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The emergence and spread of multidrug resistant (MDR) malaria caused by Plasmodium falciparum or Plasmodium vivax have
become increasingly important in the Greater Mekong Subregion (GMS). MDR malaria is the heritable and hypermutable property
of human malarial parasite populations that can decrease in vitro and in vivo susceptibility to proven antimalarial drugs as they
exhibit dose-dependent drug resistance and delayed parasite clearance time in treated patients. MDR malaria risk situations reflect
consequences of the national policy and strategy as this influences the ongoing national-level or subnational-level implementation
of malaria control strategies in endemic GMS countries. Based on our experience along with current literature review, the design of
ecotope-based entomological surveillance (EES) and molecular xenomonitoring of MDR falciparum and vivax malaria parasites in
Anopheles vectors is proposed to monitor infection pockets in transmission control areas of forest and forest fringe-related malaria,
so as to bridge malaria landscape ecology (ecotope and ecotone) and epidemiology. Malaria ecotope and ecotone are confined
to a malaria transmission area geographically associated with the infestation of Anopheles vectors and particular environments
to which human activities are related. This enables the EES to encompass mosquito collection and identification, salivary gland
DNA extraction, Plasmodium- and species-specific identification, molecular marker-based PCR detection methods for putative
drug resistance genes, and data management. The EES establishes strong evidence of Anopheles vectors carrying MDR P. vivax in
infection pockets epidemiologically linked with other data obtained during which a course of follow-up treatment of the notified
P. vivax patients receiving the first-line treatment was conducted. For regional and global perspectives, the EES would augment
the epidemiological surveillance and monitoring of MDR falciparum and vivax malaria parasites in hotspots or suspected areas
established in most endemic GMS countries implementing the National Malaria Control Programs, in addition to what is guided
by the World Health Organization.

1. Current Malaria Risk Situations

Malaria is a mosquito-borne parasitic disease of humans.
This poverty-associated disease accounts for more than 200
million malaria cases annually reported between 2001 and
2012 in 104 endemic countries [1]. Of the 104, 99 endemic
countries with ongoing malaria transmission include 79
being in malaria control phase and the same 10 that achieved
preelimination and elimination phases. Endemic countries in
the malaria control phase employ surveillance, prevention,

and control, focusing mainly on Plasmodium falciparum
causing mortality and morbidity and Plasmodium vivax
causing chronic morbidity. In Africa alone, life-threatening
malaria poses certain risks of mortality and morbidity among
vast populations in 45 Sub-Saharan African countries [1].
Outside of Africa, malaria risk situations taking place in
the populations at risk are greatly variable. For example, the
Greater Mekong Subregion (GMS) countries—comprising
Cambodia, Lao People’s Democratic Republic, Myanmar,
China (Yunnan, China), Thailand, and Vietnam—have been
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challenging the emergence and spread of multidrug resistant
(MDR) falciparum and vivax malaria—as well as artemisinin
resistance in P. falciparum and chloroquine resistance in
P vivax—across the international borders within the GMS
countries [2-8]. Other certain malaria risk situations in
the Southeast Asia include malaria associated with rubber
plantations and on the borders in Thailand [9, 10] and the
emergence of Plasmodium knowlesi in Malay Peninsula [11-
13].

Of note, the MDR malaria is demonstrated by the ability
of heritable and hypermutable human malarial parasite pop-
ulations that can decrease in vitro and in vivo susceptibility
to proven antimalarial drugs as they exhibit dose-dependent
drug resistance and delayed parasite clearance time in treated
patients. As the result of the selection pressures over time, the
multigenic MDR falciparum or vivax parasite is genetically
determined, but not yet completely understood, by MDR
gene functions. Nevertheless, this MDR malaria is normally
not unraveled using the notifiable disease surveillance sys-
tem that routinely identifies demographic and geographic
differentiation and assesses trend in malaria incidence, that
is, a number of autochthonous malaria cases or newly
infected cases, whose blood sample is diagnosed with known
Plasmodium infection origin, that regularly occur over a time
period. Malaria epidemiology has been so far a basic science
of what factors contribute to the infection in individuals
and how communicable is malaria in the population at risk
over space and time. But we often lack transdisciplinary
knowledge of what is the link between changes of malaria
landscape ecology and epidemiology in different epidemio-
logical complex settings around the globe [14, 15]. This might
influence the ongoing national-level or subnational-level
implementation of malaria control strategies and operational
response activities [1, 2]. Thus, if continually unbridled, such
MDR malaria risk situations in the GMS and Southeast Asia
might reflect consequences of both formulating the national
policies and strategies and operating strategic deployment
in most affected countries. In other words, current MDR
malaria offers the challenges to policy makers, public health
professionals, health planners, and scientists. Accordingly,
strategic approaches to more appropriately designed surveil-
lance and control and practical solutions should be developed
with the contexts of each endemic country. Particularly, the
itinerant populations including mobile persons and migrant
workers must be logically analyzed so as to exploit the
adaptations of interventions and services applied to or used
in both surveillance and control for the risks of MDR malaria
along the international borders between the GMS countries
[2], as there exist some vulnerabilities described below.

