAG&&&&CTTAATGcn" A A GCTTACTCTGAATGACCTTGAGGCAGAAGTTTGTACAATGE
GGTGTAAGAGTTAG Eﬂmﬁ‘ﬁ GCA GCTTACTCTGAATGACCTTGAGGCAGAAGTTTGTACAATGG
GOTGTAAGAGTTA EE ele GCTTACTCTGAATCGACCTT GAGGCAGAAGTTTCTACAAT GG
GGTGTAAGﬁGTTAGAAGAAAAGTTAhTGGﬁ}1 3 ATA GGTTAGTGTGEATGhGGTTGAGGGAGﬁAGTTT ThGAATGG
GGTGT&ﬁGﬁATTAGAAG&&&AGCTCiTGCAGﬁTAhGAAiiLGGCAGAG&&CCTTACTATGGiTG-

GETGTAAGAATTAGAAGAAAAGCTCATGCAGAT AAGAAARAAGGCAGAGAACCTTACTATGGATGE
T T AAGAATTAGAA GAAGAGCTCATGCAGATAAGAAAAAGGCAGAGGACCTTACTATGGATCE
GETOTAAGAATTAGAAGAAGACAGAATGCTGOTAATAAAAAGGOCAGAGGACCTTACTATGGATGE
GETETAAGAATTAGAAGAAGAGCTCATGCAGATAAGAAAAAGGCAGAGGACCTTACTATGGATGE
GGTGTﬁﬁGAATAAGAﬁGhﬁﬁAGGTCATGCﬁGGTAATAAA&&GGCAGAGGQFC?%ACT?;agiTG
GETETAAGAATTAGAAGAAAAGCTCATGCAGGTAATAAAAAGGCAGAGE -
GGTOTAAGAATTAGAAGAAAAGCTCATGCAGETAATAAAAAGGCAGAGGACCTTACTATGGATG
GGTOTAAGAATTAGAAGAAGACAGAATGCTGOTAATAAAAAGGCAGAGGACCTTACTATGGAT GEEHM
GGTGTAAGAATTAGAAGAAAAGGTCATGCAGGTAATAAAAAGGCAGAGGACCTTACTATGGAT GEESE
GGETGTAAGAATTAGAAGAAGACAGAATGCTGOTAATAAAAAGGCAGAGGACCTTACTATGGAT GRENS
GGTGTAAGAATGAGAAG&AAAGTTAGTGCAGCTAACAAA&&ACCAGAAGlGCTTG&TGTGAATGHCCTTGAG#CTG&AGTTTGT#CAATGG
GETCTAAGAATGAGAAGAAAAGTTAATGCAGCTAACAAAAAACCAGAAGAGCTTGATGCGAATGACCTTGAGACTGAAGTTTGTACAAT GG
GOTGTAAGAATGAGAAGAAAAGTTAGTGCAGCTAACAAAAAACCAGAAGAGCT TGATGCAAATGACCTTGAGACAGAAGTTTGTACAATGE
GETETAAGAATCAGAAGAAAAGTTAGTGCAGCTAACAAAAAACCAGAAGAGCTTGATCTGAATGACCTTGAGACTGAAGTTTGTACAATGG
GOTGTAAGAATGAGAAAAAAAGTTAGTGCAGCTAACAAAAAACCAGAAGAGCTTGATGTGAATGACCTT GAGACAGAAGTTTGTACAATGS
GGTGOTAAGAGTTAGAAGAAAAGTTAGTGCATCT AACAAGAAACCA GAGGAACTTACTCTGGATGACCTTGAGGTAGAAATTTGTAAAATGE
GETGTAAGAGTTAGAAGAARAGTTAGTGCATCTAACAAGAAACCAGAGEAACTTACTCTOGATGACCTT GAGGTAGAAATTTOTAAAAT GG
GETGTAAGAGTTAGAAGAAAAGTTAGTGCATCT AACAAGAAACCA GAGGAACTTACTCTGGATGACCTTGAGGTAGAAATTTGCTAAAATGE
T GTAAGAGTTAGAAGAAAAGTTAGTGCATCT AACAAGAAACCA GAGGAACTTACTCTGGATGACCTTGAGGTAGAAATTTGCTAAAATGE
GETGT AAGAGT TAGAAGAAAAGTTAGT G AT CT AACAAGAAACCA GAGGAACT TACT CT GGATCACCTTCAGGTAGAAATT TCTAAAATGS
GETETAAGAGTTAGAAGAAAAGTTAGTGCATCTARCAAGAAACCAGAGGAACTTACTCTGGATGACCTTGAGGTAGAAATTTGTAAAATGS
GETET AAGAGT TAGAAGAAAA GTTAGT G AT CT ARACA AGAAACCA GAGGAACTTACT CTGGATGACCTTGAGGTAGAAATTTGTAAAAT GG

Seguence Name | « Pos= 289 |-
-l . DT I D S § T B S T 2§ a0 T S
ECﬂnienﬁuﬁ GGTGT.&&G&.&TTH GAHGAA&&GTTHHTGCJ’LG':T-H&QHAP.HFLH':':H G.P.GGF'.CCT TﬁETHTGGF'.TGPI':CTTGF\GGTGG&&GTTTGT.&':PMTGG
30 Sequences ?Ql] QEID 910 Q?JJ 930 EIIEI 350 EIEIJ 3?[! 3



Appendix B continued

| Sequence Namme

TEms m-

Edconsensus

31 Sequences

. coatrgyl COC o 1

F. coatrsyi COC oifl 2

F. coatreeyi AV 130300 58q

P_fieldi COC ¢t 1

P_fieldi COC chl 2

P. figldi COC il 3

F. figldi COG ol 4

F. knowies) isodang LT22 clone LT22-A2
F. knvovledi isodate LTEZ chone LTZ22=63
P, knowdasi isadate peie-d HO1 71082 2aq
P knowle<i KH35 AY 327560 <eq

P, knowilesi KH11S AY 327570 seq

F. knowdes strain Mo M11031 38q

F. knuwiesi with & and & flanking reg

. kot di Wl 2-C5M09

P knitsdiasi WRA2-CSP NS

P, knowilesi SG Human 8-CSP10

F. knowilesi SG human 1- C5P1

F oynomlgi COGC i 1

P.cynurmwigi strain Bewuk b 13104 .5y

P eynormolgi strain Coylon M16102.20g
Pcynormalgi strain Gombak k15100 280
P.cynormolgi strain London M15101 $aq
F.cynormolgi strains Mulligan and NiH b1
P, inwl CDC ¢t

P inul DG ot 2

B im0 et 2

P.inui $4rain Tahwvan ST GO FNSS7620 se
P .inui strain Taiwan ST 28 FN5S97614 50
F.inui sfrain Tadwanl F NS97612 seq
F.inui sarain Talwanil FRS9761 3 seq

¢l

| < Pos = 232

B EEEmE B E BN BEmESEEE B 2EEEaSE .
TTACCTAGACAAAATTAGATCTACCGTTACCACCGAGT GGACTCCATI
I L 260 260

CAGRAARATTAGAT TA {:-r’\- EATGG-’*CTCﬁHTﬂ
GTR ACCRUCCAAT GGACTCCATI
B GTTACCACCGAAT GBACT CCAT!
ATATCThGhCﬁhAhTTﬂGhTETACCCTTCECACCEAATGCACTCCATc
ATATCTAGAGAAAATTAGATCTACCGTTGECACCCAAT GEACTCCATI
ATATCTAGAGAAAATTAGATCTACCGTTGGCACCGAAT GGACTCCAT!
ATATCTAGAGAAAATTAGATCTACCETTGGCACCGAAT GGACTCCAT!
TTACCTACACAAAATTAGATCT AGUGT TACCACCGAGT GGACT CCATI
TTACCTACACAAAATTAGATCTAGCGTTACCACCGAGT GGACTCCAT!
TTACCTACAGAAAATTAGATCTAGCETTACCAT CGACT GCACT COAT(
TTACCTACACAAAATTAGATCTAGCGTTACCACCGAGT GGACTCCATI
TTACCTACAGAARATTAGATCTAGCGTTACCACCGAGT GGACTCCAT!
TTACCTACACAAAATTAGATCTAGCGTTACCACCGAGT GGACTCCAT!
TTACCTACACAAAATTAGATCTAGCGTTACCACCOAGT GGACTCCATI
TTACCTACACAAAATTAGATCTAGOGTTACCACCOGAGT GGACTCOAT!
TTACCTACACAAAATTAGATCTAGCETTACCACCGAGT GRACTOCAT
TTACCTACACAAAATTAGATCTAGCGTTACCACCGAGT GGACTCCATI
TTA¢¢TaGRCHﬁhRTTAGﬁTCTAGﬁGTTA¢¢A¢CGAGTGGRCT¢¢ﬁTf
ATACCTAGACAAAATTAGATRE
ATACCTAGACAMAMLTTAGAN

AT ALY NOF2 Ay 70 A

CCATI
ATACCTAGACAAAATTAGA I CCATH
ATACCTAGACAAAATTAGA NS CCATI

ATACCTAGACAAAATTAGA SIS CCATI
TTAGCTnGiGlnAGTGEAnTET&AC AT
TTACCTAGAGA AAGT GAS ATCT &S C i AT AT
TTaceTace ifepIdIRERTCOT A ATATI
TTACCTAGACAGAGTGAAATCT AACH BTATI
TTACCTAGACAGAGTGAAATCTAAC qTATI
TTACCTAGACAGAGTGAAATCTAALC AT
TTACCTAGACAGAGTGARATCT AAC ATH

FRCSPRL

=T & §®FE § B
TTAACGTTCTGAGTAATTCATTAGGCTTAGTCATATTGTTAGTCETA cATT.J.l'H*A.-,Tm,-,

|| .I.1 .I. i .I.'illj Hl:l
TTAAC| RaRE TAATTCATT mt' CCTAGCATTATTCAATTAA
TTAAC | NEEEN 3G -".-_n- M GITAGTCCTAGCATTATTCAATTAA
TTAARC B AGTCATATTGT TAGTCUTAGUAT- - - TURATITAR

TTARCGTTGTGAGTAATTCATTAGGGCTAGTCATATTATTAGT CCTAGCATTATTCAATTAA
TTAACCTTGTCACT AATTCATTAGCCCTAGT CATATTATTACT COTACCATTATTCAATTAR
TTAAC T T T AT AATT AT TAGGGCTAGTCATATTATTAGT CCTAGCATTATTCAATTAS
TTARCGTTGTGAGTAATTCATTAGGGCTAGTCATATTATTAGTCCTAGCATTATTCAATTAR
TTAACGTTGTGAGT AATTCATTAGGGTTAGTCATATTGTTAGT COTAGCATTATTCAATTAR
TTARACGTT T AT AATTCATTAGGGTTAGTCATATTGTTAGT CCTAGCATTATTCAATTAS
TTAAC T T T AT AATT AT TAG T TACTAATATTETTAGTCCTAGCATTATTCAATTAR
TTARCGTTGTOAGT AATTCATTAGGGTTAGTCATATTGTTAGT COTAGCATTATTCAATTAR
TTARCGTTGTGAGTAATTCATTAGGGTTAGTCATATTGTTAGTCCTAGCATTATTCAATTAR
T AR T T T AT AAT T AT TAG LT TAGTCATATTGTTAGTCCTAGCATTATTCAATTAR
TTARCGTTGTHAGT AATTCATTAGGCTTAGTCATATTGTTAGT CCTAGCATTATTCAATTAR
TTAAGGTTETCAGTAATT CATTAGGCTTAGTCATATTCTTACT COTAGCATTATTCAATTAA
TT AR GTTaT CAGT AAT T AT TAGGCT TAGTCATATTGTTAGTCTTAGCATTATTCAATTAR
TTARC T TGTGAGT AATTCATTAGGCTTAGTCATATTGTTAGTCCTAGCATTATTCAATTAR
TTARC T TCT AT AATTCATTAGGCT TAGTCATATTGTTAGTCTTAGCATTATTCAATTAR
TTAACGTTGTGAGT AATTCATTAGEE GLATTATTCAATTAR
TTAACGTTOTGAGT AATTCATTARG GCATTATTCAATTAA
TTasnc M NORY T GEATTATTCAATTAR
TTAACGTTETGAGTAATTCATTA GCATTATTCAATTAA
TTAACGCTTCTCAGCAATTCATTAGE GCATTATTCAATTAR
I TARCGI TGTGAGTARTTCAT [ AUGE ENREACTRRAY: (A 1 [ A1 CAATTAR
TTAACGTTGTGAGTAATTCATTAGGGATAGTAATATT SIS -« 4 774 4
TTAACGTTGTCACT AATTCATTAGCCGTAGTAATATT ( ; PCAATTAR
TTAACGTTOTGAGT AATT(ATT GTAATATT
TTAAEGTTGTEAGTAATTuqfﬂlF!EL: BGTAATATT

TTARCGTTGTGAGTAATTCATTAGGGGTAGTAATATTE
TTAACGTTGTGAGTAATTCATTAGGOGTAGTAATATT RNE
TTAAC T T T AT AATTCATTAGCGETAGCTAATATT




Appendix C: Details of peri-domestic long-tailed macaques

Code Location Gender Age Date collected
SG/EHI/PMO01/Y08 Male Adult January 2008
SG/EHI/PM02/Y08 Male Adult January 2008
SG/EHI/PMO03/Y08 Male Adult January 2008
SG/EHI/PM04/Y08 Male Adult January 2008
SG/EHI/PMO05/Y08 Central Nature Reserve Male Adult January 2008
SG/EHI/PMO06/Y08 Male Adult January 2008
SG/EHI/PMO07/Y08 Male Adult January 2008
SG/EHI/PMO08/Y08 Male Adult January 2008
SG/EHI/PM09/Y08 Male Adult January 2008
SG/EHI/PM10/Y08 Male Adult January 2008
SG/EHI/PM11/Y10 Mandai Lake Road Male Adult 23/02/2010
SG/EHI/PM12/Y10 Mandai Lake Road Male Adult 23/02/2010
SG/EHI/PM13/Y10 Mayfair Park Male Adult 23/02/2010
SG/EHI/PM14/Y10 Singapore Island Country Club Male Adult 23/02/2010
SG/EHI/PM15/Y10 Bukit Manis Road Male Adult 23/02/2010
SG/EHI/PM16/Y10 Windsor Park Male Adult 03/03/2010
SG/EHI/PM17/Y10 Windsor Park Male Adult 03/03/2010
SG/EHI/PM18/Y10 Venus Drive Male Juvenile 03/03/2010
SG/EHI/PM19/Y10 Meng Suan Road Male Juvenile 03/03/2010
SG/EHI/PM20/Y 10 Meng Suan Road Male Juvenile 03/03/2010
SG/EHI/PM21/Y10 Meng Suan Road Female Juvenile 09/03/2010
SG/EHI/PM22/Y 10 Jalan Asas Male Juvenile 09/03/2010
SG/EHI/PM23/Y10 Windsor Park Male Juvenile 10/03/2010
SG/EHI/PM24/Y10 Windsor Park Male Adult 10/03/2010
SG/EHI/PM25/Y10 Windsor Park Male Adult 10/03/2010
SG/EHI/PM26/Y10 Mayfair Park Male Adult 15/03/2010
SG/EHI/PM27/Y10 Rifle Range Road Male Adult 17/03/2010
SG/EHI/PM28/Y 10 Bukit Gombak Rise Male Adult 05/04/2010
SG/EHI/PM29/Y 10 Andrews Crescent Male Adult 09/04/2010
SG/EHI/PM30/Y10 Changi Coast Road, NSRCC Male Juvenile 12/04/2010
SG/EHI/PM31/Y10 Pulau Ubin Male Adult 16/04/2010
SG/EHI/PM32/Y10 Pulau Ubin Male Juvenile 16/04/2010
SG/EHI/PM33/Y10 Chestnut Road Male Juvenile 07/05/2010
SG/EHI/PM34/Y10 Chestnut Road Male Juvenile 21/05/2010
SG/EHI/PM35/Y10 Pulau Ubin Male Adult 24/05/2010
SG/EHI/PM36/Y10 Pulau Ubin Male Adult 24/05/2010
SG/EHI/PM37/Y10 Windsor Park Male Adult 24/08/2010
SG/EHI/PM38/Y10 Linden Drive, Bukit Timah Male Adult 22/10/2010
SG/EHI/PM39/Y10 Sim Road Male Adult 26/10/2010
SG/EHI/PM40/Y 10 Sim Road Male Adult 26/10/2010
SG/EHI/PM41/Y10 Sime Road Male Adult 12/11/2010
SG/EHI/PM42/Y10 Sime Road Male Adult 12/11/2010
SG/EHI/PM43/Y10 Sime Road Female Adult 12/11/2010
SG/EHI/PM44/Y10 Pulau Ubin Female Adult 19/11/2010
SG/EHI/PMA45/Y11 Rifle Range Road Male Adult 09/02/2011
SG/EHI/PM46/Y11 Mount Pleasant Drive Male Juvenile 11/02/2011
SG/EHI/PM47/Y11 Turf Club Road Female Adult 24/02/2011
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Appendix C continued

Code Location Gender Age Date collected
SG/EHI/PM48/Y11 Chestnut Avenue Female  Juvenile 16/03/2011
SG/EHI/PM49/Y 11 Chestnut Avenue Female Adult 01/04/2011
SG/EHI/PM50/Y 11 Singapore Island Country Club Male Adult 08/04/2011
SG/EHI/PM51/Y11 West Lake Avenue Female Adult 08/04/2011
SG/EHI/PM52/Y11 Rifle Range Road Male Adult 11/04/2011
SG/EHI/PMS53/Y11 Island Club Road Male Adult 11/04/2011
SG/EHI/PM54/Y11 Island Club Road Male Adult 15/04/2011
SG/EHI/PMS55/Y 11 Island Club Road Male Juvenile 15/04/2011
SG/EHI/PM56/Y11 Island Club Road Male Adult 15/04/2011
SG/EHI/PM57/Y 11 Chestnut Avenue Female Adult 20/04/2011
SG/EHI/PM58/Y 11 Tanjong Pagar Community Club Male Adult 20/04/2011
SG/EHI/PM59/Y 11 Rifle Range Road Female  Juvenile 20/04/2011
SG/EHI/PM60/Y 11 Chestnut Avenue Female Adult 26/04/2011
SG/EHI/PM61/Y11 Chestnut Avenue Female  Juvenile 26/04/2011
SG/EHI/PM62/Y 11 Chestnut Avenue Male Adult 26/04/2011
SG/EHI/PM63/Y 11 Chestnut Avenue Male Adult 26/04/2011
SG/EHI/PM64/Y11 Chestnut Avenue Male Adult 26/04/2011
SG/EHI/PM65/Y11 Keppel Club Male Adult 29/04/2011
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Appendix D: Details of wild long-tailed macaques and results of the species-
specific nested PCR assay. Macaques highlighted were tested negative for malaria
parasites. Macques SG/EHI/'WM1/Y07 to SG/EHI/WMS86/Y11 were sampled from

the restricted-access

forest

located

the northwestern Singapore,

while

SG/EHI/'WMS87/Y 11 to SG/EHI/WMO93/Y11 were from a military offshore island.

Code Gender Age Date Malaria Species
collected screening

SG/EHI/'WMO01/Y07 Male Adult 01/11/2007 + Pk, Pfi
SG/EHI/'WMO02/Y07 Male Adult 01/11/2007 + Pk, Pcy
SG/EHI/WMO03/Y09 Male Juvenile 31/03/2009 + Pk
SG/EHI/WMO04/Y09 Male Adult 01/04/2009 + Pk
SG/EHI/WMO05/Y09 Male Adult 06/04/2009 + Pk, Pcy, Pfi
SG/EHI/WMO06/Y09 Male Juvenile 08/04/2009 + Pcy
SG/EHI/'WMO07/Y09 Male Juvenile 08/04/2009 + Pcy
SG/EHI/WMO08/Y09 Female Juvenile 08/04/2009 - -
SG/EHI/WMO09/Y09 Male Juvenile 08/04/2009 + Pcy
SG/EHI/'WM10/Y09 Male Juvenile 08/04/2009 - -
SG/EHI/WM11/Y09 Male Juvenile 08/04/2009 + Pk
SG/EHI/'WM12/Y09 Male Adult 14/04/2009 + Pk, Pcy
SG/EHI/'WM13/Y09 Male Juvenile 27/04/2009 + Pcy
SG/EHI/'WM14/Y09 Female Juvenile 27/04/2009 + Pk, Pcy
SG/EHI/WM15/Y09 Male Juvenile 27/04/2009 + Pk, Pfi, Pct
SG/EHI/WM16/Y09 Female Adult 07/05/2009 + Pk, Pcy
SG/EHI/WM17/Y09 Female Juvenile 25/06/2009 + Pk
SG/EHI/WM18/Y09 Female Juvenile 09/07/2009 + Pcy, Pfi
SG/EHI/WM19/Y09 Female Juvenile 09/07/2009 + Pk, Pcy, Pfi
SG/EHI/'WM20/Y09 Female Adult 07/08/2009 + Pk
SG/EHI/WM21/Y09 Female Juvenile 14/08/2009 + Pcy
SG/EHI/'WM22/Y09 Male Adult 18/08/2009 - -
SG/EHI/'WM23/Y09 Female Adult 01/09/2009 + Pcy
SG/EHI/'WM24/Y09 Female Juvenile 09/09/2009 + Pk
SG/EHI/'WM25/Y09 Male Adult 15/09/2009 + Pcy
SG/EHI/'WM26/Y09 Male Adult 25/09/2009 + Pk
SG/EHI/'WM27/Y09 Male Adult 02/10/2009 - -
SG/EHI/'WM28/Y09 Female Adult 06/10/2009 - -
SG/EHI/'WM29/Y09 Male Adult 13/10/2009 + Pk, Pcy
SG/EHI/'WM30/Y09 Male Adult 16/10/2009 + Pcy
SG/EHI/'WM31/Y09 Female Adult 20/10/2009 + Pk, Pcy
SG/EHI/'WM32/Y09 Male Adult 05/11/2009 + Pk, Pcy, Pfi
SG/EHI/'WM33/Y09 Male Adult 05/11/2009 + Pk, Pcy
SG/EHI/'WM34/Y09 Male Juvenile 05/11/2009 + Pcy
SG/EHI/'WM35/Y09 Female Juvenile 12/11/2009 + Pk
SG/EHI/'WM36/Y09 Male Adult 25/11/2009 + Pcy
SG/EHI/'WM37/Y09 Male Adult 04/12/2009 + Pcy, Pfi
SG/EHI/'WM38/Y09 Female Adult 22/12/2009 - -
SG/EHI/'WM39/Y09 Male Adult 22/12/2009 + Pk, Pcy, Pfi
SG/EHI/WM40/Y 10 Female Adult 06/01/2010 - -
SG/EHI/WM41/Y10 Male Adult 06/01/2010 + Pcy
SG/EHI/WM42/Y 10 Male Adult 22/01/2010 + Pcy
SG/EHI/WM43/Y 10 Male Adult 27/01/2010 - -
SG/EHI/WM44/Y 10 Female Adult 11/02/2010 + Pcy, Pfi
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Appendix D continued

Code Gender Age Date Malaria Species
collected screening

SG/EHI/WM45/Y 10 Male Juvenile 12/02/2010 + Pk, Pcy
SG/EHI/WM46/Y 10 Male Adult 12/02/2010 + Pcy
SG/EHI/WM47/Y 10 Male Adult 23/02/2010 + Pcy
SG/EHI/WM48/Y 10 Male Juvenile 23/02/2010 + Pk
SG/EHI/WM49/Y 10 Female Adult 23/02/2010 + Pk
SG/EHI/WM50/Y 10 Female Adult 16/11/2010 + Pk
SG/EHI/WM51/Y10 Male Adult 19/11/2010 + Pk, Pcy
SG/EHI/WM52/Y 10 Male Adult 23/11/2010 + Pk
SG/EHI/WMS53/Y 10 Male Juvenile 23/11/2010 - -
SG/EHI/WM54/Y 10 Female Adult 23/11/2010 + Pk
SG/EHI/WMS55/Y 10 Male Juvenile 25/11/2010 + Pcy
SG/EHI/WM56/Y 10 Female Adult 29/11/2010 + Pk, Pfi
SG/EHI/WMS57/Y 10 Female Adult 29/11/2010 + Pk, Pcy
SG/EHI/WMS58/Y09 Male Adult 03/12/2010 - -
SG/EHI/WM59/Y 10 Male Adult 08/12/2010 + Pk, Pct
SG/EHI/WM60/Y 10 Female Adult 08/12/2010 - -
SG/EHI/WM61/Y 10 Female Adult 10/12/2010 - -
SG/EHI/WM62/Y 10 Male Adult 14/12/2010 - -
SG/EHI/WM63/Y 10 Male Adult 14/12/2010 + Pk
SG/EHI/'WM64/Y 10 Too small for blood collection
SG/EHI/WM65/Y 10 Female Adult 16/12/2010 + Pk, Pfi
SG/EHI/WM66/Y 10 Female Adult 16/12/2010 + Pk, Pcy
SG/EHI/WM67/Y 10 Female Adult 20/12/2010 - -
SG/EHI/WM68/Y 10 Male Adult 22/12/2010 + Pk
SG/EHI/WM69/Y 10 Male Juvenile 22/12/2010 + Pk
SG/EHI/WM70/Y10 Female Adult 22/12/2010 + Pk, Pcy
SG/EHI/'WM71/Y10 Female Adult 27/12/2010 + Pcy
SG/EHI/'WM72/Y 10 Female Adult 30/12/2010 - -
SG/EHI/WM?73/Y10 Female Adult 30/12/2010 + Pk, Pcy
SG/EHI/WM74/Y11 Female Juvenile 04/01/2011 + Pk
SG/EHI/WM?75/Y11 Male Juvenile 04/01/2011 + Pcy
SG/EHI/WM76/Y11 Male Adult 07/01/2011 + Pk
SG/EHI/WM77/Y 11 Female Juvenile 18/01/2011 - -
SG/EHI/WM78/Y11 Female Adult 28/01/2011 - -
SG/EHI/WM79/Y11 Female Adult 03/03/2011 + Pcy
SG/EHI/WMB80/Y 11 Male Adult 10/03/2011 + Pk
SG/EHI/WMS81/Y11 Female Juvenile 17/03/2011 + Pk, Pcy
SG/EHI/WM82/Y 11 Male Adult 25/03/2011 - -
SG/EHI/WM83/Y11 Male Juvenile 29/03/2011 + Pk
SG/EHI/WM84/Y 11 Female Juvenile 01/04/2011 + Pk, Pcy
SG/EHI/WMS85/Y 11 Male Juvenile 15/04/2011 - -
SG/EHI/WMS86/Y 11 Male Juvenile 26/04/2011 - -
SG/EHI/WMS87/Y11 Male Adult 20/05/2011 - -
SG/EHI/WM88/Y11 Male Adult 20/05/2011 - -
SG/EHI/WM89/Y11 Male Adult 20/05/2011 - -
SG/EHI/WM90/Y11 Male Adult 20/05/2011 - -
SG/EHI/WM91/Y11 Male Adult 20/05/2011 + Pk, Pin
SG/EHI/WM92/Y11 Male Adult 20/05/2011 - -

SG/EHI/WM93/Y111 Female Adult 20/05/2011 - -

Plasmodium coatneyi, P. cynomolgi, P. fieldi, P. inui and P. knowlesi were denoted by Pct,
Pcy, Pfi, Pin and Pk, respectively.
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Appendix E: DNA sequences of the csp genes (with GenBank accession number)

P. coatneyi, CDC (JQ219880)
LTGRAGALCTTCATTCTCTTGGCCETTTCTICCATCCTRTTGETEEACTTETTCCCCACGCACTTCGEACATARTGTAGATCTCTCCAGEGCCATARATT 100
M K N F I L L AV 5§55 1 LLVDLFPTHFGHNYDLSREATIN

TRAATGCAGTARGCTTCAATARTCTAGACACCAGTTTACT TGECACAGCACARCTARGACARAGTECTAGCCGAGECARAGCACTTEGTCAGRRACCARE 200
L NGVY S FNNYVYVDTSLLGAAQVRIS ASRGRGLGETHKTEPK

AR AR CCCECARRRR AL AL A ACAACCARAR AR CCCARRT AR ATAAGCTGARGCAACCAGTAGATGRAGCACGAGATCGACCAGCACCARCAGCE 300
K K A E KK EE E P KKPNENKLKIPVYVDGARTDGEPAPLA

GATGGAGCAAGAGATGEACCAGCACCAGCAGCAGATGEAGCACCAGATGEACCAGCACCAGCAGCAGATGAAGCAAGACATGEACCAGCACCAGCAGCAE 400
b GARDGPAPAADGARTDSG®RPAPAADGARTDG®PAPRAA

LTGGAGCARGAGATGGACCAGCACCAGCAGCACATGEAGCARGACATCGACCAGCACCAGCAGCACATGGAGCACCAGATCEACCAGCACCAGCAGCAGE 500
b G ARDG®PAPAADGASRTDGPAPAADGARTDGPAPRPAATD

TGGAGCARGAGATOCGCCAGCACCACCAGCCAATGGARCARGACATCEGCCAGCACCACCAGCAGCAGAT GCACCACCACATGEACCAGCACCACCAGCE 400
G ARDGPAPPADGARTDGPAPPAADGARTDGE PAPRPPA

GCAGATGGAGCACEAGATGEGCCARCACCACCAGCAGEACAAGEAGGAGEARATGCARCAGGCCARCGCACARGEAGCARCARATCCCGRARACARRRRAE 700
ADGARDG®PAPPAGODGGGNAAGOOAOQGGS GNAGHNEKK

CRGEAGACGCAGCTGGARACGCAGEARCAGCARARGEACACGEACARRRTARTCARGETGCGARTETCCCARATGAGARAGTTGTGAATCATTACCTACE  £00
A G D AALEGNAGAALAKGQGONNEGANVPENEKVYNDY LG

GRARATTAGATCTACCETTACCACCGAATGEACTCCATGCAGTGTAACCTCTGEARARTGGTGTARGACTTAGAAGARAAGCTCATGCAGARARGARARAR 800
K I RS TVYTTEWTPCSVYVYTCOCGHNGVYRILRRIEKAHRAETEKZKK

CCAGAGGACCTTACCATGEATGACCTTCACCTGEARCTTTCTGCART CEATALGTGCACTEGCATATTTAACTTTETGAGTARTTCATTAGECCTAGTCE 1000
pPEDLTMDEDLDVEVYCAMDIKCAG I FNFYSNSISLGLYV

TATTGTTAGTCCTAGCATTATTCAATTAR
L L v L ALFN

P. fieldi, CDC (JQ219881)

ATGRAGAACTTCATTCTCTITGECCGTITCTTCCATCCTGTTGETGEACTTETTCCCCACACACTGCEGGCATAATGTAGATCTCTCCAGGECCATARATT 100
M K N F I L L AV S S I L LV DLFPTHICGH HNWVDILSRAIN

TRRATGGAGTARGCTTCARTAATGTAGACGCCAGT TCACTTGGCGCAGCACAGGTARCGACARRGTCCTAGCCGAGGCAGRGCACTTGETCAGRACCCARR 200
L NGV S F NMNWVDASSLGAAQVRQS ASRGHRGLGEWNPK

AGACCATGARA LA CCTCAT AR CA R L L L CCACCAR AR L A TACGAACCARAR A CCCACATCARRRTARCCTGARACRACCAGTCCCAGERGCE 300
bD D E K ADKUPKHKKTDE K KV EP KKWPHEWNI KL KQPV PG A

RATCRGGARGGCCEAGCAGCAGCCCCAGGAGCRAARTCAGCGARGETGEAGCAGCAGCACCAGCAGCARACCAGGEAGCTGEACGCAGCAECACCAGGABCAR 400
N O E GG A A A P G A NOQEGGAAAPG AN GG GGG AAAPRG A

ACCAGCAAGGTCCAGCRAGCAGCACCACEAGCARACCAGGCAGCTGCARAGCCAGCRCEAGTACACCEACRRRATARTGAACCTGCGRATRAAGCCAGRTGR 500
N O E GG A A A PG A NOQGG A KPAGV QGO NNETGANEKP D E

AR RGCATGTGARAGAATATCTACAGRARATTAGATCTACCETTEGCACCGRATGGRCTCCATGCACTGTARCCTETCGARRCGECTCGTAACGACTTACGRAGR 00
K H VvV K E Y L E K I R STV GTEWT®PTCS VT COGIEKTEGVRVRR

ARRCTTAATGCAGETGACAARARACCARATAAGCTTACTCTGARTGACCT TGAGGCAGARGTTTGTACAAT GGATAAGTGCGCTGGCATATTTARCETTG 700
K L N AG D K K PDK LT L NZDILEAEWVCTMDEKTCAG I F NV

TGAGTARTTCATTAGGGCIAGTCATATTATTAGTCCTAGCATTATICARTITAR
vV § NS L G L V I L L Vv L AL F N
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P. inui, CDC (JQ219882)

ATGAAGARCTTCATTCTCTTEGCCGTTTCGTCCATCCTETTEGTGGACTTATTCCCCACACACTGOGEGCATCATETAGATCTCTCCAGAGCCATARATT 100
M K N F | L L AV S5 S I L LV DLF®PTHTCLCSGHU DUVYTDIL S RA I N

TALATGGAGTAAGCTTCAATARTGTAGACGCCAGTICACTTGGCGCCGCACAGETARGACARAGTGCTAGCCGAGGCAGAGCACTTGETGAAGACCCARR 200
L NGV S F NNWV D ASS L GAAQVYV RAQS5AS R GRGG L G E D P K

LGACCAGGAAGGAGETCCTARGEEARLAR L GARGEEARRLAR A GEAGRACCARARRACCCACCTGARARGARACCTEARACAGCCAGCACRARGACCCCGER 300
D@ E GG P KOG K K KG K KOG EP K NP PEKNLKQP AQTDPSG

GCACCAGGACAGGATCCAGGAGCACCAGGACAGGATCCAGGAGCACCAGGACAGGATCCAGGAGCACCAGGACAGGACCCAGGAGCACCAGGACAGGACC 400
A P GQDOPGAPGAQTD®PGAPGOQTDPGAPGAQD®PGAPGIQTD

CAGGAGCACCAGGACAGGCCCCAGGAGCACCAGGACAGEACCCAGGAGCACCAGGRACAGGACCCAGGAGCACCAGGACAGGACCCAGGAGCACCAGGACA 500
P G A P GOQAPGAPGOQD®PSGAPGOQDPGA®PRPGOQTD®PSGAPRPGDAQ

GECCCCAGGAGCACCAGCGACAGEACCCAGGAGCACCAGEACAGECCOCAGGAGCACCAGGACAGGACCCAGCAGCACCAGGACAGGATCCAGCAGCACCE /00
A P G A P GOQDPGAPGOQAPRPGAPGOQDPRPGAPRPGQDP A AP

GEACAGGATCCAGCAGCACCAGCCCEAGACCCAGCAGCACCAGEACAGCATCCAGGAGCACCAGCACARRACCCAGETGETCCAGCACARRARACCCAGGAG  T00
G g 0P A A P A RD®PAAPGOQODPRPRGAPAQGNPGGP ADOQONZPG

GACCAGCACARARGCCAGCAGGACCAGCACAGAAGCCAGCAGGACCAGCACGARACECAGGAGALGEAGCAGGARATGCGEEAGATGATARATGCCCCAGRE 8OO
G P A Q K P A G P A QK P A G P ARNAGETGAGNHNAG? DTDMNAPRPTD

TGARAAGETTGTGARAGATTACCTAGAGAAAGTGARATCTARCCTTACCACCGRAATGEAGTGTATGCAGTGTARGCTGTGEACAGGGTGTAAGAGTTAGE 900
E KV V KDY L E KV KS5HNLTTEWSV CS5V S§CGQG6 YV R VR

AGRRRAGTTAGTGCATCTAACAAGARACCAGAGGRACTTACTCTGEATGACCTTGAGGTAGARATTTGTARRATGGAGRAGTGCGCTAGCATATTTARCE 1000
R K VvV 5§ A 5§ N K K P E E L T L DODLEV E I CKMEKTCAS | F N

TIGTGAGTAATTCATTAGGEETAGTAATATTGCTAGTCCTAGCATTATTICRATTAR
v v 3 NS L GV vV I L L Vv L A L F N

SG/EHI/H1/Y07-15 (P. knowlesi; JQ219893)

ATERAGRACTTCATTCTICTTGGCCGTCTCCTCCATCCTRCTGGTGRACTTGCTCCCCACACACTTCGARCATAATGTAGATCTCTCCAGGGCCATARATE 100
M K N F I L L AV S5 S5 1 L L Vv DLLPTM®HFEHNWVDIL SR A | N

TRRATGGAGTAAGCTICARTARTGTAGACACCAGTTCACTIGGCGCAGCACAGGTGREACARAGTGCTAGCCGAGGCAGAGGACTIGETGAGRRGCCARE 200
vV NGV § F NNV DTS S§LGAAQV RQSASRGRSGLGEK P K

AGRAGGAGCTGATARAGARARGARARRAGRARARGARARAGRRRARCGARGRACCARAGARGCCARATGARARTAAGCTGARACRARCCGGRACRRCCRGCA 300
E G A D K E K K K E K E K E KEE P K K P N E N K L K QP E QP A

GCAGGAGCAGGEGGCGARCARCCAGCAGCAGGAGCAGCAGGCGRACARCCAGCAGCAGCAGCAGCAGGCCARCRAACCAGCAGCAGCAGCAGGAGGCGRAC 400
A G A GG E QP A AG AGG EQP A ALGAGGEQ®P A LAEG AG G E

AACCAGCGGCAGGAGCAGGGGECCAACARCCAGCAGCAGCAGCACCAGGCGARCARCCAGCAGCAGGAGCAGGAGGCGARCARCCAGCAGCAGGAGCAGE 300
o P A A G A GGG E QP AL AG AG G E QP AL AG AG G E QP A AG AG

AGGCGAACAACCAGCAGCAGGAGCAGGAGECEARCARCCAGCAGCAGGAGCAGGGEGCERACAACCAGCAGCAGGAGCAGGAGGCGAACRACCAGCACCE /00
G EQ P A A G A GG E QP A A G A GG E QP A AG A GG E QP AP

GCACCRAGGAGGGAACAACCAGCAGCAGGAGCAGGGEECGAACARCCAGCACCAGCACCARGRAGREAACARCCAGCACCAGGAGCAGGTGCEERAGATE 700
A P R R EOQP A AL G AGG EQ P A P AP RREQGQPAPGAG A G D

GRECACGAGGAGGARACGCAGGGECAGETARAGGACAGGEACARALCAATCAGGGTGCGRATGTCCCARATGARARAGTTGTGARTGATTACCTACACAR  BO0
G AARGGNAGAGHKSGGGQNNATGEGANVY P NEZ-KVY V NDY L HK

RATTAGATCTAGCGTTACCACCGAGTGEACTCCATGCAGTGTARCCTGTGEARATGETGTARGRAATTAGARCGRAGACAGARTGCTEGTAATARRRAGGCA 400
/| R §$ § VT T EWT®PCSVTCGNMNGVY R I RRROQNAGNIEK KA

GAGEACCTTACTATGGATGACCTTEAGGTGEAAGCTTETGTARTGEATARGTGCGCTGECATATTTAACGTTGTCAGTARTTCATTAGGCTTAGTCATAT 1000
EDLTMODODLEVYEACVMDKCAG I F NVY VS5 NS L G LV

TGTTAGTCTTAGCATTATTCRAATTAR
L L v L A L F N
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SG/EHI/H2/Y07-12 (P. knowlesi; JQ219894)

ATGRAGAACTTCATTCICTTGGCCGICTCCTCCATCCTGCTGGIGRACTIGCTCCCCACACACTTCGARCATARTGTAGATCTCTCCAGGGCCATARRTG 100
M K N F I L L A VvV 5 S5 | L LV DULL®PTHFEMHNYVY DL S RAI N

TAAATGGAGTAAGCTTCAATAATGTAGACACCAGT TCACTTGECECAGCACAGETGAGACARAGTGCTAGCCGAGGCAGAGGACTTGETGAGAAGCCARE 200
vV NGV §F NNV DTS S5 LGAAQVROQS ASRGARGLGEHKP K

LGAAGGAGCTGATARAGARAAGAR A N N CAR R A N CAL R A GA R R GRAGARCCARAGRAGCCARATGARLATAAGCTGRARCARCCGCARCRACCRAGCE 300
E G A D K E K K K E K E K E K E E P K K P N E N K L K QP E 0 P A

GCRGGRGCAGGEGGCGAACARCCRGCAGCAGGRGCAGGAGGCCEAACRACCRGCAGCAGGAGCAGEAGGCEARCRACCAGCAGCAGGAECAGEAGGCEARC 400
& G A G GEOQP A AG AGGEQPAALEGAGGEQ®P A LAEG AGGE

AACCAGCGGCAGGAGCAGEGEGECEARCAACCAGCAGCAGGAGCAGEAGECGARCAACCAGCAGCAGEAGCAGGRAGECGARCARCCAGCAGCAGGAGCAGE 300
g P A A G A GG E QP A ALG AGGEQ®PR®P A AG AGGEQ P ALELAEGAG

LGGCGAACAACCAGCAGCAGGAGCAGEAGGCGAACAACCAGCAGCAGGAGCAGEGEECGAACAACCAGCAGCAGGAGCAGEAGGCGRACRACCAGCACCE 00
G EOQ P A AG AG G EOQOPRP A AGAGGEQ P A AG AG G E Q P AP

GCACCARGGAGGCARCARCCAGCAGCAGCAGCAGEGEGCCARCARCCAGCACCAGCACCARCGAGGCARCARCCAGCACCAGCAGCAGETGOGEGAGATE 700
& P R REOQOPAALG AGGEOQ P AP APRGREGQ®P AP G AG A G D

GAGCACGAGGAGGARACGCAGGGGCAGETARAGCACAGEEACARARCARTCAGGGTGCGRATGTCCCARATGARARRGTTGTGARTGATTACCTACACRR 800
G AR GG NAG AG K GOQ GAQNNOITGANVYV P NEIKWVY V NDY L HK

AATTAGATCTAGCETTACCACCEAGTIGRACTCCATGCAGTGTARCCTGTGRARATGGTGTARGAATTAGARGARGACAGRATGCTGGTAATARARAGGCA 400
/IR § §8 v 1T T1T EWT®PCSVTCGNSGVY R I RRRQNAGNIHK KA

GAGGACCTTACTATGRATGACCT TGAGRTGEAAGCTTGTGTARTGGATAAGTGCGCTGECATATTTAACGTTGTGAGTAATTCATTAGSCTTAGTCATAT 1000
EDLTMODODILEV EACV MDKTCAG I F NV V SNS LG L VI

TGTTAGTCTTAGCATTATTCARTTAR
L L v L & L F N

SG/EHI/H7/Y07-01 (P. knowlesi; JQ219895)

ATGAAGRACTTCATTCTCTTGGCCGTCTCCTCCATCCTGCTGGTGRACTTECTCCCCACACACTTCCARCATAATGTAGATCTCTCCAGEGCCATARRTE 100
M K N F I L L AV s S5§5 I L L VY DL L PTHFEHNWVY DL S R A I N

TAARTGCAGTALGCTTCARTARTGTAGACACCAGTTCACTTGGCGCAGCACAGETGAGACARAGTGCTAGCCOACGCAGAGGACTTGETGAGAAGCCARR 200
vV NGV 38 F NNV DTS S LG A AOQV RQOQSASRGRG LG E K P K

AGARGGAGCTGATARAGARRAGARARAAGARR AR GGARRAGARALAGAAGARGRACCARAGARGCCARATGARARTARGCTGARACRAACCGRAATGARGEE 300
E G A D KE KK K E K G K E KEETE®PK K P NEMNIKLKQPNESG

CARCCACARGCACAGGGTGRATGGAGCARATGCAGGACAACCACAAGCACAAGCAGAT GEAGCAAATGCAGGACRACCACRAGCACAGGETGATGGAGCAR 400
g POQ A OQGDGANAGOOQ®?POQAOQGDGANOAGOQ®PDQADQGDCG A

ATGCAGGACARCCACARGCACAGEETCATGGAGCARATGCAGCACRACCACARGCACARGCAGATCOAGCARATGCAGCACRACCACRAGCACAGEETGE 300
N AGQ POQAQGDGANAGOC®POQAOQGDOGANAGO Q®POQAQGTD

TGEAGCRRRTGCAGGGCRACCACARGCACAGEETGAT CEAGCARATGCAGCACRRACCACARGCACRAGGRAGATGEAGCARATGCAGGACRRCCACRRGCE (00
G AN A GQPOQAQGTDGANAGA Q®PQAQGTDGANAGAQTPQQA

CAAGEAGATGEAGCARATGCAGEACAACCACARGCACAGCETGATGOAGCARATGCAGGACAACCACLAGCACAGECTCATAGEECGARTGCAGGACRRC  T00
o 6 o0 G A N A G QPO AOQGDGANAGOQ PO AQGTDRANAGQ

CACRAGCACRAGGAGATGGGGCARRTGTACCACGACARGGRARGARRCGEGEEAGETGCACCAGCAGCGAGGARATCAGGGEAATARACRAGCAGEARRRGE A00
P Q0 A QGDGAWNWVPROQGRMNSGS GT GAPAGSGNMNETGWHNI KU QGHAGKG

ACAGEGACRARACAATCAGEGTGCGARTGCCCCARATGARARRGTTGTGAATGATTACCTACACARRATTAGATCTAGCETTACCACCEAGTRGACTCCA 900
@ G @ N N QG A NAPNEZKV V NDY L HK I RS S5 VT TEWTP

TGCAGTGTARCCTGTGEARATGETCTARGAATTAGAAGAAR R GCTCATCCAGGTARTARARACGCACAGCACCTTACTATGGATGACCTTCGAGETGGRARG 1000
c s v T CGNUGVYV R I R RKAHWAGNI KK AETDILTMODOZDILEV E

CTTGTGTARTGEATARGTGCGCTGECATATTTARCGTTGTGAGTARTTCATTAGGCTTAGTCATATTGTTAGTCCTAGCATTATTCARTTRA
A CV MDKTCAG I F NV V S NS5 LG LV I L LV L AL F N
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SG/EHI/H24/Y08-10 (P. knowlesi; JQ219896)

ATGAAGLACTTCATTCTCTTGGCCGTCTCCTCCATCCTGCTGGTERACTTECTCCCCACACACTTCCGARCATAATGTAGATCTCTCCAGGGCCATARRTE 100
M K N F I L L AV s S5§5 I L L VY DL L PTHFEHNWVY DL S R A I N

TARATGGAGTARGCTTCRATARTGTAGACACCAGTTCACTTGGCECAGCACAGGTGAGACRARGTGCTAGCCCAGGCACGAGGACTTGETGACGRRAGCCRRR 200
vV NGV S F NNV DTS S L G A AQV RQOQSASHARGRSG LG E K P K

AGARGGAGCTGATARRGARAAGAR AR A GARR A CALCARGAACCARAGRAGCCARATGARARTARGCTGARACAACCGEATGCAGTACCAGEEEGCEAR 300
E G A D K E K K K E K EE E P K K P N ENK L KQ P D AV P G G E

GAACCAGCACCAGGARGGGRACAGCCAGCACCAGGARCECEAGGRACCAGCACCAGGRAAGEGARCAGCCAGCACCAGGAAGGGRAACGRAACCAGCACCAGGRAR 400
E P AP GREQ®PA®PGRETE®PAPGREQ®PAPGRETEPAPG

GGEARCAGCCAGCACCAGGRAGGEALGAACCAGCECCAGGRAGERRACAGCCAGCACCAGGARGECGLACAGCCAGCACCAGEARGEEAGGRACCAGCACC 500
R EQ P A P G R EE®P AL P GREQ®PAPGSREOQ®PA®PGRETEP AP

AGGAAGGGARCAACCAGCACCAGGAAGGGAGEAACCAGCACCAGCEAAGGGARCAACCAGCACCAGGARACGGGAACAGCCAGCACCAGEAAGGERACAGCCE 600
G R EQ P A PG REEWPAPGREOQ®PAPGREQPAPG R E QP

GCACCGGEEGEETGRACARCCAGCACCAGGARGEERRACAGCCAGCACCEEETGETGARCAACCAGCACCAGCACCAGGACGCAGGTECEEEAGATEEAGCAC 700
A P G G E QP A P G R EOQOP AP GG EOQ P A P AP G AG AGTDG A

GAGGRGGARACGCAGGEECAGECAALGEACAGEGACAARACARTCAGGGTGCALATGTCCCARATGARRRAGTTGTGRATGATTACCTACACRRRATTAG 800
R GG N A G A G K GOQGOQNNOQGGANVY P NEIKWV V NDY L HK I R

ATCTAGCGTTACCACCGAGTGGACTCCATGCAGTGTARCCTGTGEARATGETGTARGRATTAGARGRAARAGETCATGCAGGTARTARARAGGCAGAGGAC 900
s s v T T EWTZ®PCS VT CGNGV R I RRHKOGHAGNI K K AED

CTTACTATGGATGACCTTGAGGTGEAAGCTTGTGTARTGEATARGTGCGCTGECATATTTAACGTTGTGAGTARTTCATTAGGCTTAGTCATATTGTTAG 1000
L T M DD L EV EACV MDEKTCAG I F NV V S5 NS L G L V I L L

TCCTAGCATTIATTICAATTRA
v L A L F N

SG/EHI/H1-im/Y09 -17 (P. knowlesi; JQ219883)

ATGAGGAACTTCATTCTCTTGGCCGTCTCCTCCATCCTGCTGATEGACTIGCTCCCCACACACTTCGRAACATRAATGTAGATCTCTCCAGGGCCATARATE 100
M R N F I L L A V¥V 5 5 | L L ¥V D L L P T HF E H N V D L S R A | N

TRALTGGACGTAAGCTTCARATARTGTAGACACCAGTTCACTTGECECAGCACAGGTARGACARAGTGCTAGCCEAGGCAGRAGGACTTGETCGAGRAGCCARE 200
v N G ¥V 5§ F N N ¥V D T S5 5 L G A A Q V RQ S A S RGRG L G E K P K

ACGLAGGAGATGATARAGA R L G AR A L CAR AL A CRA LA G CALGARCCARAGRAGCTARRTCAARATRATCCGRRRARARCCCGRATGRRAGRAGETGRAT 300
E G D D K E K K K £E K E K E E E P K K L N E N N P K K P N E E G D

GGAGCTAAGCTGARACRARACCERARATGAAGAAGGTGATECAGCTARGCTGARACAACCCAATGCACGAAGGTGGAGCTARGCTGARACARACCGRAATGCGERRG 400
G A K L K Q P N EE G D G A K L K O P N A E G G A K L K Q P N A E

GTGGAGCARATGCAGGACRAACCGAATGCAGRAGETERAGCARATGCAGGACAACCCGAATGCACGAAGGTGGAGCARATEGCAGCGACRACCERATGCAGETEE 500
G G AN A G OQ P N A E GG A N A G QP N AE GG A N A G QP N A G G

AGCRARRTGCAGGACAACCEAATGCAGRARGETGGAGCARATGCAGGACAACCGAATGCAGAACGETGCAGCARATGCAGGACAACCGAATECACGRARGETEREE 600
A N A G Q@ P N A E G G A N A G Q P N A E G G A N A G QO P N A E G G

GCARATGCACGACRACCERAATGCAGRAGGTGGACGCARATGCACCGACAACCTARATGCAGRAAGCETGCAGCARATGCAGGACRACCCGRAATGCAGRRAGGTEGRG 700
A N A& R Q@ P N A E G G A N A R Q P N A E G G A N A G QO P N A E G G

CRALTGCRGEACRACCCARTGCAGARGGTGCAGCARATECAGGACARCCGRATECAGRAGETGGAGCARATGCACGRCRAACCTRARTGCAGRAGGTEEAGE 800
A N A G Q P N A E G G A N & G Q P N A E G G A N A R Q P N A E G G A

AR CGCAGGACAACCGRATGCACGARGETCEAGCARATCCAGGACAACCEAATCCAGARGGTGEAGCARATGCACGACAGCCACAGGCAGRAGETGETGREA 800
N A G Q@ P N A E G G A N A G O P N A E G G A N A R QP Q A E G G G

GCARATGCACCGACAGCCACAGGCAGRAGETGETGEAGCARATGCACGACAAGEACGCARATGAGGGCAATARACAAGCAGEARAAGCACRAGGGACARRRCE 1000
A N A R Q P Q A E G GG A N AR OQGGNEGNIKQAG K G Q G QN

ATCAGGGTGCGAATGCCCCARATGAR AR R ETTGTARATCGATTACCTACAGRAARATTAGATCTAGCGTTACCATCGAGTGGACTCCATECAGTGTRARCCTE 1100
N Q@ G A N A P N E K V ¥V N DY L QK I R S 5 V T I EWT P CS V T C

TGGARATGETCTAAGARTTAGRARGARGAGCTCATGCACGATARGARALAGGCACGAGCACCTTACTATGGATGACCTTGRAAGTGCARAGCTTGTGTRARTEEAT 1200
G N G V R I R R R A H A D K K K A E D L T MDD L E V E A C V M D

AL GTGIGCTIGCCATATTTRAACGT TG TGAGTARTTCATTAGGETTAGTRAATATTGTTAGTCCTAGCATTATTCRAATTAR
K C A G | F N ¥V ¥V 5 N 5 L G L V | L L v L A L F N
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SG/EHI/H1-im/Y09 -25 (P. knowlesi; JQ219884)

ATGRARGAACTTCATTCTCTTGECCGTCTCCTCCATCCTGCTGRTGEACTIGCTCCCCACACACTTCGRARCATARTGTAGATCTCTCCAGGRCCATARATE 100
M K N F I L L A VY 5§ 5 | L L V¥V DL L PTHT FEMHNWV DL S§ R A I N

TAAATGGAGTAAGCTTCAATAATGTAGACACCAGTTCACTTGECGCAGCACAGETARGACARAGTGCTAGCCGAGGCAGAGGACTTGETGAGAAGCCARE 200
v NGV 5§ F NNV DTS S5 L G A AQ VYV R QS5 A S5 R G6RG L G E K P K

AGRAAGGAGATGATARAGARAAAGAAL AR GARR R GALA AR GARCARGALRCCARAGAAGCTARATGARRATARTCCGARRRRAACCGAATGARGARGETGAT 300
E G DD K E K K K E K E K E E E P K K L N E NNUP K K P NZETETGD

GGAGCTAAGCTGAAACAACCGAATGALGAAGGTGATGEAGCTALGCTGARACLACCGAATGCAGAAGGTGGAGCTAAGCTGARLACARACCGAATGCAGLRAG 400
G A K L £ Q P N EE G DG A K L K QP NAEGG A K L K QP N A E

GTGEGAGCARATGCAGGACAACCGRATECAGARAGETGEACGCARATGCAGEACAACCCARTGCAGRAGGTGEAGCARATCCAGGACRRCCCARTRCAGETEE 500
G G AN A GOQ P N A E GG A NALAGOQ P NAEGOGANAGAUQGPNHNAGG

LGCLARTGCAGGACAACCEAATGCAGARGETGGAGCALATGCAGCACALCCEAATGCAGAAGGTGEAGCARATGCAGGACAACCGRATGCAGAAGETGEE  &00
A N A G QP N A E GG ANAGOQPHNAETGTGANAGA OQ®PNATETGG

GCLARTGCACGACAACCEAATGCAGALGETGEAGCARATGCACCACARCCTARTGCAGAAGETGOAGCARATGCAGGACALCCORATGCAGRAGETECAG 700
& N A R QP N A E G G A N A ROQPNAEGSGANUAGDI P NATEGG

CRAATGCAGGACAACCGRATGCAGARGETGGAGCARATGCAGGACAACCGARATGCAGARGETGEAGCARATGCACGACARCCTARTGCAGRAGETGEAGE 800
AN A G Q@ P N AEG G ANAGOQPNATESGT GANARTDGPNATETGTG A

LARCGCAGEACAACCGRATGCAGRAGETGEAGCARATGCAGGACARCCGAATCGCAGRAGGTGEAGCARATGCACGACAGCCACAGGCAGRAGETGETGEE 300
N A G Q P N A E G G A N A GO P N AE GG A NAROQP QT AEG G G

GCRARTGCACGACAGCCACAGECAGRAGETGGTGRAGCARATGCACCACARGEAGGRART GAGCEGCEARTARARCAAGCACGRARAGGACAGGGACRRRRCE 1000
& N A R Q P Q A E G GG A N A ROQGGNESGNWHKQOQAG KGO G QN

ATCAGGGTECERAATGCCCCARATGRAARARGTTGTARATGACTACCTACAGRRRATTAGATCTAGCGTTACCATCGAGTEGACTCCATGCAGTGTRAACTTG 1100
N Q@ 6 A N A P NEIKV VY NDY L QK I RS S VT I EWT®PCSV TC

TGEARATGETETALGAATTAGAAGAAGAGCTCATGCAGATARGARALALGGCAGAGGACCTTACTATGGATGACCTIGAAGTGEARGCTTGTGTARTGRAT 1200
G NGV R I RRRAMHADIKI KK AEUDLTMODTZ DILEV E ACV MOD