2. Surveillance and Control Attributed to
MDR Malaria Risk

With ongoing malaria transmission, the endemic GMS coun-
tries implement the National Malaria Control Programs
(NMCPs) in the malaria control phase—aiming at reducing
the malaria mortality and morbidity rates by interrupting or
curtailing transmission and diminishing human-vector con-
tact. The NMCPs—subsidized by the Global Fund Malaria
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(GFM) Program—employ global malaria control strategies,
which include early diagnosis and prompt treatment using
rapid diagnostic tests (RDTs) and artemisinin-based com-
bination therapies (ACTs) and other vector control using
insecticide-treated nets (ITNs)/long-lasting insecticidal nets
(LLINs) in combination with indoor residual spraying (IRS)
[2, 9, 10]. To achieve the ultimate goal of the NMCP, several
key factors have to be addressed: (i) scaling up coverage
and expansion services of these pragmatic control strategies
synergistically implemented in all geographically defined
transmission control areas (TCAs), (ii) alleviating control
activities and measures to be applied to or used in the
process of health behavioral changes of local people or at-
risk groups, (iii) gathering and leveraging data/information
required for monitoring and evaluation of the effectiveness
of the implementation of malaria control strategies, (iv)
forecasting the malaria outbreaks or epidemics of MDR
malaria and analyzing the vulnerability in how the emergence
and spread of MDR falciparum and vivax malaria, as well as
Anopheles vector resistance to insecticides, occur in hotspots
or suspected areas, (v) averting and abating the epidemics of
MDR falciparum and vivax malaria and insecticide resistance
in malaria vectors, and (vi) fund-raising, resourcing either
nationally or internationally, and, more importantly, mobiliz-
ing the resources not only for strengthening capacity building
in diagnosis, surveillance, and control within endemic coun-
tries but also for increasing expenditures of universal access
to healthcare services and malaria control management
activities against malarial parasites and mosquito vectors.

To reduce morbidity and mortality, the GFM-subsidized
NMCPs in endemic GMS countries implement early diag-
nosis and prompt treatment for uncomplicated malaria.
This strategic approach is applied to the TCAs where
the community-outreach healthcare service units such as
malaria mobile clinics, malaria control units, or malaria posts
are deployed as the parts of the GFM-supported NMCPs.
These community-outreach healthcare facilities—to which
the affected people and community can freely access—
can provide blood examination and appropriate prompt
treatment. Susceptibility to malaria depends on exposing
the infections likely due to factors such as settlements,
movement activities, occupations, perception and awareness,
health behaviors, and access to healthcare services. However,
some infected persons may seek blood examination and
treatment either at peripheral healthcare services located
within the TCAs or at different levels of other public or private
healthcare services located outside the TCAs. For instance,
certain risk situations of MDR malaria are likely to occur
if any infected individuals—residing in remote pocket of
endemic village where malaria post is established—can pose
the risk for either misdiagnosis with RDTs, treatment delay,
or loss to follow-up treatment with ACTs. As such, some
vulnerabilities that constrain routine malaria surveillance
and control vertically implemented in the TCAs as the parts
of the NMCPs [2] can be summarized as follows.

(a) Some malaria-contracted persons carrying any infec-
tion, whether single or mixed, are sometimes diag-
nosed as negative with a RDT and subsequently
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lost to follow-up blood examination. During the
prodromal period, the increased risks for the spread
of MDR malaria are associated with the occupation,
movement activity, and lack of preventative action.
Consequently, the vulnerability is due to the combina-
tion of treatment delay, improper self-medication or
healthcare seeking, and prolonged exposure to multi-
ple bites of Anopheles vectors at multiple locations.

(b) When on-site diagnosed as positive with a RDT, any
malaria cases are given either a recommended ACT
for P. falciparum or first-line treatment for P. vivax
and then followed up. Such MDR malaria risks are
likely to increase due to low adherence by the patients,
the lack of effective point-of-care monitoring of the
infection after treatment, and the insufficient avail-
ability of other well-trained paraclinical staff (e.g.,
public health nurses, community health workers, and
infection control personnel). Moreover, paraclinical
staff cannot persistently perform foci investigation
and follow-up treatment unless surveillance and
reporting system are organized and coordinated with
the malaria posts.