AL ETEIGCTEECATAT TIAACET TG EAGTARTTCATTAGGETTAGTAATATIGTTAGTCCTAGCATTATTCRATTIRR
K ¢ A G I F NV V S5 NS LG LV I L L V L A L F N

SG/EHI/H1-im/Y09 -80 (P. knowlesi; JQ219885)

ATGRARGRACTTCATTCTCTTGECCETCTCCTCCATCCTGCTGRTGEACTTGCTCCCCACACACTTCGRARCATARTGTAGATCTCTCCAGGECCATARATE 100
M K N F I L L A VY 5 5 I L LV DL L P T HTFEHNWV DL S R A | N

TARATGGAGTAAGCTTCAATARTGTAGACACCAGTTCACTTGECECAGCACAGETAAGACARAGTECTAGCCGAGGCAGAGGACTTGETGAGRAGCCARE 200
vV NG VvV 5 F NNV DTS S L G A AQVYV ROQOS A S RGRG L G E K P K

AGAAGGAGATGATAAAGARAAGAAR AL CAR AR CARRARGARGALGAACCARAGRAGCTARATCARARATAATCCGRARAARARACCGAATGRAGRAAGETGAT 300
E G D D K E K K K E K E K E E E P K K L N E N NP KK P NEEG D

GGAGCTARGCTGAAACAACCEARTGALGAAGGTGATGEAGCTALGCTGARACALCCGAATGCAGAAGGTGGAGCARATGCAGGACARACCGRAATGCAGRAG 400
G A K L K Q P N E E G D G A K L K OQ P N AE GG A N A G OQ P N A E

GTGGAGCARATGCAGEACRACCGRATECAGRRAGETGEAGCARATGCACCGACARCCTARTCCAGRAGGTGCAGCARACGCAGGACRRCCCARTGCAGRAGE 500
G G AN A GOQ P N AZEGGANAROGQPMNAEGSGANAGAU QPN AEG

TGEAGCRARATGCAGGACRACCGARTGCAGRAGGTGEAGCRRRTGCACGACAGCCACAGGCAGRAGETGETGEAGCARATGCACGACAGCCACAGGCRAGRE 600
G AN A G OQ P N A E G G A NAROQPOQ A E GGG A NAL R QP QO A E

GETEETGEAGCARATGCACCGACARCEACGRARAT CAGCGCEAATARACARGCAGCARAAGCACACGEACRARACAATCAGCGTCGCERAATCCCCCARATCARRE 700
G 6 G A N A R OQQGGHNESGWMNIHKQQAG K G600 G Q N NOITGANAPRP NE

AACTTGTARATGATTACCTACAGARRATTAGATCTAGCGTTACCATCGAGTGEACTCCATGCAGTGTARCCTGTGGARATCGETGTRAAGRATTAGRAGRRAG 800
K v ¥ N D ¥ L Q K I R 5§ 5 Vv T I EWTPCSV T COGNHNGV R I R R R

AGCTCATGCAGATARGARRRAGGCAGAGGACCTTACTATGGATCACCTTGARCGTGGRAGCTTETGTAATCEATRAAGTETGCTGGCATATTTARCGTTICTE 900
A H A D K K K A E O L T MDD L E VY E A CV MDIKCAG | F NV V

AGTAATTCATTAGGGTTAGTAATATTGTTAGTCCTAGCATTATTCARTTRA
S N5 L G L Vv I L L Vv L A L F N
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SG/EHI/H1-im/Y09 -95 (P. knowlesi; JQ219886)

ATGRAGRACTTCATTCTCTTGGCCGETICTCCTCCATCCTGCTGETGGACTTIGCTCCCCACACACTTCGAACATARTGTAGATCTCTCCAGGECCATARATE 100
M K N F I L L A ¥V S5 5 | L L ¥ D L L P T HF E H N VYV D L 5 R A | N

TARATGGAGTAAGCCTCARATARTGTAGACACCAGTTCACTIGECGCAGCACAGETARCGACARAGTGCTAGCCGAGGCAGAGCGACTTGATGAGRRAGCCRARE 200
v N G ¥V 5§ L N NV DT S5 S5 L G A A Q V RQ S A S RGRG L G E K P K

ACGARAGGRAGATGATARACGAR A A CGAR A A L LA AR A AR AR A CAACARCGAACCARAGAAGCTARATCGARRATARTCCGRARARARACCGAATCGARCGARGETGAT 300
E G D D K E K K K E K E K E E E P K K L N E N N P K K P N E E G D

GGAGCTARGCTGRRAACRACCGRATGCAGRRAGGTGGAGCTARGCTGRARACARCCGRATGCAGRAGGTGGAGCRARATGCAGGACARCCGRATGCAGRRGETG 400
G A K L K Q@ P N A E G G A K L K Q@ P N A E G G A N A G Q P N A E G

GAGCARATCECAGGACARCCGRAATGCAGAAGGTGRAGCARATGCAGEACARCCEAATCGCAGCGTGCAGCARATGCAGGACRACCCGRATGCAGRRAGGTGERAGC 500
G A N A G QO P N A E G G A N A G QO P N A G G A N A G O P N A E G G A

ARRTGCRAGEACAACCGAATGCAGRAACGETGEAGCARATCTAGCGACAACCCGRAATGCAGAAGGTEEGAGCARATGCACCGACARCCGRAATGCACGRAGETGRRAGCE 00
N A G Q P N A E G G A N V G O P N A E G G A N A R QO P N A E G G A

ARTGCRACGACAACCTAATCCAGARGETGEAGCARATEGCAGGACAACCCGARTGCAGAAGGTEGEAGCARATGCAGCGACRACCGRAATGCAGRAGETGERAGCAR 700
N & R QO P N A E G G A N A G O P N A E G G A N A G QO P N A E G G A

ATGCAGGACAACCGAATECACGAAGGTGEAGCARATEGCACCGACAACCTAATGCAGRAGGTGEAGCARACGCAGGACARCCGRATGCAGRAGETGGAGCRARE 800
N A& G QO P N A E G G A N A R Q P N A E G G A N A G QO P N A E G G A N

TGCAGGRCAACCGRATGCAGRAGGTEEAGCARRTGCACGACAGCCRACAGGCACGRRAGETGGTEGAGCRARATGCACGRACAGCCACAGGCAGRAGGTGETEEE 200
A G O P N A E G G A N A R Q P Q A E G G G A N A R QP Q A E G G G

GCARATGCACCGACAAGCAGGARATGAGEGGAATARACCAGCAGCARLAGGACAGCCACAARACAATCAGGGTGCGAATEGCCCCARATCGRARRRARGTTETAR 1000
AN A R Q G G N E G N K R A G K GG QO G Q@ N NG G A N A P N E K V V

ATGATTACCTACAGAARATTAGATCTAGCETTACCATCGAGTGEACTCCATGCAGTGTARACCTGTGEGARATGETGTARGAATTAGARAGRACGAGCTCATEC 1100
N D ¥ L Q@ K I R S 5 Vv T | E W T P C S V T C G N G ¥V R I R R R A H &

AGATRARGRARAACGGCACAGCACCTTACTATGGATGACCTTGAAGTGCAAGCTIGTGTARTGEATARGTGTGCTGGCATATTTAACGTTETCAGTRAATTCE 1200
D K K K A E D L T M D D L E ¥V E A C V M D K C A G | F N ¥V ¥V 5 N 5

TTAGGGTTAGTAATATTGTTAGTCCTAGCATTATTCARTTAR
L G L v |1 L L v L A L F N

SG/EHI/H1-im/Y09 -102 (P. knowlesi; JQ219887)

ATGRAGRACTTCATTCTCTTGGCCGETICTCCTCCATCCTGCTGETGGACTTIGCTCCCCACACACTTCGAACATARTGTAGATCTCTCCAGGECCATARATE 100
M K N F I L L A ¥V S5 5 | L L ¥ D L L P T HF E H N VYV D L 5 R A | N

TRALTGGAGTAAGCTTCARTARTGTAGRCRACCAGT TCACTTGECECAGCACAGETARGACARAGTGCTAGCCEAGGCAGRGEACTTGATCGAGRAGCCRARE 200
v N G ¥V 5§ F N N ¥V D T S5 5 L G A A Q V RQ S A S RGRG L G E K P K

ACGARAGGRAGATGATARACGAR A A CGAR A A L LA AR A AR AR A CAACARCGAACCARAGAAGCTARATCGARRATARTCCGRARARARACCGAATCGARCGARGETGAT 300
E G D D K E K K K E K E K E E E P K K L N E N N P K K P N E E G D

GEAGCTARGCTGARRCRACCGART GARGARGETEATGCAGCTARGCTGARACARCCGRATCCAGRAGGTGEAGCTARGCTCARACRACCCGAATGCAGRRAG 400
G A K L K Q P N E E G D G A K L K OQ P N A E GG G A K L K Q P N A E

GTGGAGCARATGCAGGACRAACCGAATGCAGRAGETERAGCARATGCAGGACAACCCGAATGCACGAAGGTGGAGCARATEGCAGCGACRACCERATGCAGETEE 500
G G AN A G OQ P N A E GG A N A G QP N AE GG A N A G QP N A G G

AGCRARRTGCAGGACAACCEAATGCAGRARGETGGAGCARATGCAGGACAACCGAATGCAGAACGETGCAGCARATGCAGGACAACCGAATECACGRARGETEREE 600
A N A G Q@ P N A E G G A N A G Q P N A E G G A N A G QO P N A E G G

GCARATGCACGACRACCERAATGCAGRAGGTGGACGCARATGCACCGACAACCTARATGCAGRAAGCETGCAGCARATGCAGGACRACCCGRAATGCAGRRAGGTEGRG 700
A N A& R Q@ P N A E G G A N A R Q P N A E G G A N A G QO P N A E G G

CARATGCAGEACRACCCRAATGCAGARGETGGAGCARATCCAGCEACAACCGRAATECACGAAGETGCAGCARATGCACGACRACCTAATGCAGRRAGGTGERAGC 800
A N A G Q P N A E G G A N A G Q P N A E G G A N A R O P N A E G G A

ARRCGCRAGEACAACCGAATCCAGRAACGETGEAGCARATCGCAGGACAACCGRAATGCAGAAGGTEEAGCARATGCACCGACAGCCACAGGCACGRAGETGRTGREE 900
N A G Q P N A E G G A N A G O P N A E G G A N A R Q P QO A E G G G

GCARATGCACCGACAGCCACAGGCAGRAGETGETGEAGCARATGCACGACAAGEACGCARATGAGGGCAATARACAAGCAGEARAAGCACRAGGGACARRRCE 1000
AN A R QP Q A E G GG A N A R OQG G N EG N KQAG K G Q 6 4 N

ATCAGGGTGCGAATGCCCCARATGAR AR R ETTGTARATCGATTACCTACAGRAARATTAGATCTAGCGTTACCATCGAGTGGACTCCATECAGTGTRARCCTE 1100
N O G A N A P N E K V ¥ N D ¥ L Q@ K I R 5 5 ¥V T I E W T P C 5 ¥V T C

TGGARATGETCTAAGARTTAGRARGARGAGCTCATGCACGATARGARALAGGCACGAGCACCTTACTATGGATGACCTTGRAAGTGCARAGCTTGTGTRARTEEAT 1200
G N G V R I R R R A H A D K K K A E D L T MDD L E V E A C V M D

AGETGIGCIGCCATATTTRACGT TG TGAGTAATTCATTAGGETTAGTRAATATTGTTGGTCCTAGCATTATTCRAATTAR
R C A G | F N ¥V ¥V 5 N 5 L G L VvV | L L v L A L F N
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SG/EHI/H2-im/Y09 -3 (P. knowlesi; JQ219888)

ATGRAAGRACTTCATTCTCTTGGCCGTCTCCTCCATCCTGCTGETGEACTTGCTCCCCACACACTTCGRARACATRAATGTAGATCTCTCCAGGGCCATARRTEG 100
M K N F | L L A ¥V 5 5§ | L L v D L L P T HF E H N V D L S5 R A | N

TAAATGGAGTARGCTTCAATEATGTAGACACCAGTTCACTTGECGCAGCACAGETARGACARRGTGCTAGCCCGAGGCAGAGCGACTTGGTGAGRAGCCRAR 200
vV N 6 ¥ § F N W ¥V D T S5 5 L &6 A A Q0 ¥V R QO 5 A 5 R G R G L G E K P K

ACAAGGAGATCGAT AR AGA A A A GA A L L A CAR A G AR R AGA A CARGAACCARAGAAGCTARATGAARATARTCCGRARAARRACCGRATGRAAGARGETGRAT 300
E G D D K E K K K E K E K E E E P K K L N E N N P K K P N E E G D

GCAGCTAAGCTGRAACRACCGRAATGRAACGRACGETCGATGGAGCTAAGCTCARRCARCCCARTCGCAGRAGGTGGACGCTRAGCTCARRCARCCCGAATGCAGRAG 400
G A K L K @ P N E E G D G A K L K Q@ P N A E 6 G A K L K Q@ P N A E

GTEGAGCARATGCAGGACARACCGRATGCAGRAGETERAGCARATGCAGGACARACCERAATGCAGAAGGTGRAGCARRTGCAGCACRACCERATGCAGETEE 500
G G A N A G O P N A E G G A N A G QG P N A E G G A N A G QG P N A G G

AGCARATGCACGGACARCCGAATGCAGRACGGTGEAGCARATGCAGGACRACCGARATCCAGRRACGGTEGAGCARATCCAGCACRACCCGRATECAGRRGETEGRA &00
A N A G @ P N A E 6 G A N A G Q@ P N A E G G A N A G Q@ P N A E G G

GCRRATGCACGACARCCERAATGCAGRAGGTGGAGCARATGCACGACARCCTARTGCAGGAGETGCAGCARRTGCAGGACRRCCGRATGCAGRAGGTGERAG  T00
AN A R Q@Q P N A E G G A N A R Q P N A G G G A N A G QO P N A E G G

CRRATGCAGGRACARCCCERATGCAGRRGETGEAGCARATGCAGGACARCCGRAATGCAGRARGETGCAGCARATGCACGRACAGCCTARTECAGRRGETEEAGC 800
A N A G Q P N A E G G A N A G Q P N A E G G A N A R Q P N A E G G A

ALRCGCAGEACRAACCGRAATCGCAGRRAGETGEAGCARATGCAGGACAACCGRAATECAGRAGETEEAGCARATECACGACAGCCACAGGCAGRAGETGETEGEA %00
N A G Q P N A E G G A N A G QO P N A E GG A N A R QP Q A E G G G

GCAAATGCRCGACAGCCACAGGCAGARGETGETEEAGCAARTECACGACRAGEAGGAARTCAGCEEARTALRACAAGCAGEARAAGGACAGEGACRRRACE 1000
A N & R QO P Q A E G 6 G A N & R QO G G N E G N K O A G K 6 Q0 G Q@ N

ATCAGGGTGCGAATGCCCCARATGAR AR AGTTGTARATGATTACCTACAGARRATTAGATCTAGCGTTACCATCGAGTGGACTCCATGCAGTGTRACCTE 1100
N O 6 A N A& P N E K ¥V ¥ N D ¥ L 4 K | R 5 5 Vv T | E W T P C 5 VvV T C

TGGARATGETCTAAGAATTAGRAGAAGAGCTCATGCAGATARGARRAAGGCACGAGGACCTTACTGTGGATGACCTTGAAGTGEARGCTTGTGTAATGEAT 1200
G N G V R I R R R A H A D K K K A E O L T V D D L E V E A C V M D

AAGTGTGCTEGCATATTTARCGTTCTCAGTAATTCATTAGGGTTAGTAATATTGTTAGTCCTAGCATTATTCARATTAR
K C A G | F N ¥V ¥ 5 N 5 L G L Vv | L L v L A L F N

SG/EHI/H2-im/Y09 -7 (P. knowlesi; 7Q219889)

ATGAGGRACTTCATTCTCTTGGCCGETICTCCTCCATCCTGCTGETGCACTTIGCTCCCCACACACTTCGAACATARTGTAGATCTCTCCAGGECCATARATE 100
M R N F I L L A ¥ S5 5 | L L ¥ D L L P T HF E H N VYV D L 5 R A | N

TAAATGGAGTARGCTTCAATAATGTAGACACCAGTTCACTTGEGCGCAGCACAGETAAGACARAGTGCTAGCCCGAGGCAGAGCGACTTGGTGAGRAGCCRRAR 200
v N G ¥V § F N N ¥ D T S5 5 L G A A Q ¥V R Q@ 5 A 5 R G R G L G E K P K

ACGARAGGRAGATGATARACGAR A A CGAR A A L LA AR A AR AR A CAACARCGAACCARAGAAGCTARATCGARRATARTCCGRARARARACCGAATCGARCGARGETGAT 300
E G D D K E K K K E K E K E E E P K K L N E N N P K K P N E E G D

GGAGCTARGCTGRRAACRACCGRATGRAGRAGGTGATGGAGCTAAGCTGARRCARCCGARTGCAGRAGGTGGAGCTRAGCTGARRCARCCGARTGCRAGRAG 400
G A K L K @ P N E E G D G A K L K QO P N A E G G A K L K Q@ P N A E

GTGGAGCARATGCAGGACRAACCGAATGCAGRAGETERAGCARATGCAGGACAACCCGAATGCACGAAGGTGGAGCARATEGCAGCGACRACCERATGCAGETEE 500
G G A W A G QG P N A E G G A N A G O P N A E G G A N A G QG P N A G G

AGCRARRTGCAGGACAACCEAATGCAGRARGETGGAGCARATGCAGGACAACCGAATGCAGAACGETGCAGCARATGCAGGACAACCGAATECACGRARGETEREE 600
A N A G Q@ P N A E G G A N A G Q P N A E G G A N A G QO P N A E G G

GCARATGCACGACAACCEAATGCAGRAGGTGEGAGCARATGCACCGACARCCTARATGCAGRAGETGCAGCARRTGCAGGACARACCGRATGCAGRAGGTEEAG  T00
AN A R Q@ P N A E G G A N A R Q@Q P N A E G G A N A G O P N A E G G

CARATGCAGEACRACCCRAATGCAGARGETGGAGCARATCCAGCEACAACCGRAATECACGAAGETGCAGCARATGCACGACRACCTAATGCAGRRAGGTGERAGC 800
A N A G QO P N A E G G A N A G Q P N A E G G A N A R O P N A E G G A

ARRCGCRAGEACRACCGRATCGCAGRRGETCGAGCARATCCAGGRACRARACCGRATECACGRAGETEGAGCARATEGCACGACAGCCACAGGCRAGRAGETGETEERA 500
N A G Q P N A E G G A N A G O P N A E G G A N A R QP Q A E G G G

GCARATGCACCGACAGCCACAGGCAGRAGETGETGEAGCARATGCACGACAAGEACGCARATGAGGGCAATARACAAGCAGEARAAGCACRAGGGACARRRCE 1000
AN A R QP Q A E G GG A N A R OQG G N EG N KQAG K G Q 6 4 N

ATCAGGGTECCEAATGCCCCARATGARRARAGTTGTARATGATTACCTACAGRARRATTAGATCTAGCEGTTACCATCCGAGTEEACTCCATECAGTRTRACCTE 1100
N Q@ 6 A N & P N E K ¥V ¥ N D ¥ L 4 K | R 5 5 v T | E W T P C 5 VvV T C

TGGARATGETCTAAGARTTAGRARGARGAGCTCATGCACGATARGARALAGGCACGAGCACCTTACTATGGATGACCTTGRAAGTGCARAGCTTGTGTRARTEEAT 1200
G N G V R I R R R A H A D K K K A E D L T MDD L E V E A C V M D

AAGTGTGCTEGCATATTTARCETTCTGAGTAATACATTAGGGTTAGTAATATTGTTAGTCCTAGCATTATTCARATTAR
K C A G | F N VvV ¥ 5 N T L G L WV |1 L L v L A L F N
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SG/EHI/H2-im/Y09 -11 (P. knowlesi; JQ219890)

ATGRAAGRACTTCATTCTCTTGGCCGTCTCCTCCATCCTGCTGETGEACTTGCTCCCCACACACTTCGRARACATRAATGTAGATCTCTCCAGGGCCATARRTEG 100
M K N F | L L A ¥V 5 5§ | L L v D L L P T HF E H N V D L S5 R A | N

TRAATGGAGTARGCTTCAATEATGTGGACACCAGTTCACTTGECGCAGCACAGETARGACARRGTGCTAGCCCGAGGCAGAGCGACTTGGTGAGRAGCCRAR 200
vV N 6 ¥ § F N W ¥V D T S5 5 L &6 A A Q0 ¥V R QO 5 A 5 R G R G L G E K P K

ACAAGGAGATCGAT AR AGA A A A GA A L L A CAR A G AR R AGA A CARGAACCARAGAAGCTARATGAARATARTCCGRARAARRACCGRATGRAAGARGETGRAT 300
E G D D K E K K K E K E K E E E P K K L N E N N P K K P N E E G D

GCAGCTAAGCTGRAACRACCGRAATGRAACGRACGETCGATGGAGCTAAGCTCARRCARCCCARTCGCAGRAGGTGGACGCTRAGCTCARRCARCCCGAATGCAGRAG 400
G A K L K @ P N E E G D G A K L K Q@ P N A E 6 G A K L K Q@ P N A E

GTEGAGCARATGCAGGACARACCGRATGCAGRAGETERAGCARATGCAGGACARACCERAATGCAGAAGGTGRAGCARRTGCAGCACRACCERATGCAGETEE 500
G G A N A G O P N A E G G A N A G QG P N A E G G A N A G QG P N A G G

GECARATGCAGGACARCCERATGCACGRAGETGEACGCARATGCAGGACAACCGARTGCAGRRACGTGGAGCARRATGCAGCACRACCCRATECAGRRAGETEGRA &00
A N A G @ P N A E 6 G A N A G Q@ P N A E G G A N A G Q@ P N A E G G

GCRRATGCACGACARCCERAATGCAGRAGGTGGAGCARRTGCACGACARCCTARTGCAGRAGETGCAGCARRTGCAGGACRRCCGRATGCAGRAGGTGERAG 700
A N A R Q P N A E G G A N A R Q P N A E G G A N A G QO P N A E G G

CRRATGCAGGRCARCCCERATGCAGRARGETGEAGCARATGCAGGACARCCGRAATGCAGRARGETGCAGCARATGCACCGRACARCCTARTECAGRRGETEEAGC 800
A N A G Q P N A E G G A N A G Q P N A E G G A N A R Q P N A E G G A

ALRCGCAGEACRAACCGRAATCGCAGRRAGETGEAGCARATGCAGGACAACCGRAATECAGRAGETEEAGCARATECACGACAGCCACAGGCAGRAGETGETEGEA %00
N A G Q P N A E G G A N A G QO P N A E GG A N A R QP Q A E G G G

GCAARATGCRACGACAGCCACAGGCAGAAGETGETEEAGCARRTECACGACRAGEAGGAARTCACGCEEARTALRACAAGCAGEARAAGGACAGEEACAGRACE 1000
A N & R QO P Q A E G 6 G A N & R QO G G N E G N K O A G K 6 Q0 G Q@ N

ATCAGGGTGCGAATGCCCCARATGAR AR AGTTGTARATGATTACCTACAGARRATTAGATCTAGCGTTACCATCGAGTGGACTCCATGCAGTGTRACCTE 1100
N O 6 A N A& P N E K ¥V ¥ N D ¥ L 4 K | R 5 5 Vv T | E W T P C 5 VvV T C

TGGARATGETCTRAAGAATTAGRAGAAGAGCTCATGCAGATARGARRACGGGCAGAGGACCTTACTATGGATGACCTTGAGGTGEAAGCTTGTGTAATGGAT 1200
G N G V R I R R R A H A D K K R A E D L T M D D L E V E A C V M D

AAGTGTGCTEGCATATTTARCGTTCTCAGTAATTCATTAGGGTTAGTAATATTGTTAGTCCTAGCATTATTCARATTAR
K C A G | F N ¥V ¥ 5 N 5 L G L Vv | L L v L A L F N

SG/EHI/H2-im/Y09 -12 (P. knowlesi; JQ219891)

ATGARAGAACTTCATTCTICTTIGECCETICTCCTCCATCCTIGCTGETEEACTIGCTCCCCACACACTTCGRAACATAATGTAGATCTCTCCAGEGECCATARATG 100
M K N F | L L A Vv 5 5§ | L L v D L L P T H F E H N ¥ D L S R A | N

TAAATEEACTAAGCTTCARTAATCTAGACACCACGTTCACTTGECECAGCACACGGTARGACARACGTRCTAGCCGAGGCACGAGGACTTEETRAGRAGCCRARR 200
v N G ¥V S F N N ¥ D T 5 S L G A A O VvV R QO 5 A S5 R G R G L G E K P K

AR AGGLACATCAT AL A G A A AR A L L LA A A A AL L A AR CAACGRACCRARACAAGCTARATCARRATRATCCGRRARRRACCCGRAATCGRARGRARAGETEAT 200
E & D D K E K K K E K E K E E E P K K L N E N N P K K P N E E G D

CCAGCTARCGCTGARRACAACCCGARTGRAACRAAGGTCATCGAGCTARGCTCARACARACCCARTCCACGRAAGGTCCAGCTARGCTGARACRACCCGAATGCACRRAG 400
G A K L W @ P N E E G D G A K L W O P N A E G G A K L K 4O P N A E

CTCGCAGCRARATCGCAGGACARCCGRAATGCACGRARGCTGCAGCRARATGCACCGRACARCCGRATGCACARCGCGTGCACCRARATCCAGCACRRCCCRATCCRGETEE 500
G G A N A G a P N A E G G A N A G a P N A E G G A N A G a P ] A G G

AGCARATGCAGCACAACCGAATGCAGRAGETGGAGCARATGCAGGACARACCEGAATGCAGAAGETGCAGCARATGCAGGACRACCGRARATGCAGRAGETGEE 600
A N A& G Q@ P N A E G G A N A G Q@ P N A E G G A N A G 4G P N A E G G

GCRRATGCRCGRCAACCEARTGCAGRRGETGGAGCARATGCACGRACRACCTARTGCAGAGEETGGAGCARRTCGCAGGACRRCCGAATCGCAGRAGGTICERE 700
A N A R Q@ P N A E G G A N A R Q@ P N A E G G A N A G @ P N A E G G

CAAATCGCAGCEACARCCEAATCCAGARGETCEAGCARATGCAGCACAACCGAATCCACGRARAGETGCACCARATEGCACCGACRACCTRAATCGCAGRAGETGEACGC 800
A N A G Q4 P N A E G G A N A G Q P N A E G G A N A R O P N A E G G A

AAACGCAGCACAACCERARTGCAGRACGETECAGCARATEGCAGCGACAACCERARATECAGRRAGGTECAGCARATGCACGCACRACCGAATEGCAGRAGGTERARGCE 900
N & G Q P N A E G & A N A G QO P N A E G G A N A G QO P N & E G G A

LAATGCAGGAC CCGRATGCAG GETEGAGCRARATGCACGAC CCTAATGCAG GGTEEAGCARRCGCAGGAC CCGRATGCAG GGTGGAGCAR 1000
N & G QO P N A E G G A N A R O P N A E G G A N A G QO P N A E G G A

ATGCRGGACAACCGRATGCAGRAGGTGEAGCARATGCACGACACGCCACAGGCAGAAGGTGETGCAGCARATGCACGACAGCCACAGECAGRRAGGTGETEE 1100
N A G a P N A E G G A N A R a P a A E G G G A N A R a P a A E G G G

LGCRRATGCRACCGACAAGERGE TCAGGGGART CALGCLGE. GGRACLGEEELC CRATCAGGGETGCGAATGCCCCARATGRARRAGTTGTA 1200
A N A& R @ G G WN E G N K Q A G K G O G @ N W Q@ G A& N A P N E K ¥V V¥

LATGRTTACCTACAGARR R TTAGATCTAGCGTTACCATCGAGTEEACTCCATECAGTGTARCCTCTGE. TGETGTALAGRATTAGALRGLRGAGCTCATE 1300
N D ¥ L G K I R 5 5 VvV T I E W T P C 5 ¥V T C G N G V¥V R | R R R A H

CACATARAGRR AL A CECACGARCGCACCTTACTATGCGATCACC T TGARGTEEAAGCTTCTETAATGCATARGTETEGCTGECATATTTAACCGTTETGAGTARTTC 1400
A D K K K A E D L T M D D L E ¥V E A C V M D K C A G | F N ¥V ¥ S5 N &