(c) In MDR malaria-associated international border set-
tings, any local persons who cross the border between
the countries are likely to be frequently exposed
to multiple bites of Anopheles vectors at multiple
locations [2]. Cross-border immune malaria cases
carrying the Plasmodium infections are asymptomatic
during the prodromal infection. The infection may or
may not be epidemiologically linked with the time
and location at which they came into close contact
with infective bite(s) of Anopheles vectors. When
seeking diagnosis service at any peripheral healthcare
facility in any land border settings, they may have
delayed blood examination and treatment. That is, the
longer the prodromal period of infection, the greater
the risk of the spread of MDR malaria.

(d) The vulnerability will increase if the weakness of
the NMCP implementation remains unsolved. There
are some problems such as low degree of perception
and awareness of local people at risk, inappropri-
ate resource mobilization, and improper healthcare
management (i.e., unorganized and less coordinated).
These plausible factors might constrain the effective
implementation and coverage of early diagnosis and
prompt treatment strategy, even though the GFM-
supported NMCPs corroborate the existing public
health systems and healthcare services that are well
organized and sufficient.

From national and regional perspectives, the emergence
and spread of MDR falciparum and vivax malaria against
ACTs or artemisinin derivatives [2]—as well as Anopheles
vector resistance to pyrethroid insecticides [16]—in hotspots
or suspected areas have increasingly become important as
they have the potential to jeopardize the management activ-
ities and desired outcomes of the ongoing implementation
of the existing NMCPs—whether separately or jointly—in

the GMS, Southeast Asia, and South Asia. These agendas
have recently been considered national and regional public
health concerns in collaboration with the World Health
Organization (WHO) and other internationally enterprising
counterparts [2-8, 16]. The challenge is that surveillance
and monitoring systems used in the existing NMCPs have
to be augmented to improve the efficacy of ACTs through
which MDR malaria-carrying persons are effectively mon-
itored both timely and reliably to determine the extent to
which the parasite is resistant against ACTs, in parallel to
examining malaria vectors that carry MDR malaria. For
example, the consequences of MDR malaria reflect prepared-
ness and responses to the epidemics of MDR falciparum
and vivax malaria geographically prone in most endemic
GMS and Southeast Asian countries that implement the
GFM-supported NMCPs [9]. Without the development and
enhancement of malaria surveillance systems, the routine
diagnosis and epidemiological surveillance will no longer
be effective enough to detect any anomalous infections in
hotspots or suspected areas infested with any Anopheles
vectors that carry MDR malaria parasites. How can we
enhance the capacity of surveillance and monitoring systems
as key components of the NMCPs used in detection and iden-
tification of unusual situations and trend of MDR malaria?

3. Changes in Malaria Landscape Ecology
and Epidemiology and Ecotope-Based
Entomological Surveillance

To reduce MDR malaria risk situations that possibly occur in
the TCAs as mentioned above, the NMCPs require the design
of ecotope-based entomological surveillance (EES) and mon-
itoring systems that would be effective and available for use
in detection and identification of MDR malaria parasites in
hotspots or suspected areas [2, 10]. This framework should be
complimentary to the existing epidemiological surveillance
as the part of the NMCP. The existing epidemiological
surveillance encompasses the ongoing and systematic pro-
cesses of up-to-date and validated data collection, collation,
analysis, and dissemination of information. Response must
rely on (i) identifying demographic/geographic differentia-
tion and assessing trend in which malaria cases are notified
timely and reliably using routine surveillance and reporting
systems, (ii) detecting and identifying the infections with
emerging MDR parasites by using molecular marker-based
polymerase chain reaction (PCR) detection methods, (iii)
assessing the efficacy of ACTs for uncomplicated P. falciparum
patients or first-line treatment for P. vivax patients by using
the gold standard in vitro drug sensitivity tests, or by using
other in vivo susceptibility or therapeutic efficacy tests [2],
and (iv) analyzing the vulnerability in how vulnerable per-
sons are exposed to the infections as well as what factors
influence their seeking diagnosis and treatment, adherence of
follow-up diagnosis and/or treatment, and compliance with
arecommended ACT for P. falciparum or first-line treatment
for P, vivax [2].

In parallel, the EES must leverage needed data/infor-
mation to (i) determine the magnitude and geographical



distribution to which Anopheles vector resistance to insecti-
cides is related and (ii) analyze the vulnerability of Anopheles
vectors that are adapted to local environments—whether or
not ecological changes occur—in transmission areas geo-
graphically associated with or prone to MDR malaria. More
significantly, Anopheles vectors—carrying the infections with
MDR malaria parasites—must be monitored timely and
reliably in the TCAs. Subsequently, the hotspots or suspected
areas of the spread of MDR falciparum and vivax malaria can
be logically analyzed. The existing NMCPs normally target
the coverage of implementing malaria control strategies in the
TCAs rather than extending services to transmission-prone
areas. However, this is the challenge in which (i) the NMCP
coordinators should pay particular attention to MDR malaria
risks associated with changes of landscapes (i.e., ecotopes and
ecotones) in which local people are at risk of exposure to
infective bite(s) of local Anopheles vectors (whether primary
or secondary) and (ii) they should demarcate the most likely
high risk areas (i.e., hotspots and suspected areas of MDR
malaria). Thus, if landscape ecology changes occur in the
TCAs, we should understand how significant the malaria
ecotope and ecotone are as described below.