ATTAGGGTTACTAATATTIGTTAGTCCTAGCATTATTCRATTAR
L G L v | L L v L A L F N
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SG/EHI/H2-im/Y09 -18 (P. knowlesi; JQ219892)

ATGRAGRACTTCATTCTCTTGGCCGETICTCCTCCATCCTGCTGETGGACTTIGCTCCCCACACACTTCGAACATARTGTAGATCTCACCAGEECCATARATE 100
M K N F I L L A ¥V S5 5 | L L V¥V D L L P T HF E H N VYV D L T R A | N

TARATGGAGTAAGCTTCARTARTGTAGACACCAGTTCACTIGECGCAGCACAGETARCGACARAGTGCTAGCCGAGGCAGAGCACTTGATGAGRRAGCCRRE 200
v N G ¥V 5§ F N N ¥V D T S5 5 L G A A Q V RQ S A S RGRG L G E K P K

ACGARAGGRAGATGATARACGAR A A CGAR A A L LA AR A AR AR A CAACARCGAACCARAGAAGCTARATCGARRATARTCCGRARARARACCGAATCGARCGARGETGAT 300
E G D D K E K K K E K E K E E E P K K L N E N N P K K P N E E G D

GGAGCTAAGCTGARACARCCERAATGAAGAAGGTGATECAGCTARGCTGARACAACCCAATGCACGAAGGTGGAGCTARGCTGARACARACCCGRAATGCAGRRAG 400
G A K L K Q P N E E G D G A K L K OQ P N A E GG G A K L K Q P N A E

GTGGAGCARATGCAGGACRAACCGAATGCAGRAGETERAGCARATGCAGGACAACCCGAATGCACGAAGGTGGAGCARATEGCAGCGACRACCERATGCAGETEE 500
G G AN A G OQ P N A E GG A N A G QP N AE GG A N A G QP N A G G

AGCARATGCAGGACAACCGRATGCAGRAGGTGGAGCARRTGCAGGACRACCGRATGCAGARCGGTGCGAGCARRTGCAGGACRACCGRATGCAGRRGETGEE 600
A N A G QG P N A E G G A N A G QO P N A E G G A N A G O P N A E G G

GCARATGCACGACRACCERAATGCAGRAGGTGGACGCARATGCACCGACAACCTARATGCAGRAAGCETGCAGCARATGCAGGACRACCCGRAATGCAGRRAGGTEGRG 700
A N 4 R Q@ P N A E G G A N A R Q P N A E G G A N A G QO P N A E G G

CARATGCAGEACRACCCRAATGCAGARGETGGAGCARATCCAGCEACAACCGRAATECACGAAGETGCAGCARATGCACGACRACCTAATGCAGRRAGGTGERAGC 800
A N A G Q P N A E G G A N A G Q P N A E G G A N A R Q P N A E G G A

ARRCGCRAGEACAACCGAATCCAGRAACGETGEAGCARATCGCAGGACAACCGRAATGCAGAAGGTEEAGCARATGCACCGACAGCCACAGGCACGRAGETGRTGREE 900
N A G Q P N A E G G A N A G O P N A E G G A N A R Q P QO A E G G G

GCARATGCACCGACAGCCACAGGCAGRAGETGETGEAGCARATGCACGACAAGEACGCARATGAGGGCGAATARATARAGCAGEARARAGCACRAGGGACARRRCE 1000
AN A R QP Q A E G GG A N A R QGG N EGNK . A G K G Q 6 4 N

ATCAGGGTGCGAATGCCCCARATGAR AR AGTTGTARATGATTACCTACAGARRATTAGATCTAGCGTTACCATCGAGTGGACTCCATGCAGTGTRACCTE 1100
N O G A N A P N E K V ¥V N D ¥ L Q@ K | R § 5 Vv T | E W T P C 5 ¥V T C

TGERRATGETCTRAAGAATTAGRACGARGAGCTCATGCAGATARGARRAAGGCACAGGACCTTACTATGGATGACCTTGARGTGRARGCTTEGTGTRAATGEAT 1200
G N G V R | R R R A H A D K K K A E O L T M D D L E VvV E A C V M D

AL GTGIGCTIGCCATATTTRAACGT TG TGAGTARTTCATTAGGETTAGTRAATATTGTTAGTCCTAGCATTATTCRAATTAR
K C A G | F N ¥V ¥V 5 N 5 L G L V | L L v L A L F N

SG/EHI/WMO1/Y07-6 (P. knowlesi; JQ219897)

ATGAAGRACTTCATICTCTTGGECCEICTCCTCCATCCTGCIGETGGACTIGCTCCCCACACACTTCGARCATARTGTAGATCTCTCCAGEECCATARATE 100
M K N F I L L A v 5 5 | L L V¥V D L L P T HF EHNWV D L § R A | N

TRALTGGAGTAAGCTTCARTAATGTAGACACCAGTTCACTTGECACAGCACACGETGAGACARAGTGCTAGCCRAGGCAGAGEACTTGRTCGAGRAGCCRARE 200
vV N G ¥V § F NNV DT S5 5 L G A A Q V R QS A S R G RG L G E K P K

ACGAAGGAGCTGATARAGARRRGAAR AL A CAR AR A CGEARARGRRARAGRARGRACRACCRAARGRAGCCARATGARARTRACGCTGRRACARCCGRATGRAGRERE 300
E G A D K E K K K E K G K E K 8 E E P K K P N E N K L K Q P N E G

CRACCACRRGCACAGGRTRATGEAGCARATGCAGGACARCCACRARAGCACARGRAGRTGGAGCARATGCAGGACALCCACRAGCACRAGEETGATGGARCRR 400
@G P QA QGDOGANAGOQ®POQAOQGDGANAGO Q®POQQAOQGQG DG A

ATGCRAGGRCAACCACARGCACAGGGTGATGGAGCARATGCAGCGACARCCACALGCACRAGCAGATGGAGCRARTGCAGCGACRRACCACRAGCACAGEETCEA 500
N A G Q P QA OQGDGANAGAQ®POQAQGDGANAGA Q®POQGQAQGD

TECAGCARATGCAGGGCARCCACAAGCACAGEGTGATGGAGCARATCGCAGGACALACCACRACCACAAGGAGATCCAGCARATGCAGCGACRACCACRARAGCE &00
G A N A G OQPOQAOQCGD G ANSLALGOQPOQ AOQGTDGANACG QP QA

CRACGAGATGCAGCAARTCCAGCACRAACCACAAGCACAGGGTGATCCAGCARATGCAGGACAACCACAAGCACACGGGTGATAGGGCCRATGCAGGACRRC 700
Q 6 0 G A N A GOQ P QO AQG DG ANLLG O POQ A QG DR ANAG QO

CRCLAGCACAACCRGATCCCECARATCTACCACCACRAGCARGARACCEOECAGCTGCACCAGCAGEAGCARATCAGECCARTARRCRAACCAGGRARAGE 800
P Q A QG D G A NV P R G GRNGSG G AP A G G N E G N K G A G K G

ACAGGGACARL A CA AT CAGGETGCGAAT GCCCCARATGARR A ACTTETCARTCATTACCTACACARRATTAGATCTAGCGTTACCACCEAGTGGACTCCA 300
Q G & N N QG AN AP NEIKWV V NDY L HK I R S§ sV T T EWTP

TECAGTGTAACCTGTGRARATGETGTARGRATTAGRAGARARGCTCATGCAGETAATARARAGGCAGAGEACCTTACTATGCATGACCTTGAGGTGRRARAG 1000
c s v T 1T C€CGMNGV R I R R KAWHAGNK K A E D L T MDD L E V E

CTTGTGTARTGERTARGTGCGCTGGCATATTTAACGTTGTGAGTARTTCAT TAGGCTTAGTCATATIGTTAGTCCTAGCATTATTCARTTAR
A C V M D K CAG | F NV ¥V 5 NS5 L G L ¥V I L L ¥V L A L F N
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SG/EHI/WMO1/Y07-23 (P. fieldi; JQ219931)

ATGAAGRAACTTCATTICTCTTAGCCGTTTCTTCCATCCTGTIGGTGGACTTGTTCCCCACACACTGCGGGCATARTGTAGATCTCTCCAGGGACATARATT 100
M K N F I L L AV S5 5 | L LV DLFPTHTCSGHNWVTDILSRED I N

TARATGGAGCAAGCTTCRAATAATGTAGACGCCAGTTCACTTGECECAGCACAGETAAGACARAGTECTAGCCOAGGCAGAGGACTTGETGAGRACCCARE 200
L N G A 5 F NNV D AS S5 L G A A QV RQQS A S RGRG LG E NP K

AGATGRAGGAGCTGCTALAGARAAN M AGCACGARARA LA GTAGRACCAARRAAGGCACGTGARAATARGCTGARACAACCAGCTRAATGATGCAGGACRE 300
0D E G A A K E K K D E K K V E P K K A& R E N K L K QP A& N D A G O

AATCAGCCAGCTAATGATGCAGGACARRATCAGCCAGCTAATGACGCAGGACRRRATCAGCCAGCTAATCATGCAGGACRARATCACGCCAGCTARTEATE 400
W Qg P A N D A G Q N QP A N DAGOT NP A NDAGIGNQGPANTD

CAGGACRARATCAGCCAGCTAATGATECAGGACAARATCAGCCAGCTARTGATGCAGGACARARTCAGCCAGCTAATGATGCAGGACARARTCAGCCAGC 300
A G QO N OQ P A N D AGOQ NOQ®P A NDAGOQNOQ®PANTDAGOQ NOTP A

TARTGATGCAGEACARARTCAACCAGCTARTGATGCAGGRCRARATCAGCCAGCTARTGAT RCAGGACRRRATCAACCAGCTARTGATCCAGCACARART 600
N D A G Q NOQPANUDAGOQHNQ®PANDAGO QNOQQ®PANDAGAQQN

CAGCCAGCTAATGATGCAGEACARARTCAGCCAGETGETGCACCAGEACARARTCAGCCAGETEGTGGAGCAGCACARARTCARCCAGCETEGTGGAGCAE 700
Q P ANDAGOQNOQ®PCGGG AGOQNOQPGGEGGEAGOQNQ PG GG A

GACALARTCRARCCAGGTGGTGGAGCAGEACRARATCALCCAGETGETGEAGCAGGACARALTCAGCCAGEARATGGAGCAGGACARRATCAGCCAGGAGE  B00
G & N O PGGGAGAOQW NS GQ®PSGSGSGAG QNG GQ®PSGNHNSGGAGO QN Q®P®PGD

TGGACCAGEACGAAATGETGGARACECAGEAGCAGCAGCRACAGEGACARAATAATCAAGGTCCGALTAACCCAGATGARARAGCATGTCARAGRATACCTA 900
G AG R NG G N AG A G 6 QG Q NNEGANKP D E K H V K E Y L

GAGRRARTTAGATCTACCGTTGGCACCEARTGGACTCCATGCAGTGTARCCTGTGGARAGGCETGTARGACTTAGAAGARARCTTAGTGCAGGTGACARRR 1000
E K I R S T V66T EWTSPTCS VT CG KOGV RVY RBARI KL S AG D K

AACCAGATAAGCTTACTCTGRATGACCTTEAGGCAGARGTTTGTACAATGGATARGTCCGCTGECATATTTRAACGTTGTGAGTARTTCATTAGGGCTAGT 1100
K P D K L T L N DL E A E V CTMODKCAG I F NV ¥V S5 N S5 L 6 L V

CATATTGITAGTCCTAGCATTATICALTTRA
I L L v L A L F N

SG/EHI/WMO02/YO07-1 (P. knowlesi; JQ219898)

ATGRAGRACTTCATTCTCTTGGCCGTCTCCTCCATCCTGCTGRTEGACTIGCTCCCCACACACTTCGRACATRAATGTAGATCTCTCCAGGGCCATARATE 100
M K N F I L L A ¥V 5 5 | L L ¥ D L L P T HF E H NV D L § R A | N

TAARTGGACTARGCTTCAATAATGTAGACACCAGTTCACTTGECGCAGCACAGETGAGACARAGTECTAGCCGAGGCAGRAGGACTTGETGAGRRGCCARE 200
v N G ¥V 5§ F N NV DT S S5 L G A A QV RQ S A S RGRG L G E K P K

AGAAGGAGCTGATARAGAARACGARA AR CAR AR R ACAA AR GRAGARCCARAGRAGCCARATCGARRATARGCTGRARCARCCGCARCAACCAGCE 300
E G A D K E K K K E K E K E K E E P K K P N E N K L K Q P E Q@ P A

GCAGGAGCACGGEEECEARCAACCAGCAGIAGCGACCAGCAGCCCARCAACCAGCAGCAGCGAGCAGCAGGCCRAACARCCAGCAGCAGGAGCAGGAGGCEART 400
A G A GG EQP A A G AGGEQ®PAAGAGSGEOG@®PAA AGATGSG E

AACCRAGCGGCAGEAGCACGGEEECGARCRACCAGCAGCAGGAGCAGGAGGCGAACARCCAGCAGCAGGAGCAGCAGGCCARACRACCAGCAGCAGGAGCAGE 500
g P A A G A G G E Q P A A G A GG EQ P A A G A G G E QP A AG AG

AGGCGRACAACCAGCAGCAGEAGCAGGAGGCGARCRACCAGCAGCAGGAGCACGGEECGARCAACCAGCAGCAGGAGCAGGAGGCGARCRACCAGCRACCEA 00
G E Q0 P A A G A GG E Q P A A G A GG E QP A A G A G G E QP AP

GCACCARGGAGGGRARCRACCAGCAGCAGGAGCAGEGGECGARCARCCAGCACCAGCACCAACGAGGGAACARACCAGCACCAGGAGCAGGTGCGGGAGATE 700
A P R R EQ P A & G A GG E QG P A P L P R REDO®P AP G AG A G D

GAGCACGAGGAGGRRACGCAGGGGCAGGTAALGEACAGGGACARRACARTCAGGGTGCGRAATGTCCCARATGRAARARGTTGTGRAATCGATTACCTACACRR 800
G ARG G N AG A G K G QG QN NOQOG ANV P NE KV ¥V ND Y L H K

AATTRAGATCTAGCGTTACCACCGAGTGRACTCCATGCAGTGTRACCTGTGGARATGETGTARGAATTAGARAGRAGACAGRATGCTGRTARTARRARGGCEA 900
I R 5§ 5§ v 1T T EWT P CS V T CGNGV R I R R ROQQHNAG N K K A

GAGGACCTTACTATGGATEACCTTGAGGTGEAAGCTTGTGTARTGEATARGTGCEGCTGGCATATTTARCEGTTGTGAGTAATTCATTAGRCTTAGTCATAT 1000
E DL T MDD L E V E A CV MDD K CAG | F NV V 5 NS L G L V I

TGTTAGTCTTAGCATTATTCRATTAR
L L v L & L F N
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SG/EHI/WMO02/Y07-39 (P. knowlesi; JQ219899)

ATGAAGRAACTTCATICTCTTGGCCGTCTCCTCCATCCTGCTGETGGACTTGCTCCCCACACACTTCGARCATARTGTAGATCTCTCCAGGGCCATARATG 100
M K N F I L L AV 5 5 | L L V¥V D L.LLPTHT FEWHNWVTDILS R A | N

TARATGGAGTARGCTTCAATARTGTAGACACCAGTTCACTIGECECAGCACAGETGAGACARAGTGCTAGCCGAGGCAGAGGACTIGETGAGRAGCCARE 200
v N G VvV 5§ F NNV DTS S5 L G A A QVYV ROQS A S5 RGRG L G E K P K

AGAAGGAGCTEAT AR AR A A AR LA AR A A AR CA AN A ACALGRACAACCARACARGCCARATCARAATAACCTGARACARCCGRATGAAGERA 300
E G A D K E K K K E K G K E K 8 E E P K K P N E N K L K Q P N E G

CARCCACARGCACAGGGETGATGEAGCARATGCAGGACRACCACAAGCACARGEAGATCGAGCARATGCAGEACAACCACRAGCACACGECTCATGCAGCRE 400
g PQAOQCGDGAMNAGOQPOQAQGDGANAGOQ®POQAOQG DG A

ATGCRGGACARCCACAACGCACAGGGTGATGCAGCARATGCAGRACRACCACRRGCACRRGCACGATGOAGCARATGCAGCRCRACCACRRAGCACAGEETEE 500
N A G O P Q A QGDGANAGOQ®POQAQGDGANAGOGQ@®PQ@AQGT?D

TGEAGCRAAATGCAGGGCAACCACRAAGCACAGGGTGATGGAGCARATGCAGGACAACCACAAGCACAAGGAGATGEAGCARATGCAGCGACRACCACARGCE 600
G AN A GOQPOQ AQGD G ANAGO Q®PQAQGTDGANAGT Q®POQQA

CRRAGCAGATGEAGCARATGCAGGACARCCACARGCACAGEGT AT GGAGCARATGCAGGACAACCACARGCACAGGETGATAGGGCERATGCAGGACRRC 700
G 6 o0 G A N A G QPO AQGDG ANAGEOQPRPOQAOQGDRANAGDO

CACARGCACAAGGAGATGGEGCARATETACCACCACARGGAACGARACGEGEEACGETGCACCAGCAGGAGCARATGAGCCEARTARACARGCAGGRARRGE  B00
P Q A QG DG ANWY P ROCGRMNGSOGS GAZPAGGNETGWNIEKIWGAG K G

ACAGGGACRARACARTCAGGGTGCGAATGCCCCARATCARRRAACTTGTGRAATCATTACCTACACRARATTACGATCTAGCGTTACCACCEAGTEGRACTCCEA 900
Q 6 @ N N QG A N A P N E KV V NDY L HK I RS §V T T EWT P

TGCAGTGTAACCTCT GERARATGETGTARGAAT TAGAAGARRAGCTCATGCAGETAATARARAGCECAGAGEACCTTACTATGGATGACCTTGAGCTRERAG 1000
c s v 1T <¢GNGVY R I RRKAMHAGNI K KAEDTILTMDUDL E V E

CTTGTGIARTGGATRAGTEGCGCTGECATATTTARCGT TETGAGTAATTCAT TAGGCTTAGTCATATTGTTAGTCCTAGCATTATTCRATTAR
AAC VYV M D KCAG I F NV V S NS L G L VYV I L L V L AL F N

SG/EHI/WMO02/Y07-110 (P. cynomolgi; JQ219922)

ATGRRAGRACTTCATTCTCTTAGCCGTTICTTCCATCCTGTIGRTRGACTIGTTTCCCACARACTRCGGGCATAATGTAGATTTCTCCAGGGCCATARATT 100
M K N F I L L AV S5 5 | L LV DLFPTMNTLCSGHNWVTDF 5 R A | N

TRALTGGAGTAAGCTTCAATARTGTAGACGCCAGTTCCCTTGECECAGCACRAGETARGACARAGTGCTAGCCCGAGGCAGRAGGACTTGETGAGRACCCRARR 200
L N G VvV § F N N V¥V D A 5 5 L G A A QV ROQS ASRGHSRG L G E NP K

ARLCGRAGGAAGGAGCTGATARACARA LR AAGGACCAARARAR A RCTAGAACCARARRAGCCaCGTCARARATRAGCTGARACRACCAGACGGRARATARTGCA 200
W E E G A D K Q@ K K D E K K ¥V E P K K P R E N K L K G P D G N N A

GCTGATGEAGGTGTACRACCGCCAGCAGGAGGAGGARATAATGCAGCTGATGEAGGTGTACRAACCACCAGCAGCAGGAGCARATARTCCAGCTGATEGRAG 400
A D G GV QPP A GGG N N A A DGG VY QPP AG GG N N A A DG

GTCTACRACCACCAGCAGGAGEAGGARATARTGCAGCTGATGEAGGTGTACARCCACCAGCAGEAGGAGCGARATAATCCAGCTEGATGEAGETETACRACT 300
G vag P P A GGG NN A A DG GV QPP AG GG NN A A DG G V QP

ACCAGCRGRAGGAGGARATAATGCAGCT AT GEAGCGLGTACAACCACCAGCACGEAGCAGGRARTRATCCAGCTCATGEAGETCTACARCCECCAGCRAGEE 600
P A G GG NN AADGSGV QP P AG GG NNAWALTDGTG V QP P AG

GeAGEGRATARTGCAGCTGATGEAGCTGTACARCCACCAGCACGEAGCAGGRARTAATCCAGCTCATGCAGETETACRAACCACCAGCARCGAGGAGGARATE 700
G G N N A A DGG UV QPP AGOGGNWNAADSGS GV QPP ARGTG N

ATGCAGCTCGATGEAGGTGCACRACCECCAGCAGEAGGAGGRRATARTGCAGCTGATGGAGETGTACRRCCACCAGCAGCAGGRAGGRARTAGGECARATRAR 800
N & A D G G A Q P P A GGG NN A AL D GGV QP P A A G G N R A N K

ARLAGCAGGARRAGCAGERGEALACSCAGGASCAGRACAGGGACALRATARTEARARGTGCEAATATGCCARATGTARAGCTTGTGCARGRATACCTAGRAC 800
K A G X A G G N X 6 X G Q G O N NE X A NMPNV K L V Q E Y L D

AR A TTAGATCTACCATTGGECGTCRAGTGEAGTCCATRCAGT GTARCCTGTRRARAGGETETARCGAATGAGRAGRRRAGTTAGTGCAGCTRACARALRARC 1000
K I R 5 T | 6 VY E WS P C S5V T CG KOGV RMZBRERI KWV S A ANK K

CRGRAGAGCTTGATGCCGAATGACCTTGAGACTGRAAGTTTGTACARTGGATRAAGTGCGCTGETATATTTARCGTTGTGAGTRATTCATTAGGGCTAGTCAT 1100
P £E E L D AN DL ETEV CTMODKTCAG I F NV V¥V 5 NS5 L G L ¥V I

ATTGTTAGTCCTAGCATTATTCRAATTAL
L L v L A L F N
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SG/EHI/'WMO04/Y09-8 (P. knowlesi; JQ219900)
ATGRAGAACTTCATTCTCTTGECCETCTCCTCCATCCTGCTGETGEACTTGCTCCCCACATACTTCGAACATARTGTAGATCTCTCCAGEECCATARATG 100
M K NF I L LAVSS I L LVDLLPTYFEHNVYDLSRAIMN

TARATGEAGTGAGCTTCARTAGTGTAGACACCAGTTCACTTGECGCAGCACAGETARGACARAGTGCTAGCCGAGGCAGAGEACTTEETGAGARGCCARE 200
vV NGV s FNSVYVDTSSLGAAQVY RQSASRGRGLGEZ«KTPK

AGAAGGAGCTGATARAGAALAGAA A AR AL AN CAAGAACCARAGRAAGCCARATGAARATALGCTGARACRACCACAAGEARATGEGRGE 300
EGADKEIK KK E KE K EEEP KKPNEWNEKTLIEKQPRPQGNGSG

GCRGGTCRAAGCACARCCACARGGRARTCCGEGEECAGETCARGCACAACCOCRAAGERRATAGCCARGCTCCAGCACAACCACRAGGARATOGAGGAECRAG 400
A GO AQPQGNSGSGAGOQAOQ®PEGHNRTEAPAOQPODGNGG A

GTCARGCACAACCACARARRALCGARGEAGEARACGCAGCAGCACGGRARGCACAGGCACARRACLATCAGGETGCGAATGCCCCARATGARARAGTTIGT 500
G QA 0QPQKNEGGNAGARIKST GO OQGOOMNNOQGGANAPRNELKWVYV

A TEATTACCTACAGARAATTAGATCTAGCGTTACCACCEAGTGGACTCCATRCAGTGTARCCTGTGRARATGGTGTARGAATTAGRAGAAGAGCTCAT 600
NopyYvlLQ K I RSSVTITTEWT®PCSVTITCGNGVYR I RRRAH

GCRGATARGARALACCCAGACCACCTTACTATGCATGACCTTEARGTGEARGCTTETGTARTGCATARCTGTGCTGGCATATTTARCCTTATGRGTRRATT 700
AD K K K AEDTLTMDDILEVEACVYMNMDIKTCAGI F NV VSN

CATTAGGETTAGTCATATCGITAGICCTAGCATTATTCARTTAR
s L6 L v I s L Vv L AL FN

SG/EHI/'WMO04/Y09-9 (P. knowlesi; JQ219901)
ATGAAGAACTTCATTCTCTTEECCETCTCCTCCATCCTGCTGETGEACCTGCTCCCCACATACTTCGAACATAATGTAGATCTCTCCAGEECCATARATG 100
M K N F I L LAVSS | L LVDLLPETYFEHNVYDLSRATIMN

TARATGEACTAAGCTTCAATAGTGTAGACACCAGTTCACTTGECECAGCACAGETARGACARAGTGCTAGCCGAGGCAGAGEACTTEETGAGARGCCARE 200
v NGV s F NSVDTSSLGAAOQVY RQS ASRGRGLGEZKT®PK

AGRAGGAGCTGATARAGARLAGAR AL AR LA GARL AL GAACAAGARCCARAGRAGCCARATGARRATARGCTGARACRACCACRAGEARATGEEEEE 300
EGADKEWIKKKEKEKETETE®PKIK®PNENEKLKOQPQGHNGSG

GCAGGTCARGCACARCCAGARGGRARTGGGEEECECAGETCARGCACRACCOCRAGEARAT EAGEGEECACCTCARGCACRACCAGRAGGARATGGEEEEE 400
A G OQ AQPEGNSGSGAGOQAQ®PEGHNSGSOGAGOQADQPEGNGEG

CRGGTCARCGCACRACCGGARCCARATCEGGAEECAGETCAAGCACAACCGEARGEARATGEECEGECAGCETCAAGCACARCCGGRRGGRRATGGGEEEEC 500
A G QAOQPEGNSGSGAGOQAQ®PEGNSGSGAGAO O AQPESGNTGTG G A

LGGTCARGCACARCCGEARGGARRTCEGEEEECAGETCARGCACAACCCGAAGERRATGEECGGECAGGTCARGCACAACCGEARGEARATCGEEEEECE 600
G o AQFPEGMNSGSGAGOQAQOPESGHNS GO GAGOIAOQ®PEGGHNGTG G A

GGTCRAGCACARCCGGARGEARAT gGGEAEECAGETCARGCACAACCGGRAAGEARATCEEEEEECAGGTCARGCACAACCOEARGEARATCEGGGEECAG 700
G O A QP EGNGSGAGOQAQDPESGHNSG GS GAGDIAQ®PEGNTG GG A

GTCRAGCACAACCACRACCARATGGAGEEECAGETCARGCACARCCACARARRRACCARGCEACCARACGCAGGAGCACEEAAAGCACRCCCACARARCAR 800
GO0 AOQPQGNGGAGQQAQPOQKNEGSGNAGARIKTESGDQGOGHNN

TCAGGETECEARTCCCCCARATGARAR AT TGTARATCATTACCTACAGARARTTACATCTACCCTTACCACCGAGTEEACTCCATCCAGTCTARCCTET 900
Q G ANAPNEZ KV VY NDY LOQK I RSSVITTEWT®PRPRCSISVTITC

GEAAATGETGTAAGAATTAGAAGAAGAGCTCATCCACATARGARARAGGCAGAGEACCTTACTATGGAT CACCTTGARCTGEAAGCTTGTGTAATAEATE 1000
G NGV R I RRRAMHADI K K KAEDLTMDTIDILEVEACVMTD

LGTGTGCTGECATAT TTAACGTIGTGAGTARTTCATTAGGGT TAGTCATATTGTTAGTCCTAGCATTATTICAATTAR
K ¢ AG I F NV VS NS LGLV I L L VL ALTFN
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SG/EHI/WMO04/Y09-12 (P. knowlesi; JQ219902)

ATGAAGRAACTTCATICTCTTGGCCGTCTCCTCCATCCTGCTGRTGGACTTGCTCCCCACATACTTCGARCATARTGTAGATCTCTCCAGGGCCATARATG 100
M K N F I L L AV S5 5 | L LV DLLPTY F EHNWV DL S R A I N

TARATGGAGTAAGCTTCAATAGTGTAGACACCAGTTCACTTGECECAGCACAGETARGACAAGTGCTAGCCOAGGCAGRGEACTTGETGAGRAGCCARE 200
vV NGV S5 F NS VDTS S L G A ALQ VYV R QS A S5 R G6RG L G E K P K

AL GGAGCTCAT AR A GA L L G AR A L CA R A R L AR L G A CAAGARCC AR GRAGCCARRTCAAR A TRAGCTGRRACARCCACARGERARTGEEGRE 300
E G A D K E K K K E K E K EE E P K K PN ENI KL KQPQGNGG

GCAGETCARGCACRACCAGAAGGRRATGEEEGGECAGETCARGCACRACCGRRAGCARATGREGRGEECAGETCARGCACRACCAGRAGCARATGGEREEREE 400
A4 G Q@ A Q P E G NG G A G QA QP EGNGSGAGAQAQQG®PEG NG G