3.1. Malaria Ecotope and Ecotone. The EES relies on the
coexistence of any currently or newly malaria-developing
cases and a diverse group of Anopheles vectors—as both
endogenous and exogenous counterparts can assemble in
any given malaria ecotope. This means that a plethora of
Anopheles mosquitoes, including malaria vectors, can infest
both malaria ecotope and malaria ecotone (Figure 1). Cur-
rently, Thailand is experiencing malaria landscape ecology
and epidemiology changes [2, 9, 10] and perhaps the similar
phenomena occur in malaria endemic settings in the GMS
and Southeast Asia. A malaria ecotope is a malaria trans-
mission area geographically associated with the infestation
of Anopheles vectors and particular environments to which
the interconnections of humans and environments favorable
to breeding and feeding are related. A malaria ecotone is a
transition zone between two different local environments in
a given malaria ecotope or between the malaria ecotopes.
Geographically defined malaria ecotope, on the other hand,
encompasses the topological landscapes (land use and land
cover patterns) that are composed of a number of landscape
classes (Figures 1(a)-(al) and (a2)) [10]. Each class can be
demarcated as a closed plane figure (generally polygonal)
and slope of varying angles of inclination and elevation.
Thus, malaria ecotope creates microclimatic environmental
conditions contributing to ecosystem diversity of malaria
vectors and their symbiotic counterparts as the result of the
biological, physiological, and chemical pathways and pro-
cesses that promote adaptation, survival, and diversification.

In given malaria ecotope, the adaptation (abundance and
distribution) and survival (growth and development) of the
anopheline mosquito populations are physiologically regu-
lated by climatic conditions [17-23]. Also, the regulation of
the anophelines is influenced by species-species interactions,
predator-prey interactions, and aggregating-segregating for-
ages [24-29]. The diversification of Anopheles vectors—
including their sibling species and counterparts—can be
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measured by richness of species and populations or by genetic
diversity in the populations and communities [19, 21, 23, 29-
38]. In Thailand, there have been lines of evidence that three
main malaria vectors play roles in malaria transmission in the
forest and forest fringe ecotopes. The primary vectors include
An. dirus, An. minimus, and An. maculatus. The secondary
vectors include An. aconitus, An. pseudowillmori, and An.
sundaicus. The suspected vectors include An. barbirostris,
An. campestris, An. philippinensis, and An. culicifacies; all
of which are known to be potent malaria vectors in other
endemic countries of South and Southeast Asia. Nonetheless,
the only 5 Anopheles species complexes (ie., An. dirus
complex, An. minimus complex, An. maculatus complex,
An. sundaicus complex, and An. barbirostris complex) are
among the responsible malaria vectors that have been well
established for their adaptation to local environments in the
forest and forest fringe ecotopes in Thailand, based on the
abundance, geographical distribution, behaviors, and genetic
diversity of the sibling species members pertaining to the
epidemiologic implications [23, 39, 40]. Dirus Complex has
5 sibling taxa (e.g., An. dirus, An. baimaii, An. nemophilous,
An. cracens, and An. scanloni). All of which are indigenous to
the forest ecotopes but An. dirus is the predominant species
(Figure 1). Only two sibling taxa, An. dirus and An. baimaii,
are adapted to local environments relating to the forest and
forest fringe ecotopes but they are intolerant to environ-
mental changes as the result of agricultural intensifications
(i.e., the production activities of monocultural agroforestry,
crop plantations, or other livestock in farmland). Minimus
Complex has only 2 sibling taxa (e.g., An. minimus and An.
harrisoni), which are endogenous to the forest and forest
fringe ecotopes. An. minimus is the predominant species
that distributes widely across Thailand (Figurel) and is
adapted well to local environments with agricultural practices
and irrigation or environmental changes as the result of
agricultural intensifications. Maculatus Complex has 7 sibling
taxa (e.g., An. maculatus, An. sawadwongporni, An. pseudow-
illmori, An. willmori, An. dravidicus, An. notananai, and An.
rampae); all of which are endogenous to the forest and forest
fringe ecotopes. Two sibling taxa, An. maculatus and An.
pseudowillmori, are the predominant species that can adapt
well to local environments pertaining to agricultural practices
and irrigation across Thailand (Figure 1). An. maculatus is the
primary malaria vector, as its sibling species counterparts,
An. pseudowillmori and An. sawadwongporni, are considered
the secondary and suspected vectors. Sundaicus Complex
has 5 sibling taxa (e.g., An. epiroticus (An. sundaicus A),
An. sundaicus B, An. sundaicus C, An. sundaicus D, and An.
sundaicus E), but only An. epiroticus is autochthonous to
the forest and forest fringe ecotopes constituted of coastal
or island ecosystem in the East and South of Thailand.
Barbirostris Complex has also 5 sibling taxa (e.g., An. bar-
birostris Al, An. barbirostris A2, An. barbirostris A3, An.
barbirostris A4, and An. campestris); all of which distribute
widely across Thailand. Four sibling taxa, An. barbirostris
Al to A4, are autochthonous to the forest and forest fringe
ecotopes, whereas An. campestris is adapted well to low-lying
areas with agricultural practices and irrigation as well as
urban and built-up land. Together, the population biology
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FIGURE 1: Maps of forest and forest fringe ecotopes of malaria endemic provinces of Thailand. ((al)-(a2)) Forest and forest fringe ecotopes
of malaria endemic provinces, Kanchanaburi and Trat, accommodate the assemblage of main Anopheles vectors. Mapping-based areas (km?)
of forests and forest fringes and water bodies are 7,247.97 and 622.87 for Kanchanaburi and 943.63 and 6.61 for Trat. Some subdistrict-
level administrative areas of the provinces are shown for malaria transmission control; all of which establish diverse malaria ecotopes and
ecotones through changes of land use and land cover patterns pertaining to human activities. Only the subdistrict used in the EES and
for establishment of the malaria infection pocket is representative of each province. ((b)-(c)) In Huai Kayeng and Bo Phloi subdistricts, two
different malaria infection pockets confined to the TCAs are established for the EES. During September-October 2011, the susceptible persons
who developed indigenous malaria were all thought to acquire naturally the infection through bite(s) of potent Anopheles vectors that breed
and/or forage close to the patients’ houses. Main drivers are human settlements and activities pertaining to agricultural intensification of the
rubber plantations. Among the responsible anophelines, An. aconitus and An. dirus were found to carry MDR vivax malaria parasites during
which a course of follow-up treatment of the notified P. vivax patients who received the first-line treatment was done. All topographic maps
were performed using the ArcGis ver. 10.0 for the landscape layers of data sources (forest patches, water bodies, Anopheles vector assemblages,
and administrative divisions), Global mapper ver. 11.0 for the elevation data, and the Google Earth for the topography.