CAGGTCRAGCACAACCGRARGEARATECEECEEGGCAGETCRAGCACARACCGGARGEARATGEEGEGECAGCTCAAGCACARCCCERARGERARATEGGEEEEC 500
A G QO A QP EGNGGAGOQAQ®PEGGNSGS GAGAQADQPEGNGG A

AGGICARGCACAACCGGAAGGAALT CGEGEEECAGCETCAAGCACARCCGEARGEARATGGEEEEECAGETCARGCACAACCEEARGEARATGEGEEEECE 600
G & A Q P EG NGOG AGOQ AOQ®PRPESGNGT G AGQ AQPEGHNG G A

GGTCRAGCACAACCACARGEARATGGEEGEEECAGETCAAGCACARCCACARGEARATCGEEEGECAGGTCARGCACRAACCACARGGARRTCEGEGEEECAE 700
G o0 A QPOQGMNOGSGACGOQAOQPOQGNSGT GAGHIQAOQPOQGEGNGG A

GTCRAAGCACAACCGGAAGGAAATAGEGARGCTCCAGCACAACCACAAGGARATGEGGEGGCAGGTCARGCACLAACCACRARARARARACCARGGAGGARACGC B00
G Q4 A Q P EG NI REAPAQ®POQGNSGGAOGAAQAQ®PIQGKNETGTG N A

LGGAGCACEGAAAGGACAGEGACAARACAATCAGECGTGCGAATGCCCCARATGARLARGTTGTARATGATTACCTACAGRARATTAGATCTAGCGTTACC 900
G AR K G Q G QG N NG GANAWPNEKV V NDY L QK I RS § VT

ACCGRGTGRACTCCATGCAGTGTAACCTGTGGARATGCTGTRAACARTTAGRRCARGAGCTCATCCAGATARCGARARAGECACGAGGACCTTACTATECGATE 1000
T EwWwWT P CS VT CGNSGVY R I RRRAMHATDI KK K AZETDILTMTD

ACCTTGRAGTGGARGCTIGTGTAAT GEATARCTCTGCTGECATATTTRAACGTTGTGAGTARTTCATTAGEGTTAGTCATATTGTTAGTCCTAGCATTATT 1100
p L E VvV E A CV MDD K CAG | F NV V S NS LG LV I L L V L A L F

CRATTAR
i

SG/EHI/WMO04/Y09-13 (P. knowlesi; JQ219903)

ATGRAGRACTTCATTCTCTTGGCCGETICTCCTCCATCCTGCTGETGCACTTIGCTCCCCACATACTTCGAACATARTGTAGATCTCTCCAGGECCATARATE 100
M K N F I L L A ¥ 5 S5 | L L ¥ D L L P T Y F E H N ¥ D L S R A | N

TARATGGAGTAAGCTTCARATAGTGTAGACACCAGTTCACTIGECGCAGCACAGETARCGACACGAGTGCTAGCCGAGGCAGAGCACTTGATGAGRRAGCCRRE 200
v N G VvV 5§ F N 5§ VDTS5 S5 L G A A QV ROQ S A S RGRG L G E K P K

ACGARAGGAGCTGATARAGAR A A CGA R A A L LA AR A AR AR A G ACARCGAACCARAGAAGCCARATCGARRATARGCTGARACARACCACRRAGCARATGEEEGEE 300
E G A D K E K K K E K E K E E E P K K P N E N K L K QG P Q@ G N G G

GCAGGTCRAAGCACAACCAGARGGAAATGGGEGGECAGGTCARGCACRACCGGARGEAARTGEGEEGEGCAGETCAAGCACRACCAGARGERAATGGEEEEE 400
A G Q@ A Q P E G N G G A G Q A Q P E G NGGAGOQAQ P E G N G G

CAGGTCARGCACAACCGEARGGAAATGEEGGGGCAGGTCAAGCACARCCGGRAGGARAT AGETCRAGCACRACCGGRAGGRARATGEEGEEEEC 500
A G QO A Q P E G N GG A G OQ A Q P E G NGGAGQQ A QP E G NG G A

AGGTCRAGCACAACCGERAAGERARATEEEEEGGCAGETCRAAGCACALACCEGARGEARATGGEEEEGCAGGTCARGCACAACCGCARGEARATEEGGEEGCE 600
G & A Q P E G NG G A G Q A Q P E G N GG A G Q A Q P E G N G G A

GGTCARGCACAACCACRRAGGARATGEGEEEECAGETCARGCACRARCCACARGEARATCGEGEEECCAGGTCARGCACRACCACRAAGGRRATERGGGEECAE 700
G @ A Q PQ G NG G AGOQAOQPQGNSGGAGO QAOQPQG NG G A

GTCAAGCACAACCGGARGEGARATAGEGAAGCTCCAGCACARCCACARGEARATEGEEEEEECAGCTCARGCACAGCCACRRRRARACCGARGEAGGRARRACEC 800
G 0 A O P E G N R E A P A QP QG NG G A G OQ A QP O K NEG G N A

AGGAGCACGGAAAGGACAGCCACAARRCAATCAGEETGCGAATGCCCCARATGARARAGTTETARATGATTACCTACAGARRATTAGATCTAGCGTTACC 900
G AR K G 0 G Q@ N N QG A N A P N E K ¥ ¥V N D Y L Q@ K I R 5 5§ ¥V T

ACCGRAGTGEACTCCATECAGTGTAACCTGTGEARATECTCTARCGAATTAGRAAGARGAGCTCATGCAGATARGARARRGECAGAGGACCTTACTGTGEATE 1000
T EW T P C S5 V¥V T CG NG VY R I R R R A H A DK K K AE D L T V D

ACCTTIGRRGTGGAAGCTTETCTARTGEATARGTETEGCTGECATATTTARCGTIGTGAGTAATTCATTAGGGTTAGTCATATTGTTAGTCCTAGCATTATT 1100
b L E v E A C V M D K CA G | F N V¥V ¥ 5 NS L G L Vv I L L Vv L A L F

CRATTAR
N

152



SG/EHI/WMO04/Y09-14 (P. knowlesi; JQ219904)

ATGRAGRACTTCATTCTCTTGGCCGTCTCCTCCATCCTGCTGRTEGACTIGCTCCCCACATACTTCGRACATRAATGTACGATCTCTCCAGGGCCATARATE 100
M K N F I L L A V¥V 5 5 | L L Vv D L L P T Y F E H NV D L S R A | N

TARATGGAGTAAGCTTCARATAGTGTAGACACCAGTTCACTIGECGCAGCACAGETARCGACARAGTGCTAGCCGAGGCAGAGCACTTGATGAGRRAGCCRARE 200
vV N 6 ¥V § F N S§ V D T S S L G A A Q V RQS A S RGRG L G E K P K

ACAACGGACCTCAT A A AR A A A A A A AR A A A AR A CAACAACALCCARACGAAGCCARATCARAATARGCTCAARCAACCACRRGGRRAATGEEEEE 300
E G A D K E K K K E K E K E E E P K K P N E N K L K Q@ P Q@ G N G G

GCAGGTCRARGCACRARCCAGARGGAARTGGEGEGECAGETCARGCACRAACCGEAAGGRRATCEGGEEEGCAGGTCARGCACRACCAGRAGGARATGGEEEEE 400
A G Q@ A Q P E G N GG A G Q A QP EGHNGSGAGOQADOQ P EGNGG

CRGGTCRRGCACRACCEERAGGERRATGEGEEEGCAGETCARGCACARCCGGRAGGRARTGEEGEEECAGETCRAGCACRACCGGRAGRARATREGEEEEEC 500
A G QO A QP E G NG G A G OQ A QP E G NG G A G Q A QP E G NG G A

AGGTCRRGCACAACCGEAAGCARRTEEEEEEGCAGETCARGCACAACCGGRAAGGARATGGEEEEECAGGTCARGCACARCCGGRAAGERARATEEGEEEGCE 600
G & A Q P E G NG G AGOQ AOQPEGNGSGAGOQAOQ P E G NG G A

GETCARGCRACALCCACRACGARAT GECEEEECACETCARGCACARCCACARgGARATEGGEEEECAGGTCARGCACARCCACRARAGCGRRATGEREEEEECRE  T00
G & A Q POQGNGGAGA QAQ®PQ@QGNSGSGASGAQ AOQGQPQG NG G A

CTCRALGCACLAACCGGAAGGAAATAGEEARGCTCCAGCACAACCACRAAGEARATCEEGEGGCAGGTCARGCACLAACCACARRARARCCARGEAGGARACGC 800
G § A OQ P E G N R E A P A Q P QG NG G A G Q A Q P O K NE G G N A

AGGAGCACCEARAGGACAGGRACARRACARTCAGGETCCGRAATGCCCCARRATCRARRARGTTETARATGATTACCTACACGRARRATTAGATCTAGCGTTACC 800
G AR K G O G Q3 N N GG A N A P N E KV VvV N DY L Qa K I R 5 5 VT

ACCGRAGTGEACTCCATECAGTGTAACCTGTGEARATECTCGTARCGAATTAGRAAGAAGAGCTCATGCGCGATARGARARRGECAGAGGACCTTACTATCGEATE 1000
T EW T P CS VT COGNSGV R I R R RAHATDI KK K AETD L T MD

ACCTTGARGTGERAAGCTTGTETAATCEATARGTGTGCTGGCATATTTARCGTTGTEAGTARTTCATTAGGGTTAGTCATATTGTTAGTCCTAGCATTATT 1100
0L EV E A CVMDKCAG | F NV V¥V § NS L G L v I L L Vv L A L F

CLATTRAR
N

SG/EHI/WMO04/Y09-15 (P. knowlesi; JQ219905)

ATGARGRAACTTCATTCTCTTGGCCETCTCCTCCATCCTGCTEETGGACTTGCTCCCCACATACTTCCAACATAATGTAGATCTCTCCAGGGCCETARATE 100
M K N F I L L AV S 5 1 L L VvV DLUL®PTY F EHWMNWVDILISR AV N

TRRRTEGRGTARGCTTCARTAGTETAGACACCAGTTCACTTGGCGCAGCACRGGTARGACARRGTGCTAGCCGRGGCAGAGEGACTTGETGRAGAAGCCRARE 200
vV N G V § F N § V DTS5 S5 L G A A Q V RQ S A S RGRG L G E K P K

ACAACGGAGCTGATALAGARALGAL AL A L CAR AR AGAR R A CARGARCGAACCARAGRRGCCARATGARRATARGCTGRRACALRCCACRRAGCARATGGEGEE 300
E G A D K E K K K £E K E K E E E P K K P N E N K L K QO P Q@ G N G G

GCAGETCAAGCACAACCAGAAGCGAARTGEEEEEGCAGCT CARGCACAACCEEARGEARATCGEREEEGECAGETCAAGCACAACCAGARGEARATERGEEEEE 400
A G QO A Q P E G NG G A GO A QP EGNGGAG QAT P EG NG G

CAGGTCRAGCACARCCGEARGGARAT EGEGEGECAGETCARGCACRACCECARGGARATGEERGEGCAGETCARGCACRRCCGRRARGCARATEGRGEEEC 500
A G Q A QP EGNGGAGOQAQ®PEGNSGG GAGA QA AOQ®PEGNTGT®GA

AGGTCRAGCACLACCGGRRAGGARLTGEGEEERCAGETCARGCACARCCACALGEARATRGEREGECAGETCALGCACRACCACARGRRARATGREEEGEECA 600
G o A QP EGNOGSG AGQ AQPQGNGG AGOQ AQPQG NG G A

GETCAAGCACRACCACAAGGRARTGGEGGGCECAGGTCARAGCACRACCACARGCARATCEGGGEEEGCAGGTCARGCACAACCGGAAGGARATGGEEGEGECAG 700
G @4 A QP QG NGGSGAGAOQAOQ®POQGNSGSGASGO QAOQPETGNHNSGG A

GTCARGCACAACCACAAGGARAATGGEEEEECAGGT CAAGCACAACCGEARGEARATAGEGAAGCTCCAGCACAACCACARGGARATGEEEEEECAGETCE 800
G @ A Q P QG N GG A GO AQPEGNREAP AQP QG NGGAGQ

AGCRCARCCACRARRLA A CGARGGAGEARACGCAGCEAGCACGERARGCACAGEGACARRLCAGTCAGGETGCGRATGCCCCARATCGRARARAGTTGTARRT 300
A Q P Q K N E G G N AG A R KGOQGOQNS QG ANAPNEK VWV VN

GATTACCTACAGARRATTAGATCTAGCGTTACCACCGAGTGEACTCCATGCAGTGTARCCTGTGGARATGETGTRAAGRAATTAGRAGCGAGAGCTCATGCAG 1000
oY L Q@ K I R 5 5 Vv T T EWT P CS5 VT COG NGV R | R R R A H A

ATAACGRRRARGGCAGGGEACCTTACTATGGATCACCTTGAAGTGGARGCTTGTETARTGEATARGTGTGCTGGCATATTTRAACGCTGTGAGTAATTCATT 1100
0 K K K A G D L T M D D L E V E A& CV M D K CAG I F N AV 5 N 5 L

AGGGTTAGTCATATTGTTAGTCCTAGCATTATTCAATTRA
G L v I L L V L A& L F N
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SG/EHI/'WMO05/Y09-70 (P. knowlesi; JQ219906)
ATGAAGAACTTCATTCTCTTEECCETCTCCTCCATCCTGCTGETGEACTIGCTCCCCACACACTTCGAACATARTGTAGATCTCTCCAGEECCATARATG 100
M K N F I L LAVSS | LLVDLLPTHEFEHNVYDLSRATIMHN

TARATGGAGTAAGCTTCAATAATGTAGACACCAGTTCACTTGECGCAGCACAGETGAGACARAGTGCTAGCCEAGECAGAGGACTTEETGAGRAGCCARR 200
vV NGV S FNNVDTSSLGAAQVYRQS ASRGRGLGEIEKTPK

AGRAGGAGCTGATARAGARALGARARLLGARARAGALGAAGRACCAARGARGCCARATGAARATARGCTGARACAACCGEATGCAGTACCAGGGEECERE 300
E G ADEKTEZ KK K E KETETEWPRPHKKPMNENMNIEKILZEKEQ®PT?DAVY P GGE

GAACCAGCACCAGGRARGCCRACAGCCAGCACCACCARCECAGCARCCAGCACCAGCARGEEARCAGCCAGCACCAGCARCOCARCARCCAGCACCAGGAR 400
EPAPGREQ®PAPGRETE®PAPGREQ®PAPGRTETETPHAPG

GGGRACAGCCAGCACCAGGRAGGLARGAACCAGCECCAGGRRGCCRACAGCCAGCACCAGCARGGCRACAGCCAGCACCACCARGECACGCRACCAGCACT 300
R EQ P APGRETEPAPGREQPAPGREOQ®PAPGRETETPRPATP

AGGRAGGGRACAACCAGCACCAGGAAGEEAGGAACCAGCACCAGGAAGEGRACARCCAGCACCAGGARGGEARCAGCCAGCACCAGCARGEGRACAGCCE  o00
G R EQPAPGREE®PAPGREOQD®PAPGRTEOQ®PAPGRTET® CTE

GCACCGEEEEETEAACAACCAGCACCAGGAAGGEAACAGCCAGCACCEEETGETGAACARCCAGCACCAGCACCAGGAGCAGGTECEERAGATGGAECAC 700
A P GG EQP APGREQ®PAPGGEQ®PAPAPGAGAG?DGA

GAGGAGGARACGCLGGEECAGGEAMAGEACAGGEACAAAACARTCAGGGTGCARATGTCCCARATGARARAGTTGTGAATGATTACCTACACARALTTAG 500
R GG NAGAGI KSGQGONNQGANVPNEI-KVYY NDY L HK IR

ATCTAGCCTTACCACCAARTEEACTCCATGCAGT CTAACCTGTEEARATCCTCTARGART TAGAACARACCEETCATGCAGGTAATARRRAGGCAGACGEAC 800
s s vVvIiI T EeEwT6PCSsSVICGNGVY R I RRKGHAGNTIKEKATETD

CTTACTATGGATCACCTTGAGGT GLARGCTTCTCTARTGCATARGTGCOCTEECATATTTARCCTTGTGAGTARTTCATTAGGCTTAGTCATATTCTTAG 1000
L TMODODILEVYEACVMDEKTCAGI F NVV S NSLG LV I L L

TCCTAGCATTATTICRATTIRR
v L A L F N

SG/EHI/WMO05/Y09-79 (P. knowlesi; JQ219907)
ATGRAGARCTTCATTCTCTTGECCETCTCCTCCATCCTGCTGETGGACTTGCTCCCCACACACTTCGAACATARTGTAGATCTCTCCAGGECCATARATG 100
M K NF I L LAVSS I L LVDLLPTHFEHRNVYDLSRAIN

TAAATGEAGTAAGCTTCARTAATGTAGACACCAGT TCACTTGECECAGCACAGETGAGACARAGTGCTAGCCAAGGCAGAGCACTTEETGAGAGGCCARL 200
vV NGY S F NNVYVDTSSLGAAQVY RQOQS ASRGRGTLGERPK

AGAAGGAGCTGATARACARALCAR AR ARCAR AR ACARA RN CAR LA CARCARCCARAGAAGCCARATGARRATARGCTCARACAACCACRACARCCAGCE 300
EG A DK E K KK E KE K E K EEP K KPNENIKLKQPEQOPR A

GCAGGLGCAGGEEECCAACAACCAGCACCAGCACCALGEAGGEAACRACCAGCACCAGGAGCAGGTGCEECAGATGGAGCACGAGEAGGARACGCAGEEE 400
& G A GGEOQP AP APRREOQPAPGAGAGODGARGSE GNARG

CAGGTARACCACAGOEACRARRCAATCAGCGTGCCARTCTCCCARATCARARACTTCTGARTGATTACCTACACRRRATTACATCTAGCGTTACCACCEE 500
A G K GQGQNNOIGANVPENEZKYVNDYLHKI RS VITE

GTGGACTCCATGCAGTCTAACCT T GEARATGETCTAAGRAT TAGAAGARGACAGARTGCTEETARTARARAGGCRAGAGEACCTTACTATGEATGACCTT 600
wTpPCSVYTCGNGVY R I RRRODNAGNIKIKAETDTLTMTDTDIL

GRGCTGAARGCTTGTCTARTGCATARGTGCOCTGECATATTTARCCTTGTCAGTARTTCATTAGGCTTAGTCATATTGTTAGTCTTAGCATTATTCARTT 700
EVEACY MDKTCAG I FNVY S NS LGLY I L LV L ATLTFN

Ln
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SG/EHI/WMO05/Y09-65 (P. cynomolgi; JQ219923)

ATGAAGARCTTCATTCTCTTAGCCGTITCTTCCATCCTGTIGETGEACTTGTTTCCCACARRCTGCGEGCATAATGTAGATTTCTCCAGGGCCATARATT 100
M K N F I L L A VvV 5 5 | L L V¥V D LFPTNMNTCLCGMHNWVDF § R A | N

TARATGGAGTAAGCTTCAATAATGTAGACGCCAGTTCACTTGECECAGCACAGETARGACARAGTECTAGCCOAGGCAGAGGACTIGETGAGRACCCARE 200
L NGV § F NNV DAS S L G A ALQ V ARARQ S A SRGRGG L G E NP K

LA RCCGAGGAAGGAGCTGCTARRCAA R A CCGACCARR AR L CTAGARCCARRARAGCCACGTGARARTARGCTCGARACRACCACCAGCAGCAGCRAGAT 300
W E E G A A K Q K K D E K K Vv E P K K P R E N K L K O P P A A A D

GGAGCACCCECAGCAGCAGATGEAGCACCCGCAGCAGCAGATGEAGCACCCECAGCAGCAGATEGAGCACCAGCAGCAGCAGATCGGAGCACCAGCARGCRAE 400
G AP A A A DG AP A A A DGAZPAAATDCGAPAAADG AP A A

CAGLATGGAGCACCAGCAGCAGCAGATGEAGCACCCGCAGCAGCAGATGEGECACCAGCAGCAGCAGAT GEAGCACCAGCAGCAGCAGATGEAGCACCAGE 500
A D G A P A A A D G A P A KL A DG A P A A AL DG A P A A A DG A P A

AGCAGGAGEARATCAGGCAGGTGCACARGCAGGAGCAGEAGGARATCAGGCACGETGCACARGCAGCAGCAGCACGGAARTCAGCCAGCTECACRAGCAGEE 600
A G G N QA G AOQAGAGGNQGQAGAQAGAGS GNS QA AGAOQQAG

GCLGGAGEALATCAGGCAGETGEACAGCCAGEAGCAGGAGGARATCAGGCAGETGCACAGCCAGELAGCAGGAGGARATCAGGCAGGTGEACAGCCAGERG 700
&4 G G N QO A GGOQPG AG G NOQAGSGOQ®PGAGGNOGAGTEGQPG

CAGGAGGARATCAGGCAGGTGEACARGCAGGAGCAGEAGGARATCAGGCAGETGEACRAGCAGEAGGAGCARATGCGELARATRARRARAGCAGGRGRACEC 800
AAG G N Q AGGQAGAGSGNO QA AGTE GO QAGSGANAGNIKI KAG DA

AGGACAGERACAARATARTGCAGGTGCERATGTGCCARATGTARAGCTTGTGCAAGARTACCTAGACARALTTAGATCTACCATTAGCACCGAGTEEAGT 900
G @ G Q N NGGAWNUYPNVY KL VO EY LDK 1T R ST I §TE WS

CCATGCAGTGTAACCTGTGRARAGGCETGTARGAATGAGARRARAAGTTARTGCAGCTARCARARARAACCAGARCGAGCTTCATGTGRATGACCTTGAGGCAE 1000
p C s Vv T CG KOG VY R MREKIKV NAANIKIK®PEE LDV NTDLE A

A GTTIGTACA AT GCATAAGTGCGCTGETATATTTRACGTIGTCAGTART TCATTAGGGCTAGTCATATTGTTAGTCCTAGCATTATTCARTTRR
E v C T MODKCAG I F NV Y S NS L G L V I L L vV L A L F N

SG/EHI/WMO05/Y09-68 (P. fieldi; JQ219932)

ATGRAGRACTTCATTCTCTTAGCCGTTICTTCCATCCTGTIGETEGACTIGTTCCCCACACACTECGGGCATRAATGTAGATCTCTCCAGGRACATARATT 100
M K N F I L L A V¥V 5 5 | L L ¥ D L F P T HCG HNV D L § R D | N

TRALTGGRGCAAGCTTCARTRAATGTAGRCGCCAGTTCACTTGECECAGCACAGETRARGACARAGTGCTAGCCRAGGCAGRAGEACTTGETCGAGRACCCRARR 200
L N G A S F N N V¥V D A 5 5 L G A A QV ROQ S A SRGHSRG L G E NP K

ACGATGRAGCAGCTGCTARRGRALAR LA GCACGRARARALARGTACGRACCRARRARAGECACGTGRRRAATRARGCTCARACRACCAGCTRATGATGCAGERACRRE 300
bpE G A A K E K K D E K K VvV E P K K A R E N K L K Q P A N D A G Q

AATCRAGCCAGCTRATGATGCAGGACARRATCAGCCAGCTARTGACGCAGGACARRATCAGCCAGCTARTGATGCAGGACALRARATCAGCCAGCTRAATEATE 400
W Qg P A N D A G Q N QP A NDAGOQ NG P A NDAGOQ NG P A NTD

CRGGACRRRATCAGCCAGCTAATGATGCAGGACARRATCAGCCAGCTARTGATRCAGRACARAATCAGCCAGCTRATGATGCAGGRACRRARATCAGCCAGC 500
A G QO N OQ P A N D A G OQ NOQ P A NDAGOQ NP A NDAG O N QP A

TRATGATGCAGGACRAARATCAACCAGCTARTGATGCAGGACARARTCAGCCAGCTRAATGATRCAGCGACARRATCRACCAGCTARTGATEGCAGRACARLAT &00
W b A G QG N QP A N D A G OQ NOQ P A NDAGOQHNOQP A NDAG QN

CRAGCCAGCTRATGATGCAGGACARAATCAGCCAGGTGETGGAGCAGGACARAATCAGCCAGETGETGGAGCAGCACARARTCARCCAGETGETIGGARCAG 700
a P AN D A GOQNOQPGSGGAGOQ@HNOQ®PGGGAGOQNOQQPG G G A

GRACLARATCAACCAGGTGETGEAGCAGGACALARTCAACCAGETGETGEAGCAGGACARRATCAGCCAGGARATGGRAGCAGGACRRARTCAGCCAGRAGE 800
G @ N OQ P GGG AGAOQ NOGQOPG GG AGAOQ NQGQPGNGAGOQNOGQ®PG D

TGECAGCAGCACGARATGETGGRARACGCAGEAGCAGGRAGGACAGCGEACARRRTAATGRAAGGTCCGRATAAGCCACGATGARRAGCATGTCARAGRATACCTE 500
G AG R NG G N A G A G G QG Q N NEG A NIKP D E KHV K E Y L

GRAGRARRTTAGATCTACCGTTGGCACCGRRATGGACTCCATGCAGTGTARCCTETGGRARAGEETGTRAAGAGTTAGARAGRRRACTTAGTGCAGGTGACARRE 1000
E ¥ I RS TV &6 T EWTPCS VT CG KOGV RV R RIEK L 5 A G D K

AACCRGATAAGCTTACTCTGRATGACCTTGAGGCAGARAGTTTGTACARTGGATARGTGCGCTGECATATTTRACGTTGTGAGTARTTCATTAGGGCTAGT 1100
K P D K L T L N D L E A E V C T M DK CAG I F NV ¥V 5 NS L 6 L V

CATATTGTITAGTCCTAGCATTATTCRATTAL
I L L v L A L F N
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SG/EHI/WMI1 1/Y09-74 (P. knowlesi; JQ219908)

ATGAAGRARCTTCATICTCTTGGCCGTCTCCTCCATCCTGCIGRTGGACTTGCTCCCCACACACTTCGARCATARTGTAGATCTCTCCAGGGCCATARATG 100
M K N F I L L A ¥V 5 5 | L L ¥ D L L P T HF E H NV D L § R A | N

TARATGGAGTAAGCTTCAATARTGTACACACCAGTTCACTTGECECAGCACAGETCAGACARAGTGCTAGCCOAGGCAGRGCACTTGETGAGRAGCCARE 200
vV N G VvV 5§ F N NV DT S5 5§ L G A A QV RQ S5 A S5RGRG L G E K P K

AL GGAGCTCATAR A CA L L NG A R A  rCA R A R L CAR L A G R A R CAL G ACCARACARCCCARA TGAARATARGCTCARACARCCEGRACRACCRAGCEA 300
E G A D K E K K K £ K E K E K E E P K K P N E N K L K Q@ P E Q P A

GCRGGAGCAGGEGECGRARCARCCAGCAGCAGCGACGCAGCAGCCCRACRACCRGCAGCAGGAGCAGGAGGCCRACRACCAGCAGCRGCAGCAGGAGGCERRC 400
4 G A G G EQ P A A G A GG E QP A A G AG G E QP A ARG AG G E

AACCAGCGRCAGEAGCACGEEECEARACAACCAGCAGCAGCGAGCAGGAGGCCRAACAACCAGCAGCAGGAGCAGGAGGCEARCRACCACGCAGCARGGRGCAGE 500
g P A A G A G G E QP A A G AGGEQ P A AGAGGEQP A A G A G

AGGCGARCRACCAGCAGCAGGAGCAGGAGECCGAACAACCAGCAGCAGGAGCACGEEEECGARCAACCAGCAGCAGGAGCAGCACGGCGARCARCCAGCACCE 600
G e o P A A G A G G EOQP A A G AGGEOQP A AG AG G EQ P AP

GCACCARGGAGGGAACARCCAGCAGCAGGAGCAGEGEECEARCAACCAGCACCAGCACCARGGAGEGRAACAACCAGCACCAGGAGCAGCTRCEGRAGRTE 700
&4 P R R EQ P A A G A GG EOQ P A P AP RREOQ®PAPG AG A G D

GAGCACGAGGAGGRARCECAGEGGCAGCETARAGCACAGEEACARRACARTCAGEETGCGAATGTCCCAAATGARRARCTTGTGRATCGATTACCTACACRAE  BOO
G ARG G N AG A G K G QG QN NQTG ANV P NE KV V ND Y L HK

AATTAGATCTAGCGTTACCACCGAGTGEACTCCATGCAGTGTARCCTGTGGARATGETGTARGART TAGARCARGACACGRATCCTGCETRAATARARAGECEA 900
I R 5 53 v 1T T EWTUPCSV TCGNGV R I RRRARQNAGNK K A

GAGGACCTTACTATGGATGACCTTGAGGTGEARGCTTGTGTART GEATARGTGCGCTGECATATTTARCGTTGTGAGTAATTCATTAGGCTTAGTCATAT 1000
E DL T MDD L EVYV EACVMDIEKTCAG I F NV V S§NS L G L V I

TGCTTAGTCTTAGCATTATTCRATTAR
L L v L A L F N

SG/EHI/WM15/Y09-149 (P. knowlesi; JQ219909)

ATGRRGRACTTCATTCTCTTGGCCGTCTCCTCCATCCTGCTGETEGACTIGCTCCCCACATACTTCGARCATAATGTAGATCTCTCCAGGGCCATARATE 100
M K N F I L L A ¥ 5 5 | L L ¥ D L L P T Y F E H NV D L § R A | N

TRALTGGACGTAAGCTTCAATAGTGTAGACACCAGTTCACTTGECECAGCACAGETARGACARAGTGCTAGCCEAGGCAGRAGGACTTGETCGAGRAGCCARE 200
v N G ¥V § F N § VvV D T S5 5 L G A A Q V RQ S A S RGRG L G E K P K

ACLAGCAGCTCATARACA R LG A R L L CA R AR A AR AR AR CAACGARCCARACGRAGCCARATCARRATRACCTGARACARCCACARGERARTGEEGEE 300
E G A D K E K K K E K E K E E E P K K P N E N K L K Q@ P QG G N G G

GCAGGTCRARGCACARCCAGARGGAAATGGEGEGECAGETCARGCACRACCGRARGERRATREGGEEECAGGTCALGCACRACCAGRAGGARATGEREEEE 400
A G @ A Q P E G NGGAG Q@ AQPEGNSGS GAGO QAQ®PETGNGG

CRGGTCRAGCACARCCGGRAAGGARATGEGEGEGCAGETCAAGCACARCCGGRAGGRRATGGEGGEECAGETCRAAGCACRRCCGGRRGEARATEGGEEGEC 500
A G QO A QP EG NG G A G OQ A QP EGNGG AGQ AQ P EG NG G A

AGCICARGCACAACCGGAAGGAAATCGEEEEECAGCETCAAGCACARCCGEARGEARATGGECECECAGETCAAGCACAACCECARAGEARATGEGEEEECE 600
G @ A QP EG NGOG AGQ AOQP EGNSGSGAGQ AP EG NG G A

GGTCRAGCACRACCACARGGARRTGEGEGEECAGETCARGCACARCCACRRGEARATGGGEEEGCAGETCAAGCACRACCACARGGRRATEEGGEEECAG 700
G o A QC POQCGHNGEGGE AGEQ AOQPOQGNGGAGOQT AOQ P QG NG G A

GTCLAGCACRACCGGARGEARATAGEGRAAGCTCCAGCACAACCACALGERRATRGEEEGECAGGTCAAGCACRACCACRRARARRCCGAAGGRGGAARCGEC 800
G 4 A 0 P EGMNRE AP AOQP QG NGOG ACGOQAOQ®POT K NETGG N A

AGGAGCACGGARAGGACAGGEACARAACARTCAGCGETCCGRATGCCCCARRATCARRARGTTETARRATGATTACCTACRAGARRAATTAGATCTAGCGTTACC 800
G AR K G O G QN NG A N AP NE KXY VvV N DY L QG K I R 35 § V T

ACCGAGTGRACTCCATGCAGTGTAACCTGTGGARATGCTGTAACARTTAGARCARGAGCTCATCCACATARCGARARAGECAGAGGACCTTACTATECGATE 1000
T EW T P CS5 VT CGMNSGV R I RRRAMHATDI KK K A ETDLTMTD

ACCTTGRAGTCGGRAGCTTIGTGTAATGEATARGTETGCTGGCATATTTRARCGTTGTGAGTAATTCATTAGECTTAGTCATATTGTTAGTCCTAGCATTATT 1100
rp L EV EACVMDEKCAG | F NV VS NS LG L V I L L ¥V L A L F

CLATTRAR
N
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SG/EHI/WM15/Y09-163 (P. fieldi; JQ219933)

ATGRRGRRCTTCATTCTCTTGGCCGTTICTTCCATCCTGTIGETEGACTIGTTCCCCACACACTGCGGGCATAATGTAGATCTCTCCAGGGCAATARATT 100
M K N F I L L A ¥V 5 5 | L L V¥V D L F P T HCG HNV D L § R A | N

TRALTGGACGTAAGCTTCAATAATGTAGACGCCAGTTCACTTGECECAGCACAGGTARGACARAGTGCTAGCCCEAGGCAGRAGGACTTGETCGAGRACCCARE 200
L N G VvV § F N NV D A 5 5 L G A A QV ROQS A SRGHRG L G E NP K

ACACCGRAT AR AGCTCATARACCAR AR AR A L CCACCARR AR AR A GTAGAACCARARARCCCACATGAARATARGCTGARACRACCAGTCCCAGERGCA 300
00 E K A D K P K K KD E K K V E P K K P HE N K L K QP V P G A

ARTCRAGGRACGCOEAGCAGCAGCCCCAGCAGCARATCAGCARGECCEAGCAGCAGCCCCAGCAGCARARTCRACAAGCETCCAGCAGCACGCCCCAGGTECRR 400
W @ E G G A A A P G A N Q E G G A A A P G A N O E G G A A A P G A

ACCAGGRAGETGEAGCAGCAGCCCCAGGAGCARACCAGGARGETGEAGCAGCAGCCCCAGCGAGCARATCAGGAAGECGEAGCAGCAGCCCCAGGRAGCRRE 500
N @ E G G A A A P G A N Q E G G A A A P G A NOQE G G A A A P G A N

TCAGGRAGETEGAGCAGCAGCCCCAGGTGCARACCAGCAAGGTGRAGCAGCAGCCCCAGGAGCARATCAGGRAACECGEAGCAGCAGCCCCAGRAGCRRAT  &00
Q E G G A A A P G A NOQE GG AAAPG A NOGETGGAAAPG A N

CRGCARGGCEEAGCAGCAGCCCCAGEAGCRARTCAGRARGGTGEAGCAGCAGCCCCAGGAGCARRACCAGERAGETGGRACGCAGCAGCACCAGGRAGCARRCC 700
Q0 E G G A A A P G A NO E GG A A AP G A NOQEGG A A A P G A N

AGGGRAGGTERAGCAGCAGCACCAGRAGCARACCAGRRAGETGEAGCAGCAGCACCAGRAGCARACCAGGCGAGRTGGAGCAGCAGCACCAGRAGCARRCCA B00
o 6 6 6 A A A P G A N QG GG A A A P G A NOQG G G A A A P G A N Q

GEALGGTGCAGCAGCAGCACCAGGAGCARACCAGGERAGETGCARAGCCAGCAGCAGCGACAGCGACARAATARTCAAGCTGCCARTRAACGCCAGATGARRRAG 800
E G G & A A P G A N O G G A K P A G G QG Q N NEG A NK P D E K

CATGTGRARRGAATACCTAGAGRARARTTAGATCTACCGTTGGCACCCAATGGACTCCATGCAGTGTRAACCTGTGCARACGGGTCTARGACTTAGRRAGRARAC 1000
H VvV K E Y L E K | R & T VvV 6 T EW T P CS5 V T C G KOG V R V R R K

TTALTGCAGETCACRARARACCAGATARGCTTACTCTGARTGACCTTCAGGCACGAAGTTTGTACAATGGATARGTGCECTEECATATTTARCGTTCATCAG 1100
L N AAG D K K P D K L T L N D L E A E V CTMUDEKCLCAG I F NV V 5

TAATTCATTAGGGCTAGTCATATTGTTAGTCCTAGCATTATTCRAATTAR
N 5 L G L v I L L Vv L A L F N

SG/EHI/'WM16/Y09-85 (P. knowlesi; JQ219910)

ATGRAGARCTTCATTCTCTTGGCCGTCTCCTCCATCCTGCTGETEGACTTGCTCCCCACATACTTCGAACATAATGTAGATCTCTCCAGGGCCATARATE 100
M K N F I L L A V¥V 5 5 | L L Vv D L L P T Y F EHNWV D L § R A | N

TARATGGAGTAAGCTTCARATAGTGTAGACACCAGTTCACTIGECGCAGCACAGETARCGACARAGTGCTAGCCGAGGCAGAGCACTTGATGAGRRAGCCRARE 200
v N G VvV 5§ F N 5§ VDTS5 S5 L G A A QV ROQ S A S RGRG L G E K P K

AGARGGAGCTGATARAGSARACGAR AR R CARRR A CAR ARG CARCGAACCARAGAAGCCARATCGARRATARGCTGARACARCCACRARGCARATGEEGEGEE 300
E G A D K E K K K E K E K E E E P K K P N E N K L K Q@ P Q G N G G

GCAGGTCARGCACARCCACARGCARRTEEEEEGECAGETCARGCACAACCGRARCGERARATCCCEEEECACETCARGCACRACCAGRAGCGRARATCLEEEEE 400
A G O A Q P E G N G G A G OQ A QP E G NG G A G Q AT P E G N G G

CAGGTCAAGCACRACCGEARGEARATGEEEEEECAGETCARGCACARACCGGAAGCARATGEEEEEECAGETCARGCACRACCEEARAGEGRARATGEGGEEEEC 500
A G QO A Q P E G N G G A G OQ A QP E G NGOG AGQ A QP E G NG G A

AGGTCRAGCACRACCGRARGEALATEGEEEGECAGETCARGCACRACCRGAAGGRARATGREEGEECAGETCARGCACRACCGGRAGRRRATGERGEEEGCEA 000
G ¢ A Q P EG NGOG AGQ AOQ®PEGNMNSGSGASGOQAOQQP EG NG G A

GETCARGCRCAACCRACRAGGRRATGEEEGECGCAGETCARGCACRRCCACRRGERARATGGGEEGGCAGGTCARGCACRRACCACRRAGGRRATGGEGEEECAE  T00
G @ A Q PQ G NG G AGOQAOQPQGNSGGAGO QAOQPQG NG G A

GTCRAGCACRACCGGARGEARATAGEGRAGCTCCAGCACRAACCACARGGARATEGEGEGECAGGTCAAGCACRACCACRRARARACCGRAGGAGGRARCGC 800
G @ A Q P E G N REAP AQ PQGNGSGAOGOQ AQ P Q K NEG GG N A

AGGAGCACGGARAGGACAGGEACARAACARTCAGCGETCCGRATGCCCCARRATCARRARGTTETARRATGATTACCTACRAGARRAATTAGATCTAGCGTTACC 800
G AR K G OGN NG A N AP NE KV VvV N DY L QG K I R S 5§ VT

ACCGAGTGEACTCCATECAGTGTARCCTGTGEARATECTCTARCGAATTAGRAAGAAGAGCTCATGCAGATARGARARRGECAGAGGACCTTACTATCGEATE 1000
T EW T P CS VY T CG NG VY R I R R R A H A DK K K AED L T M D

ACCTTGARCTGERAAGCTTGTGTAATGEATARGTGTGCTGGCATATTTARCGTTGTGAGTARTTCATTAGGGTTAGTCATATTGTTAGTCCTAGCATTATT 1100
0L EV E A CVMDKCAG | F NV V¥V § NS L G L v I L L Vv L A L F

CLATTAZ
N
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SG/EHI/WM16/Y09-2 (P. cynomolgi; JQ219924)

ATGRAGRACTTCATTCTCTTGGCCGTTICTTCCATCCTGTIGETEGACTIGTTCCGCACACACTGGGGACATRAATGTACGATTTCTCCRAGGCCATARATT 100
M K N F I L L A V¥V 5 5 | L L ¥V D L F R T H WG H N V D F § K A | N

TARATGGAGTAAGCTTCAGTARTGTAGACGCCAGTTCACTIGECGCAGCACAGETARCGACARAGTGCTAGCCGAGGCAGAGCACTTGATGAGRACCCRRE 200
L N G VvV § F S NV D A S 5 L G A A QV ROQS A SRGHSRG L G E NP K

AR CCAGCAAGCAGC AT AR ACC AR A A R A L CCACCAR A R C AL TACGARCCARAR AR CCCACCTGARRATARGCTCARACAACCACRRGCAGEREET 300
N E E G A D K P K K K D E KO V E P K K P R E N K L K QQ P Q A G G

GATGCAGGRAATGCACRAGCCGGAGGAGATGCGEEARATGCACRRGCAGGAGETGATGCAGCARATGCACARGCAGGAGETCCACRAGCAGGAGGTEATE 400
0D A G N A Q A G G D A G N ADOQAGGDAGNAOQAGGAOQAG G D

CRGCARATGCACRAGCAGEAGETGCACRRAGCAGEAGETCATGCAGCRARARTGCACARGCAGEAGGTGCGCARGCAGGRGETCATGCAGRARATECACRRGC 500
A G N A QO A G G A O A G G D A G N A Q AG G A QT A G G D AG N AT A

GGGAGGTECECARGCAGCAGCGAGATGCAGGARATGCACAAGCEEEAGETGCECARCGCAGGAGCACGATGCGGGARATGCACRAGCAGGAGETGCACRRGCE 600
G 6 A Q A GG D AG N AQAGG A QA GG D AG N AT AG G A QA

GeACCTCAT GO AGCAARTCCACARGCAGCAGETCCACARGCAGCAGETCAT CCAGGRARATCCACRAGCACCAGETGCECRAGCAGCGAGETGCACRAGCAE 700
G G 0D A G N AOQAG G A Q AG G D AGNAQAGG ADOQAGG A O A

GAGGTGCACRAAGCAGGAGGTGCACARGCAGGAGETGCACRAAGCAGCAGGTGCACARAGCAGGAGGTGCGCARGCAGGAGETCCACRRGCAGGRGGTGCACE 800
G G A O A G G A QO A G G A Q A G G A Q A G G A QA G G A QA G G A Q

AGCAGGAGETGCACRAGCAGEAGGAGCARRATGCGERARATARAARAGCAGGACACGCAGGAGCACGCGACAGECACRRRATARTGRAGETGCERATATECCA 800
A G G A O A G G A N A G N K K A G D A G A G QG G QT N N E G A N M P

ARTGTRARAGCTTGTGARACARTACCTAGACARRATTAGATCTACCATTGGCGTCGAGTGGACGTCCATACAGTGTARCCTGTGGARAGEETCTARGRRTEE 1000
N VvV K L VvV K E ¥ L D K I R &S T I G ¥V EW S P Y § V T C G K G V R M

CRACARRACGTTAGTGCAGCTARCAR AR A CCAGRAGAGC T TGATGCCARTGACCTTGAGACTCAAGTTTGTACAATGCATRAGTGCGCTGETATATTTARZ 1100
R R K ¥V 5§ A A N K K P E E L D A N D L E T E VvV C T M D K CAG | F N

CCTTGTGAGTAATTCATTAGGGCTAGTCATATTGTTAGTCCTAGCATTATTCARTTAR
vV Vv s N 5 L G L VvV I L L Vv L A L F N

SG/EHI/WM16/Y09-34 (P. cynomolgi; JQ219925)

ATGRRAGRACTTCATTCTCTTGGCCGTTICTTCCATCCTGTIGRTRGACTIGTTCCGCACACACTGGGGACATAATGTAGATTTCTCCARGGCCATARATT 100
M K N F I L L A V¥V 5 5 | L L ¥V D L F R T H WG H N V D F § K A | N

TRALTGGAGTAAGCTTCAGTAATGTAGRCGCCAGTTCACTTGECECAGCACAGRTARGACARAGTGCTAGCCRAGGCAGRAGRACTTGETGAGRACCCRARR 200
L v G v §8 F 5§ N ¥V D A 5 5 L G A A Q V R Qs A 5 R G HRG L G E NP K

ALLCGRAGRAAGGAGCTEATARACCARARAR L AL GEACGARARACALGTAGRAACCARARAAGCCACGTGARRATARGCTGARACRACCACRAGCAGERGRET 300
N E E G A D K P K K K D E K OQ V E P K K P R E N K L K Q P Q A G G

GATGCAGGRAATGCACRAGCCGGAGGAGATGCGEEARATGCACRRGCAGGAGETGATGCAGCARATGCACARGCAGGAGETCCACRAGCAGGAGGTEATE 400
0D A G N A Q A G G D A G N ADOQAGGDAGNAOQAGGAOQAG G D

CRGGARATGCACARGCAGGAGGTGCACAAGCAGEAGGETGATGCAGGARRTGCACARGCAGGAGGTGCGCARGCAGGAGETCATGCAGCGARATGCACRRGE 500
A G N A Q A G G A 0O A G G D AGMNAQAGSGAOGQAGSGDAGNAIDGTGA

GEGAGGTGCGCARGCAGGAGGACGATGCAGEARATGCACAAGCGEEAGGTGCGCAAGCAGGACGAGATGCEGCERAALTGCACAAGCAGCGAGGTGCACRAGCE &00
G 6 A Q A GG D AGMNAQAGGAOQAGSGDAGNAGAGTG AGQ@A

GEAGGTGATGCAGGRARTGCACAAGCAGGAGGTGCACAAGCAGCAGCTGAT GCAGGRARATGCACRAGCAGGAGETGCGCRAGCAGGAGGTGCACRAGCRAG 700
G G 0D AG NAQAGSG AQAGOGTDAGNAQAGT G AOQGQAGTG A Q A

GAGGTGCACRAGCAGGAGGTGCACARAGCAGGAGETGCACRAAGCAGCAGGTGCACARGCAGGAGGTGCGCARGCAGGAGETCCACRRGCAGGRGGTGCACE 800
G G A O A G G A QO A G G A Q0 A GG AQ AHEG G AOQ0 A G G A Q AG G A Q

AGCAGGAGGTGCACAAGCAGEAGGAGCRAAATGCGCEEARATARRARAGCAGGACACGCAGGAGCAGCGACAGGCACRARATALATGRAGCGTGCGRAATATECCA 900
A G G A O A G G A N A G N K K A G D A G A G QG QT N N E G A N M P

AATGTRARGCTTGTGARAGARTACCTAGACAAR AT TACATCTACCATTGGCETCEAGTGGAGTCCATGCAGTCTARCCTETCGGARAGCGETGTAAGRATGRE 1000
N V K L VvV K E Y L D K I R § T I G ¥V EW S5 P CS5 V T CG KOG V R M

CRACARRACGTTAGTGCAGCTARCAR AR A CCAGRAGAGC T TGATGCCARTGACCTTGAGACTCAAGTTTGTACAATGCATRAGTGCGCTGETATATTTARZ 1100
R R K ¥V 5§ A A N K K P E E L D A N D L E T E VvV C T M D K CAG | F N

CCTTETGACTAATTCATTAGGGCTAGTCATATTGTTAGTCCTAGCATTATTCAATTAR
v v s N 5§ L G L Vv I L L Vv L A L F N
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SG/EHI/WM17/Y09-4 (P. knowlesi; JQ219911)

ATGAAGARCTTCATTCTCTTGGCCETCTCCTCCATCCTGCTGETGEACTTGCTCOCCACACACTTCGAACATAATGTAGATCTCTCCAGGGCCATARATE 100
M K N F I L L A VvV §5 S5 | L LVDULL®PTHFEMHNWVYV DL S5 RAI N

TARATGGAGTAAGCTTCRAATAATGCAGACACCAGTTCACTTGECECAGCACAGGTGAGACARAGTGCTAGCCOAGGCAGRGEACTIGETGAGRAGCCARE 200
vV NG VvV 5§ F NN ADTS S L G A AQVYV ROQS A S RGRG L G E K P K

AGAAGGAGCTGATARAGARRAGARARAAGARARACALGAAGRACCAARGAAGCCARATGARARTRAGCTGARACARCCGEATGCAGTACCAGRGGECERE 300
E 6 A D KE KKK E KEE E P K KPP MNEWMNI KL KQ®PTDAV P G G E

GAACCAGCACCAGGAAGEEAACAGCCAGCACCAGEARGEEAGEARCCAGCACCAGEAAGGEARCAGCCAGCACCAGGAAGECARGAACCAGCACCAGERAL 400
E P A PG REQ®PAPGRETE®PAPGRETQ®PA®PRPGARTETE®PAZPG

GGGRACAGCCAGCACCAGGAAGGGARGAACCAGCGCCAGGARGGGARCAGCCAGCACCAGGAAGGGAACAGCCAGCACCAGGRAAGGGAGGRACCAGCACC 500
R EQ P A PG REE®PALAPGREQ®P AP GREQ®PRPAPGREE P AP

LGGLAGGELACAACCAGCACCAGGAAGECAGGAACCAGCACCAGCALGEEARCALCCAGCACCAGEARGERAGCAGCCAGCACCAGEARGRGRACAGICE 600
G REQ®PAPGRETE®PALPGREOQ®PASPRPGREOQ® A PG RETQH®

GCACCGGEEEETEARCARCCAGCACCAGGRARGGEARCAGCCAGCACCGEGTGETEARCARCCAGCACCAGCACCAGGRAGCAGETGCEEEAGATGGAGCRAC 700
AP GG EQ P APGREQ®PAPGGEQ@®PAPAPGAGAG DG A

CAGGAGGRALCGCAGOEECACECAARGEACAGGEACARARACARTCAGCETGCARATCTCCCARRTGARARACTTCTGRATCATTACCTACACARRATTAG 800
R G 6 N A G A G KGAQGQ N NOQG ANV P NEKVY VYV NDY L HK I R

ATCTAGCGTTACCACCGAGTGEACTCCATGCAGTETARCCTGTGEAARTGCTCTAAGARTTAGARCGARRAGCETCATGCAGCTARTARRRAGGCAGAGERAC 900
s s v T T EWTO®PCS VT CGNGWVY R I RR KSGHAGNI KK A ED

CTTACTATGGATGACCTTGAGGTGGARGCTTGTGTALTGEATAAGTGCGCTGECATAT TTARCGTTGTGAGTAATTCATTAGGCTTAGTCATATTGTTAG 1000
L TMODODILEVYV EACVY MDIKTCAG I F NV YV S NS LG LV I L L

ICCTIRGCATTATICAATTAR
v L A L F N

SG/EHI/'WM17/Y09-30 (P. knowlesi; JQ219912)

LTGRAGARCTTCATTCTCTTGECCETCTCCTCCATCCTGCTGETGEACTTGCTCOCCACACACTTCGAACATARTGTAGATCTCTCCAGGGCCATARATE 100
M K N F I L L AV 5 S5 | L LV DLL®PTHFEMHNVWVDILSRAIN

TARATGGAGTAAGCTTCRAATARTGTAGACACCAGTTCACTTGECECAGCACAGETGAGACARAGTECTAGCCGAGGCAGAGGACTIGETGAGRAGCCARE 200
vV N G VvV 5§ F NNV DTS5 S§ L G A AQV RQ S5 A S5RGRG L G E K P K

LGALGGAGCTGATALAGAR LA GAR A A LG L A A A CL A GAAGACCARAGARGCCARATGARRATARGCTGLRACAACCERATCCAGTACCAGEEERCERE 300
E G A D K E K K K E K E E E P K K P NENI K L KQPTDAV P G G E

GARCCAGCACCAGGRAAGEGAACAGCCAGCACCAGERAAGEEAGCARACCAGCACCAGGALGGGRACAGCCAGCACCAGGRAGEGARGRACCAGCACCAGERE 400
E P A PG REQ®PAPGRETEWPA®PGRESOQ®P AP G REEZPAPG

GGEAACRGCCAGCACCAGGARGGGAAGALCCAGCRCCAGGARGECAACAGCCAGCACCAGERAGGEAACAGCCAGCACCAGGARGGCAGGARACCRAGCACC 500
R EQ P AP G AR EE®P A P GREOQ®P AP GREQ®P AP GREE P AP

LGGAAGGGRACAACCAGCACCAGGAAGGGAGGAACCAGCACCAGGRAAGGGRARCAACCAGCACCAGGARGGEARCAGCCAGCACCAGEARGECARCAGCCE 600
G R EQ P A PG REEZPAPGREOQ®P» A P GREOQ®PA PG RE QP

GCACCGGEEEETEAACARCCAGCACCAGGALGGEARCAGCCAGCACCGRGTGETEAACAACCAGCACCAGCACCAGGAGCAGGTGCGECAGATGGARCAC 700
AP GG EQ P AP GREOQ®PAPGGEQ®PAPAPGAGAG DG A

CAGGAGGRARCGCAGGEECAGGGAARGEACAGGEACAARRCAATCAGGETGCARATGTCCCARRTGARARAGTTGTGRAATGATTACCTACRCARRRTTAG 500
R G G N A G A G K G QG QN NQG ANV P NEKV VYV NDY L H K I R

ATCTAGCGTTACCACCGAGTGEACTCCATGCAGTETAACCTGTGGAARTGGTCTALGARTTAGARGARRAGCGTCATGCAGGTARATARRRAGGCAGAGEAC 900
s 5 Vv T T EWTO®PCS VT CGNGGVY R I RR KU GHAGNI KK A ED

CTTACTATGGATGACCTTGAGGTGGARGCTTGTGTALTGEATAAGTGCGCTGECATAT TTARCGTTGTGAGTAATTCATTAGGCTTAGTCATATTGTTAG 1000
L T M DD L EV E A CV M D KTCAG I F NV VY § NS5 L 6 L Vv I L L

TCCTAGCATTATTCRATTALZ
v L A L F N
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SG/EHI/WM18/Y09-24 (P. cynomolgi; JQ219926)

ATGRAGARCTTCATTCTCTTAGCCGTTTCTTCCATCCTGTTGETEGACTTGTTTCCCACARACTGCGGGCATAATGTAGATTTCTCCAGGGCCATARATT 100
M K N F I L L AV S s | L LV DLFPTMNTCGHNWVTDTF S R A | N

TARATGGAGTAAGCTTCAATARTGTAGACGCCAGTTCCCTIGRCECAGCACAGETARGACARAGTGCTAGCCOAGGCAGAGCACTTGETGAGRACCCARE 200
L NGV S F NNV D AS S L G A AQVYV ARAROQS ASRGRG LG E NP K

AARCGAGGAAGGAGCTGATARACAA AL GGACGALAAANARGTAGALCCARARAAGCCACGTGARAATARGCTGARALCAACCAGACGGARATAATGCE 300
W E E G A D K Q@ K K D E K K ¥V E P K K P R E N K L K G P D G N N A

GCTGATGEAGGETETACARCCGCCAGCAGGAGGAGCARRTAATGCAGCTGAT GEAGCTGTACRACCACCAGCAGCAGGAGGARATARTECAGCTGATEGAG 400
& 0 6 G VvV QPP AG GG NN AALDGGVY QPP AGG G HNNAADG

GTETACRACCACCAGCAGGAGGAGGARATARTGCAGCTGRATGRAGGTGTACARCCACCAGCAGCAGCAGCARATAATCCAGCTCATGEAGETRTRACRACC 500
G vag PP A GGG NN AADGGV QPP AGGE G N NAADGG VYV QP

ACCAGCAGGAGGRAGGARATARTGCAGCTGATGGAGGCEGTACRRCCACCAGCACGAGCGAGGARATARTGCAGCTGATGCEAGGTGTACARCCGCCAGCRAGEE 00
P A G G G N N A A D GG V QP P A G GG NN AADGSG V Q P P A& G

GGAGEGRATAATGCAGCTGATGEAGCETGTACAACCACCAGCAGEAGEAGGRARTAATGCAGCTCATGGAGETGTACAACCACCAGCARGAGGAGGARATE 700
G G NN A ADGGV QPP AGGGNWNAADGS GV QPP ARGTGN

ATGCAGCTRATGGAGGTECACRACCACCAGCAGCAGEAGCGARATARTGCAGCTEATGORAGETGTACRRCCACCAGCAGCAGCAGGRARTAGGRECRARTRAR 800
N A A D G G A QP P A GGG N MNAADSGTG VYV QP P A A G G NR A N K

ARLAGCAGGAGRRAGCAGETGEARACGCAGGAGCAGCGACAGGGACALAATARTCARGCETGCCARATATGCCARATGTARACGCTTGTGCARGRATACCTAGRAC 800
K A G E A G G N A G A G Q G QO N N E G A N M P NV K L VvV Q E Y L D

ARAATTAGATCTACCATTGECGTCGAGTGEACGTCCATGCAGT GTARCCTGTGEARAGGCETCTAAGAATGAGRACGARARCTTAGTGCAGCTARCARRRRAC 1000
K I R S§ T I G VY EWS P CS VY T CGHKGV R MUBRRI KV 5§ A AN K K