of the adapted Anopheles vectors remains to be established,  occasionally acquire the infection in infection pockets in the
especially in such changes in malaria landscape ecology and  responsible malaria ecotopes (Figures 1(b) and 1(c)) [2, 9, 10].
epidemiology. Moreover, human settlements and movement activities—to

Accordingly, some potent Anopheles faunas—including ~ which the particular environment of human-vector contact
An. dirus, An. minimus, and An. maculatus—play important  is related—are likely to contribute to demographical and
role in seasonal transmission of forest and forest fringe-  geographical differences in malaria incidence. Thus, MDR
related malaria that usually affects local people with agricul-  risk is more likely to be dynamic as there is a larger increase
tural practices in Thailand, GMS, and Southeast Asia. These of agricultural intensification (changes in land use/land cover
Anopheles vectors promote vertical transmission to humans  patterns), resulting in greater diversity in malaria ecotopes
due to their feeding habit, human host preference, and and ecotones (Figures 1(a)-(al) and (a2)) in the TCAs.
abundance/distribution by seasonal variation [18, 20-26, 28, A pocket of the infection is a transmission focus in
29].If the occupational and behavioral exposures to exophagy ~ which any susceptible person acquires naturally the infec-
(outdoor biting) occur, the susceptible persons will have  tion through the bite(s) of primary or secondary Anopheles
increased risk for malaria and hence they will pose therisk for ~ vector(s). For example, Figure 1 shows two different malaria
prevention and control. Increased risks are also accelerated  infection pockets confined to the TCAs of Huai Kayeng
by certain combinations of human settlements, movement (Figure 1(b)) and Bo Phloi (Figure 1(c)). Malaria transmission
activities, and agricultural intensifications in the forests and  foci relate local environments to favor either breeding or
forest fringe areas. This is a reason why the occupational  foraging of Anopheles vectors that can transmit malaria para-
and behavioral exposures render the adults susceptible to sites vertically to humans and, vice versa, the vectors become
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infected whenever taking gametocyte-carrying blood meal
from any malaria carrier. Thus, the infection pocket is
considered the smallest assessment unit, which is confined
to a given malaria ecotope. Any infection pocket in a
malaria ecotope corresponds to a unique landscape class or
overlapping landscape classes in which human-vector contact
can occur over time. A malaria ecotope may have one or more
infection pockets, depending primarily on the susceptibility
of vulnerable persons or groups that vary human settlements,
movement activities, occupations, and behaviors. If the
human settlement is confined to the same infection pocket
(Figures 1(b) and 1(c)), any indigenous persons at risk will
naturally acquire one Plasmodium infection or mixed infec-
tion through biting of Anopheles vectors whether indoors or
outdoors due likely to their nonpreventable actions during
the night time [9, 10]. If the human settlement is located
apart from the infection pocket, any exposed individuals at
risk may be challenged to acquire the infective bite in nearby
pockets, likely due to the combination of the movement or
workmen’s forest activity and lack of preventive behaviors
during the night time [2, 9, 10]. Thus, either Anopheles vectors
carrying the infection or vulnerable individuals acquiring the
infection over time may not always have the same source of
infection.

3.1.1. Ecotopes of Malaria-Associated Forests and Forest
Fringes. As mentioned earlier, bionomics of the Anopheles
vectors that can infest or reinfest different endemic settings is
requisite for the EES and molecular xenomonitoring of MDR
malaria parasites. In Thailand, typical malaria ecotopes—
contributing to MDR risks—are geographically associated
with the forests and forest fringes (e.g., highland areas of rub-
ber plantations and/or mixed orchards) to which Anopheles
vectors are sessile or adapted [10]. Ecotopes of coastal and
island malaria do not contribute greatly to MDR malaria
risks. These responsible malaria ecotopes are likely to create
microenvironments favorable to breeding and/or feeding of
potent Anopheles vectors (e.g., Anopheles dirus, An. minimus,
An. maculatus, and An. aconitus) (Figures 1 and 2(a)) [10];
all of which are epidemiologically important for surveillance,
prevention, and control.

In most TCAs of Thailand and its international borders,
An. minimus rather than An. dirus [10, 18, 19, 23, 28, 36—
38] is adapted well to the ecotopes of forests and forest
fringes such as rubber plantations (Figure 1). These ecotopes
have diverse landscape classes that can promote reproduction
and foraging of the anophelines. Landscape classes include
evergreen forest (whether hilly, perennial, moist, dry, or
mixed) and monoculture plantations (e.g., rubber and/or
mixed orchards), with irrigation and other water bodies (i.e.,
slow running creeks rather than streams). The abundance and
distribution of An. minimus are seen all year-round but there
is fluctuation in number and density; peak density varies
between rainy season (June-July) and winter season (January-
February) [10, 17,18, 23-25, 28]. Soon after declining rainfalls
until the early winter, An. minimus and 3 other potent
counterparts become aggregated during the seeking of blood
meal in the ecotopes of forest fringes and rubber plantations
(10, 17, 41]. Of these, An. aconitus and/or An. maculatus

is relatively abundant in some rubber plantations in the
South and the East of Thailand. During winter season, An.
aconitus is still dominant as compared to its counterparts,
An. maculatus, An. minimus, and An. dirus, respectively. An.
minimus and its counterparts (An. aconitus and An. mac-
ulatus) behave both anthropophagically and zoophagically
whereas An. dirus has a preference of feeding blood meal on
humans rather than on animals [10, 18, 22, 23, 26-29, 41].
In some cases, An. dirus prefers feeding animals rather than
humans. If there is the existence of livestock in any farmland
in the relevant malaria ecotopes, these 3 potent vectors prefer
attacking animals during seeking any blood meal outdoors
(Figure 2(b)). Together, the infection pockets proximal to
malaria patients’ houses are epidemiologically linked with the
other data of breeding site, foraging, feeding habit, season
regulation, and topography. These following parameters are
considered essential to determine Anopheles sampling sites
suited to the EES and molecular xenomonitoring of MDR
malaria parasites in the Anopheles vectors.

3.1.2. Ecotopes of Malaria-Associated International Borders.
The international borders within the GMS promote more
greatly variable malaria ecotopes because there exist complex
epidemiological settings due to intense movement of cross-
border migrant workers and border crossing of local people
residing on or close to the borders [2, 10, 36, 37, 42, 43]. In
border malaria, cross-border local people who are normally
immune may often revisit the forests alongside the bor-
der. The susceptible persons occasionally acquire the MDR
malaria infections as they are epidemiologically linked with
frequent exposure to multiple bites of Anopheles vectors at
multiple locations [2, 10]. Thus, epidemiological surveillance
and foci investigation may not always relate the infections
or the spread of MDR malaria parasites to any hotspots or
suspected areas confined to the TCAs in any land border
settings [2].

International borders offer the challenges, especially in
establishing the procedures for and the activities of the EES
as well as epidemiological surveillance and monitoring of
MDR malaria because it is difficult to identify any infection
pocket confined to a malaria ecotope. However, detection
and identification of Anopheles vectors responsible for the
emergence and spread of MDR malaria can be done logically
and expediently—following human-vector contact and recall
of the exposure situation based on time which passed before
the symptoms become evident. For example, the malaria
ecotope available for the EES for MDR malaria is logically
analyzed when any suspected malaria cases who seek diag-
nosis services at a malaria post are examined as positive
by a RDT and followed by a recommended ACT for P
falciparum or first-line treatment for P. vivax [2, 44]. By using
the previously mentioned principal parameters, certain or
suspected pockets can be deduced and targeted for the foci
investigation and the EES.