CAGRAAGRAGCTTGATGCGAATGACCTTGAGACTGARGT TTGTACAATGEATARGTGCGCTGETATATTTARCGTTGTGAGTAATTCATTAGGGCTAGTCAT 1100
P £E E L D AN DL ETEV CTMODIEKTCAG I F NV V¥V 3 NS5 L G L ¥V I

ATTGTTAGTCCTAGCATTIATTCRATTAL
L L v L A L F N

SG/EHI/WM18/Y09-92 (P. fieldi; JQ219934)

ATGARGARCTTCATTCTCTTGGCCGTTTCTTCCATCCTGT TGETGEACTTGTTCCCCACACACTGCGEGCATAATGTAGATCTCTCCAGGGCARTARATT 100
M K N F I L L AV S5 S5 I L LV DLF®RPRTHCOCGHNVY DL S R A | N

TAAATGGAGTAAGCTTCAATARTGTAGACGCCAGT TCACTTGECGCAGCACAGETARGACARACGTGCTAGCCOAGGCAGAGGACTTGETGAGARCCCARE 200
L NGV S§F NNWVDASSLGAAQVY RQGS ASRGRGILGENMNTPK

LGACGATGARRRACGCTCATARACCARR AR L CCACCARR R L A CTAGRACCARAR R A CCCACATCARRATARGCTCARACARCCAGTCCCRAGERAGCE 300
b D E K A D K P K K KDEI K KV EP K K P HEMNIK L KAQPV PG A

LATCAGGARGGCGEAGCAGCAGCCCCAGGAGCARATCAGGAAGECEOAGCAGCAGCCCCAGCAGCARATCARCARGGTEGAGCAGCAGCCCCAGETECRAR 400
N @ E GG A A A PG A NOQEGG A A LALPG A NOGEGG A A ARG A

ACCAGGRRGETGCGAGCAGCAGCCCCAGEAGCARACCAGGRAGCTGOAGCAGCAGCCCCAGCAGCARATCAGEARGECGCAGCAGCAGCCCCAGEAGCRRA 300
N Q E GG A A A P G A NQEGGAAAPG AN GETGTG GAAAPRPG AN

TCRGGRACGTGEAGCAGCAGCCCCAGGTGCARRCCAGCGARGETEGACGCAGCAGCCCCAGEAGCARATCACGEAGCTGEAGCAGCAGCACCAGEAGCRRARC  £00
o E GG A A A PG A NOGEGSGAAAPGANUTGGSGOGASAAP G AN

CAGGGRGETECAGCRAGCAGCACCRACEAGCARACCAGGRAGGTCEAGCAGCACGCACCAGGACCARACCAGEEAGETGCARAGCCAGCAGGAGEACRGEGAC 700
0 6 GG A A A PGANIDGETGT GAAAPGAN GG GAIK®PAGSGOU QG

MR ATARTGAAGGTGCCARTAAGCCAGATGARRAGCATGTGAARGAATACCTAGAGARRRTTAGATCTACCETTGECACCEARTGRACTCCATGCARTAT  B00
@ N N EGANUEKPDEIKW HV KEY L EK I RSTVGTEWTPCLC SV

AACCTGTGGAARGEGTGTAAGAGT TAGRAGAARACTTARTGCAGGTGACARARRACCAGATARGCTTACTCTGRATGACCTTGAGGCAGRAGTITGTACE 500
T CG K GVY RV RRKILNAGT?DU K K®PDK LT L NDILEAEWVCT

ATGGAT ARG CCECTGECATAT I TARCETIGTGAGTAR T TCATTAGGGCTAGTCATATTGITAGTCCTAGCATTATICARTTRAR
M D K CAG I F NV V S NS L G LV I L L V L AL F N
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SG/EHI/WM26/Y09-1 (P. knowlesi; JQ219913)

ATGRARGRACTTCATTCTICTTGECCGTCTCCTCCATCCTGCTGRTGEACTIGCTCCCCACACACTTCGRARCATARTGTAGATCTCTCCAGGRCCATARATE 100
M K N F I L L A VY 5 5 I L L V¥V DL L PTMHTFEMHNWVYV DL S R A | N

TARATGGAGTAAGCTTCAATAATGTAGACACCAGTTCACTTGRCECAGCACAGETGAGACARAGTGCTAGCCOAGGCAGRGEACTTGETGAGAAGCCARE 200
vV N G VvV 5§ F NNV DTS5 S§ L G A AQV RQ S5 A S5RGRG L G E K P K

LGLAGGAGCTGATARAGAARAGARA A LGARA A GALGAAGAACCAARGAAGCCARATGARARTRAAGCTGRALCAACCEEATGCAGTACCAGRGEECERE 300
E G A D K E K K K E K E E E P K K P N E N K L K Q P D AV P G G E

GRAACCAGCACCAGGRAGGGARCAGCCAGCACCAGGARGGCAGEARCCAGCACCAGEAAGGEAACAGCCAGCACCAGGAAGEGRAAGAACCAGCACCAGGRE 400
E P A PG REOQ®PA®PGRETE®PA®PGRESOQ®PAP GREEZPAPG

GGGAACAGCCAGCACCAGGAAGGGARGARCCAGCGCCAGGARGGEARCAGCCAGCACCAGGAAGGGAACAGCCAGCACCAGGAAGGGAGGRACCAGCACC 500
R E QP A P GAREE®P A P GREOQ®P AP GREQ®P AP G REEP AP

AGGRAAGGGRACAACCAGCACCAGGAAGEGAGGAACCAGCACCAGERAAGGGARCAACCAGCACCAGGRAGCGRAACAGCCAGCACCAGCARGEGRACAGCCE 600
G R EQP APGREEZPAPGARESQ®PAPGRESOQ®PAPGREQFP

GCACCGGEEEETERAACARCCAGCACCAGGARGGEARCAGCCAGCACCGEGTGETEARCARCCARCACCAGCACCAGGRAGCAGETGCEECAGATGGAGCAC 700
AP GG EQ P APGREQ®PAPGGEQ@®PAPAPGAGAG DG A

CGAGGAGGARACGCAGGEECAGEGRARAGCACAGGEACARARCAATCAGGETGCARATGTCCCARATGARRARAGTTGTGRATCGATTACCTACACRARATTAG 800
R G G N AGAG KGOQ G QN NQ@GANWVPNEIKV VYV NDY L H K I R

ATCTAGCGTTACCACCGAGTGEACTCCATGCAGTETARCCTGTGEAARTGCTCTAAGARTTAGARCGARRAGCETCATGCAGCTARTARRRAGGCAGAGERAC 900
s s v 1T T EWTO®PCS VT CGNGGWV R I RR KU GHAGNI KK A ED

CTTACTRTGEATCGACCTTGAGETGORAGCTTGTCTARTGEATARGTGCGCTGECATATTTARCCTTGTGAGTARTTCATTAGRCTTAGTCATATTCTTAG 1000
L T M DD L EV E A CV M D KTCAG I F NV VY § NS5 L 6 L Vv I L L

TCCTAGCATTATTCRATTAL
v L A L F N

SG/EHI/WM26/Y09-13(P. knowlesi; JQ219914)

ATGRARGRACTTCATTCTICTTGECCGTCTCCTCCATCCTGCTGRTGEACTIGCTCCCCACACACTTCGRARCATARTGTAGATCTCTCCAGGRCCATARATE 100
M K N F I L L A VY 5 5 | L L V¥ DL L PTMHTFEMHNWVY DL S R A | N

TARATGGAGTAAGCTTCAATAATGTAGACACCAGTTCACTTGECGCAGCACAGETGAGACARAGTGCTAGCCGAGGCAGAGGACTTGETGAGRAAGCCARE 200
vV NGV § F NNV DTS S5 L GAAOQVROQS ASRGHRTGLGEK P K

AGRAGGAGCTGATARAGARRAGALARALGARARAGALGAAGRACCAARGRAGCCARATGARARTRAAGCTGARACAACCGEATGCAGTACCAGREGGECERE 300
E G A D K E K K K E K E E E P K K P N E N K L K QP D AV P G G E

GRAACCAGCACCAGGRAGGGARCAGCCAGCACCAGEARGECAGEARCCAGCACCAGGAAGGEAACAGCCAGCACCAGGAAGGGAAGRACCAGCACCAGERE 400
E P A PGREOQ®PAPGREE®P AP GRESQ®PAPRPGREE®PAEPG

GEGAACAGCCAGCACCAGRARGGEANGARCCAGCECCAGGARGEEAACAGCCAGCACCAGCELAGGGALCAGCCAGCACCAGGARGERAGGAGCCAGCACE 300
R EQ P A PG RETE®PAPGREOQ®P AP GREOQGQ®PAPGREE®P AP

AGGRARGGGRACRACCAGCACCAGGRAAGEGAGGARACCAGCACCAGERAGGGRARCAACCAGCACCAGGRRGCEGRACAGCCAGCACCAGEARGEGRACAGCCE 600
G R EQ P AP GREEPAPGREOQ®PAPGREQ®PAP G R E QP

GCACCGGEGEETCARCARCCAGCACCAGCAACGCAACAGCCAGCACCEGGTGETGAACAACCACCACCAGCACCAGGAGCAGETGCGEEACATGGAGCAC  T00
L& P G G E QP AP GREQPAPGGEOQ®PRPAPAPRPGAGAGDG A

CGAGGAGGARACGCAGGEECAGEGRARAGCACAGGEACARARCAATCAGGETGCARATGTCCCARATGARRARAGTTGTGRATCGATTACCTACACRARATTAG 800
R G G N AGAG KGOQ G QN NQ@GANWVPNEIKV VYV NDY L H K I R

LTCTAGCETTACCACCEAGTGCACTCCATGCAGTETARCCTGTGCARATGCTCTAACAATTACARCARRLCETCATGCAGCTARTARARAGCCAGAGEAC 900
s s v 1T T EWT®PCSVYTCGMNOGVY R I RREKGHAGNIEKEKAETD

CTTACTATGEATGACCT TGAGRTGEAAGCT TGTGTARTGEATARGTGCGCTGECATATTTAACCTTGTGAGTARTTCATTAGGCTTAGTCATATTGTTAG 1000
L T M DD L EV EACV MDKCAG I F NV VY § NS L 6 L Vv I L L

TCCTAGCATTATTCRATTAL
v L oA L F N
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SG/EHI/WM26/Y09-47(P. knowlesi; JQ219915)

ATGRARGAACTTCATTCTCTTGECCGTCTCCTCCATCCTGCTGRTGEACTIGCTCCCCACACACTTCGRARCATARTGTAGATCTCTCCAGGRCCATARATE 100
M K N F I L L A VY § § | L L V¥ DL L PTHT FEMHNWV DL § R A I N

TARATGGAGTAAGCTTCAATAATGTAGACACCAGTTCACTTGECECAGCACAGGTGAGACARAGTGCTAGCCOAGGCAGRGEACTIGETGAGRAGCCARE 200
vV NGV § F NNV DTS S5 L GAAOQVROQS ASRGHRTGLGEK P K

AGAAGGACCTCAT AR AR A A AR A A A AR R L A CA L CAACAACCARRCARCCCARATGARAATARCGCTCARACAACCGEATGCAGTACCAGRGGRCGERE 300
E G A D K E K K K E K E E E P K K P N E N K L K Q P D AV P G G E

GARCCAGCACCAGGRAGEGAACAGCCAGCACCAGERAGEEAGCARCCAGCRACCAGGARGGGRACAGCCAGCACCAGGRAGEGARGRACCAGCACCAGERE 400
E P A PG REQ®PAPGRETEWPA®PGREOQ®P AP G REEZPAPG

GGEARCAGCCAGCACCAGGAAGGGARGAACCAGCECCAGGARGEEARCAGCCAGCACCAGGRAGGRARCAGCCAGCACCAGGARGGCAGGRACCAGCACT 500
R EQ P A PG AR EE®P A P GREOQ®P» AL P GREQP AP GREE P AP

LGGAAGGGRACAACCAGCACCAGGAAGGGAGGAACCAGCACCAGGRAAGGGRARCAACCAGCACCAGGARGGEARCAGCCAGCACCAGEARGECARCAGCCE 600
G R EQ P A PG REEZPAPGRESOQ®P AP GREAQ®PAPGRE QP

GCACCGGGGEGTGARCARCCAGCACCAGGAAGGGAACAGCCAGCACCGGGTGETGAACAACCAGCACCAGCACCAGGAGCAGETGCGEEAGATGGAGCAC  T00
AP GG EQ P APGREQ®PAPGGEQ@®PAPAPGAGAG DG A

GAGGAGGARRCGCAGGGECAGGGARRGEACAGGEACAARACRATCAGGETGCARATGTCCCOARTGARRARGTTCTGAATGATTACCTACRCARRRTTAG 500
R G G N AGAG KGOQ G QN NQ@GANWVPNEIKV VYV NDY L H K I R

ATCTRGCETTACCACCGAGTGRACTCCATGCAGTETAACCTGTGGAARTGGTCTALGARTTAGARGARRAGCGTCATGCAGGTARTAARRAGGCAGRAGGRAC 900
s 5 Vv T T EWTO®PCS VT CGNGGVY R I RR KU GHAGNI KK A ED

CTTACTATGEATGACCT TGAGGTGOARGCTTGTETARTGEATARGTGCGCTGECATATTTARCCTTGTGAGTARTTCATTAGGCTTAGTCATATTGTTAG 1000
L TMODODILEVYV EACVY MDIKTCAG I F NV YV S NS LG LV I L L

TCCTAGCATTATTCRATTALZ
v L A L F N

SG/EHI/WM26/Y09-60 (P. knowlesi; JQ219916)

ATCAAGARCTTCATTCTCTTGGCCETCTCCTCCATCCTGCTGETGEACTTGCTCOCCACACACTTCGAACATARTGTAGATCTCTCCAGGGCCATARATE 100
M K N F I L L AV 5 S5 | L LV DLL®PTMHFEMHNVWV DL S RAI N

TARATGGAGTAAGCTTCAATAATGTAGACACCAGTTCACTTGECECAGCACGERTGAGACARAGTGCTAGCCOAGGCAGRGEACTIGETGAGRAGCCARE 200
vV NGV S5 F NNV DTS S§ L GAAWRVYV RQ S5 ASRGRG L GE K P K

AGAAGGACCTCAT AR AR A A A A A A L AR R A AL A A A AN R AR CRACCARAGAACGCCARATGARAATAAGCTCGARACRACCEGAACRAACCAGCEA 300
E 6 A D K E K K K E K E K E K E E P K K P N EHNIEK L KQ P E QP A

GCAGEAGCAGGEGEECGARCAACCAGCAGCAGCGAGCAGGAGGCCARCAACCAGCAGCAGGAGCAGGAGGCCRAACARCCAGCAGCAGGAGCAGGAGGCEARC 400
& G A G G E QP A A G A GGG E QP A ALGAGGEQ PR ALAG AGGE

LACCAGCGECAGGAGCAGGGGGCGAACAACCAGCAGCAGGAGCAGGAGGCGAACAACCAGCAGCAGGAGCAGGAGGCGAACAACCAGCAGCAGGAGCAGE 300
g P A A G A GG E QP A A G AGGEQ P A AGAGGEOQ®PAAG AG

LGGCGAACLACCAGCAGCAGGAGCAGCGLGECGAACLACCAGCAGCAGGAGCAGEEEECGAACLACCAGCAGCAGGAGCAGCEAGGCGRACLACCAGCACCE 600
G EOQ P A AG AG G EOQO P A A G AGGEOQ P A AG A G G E Q P AP

GCACCARGGAGGGAACARCCAGCAGCAGGAGCAGEEEECEARCAACCAGCACCAGCACCARGGAGGGAACAACCAGCACCAGGAGCAGRTECEGEARGATE 700
A P R R EQPAAGAGGEQ®PAPAPRIRE®QG®PAPGAGAGTD

GAGCACGAGCAGGARACECAGEGECAGCTARAGCACAGCEACARRACARATCAGEETGCGAATGTCCCRARATCARARACTTGTGRATCATTACCTACRACRE 800
G A R GG NAGAG K GOQGOQNNOTGANV P NEIEKWVY V NDY L HK

ARTTAGATCTAGCGTTACCACCGAGTGEACTCCATGCAGTGTARCCTGTGGARATGCETGTARGARTTAGARCGARGACAGRATGCTGCTAATARARAGGCA 900
/I R § §8 v T T EWTO®PCSVTCGNSGVY R I RRROQNAGNIEK KA

GAGGACCTTACTATGGACGACCTTGAGGTGGAAGCTTGTGTAATGGATARGTGCGCTGECATATTTAACGTTGTGAGTARTTCATTAGGCTTAGTCATAT 1000
E DL T MWMWODOD L E VY E ACV MDEKOCAG I F NV V S§NS L G L V I

IGTIRGTCTTAGCATIATICARTTAL
L L v L A L F N
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SG/EHI/WM26/Y09-98 (P. knowlesi; JQ219917)

ATGRAGAACTTCATTCTCTTGECCETCTCCTCCATCCTGCTGETGEACTTGCTCCCCACACACTTCGRACATARTGTAGATCTCTCCAGEECCATARATE 100
M KN F I L L AV SS I L LVYDLL®PTHTFEHNYDLSRAIN

TAAATGEAGTAAGCTTCAATAA TG TAGACACCAGT TCACTTGECECAGCACAGETGAGACARAGTGCTAGCCAAGGCAGAGEACTTEETGAGARGCCARL 200
vV NGV S5 FNNVY DTS S LGAAQY RQS ASRGRGLGEZEKTEPK

AGAAGGAGCTGATARAGARALGARANARGRARNACARGARGAACCARAGANCCCARATGARRATAAGCTGARACARCCCGATACAGTACCAGGGAECERR 300
EGADKEI KKK E KEEEP K KPNENIKILEKAQPDTVPGGE

GARCCAGCACCAGGAAGGEARCAGCCAGCACCAGGAGEEAGELACCAGCACCAGGAAGGEARCAGCCAGCACCAGGARGGEARGRACCAGCACCAGGRE 400
EPAPGREQ®PAPGRTETE®PRPAPGREOQPRPAPRPGRTETETPSALHPG

GOGRACAGCCAGCACCAGGARGGEARCAACCAGCCCCACCARGECARCAGCCAGCACCAGEARGGGARCAGCCAGCACCAGERAGGEAGGRACCAGCACC 500
R EOQPAHPGAREEPAPGREQ®PAPGREQQPAPGRETETPAP

AGGRAGGGRACAACCAGCACCAGGARGGEAGGAACCRAGCACCAGCACCAGGAGCACGTGCEEEAGATGEAGCACGAGEACGARACGCAGEEECAGEEARE (00
G R EOQ P APGRTETEPAPAPGAGAGD DG GARGSE GNAGHAHTGK

GEACAGGEACRARACALTCAGGGTECARATGTCCCARATGARARAGT TGTGARTGATTACCTACACARARTTAGATCTAGCGTTACCACCEAGTGEACTC 700
G Q G6GQ NNOQGANVYVYPNEZEKVVY NDY LHKI RSSVITTEWT

CATGCAGTGTAACCTGTGEARATGETGTARGARTTAGARGARARGETCATGCAGGTARTARRALGGCAGAGGACCTTACTATGGATGACCTTGRGETEER 800
pCsvT1TCGNGVRI RRIKS GHAGNI KIKAETDTLTMDDILEVE

AGCTTGTGTARTGEATARGTGCGCTGGCATATTTAACGTTGTGAGTAATTCATTAGGCTTAGTCATATTGTTAGTCCTAGCATTATTCAATTAR
ACVMDKCAG!I FNVYSNSLGLV I L LV LALTFN

SG/EHI/WM26/Y09-123 (P. knowlesi; JQ219918)

ATGAAGARCTTCATTCTCTTGGCCETCTCCTCCATCCTGCTGETGEACTTGCTCOCCACACACTTCGAACACAATGTAGATCTCTCCAGGGCCATARATE 100
M K N F I L L A VvV 5 S5 | L LV DULL®PTHFEMHNYVY DL S RAI N

TARATGGAGTARGCTTCARTAATGTAGACACCAGTTCACTIGECGCAGCACAGGTGAGACARAGTGCTAGCCGAGGCAGAGGACTTGETGAGRAGCCARRE 200
vV NGV 5§ F NNV DTS S L G A AQVYV ROQGQS A S RGRG LG E K P K

AGARAGGAGCTGATARAGARAAGARARALCARR AL CALGAAGAACCARAGAACCCARATGARARTAAGCTGARACAACCEEATCCAGTACCAGRGEECERE 300
E 6 A D KE K KK E KEE E P K KPNEWNZ KL KQ®PTDAV P G G E

GARCCRGCACCAGGRAGGEARCAGCCAGCACCRGEARGEEAGEAACCAGCRACCAGEARGGEARCAGCCAGCACCAGGRAGEGRAGRACCAGCACCAGGRRE 400
E P A PGREOQ®PAPGREE®P AP GRESOQ®PAPRPGAREEZPAPG

GGGAACAGCCAGCACCAGGARGGEARGARCCAGCECCAGCARGGCEAACAGCCAGCACCAGCLAGGGAACAGCCAGCACCAGGAAGGGAGGRACCAGCACE 500
R EQ P A PGRETE®PALAPGREOQ®P AP GREQPAPRPGRETE®PRPAP

LGGRRGGGARCARCCAGCACCAGGRRGEEAGGRACCAGCACCAGGRAAGGGRACRACCAGCACCAGGRRGGEARCAGCCAGCACCAGGARGECARCAGCCE 600
G R EQ P APGREE®PAPGREQ®PAPGREQ®P AP G REQP

GCACCGGEGEGTEARCARCCAGCACCAGGAAGGEAACAGCCAGCACCEGGTGETGAACAACCAGCACCAGCACCAGGAGCAGETGCGEERAGATGGAGCAC  T00
L& P G G E QP AP GREQPAPGGEOQ®PRPAPAPRPGAGAGDG A

GAGGAGGRRACGCAGGEECAGGGARRGEACAGGEACARRACRATCAGGETGCARATGTCCCARATGARRARGTTGTGRATGATTACCTACRCRARRRTTAG 500
R G G N AG AG KGQGQ N NQG ANV P NEKV YV NDY L HK I R

LTCTAGCETTACCACCEAGTREACTCCATGCAGT GTARCCTGTERALATGGTRTAAGAATTAGRAAGARARGRTCATGCAGETARTARARAGGCAGRAGEAC 900
s s vT1 T EWTOPCSVYTCGMNSGVY R I RRKGHAGNIEKEKAED

CTTACTATGGATCACCTTGAGGTGGARGCTTGTCTAATGEATAAGTGCGCTGECATATTTARCGTTGTGAGTAATTCATTAGGCTTAGTCATATTGTTAG 1000
L TMODODILEV EACVYV MDIKTCAG I F NV V S NSLG LV I L L

ICCTIRGCATTATICAATTAR
v L A L F N
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SG/EHI/WM33/Y09-39 (P. knowlesi; JQ219919)

ATGRARGRACTTCATTCTICTTGECCGTCTCCTCCATCCTGCTGRTGEACTIGCTCCCCACACACTTCGRARCATARTGTAGATCTCTCCAGGRCCATARATE 100
M K N F I L L AV 5 §5 I L L VDL L PTMHTFEMHNWVDL S R A I N

TARATGGAGTAAGCTTCAATAATCTAGACACCAGT TCACTTGECECACCACACETCAGACARACTGCTAGCCOACGCAGAGGACTTGETGAGARGCCARE 200
v NG VvV § F NNV DTS S L G A ALOQVYV RQ S A S RGRG LG E K P K

AGARAGGAGCTGATARAGARRAGARARAAGARARACGARARAGRARARGRAGARCCARAGRAGCCARATGARRATAAGCTGRARCRACCGGARACRACCRGCA 300
E 6 A D K E K K K E K E K E K E E P K K P N EHNIEK L KQ P E QP A

GCAGRAGCAGGEEECEARCAACCAGCAGCAGGAGCAGEAGGCGAACAACCAGCAGCAGGAGCAGGAGGCCAACAACCAGCAGCAGGAGCAGGAGGCEARAC 400
&4 G A G G E QP A A G A GG EQ P A AGAGGEOQ®PRP ARG AG G E

LACCAGCGECAGGAGCAGEGGECGAACAACCAGCAGCAGGAGCAGCAGGCGRACAACCAGCAGCAGGAGCAGCAGGCCRAACAACCAGCAGCAGGAGCAGE 300
g P A A G A GG E QP A ALG AGGEQ®PR®P A AG AGGEQ P ALELAEGAG

AGGCGRRCRACCAGCAGCAGGAGCAGGAGECGARCRAACCAGCAGCAGGAGCACGEEGECCARCRACCAGCAGCAGGAGCAGCACGGCGAACARCCAGCACCE 600
G E Q@ P A A G AG G EQ®PAAGAGOGEOQ®PAAGAGS GESQ®P AP

GCACCARGGAGGGAACARCCAGCAGCAGEAGCAGEEEGCEARCARCCAGCACCAGCACCANGGAGGEALCARCCAGCACCAGGAGCAGETGCGERAGATE 700
& P RREOQP A ALG A GG EOQP AP ALPRRETDG®PAPG ACG A G D

GAGCACGAGGAGCGARACGCAGGGECAGETARAGGACAGECACARRACARATCAGGETGCGARTGTCCCARATGARRRRAGTTGTGARTCGATTACCTACRCRE 500
G A R GG NAGAG K GOQGOQNNOTGANV P NEIEKWVY V NDY L HK

AATTAGATCTAGCGTTACCACCGAGTEEACTCCATGCAGTGTARCCTETGEARATGETGTARGAATTAGRACRAGACAGRATGCTGETAATARARAGGCA 900
I R 5 5 v 1T T £EWTOPCSV TCGHNGVYV R I RRRARQNAGNK K A

GAGGACCTTACTATGEATGACCTTGAGGTGGAAGCTTGTCTARTCOATARGTCCGCTGECATATTTAACGTTGTCAGTARTTCATTAGSCTTAGTCATAT 1000
EDLTMODODLEV EACV MDKTCASG I F NV V SNS LG L VI

TGTTAGTCTTAGCATTATTCAATTRA
L L v L & L F N

SG/EHI/WM33/Y09-47 (P. cynomolgi; 1Q219927)

ATCRRGARCTTCATTCTCTTEGCCGTTTC T TCCATCCTGTIGATECACTIGTTCCECACACACTEEGGACATAATGTACGATTTCTCCAAGGCCATARRATT 100
M K N F I L L A ¥ 5 5 | L L ¥ D L F R T H WG H NV D F § K A | N

TRALTGGAGTAAGCTTCAGTAATGTAGACGCCAGTTCACTTGECECAGCACAGGTARGACARAGTGCTAGCCCEAGGCAGRAGGACTTGETCGAGRACCCARRE 200
L v G v §8 F 5§ N ¥V D A 5 5 L G A A Q V R Qs A 5 R G HRG L G E NP K

AR ACGRAGGRAGGAGCTGATARACCARARARARLGGACGARRRACAAGTAGRACCARARRAGCCACGTGARAATARAGCTGRARACRACCACRAGCAGGAGET 300
N E E G A D K P K K K D E K Q@ V E P K K P R E N K L K Q P Q A G G

GATGCAGGARATGCACRRAGCCGGAGEAGATGCGEEARATECACARGCAGGAGETCATGCAGCGARATGCACAAGCAGGAGETCCACRRAGCAGGAGGTEATE 400
b A G N A QO A G G D A G N AOQ A G G D AG N A O A G G A Q A G G D

CRGCARRTCECACRRGCAGCAGETGCACRAGCAGCAGETEATGCAGCARATGCACAAGCAGCAGETCCGCARGCAGGAGETCATGCAGCARATCECACRRAGE 500
A G N A Q A GG A O A G G D AGMNAQAGSGAOGQAGSGDAGNAIDT-A

GEGAGGTGCGCARGCAGGAGGACGATGCAGEARATGCACAAGCGEEAGGTGCGCAAGCAGGACGAGATGCEGCERAALTGCACAAGCAGCGAGGTGCACRAGCE &00
G 6 A Q A G G D AGMNAQAGGAOQAGCGDAGNAQTGAGG A QA

GEAGGTGATGCAGGRAATECACRRGCAGGAGETECACARGCAGCACGETGAT GCAGGRRATCCACRAGCAGGAGETGCGCRAGCAGGAGETGCACRAGCRE 700
G 6 b A G N A Q A G G A Q A GG D AG N AQ AG G A QA G G A T A

GAGGTGCACAAGCAGGAGETGCACARGCAGGAGETRCACARGCAGEAGETGCECARCGCAGCGAGCGTGCACAAGCAGGAGETECACRAGCAGGAGGTGCACE 500
G G A O A G G A QO A G G A Q A G G A QA G G A QLG G A QA G G A QD