3.2. Anopheles Ecotype and MDR Malaria Haplotype. A
malaria ecotope creates a plethora of Anopheles mosquitoes
including the primary and secondary vectors, which can
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FIGURE 2: Anopheles vectors and MDR malaria haplotypes. (a) A framework for the EES which can permit the downstream procedures for both
the identification of the wild-caught pools or individuals of Anopheles vectors and the detection and identification of MDR malaria parasite
isolates present in salivary gland DNA of individual Anopheles vector. Such malaria ecotopes of forest/forest fringes shown in Figure 1 can
provide isolation sources of four main Anopheles vectors (e.g., An. dirus, An. minimus, An. maculatus, and An. aconitus). (b) A framework
for the molecular xenomonitoring of MDR malaria which can permit the analysis of anthropophagous Anopheles vectors carrying MDR
malaria parasites present in any malaria infection pocket of the forest/forest fringe ecotope. Based on molecular markers for putative drug
resistance, any haplotypes of MDR malaria parasites originally obtained from the Anopheles SG DNA are hypothetically advantageous parasite
population under the selection pressures over space and time.
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adapt and survive in their fitted local environment(s). Assum-
ing that ecological changes can alter the adaptation and sur-
vival of the Anopheles vectors in various malaria ecotopes, we
need to collect and leverage entomological data/information
on the ecotypes of local Anopheles vectors—adapting to their
local environments. The raised questions ask how the local
Anopheles vectors play arole in the spread of MDR falciparum
or vivax malaria parasites as well as how they provoke the
insecticide resistance. Here we address only the significant
role of the Anopheles ecotypes that generate a diversification
of MDR malaria haplotypes (Figure 2(b)).

The ecotype of Anopheles vector is a genetically unique
population in a given Anopheles species that is adapted to
its local environment in a geographically defined malaria
ecotope, as the individuals exhibit morphologic, physiologic,
and behavioral characteristics distinguishable from other
populations of Anopheles species (Figure 2(a)). Anopheles
vectors, of which the ecotypes are sessile to such a par-
ticular climatic environmental condition in such malaria
ecotope, may have the adaptation to an ecotone, in which
the population dynamics of different ecotypes of Anopheles
vectors and their counterparts possibly occur (Figures 1(a)-
(al) and (a2)). Such adapted ecotype of Anopheles vector
can exploit host-seeking strategy either anthropophagically
or zoophagically in malaria ecotope or ecotone. Therefore,
malaria transmission influenced by the principal Anopheles
vector in specific malaria ecotope may not spread directly to
other different malaria ecotopes because there is geographic
difference in their ecotone which regulates the adaptation
and survival of the ecotypes of those responsible Anopheles
vectors.

A theorem of MDR malaria transmission—naturally
occurring in specific malaria ecotope—can be explained by
a theoretical number of the haplotypes of MDR malaria
parasites, based on the selection of the genetically associated
MDR genes. The geographically associated MDR haplotype
can be referred to as a set of inheritable alleles that escape
under the pressures of the selection on genetically linked
MDR genes. Diversity in the structure of the gene pool of
MDR malaria parasite population is a trade-off. Hence, the
cost of fitness that exists in geographically defined malaria
ecotope is a consequence of reproduction in specific hosts.
A haplotype is the mixture of the genotypes of a polymorphic
gene, as it is not easily identified because a mixture of those
of the two or more alleles does exist in the diploid malaria
parasite organism as the result of modality of recombination
in Anopheles vector (Figure 2(b)). That is, a MDR haplotype
is genetically determined by a known set of polymorphic
drug resistance markers; the details are described later. If
MDR malaria parasites interbreed in the population via bites
of Anopheles vector(s) in certain local environment(s) in
malaria ecotope, P. falciparum or P. vivax isolates originally
obtained from infected humans or Anopheles vectors will
be likely to create haplotype homozygosity and, eventually,
to reduce genetic variations of the P. falciparum or P. vivax
MDR parasite populations. The homozygosity of haplotype
(genotypes) of the putative drug resistance genes spanning
on the homologous chromosome of P, falciparum or P. vivax
can be used to measure the level of disequilibrium between a

known set of polymorphic markers [45-47]. Disequilibrium
occurring between two or more putative drug resistance
genes can be used to (i) identify the genotypes of emerging
MDR parasites and (ii) determine the extent to which the
geographically associated or prone MDR haplotypes of P.
falciparum or P. vivax exist in various malaria ecotopes. On
the other hand, if Anopheles ecotypes within a given species
are able to be adapted to specific malaria ecotopes referred
to as the MDR malaria transmission foci, the most likely
explanation is that there will be a number of subpopulations
of geographically prone MDR malaria parasites. The presence
of linkage disequilibrium between a set of those polymorphic
markers identifies the chromosomal region spanned by the
markers as a candidate location of the MDR genes or high-
density single nucleotide polymorphic (SNP) genotypes or
used to reconstruct the modality of recombination [45-47].