AGCAGCAGCAGCAARTCCGGEARAT AR AR CCACGCACACCCAGCAGCAGGACAGECACARRATAR TCARGETCCCRATATGCCARATGTRARGCTTETE 00
A G G A N A G N K K A G D A G A G QO G Q N N E G A N M P NV K LV

AR AGRRTACCTAGACARLATTAGATCTACCATTGECETCGAGTGGAGTCCATECAGTGTARCCTCTGGARAGCETGTARCGAATGAGRAGRARAAGTTAGTE 1000
K E Yy L D K I R 5 T I 6 VvV E W S P C S5 V T C G K G V R M R R K V 5

CAGCTARCARARAACCAGRAGAGCTTEATGTGAATGACCTTGAGGCAGRAGTTTETACRATEGATRAAGTECGCTGETATATTTARCGTTCTGAGTRATTC 1100
A A N K K P E E L D V N D L E A E VYV C T MDD K CAG | F NV ¥V 5 N 5§

ATTAGGGCTRAGTCATATTIGTTAGTCCTAGCATTATTCARTTAR
L 6 L v | L L v L & L F N

164



SG/EHI/WM35/Y09-38 (P. knowlesi; JQ219920)

ATGRRGRACTTCATTCTCTTGECCGTCTCCTCCATCCTGCTGRTGEACTIGCTCCCCACACACTTCGRRCATARTGTAGATCTCTCCAGGECCATARATE 100
M K N F I L L A VvV 5 5 | L L V¥V DL L PTMHTFEMHNWVDL S R A I N

TALATGGAGTAAGCTTCARTARTGTAGACACCAGT TCACTTGECECAGCACAGETGAGACALAGTGCTAGCCOAGGCAGAGGACTTGETGAGAAGCCARE 200
v NGV 5§ F NNV DTS S5 L G A AQ VYV R QS5 A S5 R G6RG L G E K P K

AGAAGGAGCTGATARAGARRAGAAR AL CARAR A CARRAAGARARAGAAGAACCARACGAAGCCARATGARRATARGCTGARACRACCEGRACRACCAGCA 300
E G A D K E K K K E K E K E K E E P K K P N E N K L K Q P E Q P &

GCAGGAGCAGGEGECAARCAACCAGCAGCAGGAGCAGEAGGCGRACAACCAGCAGCAGGAGCAGGAGGCCRACAACCAGCAGCAGGAGCLGGAGGCEARC 400
A G A GG EQ®PAAGAGGEQ®PAAGAGS GEQ@®PAAGATGTG E

LACCAGCGECAGGAGCAGGGGGCGAACAACCAGCAGCAGGAGCAGGAGGCGAACAACCAGCAGCAGGAGCAGGAGGCGAACAACCAGCAGCAGGAGCAGE 300
g P A A G A GG E QP A A G AGGEQ P A AGAGGEOQ P A AG AG

LGGCGRACRACCAGCAGCAGGAGCAGGAGGCGRACALCCAGCAGCAGGAGCAGEGECECCARCRACCAGCAGCAGGAGCAGGAGGCGARCARCCAGCRACCE 00
G E Q@ P A A G AG G EQ®PAAGAGOGEOQ®PAAGAGS GESQ®P AP

GCACCARGGAGGGARCARCCAGCAGCAGGAGCAGEGEGCGARCARCCAGCACCAGCACCARGGAGGGARCARCCAGCACCAGGAGCAGETGOGGEGAGATE 700
&4 P R R EQ P A A G A GG EQ P A P AP RREOQ®P APG AG A G D

GAGCACGAGEAGGLAACECAGGEGCAGGTARAGCEACAGGEACARAACAATCAGGETGCGAATGTCCCARATGARARAGTTGTGRATGATTACCTACACRE 800
G AARGGNAGAGU K GQ@ GQ N NGGGANVYV P NEKV V ND Y L HK

ARTTAGATCTAGCGTTACCACCGAGTGEACTCCATGCAGTGTARCCTGTGGARATGGTGTARGART TAGARCGARGACAGRATGCTGGTAATARARAGGCA 900
I R 5 53 v 1T T EWTUPOCS VY TCGNGVY R I RRRARQNAG N K K A

GAGGACCTTACTATGGATGACCTTGAGGTGRALGCTTGTGTAATGEATAAGTECECTGECATATTTARCGTTGTGAGTARTTCATTAGGCTTAGTCATAT 1000
E DL T MDD L EVY EACVYV MDIKTCASG I F NV V §NS L G L V I

TGTTAGTCTITAGCATTATTCRATTAA
L L v L & L F N

SG/EHI/WM35/Y09-74 (P. knowlesi; JQ219921)

ATGAAGARCTTCATTCTCTTGGCCGTCTCCTCCATCCTGCTGETGEACTTGCTCOCCACACACTTCGAACATAATGTAGATCTCTCCAGGGCCATARATE 100
M K N F I L L A VY 5 5 | L L V¥ DL L PTMHTFEMHNWVY DL S R A | N

TALATGGAGTARGCTTCAATAATGTAGACACCAGT TCACTTGECECAGCACAGETGAGACALAGTGCTAGCCGAGGCAGAGGACTTGETGAGRAAGCCARE 200
vV NGV S5 F NNV DTS S LGAAQVROQS ASRGHRSGLGEHKP K

AGRAAGGAGCTGATARAGARAAAGAAA AR GARRRAGALAALGARLRAGARGAACCARAGARGCCARATGARAATARGCTGARACAACCEGARACARCCAGCE 300
E G A D K E K K K E K E K E K E E P K K P N E N K L KQ P E Q@ P A

GCAGGAGCAGGGEGCEAACAACCAGCAGCAGGAGCAGGAGGCEGAACAACCAGCAGCAGGAGCAGGAGGCEAACAACCAGCAGCAGGAGCAGGAGGCERAC 400
& G A G G E QP A A G A GG E QP A ALGAGGEQ PR ALAEG AGGE

LACCAGCGECAGGAGCAGEGGECGAACAACCAGCAGCAGGAGCAGCAGGCGRACAACCAGCAGCAGGAGCAGCAGGCCRAACAACCAGCAGCAGGAGCAGE 300
o P A A G A GG E QP A A G AGGEQ P A A G A GG E QP AAG AG

AGGCGRACRACCAGCAGCAGGAGCAGGAGGCGAACAACCAGCAGCAGGAGCACGEEGECGARCAACCAGCAGCAGGAGCAGGAGGCGARCAACCAGCACCE 00
G EQ P AL AGAGGEGEOQPRP A LG AGGEQ P A AG AG G EQ P AP

GCACCARGGAGGCGARCARCCAGCAGCAGCAGCAGEGEGCCARCARCCAGCACCAGCACCARCGAGGEARCARCCAGCACCAGCAGCAGETEOGEGAGATE 700
& P R REOQPAALG AGGEOQP AP APRGREOGSQPRP AP G AG A G D

GAGCACGAGCAGGARACECAGEGECAGCTARAGCACAGCEACARRACARATCAGEETGCGAATGTCCCRARATCARARACTTGTGRATCATTACCTACRACRE 800
G AR GG NAG A G K G QGO N NIQGEG ANV P NE KV ¥V ND Y L HK

LA TTAGATCTAGCETTACCACCOAGTGRACTCCATGCARTGTARCCTETGGAARTGCTCTARCARTTAGRACARCGACACARTGCTGETAATARARACGECE 900
/I R § § v T T EWTO®PCS VT CGNSGV R I R RRQNAGNIEK KA

GAGGACCTTACTATGGATGACCTTGAGGTGEARGCTTGTGTART GEATARGTGCGCTGGCATATTTARCGTTGTGAGTAATTCATTAGGCTTAGTCATAT 1000
E DL T MWMWODOD L E VY E ACV MDEKOCAG I F NV V S§NS L G L V I

TGTTAGTCTTAGCATTATTCARTTAR
L L v L & L F N
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SG/EHI/WM42/Y 10-1 (P. cynomogi; JQ219928)

ATGRAGARCTTCATTCTCT TAGCCETTTCTTCCATCCTGTIGET GGRCTIGTTTCCCACARACTGCGGECATAATGTAGATTTCTCCAGGGCCATARRTT
M K N F I L L AV 5 S5 I L LVDULF®PTNTCGHNMNVWVYVDF S RA | N

TR TGGERGTALGCTICAR T AR TCTAGACGCCAGTICCCTITGECECAGCACAGET AR GACARAGTGCTAGCCGAGGCACAGEACTIGETGAGRACCCARE
L NGV S5 F NMNWVDASSLGAAQV RQGS ASRGHRGLGENMNTPK

AALCGRGGARGGAGCTGATARACARARRALGGACGRARARRARCTAGARCCARARRAGCCACGTGRAARATRAGCTGRARCAACCAGCAGCAGCRAARTGLG
N E E G A D K Q K K DEHK KV E P K K P R E NK L KQ P A AL A N A

GGRGRTGEACALCCAGCAGCAGCRARTGCAGEAGATGGACARCCAGCAGCAGCARATGCEEEAGATGGACRACCAGCAGCAGCARATCCGGGAGATGERALD
G DG QP A A A NAGDGOQ P A A A NAGDGOOT P A A A NAGTDG

ALCCAGCAGCAGCARATGCCEEAGATEEACARCCAGCAGCAGCARATGCGEEAGATGEACRACCAGCAGCAGCARATGCACGGACGATCEACLACCAGCAGT
o P A A A N A G D GOQ P A A A NAGD GO P A A AN AG DGO P A A

AGCRAARTGCGGGAGATGGACRACCAGCAGCAGCARRATGCGGGACATGGACRACCAGCAGCAGCRARTGCAGCAGATGGACAACCAGCAGCAGCRARTGLG
AN A G DGQPAAANAGDSGQ®PAAANAGTDGOQ®P A AANA

GGRGETGCACALGCAGCAGETGCACARGCAGEAGETGCACARGCAGGRGGAGCARATGCEEEARATARAAL AGCAGGACRCGCAGGACAGGGACARRATE
G G A QA GG ADOQDAGS G A QA GG A NAGNEKKAGTDAGTGG QN

ATGCAGEIECCARTGICCCARA TG AR GCTICTGCARGARTACCTAGACARL A TTAGATCTACCATTEGGCCICGAGTGEAGTCCATECAGTGTARCCIC
N G G A NV P NV KL VQEY L DK I RS T I GV EWS P CSV TC

TGGRARGGGTCTARGARTGAGARGARLAGTTRATGCAGCTARCARARAACCAGRAGAGCTTGATGCGRAATGACCTTGAGACTGARGTITGTACRATGEAT
G K GV RMRRKV NAANIKIK®PETETLZDANTDILETEWVYCTMD

A GTGCGCTEETATAT TTAACGT TETEAGCARTTCATTAGGGCTAGTCATATTGTTAGTCCTAGCATTATTCARATTER
K ¢ A G I F NV WV S5 NS LG LV I L L Vv L A L F N

SG/EHI/WM44/Y 10-3 (P. cynomogi; JQ219929)

ATGRAGEACTTCATTCTCTTAGCCGTITTCTTCCATCCTGTIGET GGACTIGTTTCCCACARACTGCGGECATAATGTAGATTTCTCCAGGGCCATARRATT
M £ N F I L L AV S S5 [ L LV DLFPTNTICGHNWYDTFS R AT N

TR TGGAGTALGCTTCART AR TGTAGACGCCAGTTCACTTGECECAGCACAGGTARGACARAGTGCTAGCCGAGGCAGAGGACTTGETGAGRACCCARE
L NGV 5§ F NNV D AS S L G A AQV RAROQ S5 ASRGRGG L G E NP K

AALCGAGGRAGGAGCTGCTARACARARARAGCACGRAARARARAGTAGRACCARARARGCCACGTGARRATARGCTGARACARCCACCAGCAGCAGCAGRT
N E E G A A K O K K D E K KV E P K KPRENIEKLKQQP P A A ATD

GGAGCACCCGCAGCAGCAGATGGERGCACCCGCAGCAGCAGAT GEAGCRACCCGCAGCAGCAGATGEAGCACCAGCAGCAGCAGRTGEAGCACCAGCAGCAL
G AP A A& A DG AP A A A DG AP A AL ADG AP A A AEDG A P AL

CAGRTGGRGCACCAGCAGCAGCAGATGEAGCACCCGCAGCAGCAGATGGGECACCAGCAGCAGCAGAT GEAGCACCAGCAGCAGCAGATGGAGCACCAGT
A DG A P A A ADG AP A A ADOG AP A A ADGAPAAADG AP A

AGCAGGRGERAATCAGGCAGGTGCACARGCAGGAGCAGGAGGARATCAGGCAGGTGCACARGCAGGAGCAGGAGGRRATCAGGCAGETGCACAAGCAGRE
& G G N O A G A O AG A GG NOQAG AOQAG AGG NGOG ACG A QD AG

GCRGGAGGARATCAGGCAGET GEACAGCCAGGAGCAGGAGGARATCAGGCAGETGGACAGCCAGGAGCAGCAGGRARTCAGGCAGGTGEACAGCCAGGRG
A°G G NOQAGGQPSGAGSGNOQAGSOGOQ®PSGAGS GMN QAGSE GO Q@TPG

CAGGRGGRARTCAGGCAGGTGGRACARGCAGGAGCAGGAGGARATCAGGCAGETGEACARGCAGCAGGRAGCAAATGCGEEARATARARALGCAGGAGRACGT
A G GG N OQ A G GOQ AGAGGNOQAGGOQQ AGG ANAGNEKKAGTD A

AGGACAGECACAAL A T AL TCCACGT CC AT CTECCARATGTARACCTTET CCAAGRAATACCTACGACARAATTAGATCTACCATTAGCACCCGAGTGEAGT
G O GQNNGGANYPNY K LVYQEY L DKI RST I §TEWS

CCATGCRCIGTAACCICTGEARRGEETETARGAATGAGRR AR AL CTTARTGCAGCTARCARRA R CCAGRAGAGCTIGATCTGRATCACCTIGAGGCAR
P C 5 VT CGEKSG VYV R MA~BABRZKIKV NAAWNIKIK®PETELTDVNTDLEA

AAGTTTGTACAATGGATARGTGCGCTGETATATTTAACGTTGTGAGTAATTCATTAGGGCTAGTCATATIGTTAGTCCTAGCATTATTCAATTAR
E v CTMODKTCAG I FNVVY 3 NSLGLV I L L V L ALFN

100

200

300

400

200

800

700

800

900

100

200

300

400

300

800

700

800

%00

1000
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SG/EHI/WM44/Y 10-30 (P. cynomogi; 1Q219930)

ATCGRRGRACTTCATTCTCTTAGCCGTTTCTTCCATCCTGTTGRTGEACTIGTTTCCCACARACTGTGGECATARTGTAGRTTTCTCCAGGRCCATARATT 100
M K N F I L L AV 5 5 I L L VD LFPTNTCLCSGMHNWVDF § R A | N

TARATGGAGTAAGCTTCAATAATGTAGACGCCAGTTCACTIGECECAGCACAGETARGACARAGTGCTAGCCOAGGCAGRGCACTTGETGAGRACCCARE 200
L NGV S F NNV D AS S L G A AQVYV ARAROQS ASRGRG LG E NP K

ARACCAGCGRAGGAGCTGCTARACAARA R AGCACCRARRARA R ACTAGRACCARARAAGCCACGTGARRATARGCTGARACARCCACCAGCAGCAGCRGRT 300
N E E G A A K Q K K D E K K Vv E P K K P R E N K L K O P P A A A D

GGAGCACCCGCAGCAGCAGRATGERAGCACCCGCRAGCAGCAGATGEAGCACCCECAGCAGCAGATGEAGCACCAGCAGCAGCRAGATGGRACGCACCAGCAGCAG 400
G A P A A A D G A P A A A D G A P A A A DG A P A A A DG A P A A

CAGRTGGACGCACCAGCAGCAGCAGATGEAGCACCCGCAGCAGCAGATGEEGCACCAGCAGCAGCAGATGEAGCACCAGCAGCAGCAGATGEAGCACCAGE 500
A D G A P A A A D G A P A & A DG A P A A A D G A P A A A DG A P A

AGCAGGRGCRRATCAGECAGGTGCACARGCRAGEAGCAGGAGGARRTCAGGCACGTGCACARCGCAGGAGCAGEAGGARATCAGGCAGETGCACRAGCAGERE (00
A G G N OQ A G A O A G A G G NOQ AG AOQAGAGGNIGAGAOQAG

GCLGGAGEALATCAGGCAGETGEACAGCCAGEAGCAGGAGGARATCAGGCAGETGCACAGCCAGELAGCAGGAGGARATCAGGCAGGTGEACAGCCAGERG 700
A G G N OQ A G GOQPG AGG NOQAGSGOQ®PSGAGT G NIOGASGSG QPG

CAGGLGGRAAATCAGGCAGGTGEACALGCAGGAGCAGCAGGARATCAGGCAGETGEACALGCAGGAGGAGCARATGCGEGARATARARMAGCAGGAGACGC  B00
A G G N OQ A G GO AG AG G NOQAGTGOQAGGANAGNEKE K AG D A

AGGACLAGGEACARARATAATGGAGGT GCGRAATGTGCCARATGTARAGCTTGT GCARGAATACCTAGACARRATTAGATCTACCATTAGCACCGAGTGGAGT 400
G @ G Q N NG G ANV P NV K L VvV QE?Y L DK 1 R S5 T I 5 T E W S

CCATGCAGTGTAACCTGTGGARAGGETETALGAATGAGRAAR AL GTTARTGCAGCTARCARRARACCAGRAGAGCTTGATGTGAATGACCTTGAGGCAG 1000
P C S§ VvV T CG KOGV R MR K KV N A A N K K P EE L D V N D L E A

ALGTTTGTACALTGGAT ARG TGCGCTGETATAT TTAAC T TG GAGTAATTCATTAGGGCTAGTCATATTGTTAGTCCTAGCATTATTCAATTRAR
E v .C T M D KCAG I F NV Y § NS5 L GG L ¥V I L L ¥ L & L F N

SG/EHI/WM44/Y 10-64 (P. fieldi; JQ219935)

ATGARGAACTTCATTCTICTTGECCGTTTCTTCCATCCTGITGETGEACTIGTTCCCCACACACTGCGGECATARTGTAGATCTCTCCAGGECCATARATT 100
M K N F I L L AV 5§ 5§ I L L VD LFPTMHTCSGHNWVDL S R A I N

TARATGGAGTAAGCTTCAATARTGTAGACGCCAGTTCACTIGECECAGCACAGETAAGACARAGTGCTAGCCCAGGCAGAGGACTIGETGAGRACCCARE 200
L NG VvV § F NNV DAS S L G A AQ V ARARQ S A S RGRG L G E NP K

AGACGATGRARARGCTGATAARCCARARARALAGEACCAARAAAAAGTAGARCCARARRAGCCACATGARRATAAGCTGAARCAACCAGTCCCAGERAGCE 300
DD E K A D K P K K KD E KKV EP K KWPHENZIK L KQPV P G A

AATCRAGGRAGGCGGAGCAGCAGCCCCAGGAGCARATCARGRARGETGGAGCAGCAGCCCCAGETGCARRCCAGGARGGTGGAGCAGCAGCCCCAGGRGCRRE 400
N Q@ E GG A A AP G A NQEGGAAAPGANOGEGTS GAAAPG A

ACCAGGRRGGTGGAGCAGCAGCCCCAGEAGCARACCAGGRRAGETEGAGCAGCAGCCCCAGEAGCARATCAGCARAGGCGEAGCAGCAGCCCCAGGAGCRRE 500
N Q@ E GG A A A PG A NOQEGGAAAPGAMN QEGTS GAAHAPG AN

TCAGGRARGGTGGAGCAGCAGCCCCAGGTGCARACCAGCAAGGTGEAGCAGCAGCCCCAGGACCARATCAGGRAGGCGEAGCAGCAGCCCCAGGAGCARAT  &00
Q E G G A A A P G A N O E G G & A A P G A NOQE GG A A A& P G AN

CAGGLAGECEEAGCAGCAGCCCCAGEAGCARAT CAGGALGGT GEAGCAGCAGCCCCAGGAGCARACCAGEEAGETGEAGCAGCAGCACCAGGAGCARACC 700
Q E G G A A A P G A N O E GG A A AP G A NOQGG G A A AP G AN

LGGGRGETEEAGCAGCAGCACCAGGAGCARACCAGEGAGGTGEAGCAGCAGCACCAGGAGCARACCAGGEAGGTGEAGCAGCAGCACCAGGRAGCARACCE 8O0
o 6 6 G A A A P G A N QG GG A A A P G A N QGG G A A A P G A N Q

GGLAGGTGEAGCAGCAGCACCAGGAGCARACCAGGEAGETGCARLGCCAGCAGGAGGACAGGCACLARATARTGARGETGCGRAATARGCCAGATGARARG 900
E G G & A A P G A N QG G A K P A G G QG Q N NEG A NK P D E K

CATGTGRARGRATACCTAGAGARRATTAGATCTACCETTGGCACCARATGGACTCCATGCAGTGTARCCTGTGEARRGEGTGTARGAGTTAGRAGRRARAC 1000
H Vv K E ¥ L E K I R S T V GG T EWTOPCS5 V T CG KOG V R VY R R K

TTALTGCAGETCACAR R AR A CCAGATALGCTTACTCT AL TGACCTTCAGGCAGRAGTTTETACAATGGATARGTGCECTACCATATTTARCGTTATEAG 1100
L N AG D K K P D K L T L ND L E AEV CTMOUDIKTCAG I F NV V 3

TRATTCATTAGGGCTAGTCATATTGTTAGTCCTAGCATTATTICRATTAR
N 5§ L G L Vv I L L V L A L F N
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SG/EHI/WMO1/Y11-61 (P.inui; JQ219936)

ATGARGRACTTCATTCTCTTGGCCGTTTCGTCCATCCTGTTGRTGEACTTATTCCCCACACACTGCGGECATARTGTAGATCTCTCCAGGECCATARATT 100
M K N F I L L A VY 5 5 I L L V¥ D LFPTHTCGMHNWV DL S§ R A | N

TARATGGAGTAAGCTTCAATAATGTAGACGCCAGTTCACTTGECECCGCACAGETARGACARAGTECTAGCCOAGGCAGAGGACTTGETGRARARCCARE 200
L NGV § F NNV D AS S5 L G A A QV RQS5S A SRGRG LG E K P K

AGLCCRGGAAGGAGATCCTARGGGAR AR AR CGARGGAALA AR AGEAGRACCARAGRATCCCEATCAARAGRACCTGRAGCARCCAGCAGGRGACCCAGCA 300
D@ E G DA KGEK K KG K K G E P KNP DEIKWHNLKQPAGTDP A

CCACCAGCAGGEGACCCAGCACCACCAGCAGGGEATCCAGCACCACCAGCAGEEEATCCAGCACCACCAGCAGGCGACCCAGCACCACCAGCAGGRRATC 400
P P A GED®PAPPAGD®PAPPAGDPAPPAGTD®PAPPAGD

CAGCACCACCAGCAGGGEATCCAGCACCACCAGCAGEGGATCCAGCACCACCAGCAGGCGACCCAGCACCACCAGCAGGCEACCCAGCACCACCAGCAGE 300
P A P P A GDP AP P AGDP AP P ALGDPAPPAGD®PAPPAG

GEATCCAGCACCACCAGCAGGGGATCCAGCACCACCAGCAGGEGGECCCAGCACCACCAGCAGGEGGCCCAGCACCACCAGCAGGGEGCOCAGCAGRRCAG 600
D P A PP A GD®P AP P AGSG P AP P A GG P AP P A GG P A G QO

GCACRARACCCAGGAGGACCAGCACARRACCCAGGAGGACCAGCACRARACCCAGGAGGACCAGCACRARAGCCAGGCEREACCAGCACRARAGCCAGERAG 700
&4 0 N P G G P A OQONUPGG P A Q NPGG®P A QK P GG P AOQO K PG

CACCAGCRAGARACGCAGGAGAAGGAGCAGGARATGCGEEAGETGATARTGCCCCAGAT GARARACGETTGTGARAGATTACCTAGACACGAGTGARATCTAR 800
G P AR N AG E G A G NAGG DN AP DEK VYV VY KDY L DRV K 35 N

CCTTACCACCGAATGRARTETATGCAGTGTARGCTGTGCACACGEETCTAAGAGTTAGRAGARARGTTGEGTECATCTARCAAGARACCACGAGGRACTTACT 900
L T TEWSVCSV S CGE6QG6 V RVYRRIKVGASNIKIK®PETELT

CTGGATGACCTTGAGGTAGRAATTTGTARAA T GEAGRAGTGCGCTAGCATATTTRAACGTTETGAGTARTTCATTAGGECTAGTARTATTGCTAGTCCTAG 1000
L opbLEVY E I CKMEIKTCAS | F NV V S NS LGV V I L L VvV L

CATTATTCARTTRR
AL F N

SG/EHI/WMO1/Y11-73 (P.inui; JQ219937)

ATGRRGRACTTCATTCTCTTGGCCGTTICGTCCATCCTGTIGETEGACTTATTCCCCACACACTGCGGGCATAATGTAGATCTCACCAGGGCCATARATT 100
M K N F I L L A ¥ 5 5 | L L ¥ D L F P T H CG H NV D L T R A | N

TRALTGGAGTAAGCTTCARTAATGTAGACGCCAGTTCACTTGECCCCGCACAGETRAAGACARAGTGATAGACCAGGCAGAGCACTTGRATGARRACCCRRRE 200
L v G v §8 F N N ¥V D A 5 5 L G P A Q V R Qs D HARRGHRG L G E N P K

AL GCAAGCACAT GO T ARG EGAR A A A CA LG CARA R L CCACAAC AR ACRATCCACATCAARACRACCTCAACGCARCCAGCAGGRACGAGGCRGEEA 300
0D E E G D A K G K K K G K K G E R K N P D E KN L K P A G E A G

GEAGCAGGRCAGCCAGEAGCAGCAGGAGAGGCAGGAGCAGCAGCGACAGCCAGGAGCAGCAGCAGAGGCAGGAGCAGCAGCGACAGCCAGGAGCAGCAGGRG 400
G A G Q P G A A GEAG G AGOQPGAAGEAGT G AGQQPG A& AG

AGGCAGGAGCAGCAGGACAGCCAGGAGCAGCAGCEAGAGGCAGEAGGAGCAGEACARACCAGEAGCAGCAGCGACAGGCAGCAGGAGCAGEACRACCAGRARC 500
E A G A A G Q P G A A G E A G G A G QP G A A G E A G G A G Q P G A

AGCAGGACGACGCAGGAGCAGCAGGACARCCAGGRAGCACCAGGAGAGGCAGGACGAGCAGGCCAACCAGGAGCAGCAGCACAGGCAGCGAGGAGCAGEACRRE 00
A G E A G G A GOQ P G A A G E A GG A GO PG A A G E A G G A G Q

CCAGGAGCAGCAGGAGAGECAGCAGRAGCAGGACAGCCAGGAGCAGCAGGACGAGGCAGGAGRAGCAGGCCARCCAGGAGCAGCAGGARGAGGCAGGARGRE 700
P G A & G E A G G A G O P G A AGEAGG A GO P G A A G E A& G G

CAGCGACARCCAGGAGCAGCAGCGACAACCAGCGAGCAGCAGGACAGCCAGGAGCAGCAGCGACACGCAGCGAGCAGCACGGACAGECAGGAGCAGCAGGACRRCC 800
A G QO P G A A G QO P G A A G QT P G A A G O A G A A G OQ A G A A G O F

AGCGAGCAGCAGGACAACCAGEAGCAGCAGCACARCCACGAGGAGCARARGGACCARALGGACGCACGACGCAGCACRAACCAGCGCCAGCAGGACRAAGERGEA 800
G A A G OQ P G A A G QT P G G A K G A K GG D AGOQRG P AG QG G

GCAGGAGGRRATTCGGRARGTGARRAATATCCCARATGCARAGETTGTGARRGATTACCTAGACARAGTGARACCTACCCTTACCACCGRATGGRAGTECAT 1000
A G G N S G G E N I P D A KV ¥V KDY L D KV K P T L T T E W 5 A

GCAGTGIAACCTGTGGRACGEEICTARGAGT TAGARGRAARAGTTGCETGCATCAARCAAGARRCCAGAGGAACTTACTCCGRATGACCTTCAGGCAGARAT 1100
c s v T CGT G VY RV R R KV G A S5 N K K P EE L T P ODUD L E A E |

T AR AT AT A AT e e TAGC AT AT TTAACET T T CAGTAACTCAT TAGGGETAGTCATATTGTTCETCATAGCATTATTCAATTAR
Cc K Mm D K C & 5 | F NV V S5 N S§ L G V Vv | L L v I A L F N
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