4. Molecular Xenomonitoring of MDR Malaria
Parasites in Anopheles Vectors

4.1. EES and Infection Pocket. The GMS and Southeast Asia
are likely to be the epicenters of P. falciparum and P. vivax
MDR malaria parasites as the spread of emergent MDR
malaria becomes increasingly important [2-8]. As mentioned
earlier, the EES and molecular xenomonitoring (i.e., nucleic
acid detection and differentiation of malaria parasites present
in mosquitoes) of MDR malaria parasites in Anopheles vec-
tors [48, 49] can provide the proof of potential transmission
and spread of MDR malaria parasites in any given malaria
ecotope and ecotone. During a peak of seasonal malaria
transmission in endemic localities, an increasing number
of malaria suspected cases that seek blood examinations
and treatment at any peripheral healthcare facilities can
be used to determine the extent to which the abundance
and distribution of Anopheles vectors exist in the infection
pockets. Also, the vigilance for malaria carriers who do not
seek or delay diagnosis and treatment needs to be warranted
in endemic localities. However, there is no evidence that the
malaria case number relates to the proportion of infected
Anopheles vectors in the infection pockets. That is, a number
of Anopheles vectors—whether periodically wild caught using
mosquito trapping devices, animal baits, or human landing
catches—are more likely to be stochastic from one pocket to
another than stable. Mosquito trapping devices and animal
bait catches using cattle or swine are likely to be used in
outdoor collections of both potent Anopheles vectors and
their counterparts whether or not they behave anthropophag-
ically. Human landing catches are more likely to be used
in the indoor and outdoor collections of anthropophilic
Anopheles vectors (Figure 2(a)); that is, accurate estimates of
the Plasmodium infection in potent Anopheles vectors are
measured as the infection and infectivity rates.

In practice, the infection pocket (Figures 1(b) and 1(c))
is specifically determined by covering the catchment area of
possible human-vector contact during which treated malaria
cases are followed within 14 days or 28 days. The catch-
ment, approximately a radius of 20 to 200 meters from a
malaria patient’s house, is normally situated with shaded
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environments close to a breeding site as it may not cover
a segment of adjacent or detached houses. Malaria cases—
when improperly conducting protective behaviors—are likely
to have an increased risk of possible human-vector contact
in the presence of improper household-level implementation
of vector control strategies and other personally focused
preventive measures. A 14-day follow-up of treatment is
crucial for the field staff (e.g., researchers, entomologists, and
well-trained vector/infection control personnel) to collect
a number of potent Anopheles vectors because any suscep-
tible ones—those taking any gametocyte-infected human
blood meal before or after treatment—may harbor an enor-
mous number of the sporozoites developing into salivary
gland from 6 to 12 days [50-52]. In the largely outdoor
environments, parous female adults of Anopheles vectors—
possibly breeding their progeny one or more times—may
or may not have fed human blood meal(s) during their
fecundic lifespan. Sporozoite-carrying ones are not indicative
of anthropophagically induced parity rate. However, the
positive one is epidemiologically important for the isolation
of Plasmodium infection origin whether or not the source
carries single-clone or multiple clonal populations [53, 54].
At the time of mosquito collection, 12-hour human landing
catch is performed on 2 to 3 consecutive nights if climatic
environmental conditions are suitable. If two or more selected
pockets are used in comparable catchments for which par-
ticular local environments are considered, complete notes on
environmental and climatic conditions as well as meteoro-
logically measured parameters should be recorded along with
photographic evidence and georeference.

4.2. Molecular Marker-Based PCR Detection Methods Using
Salivary Gland DNAs of Anopheles Vectors. The molecular
basis of genetically determined MDR in P. falciparum or
P. vivax has been linked to the mutations of putative drug
resistance genes responsible for intraparasitic pumps that
can modulate the transport of the antimalarial drugs and
for encoded metabolic enzymes that can reduce selectivity
of the drugs. Molecular marker-based PCR methods for
the detection and identification of drug resistance genes
(Table 1) have been proven to be useful in epidemiological
surveillance and monitoring of MDR falciparum and vivax
malaria parasites present in the patients as well as in the
EES and molecular xenomonitoring of these MDR malaria
parasites present in the Anopheles vectors. In latter sense, the
wild-caught pools or individuals of Anopheles vectors provide
the isolation sources for species identification, salivary gland
(SG) isolation, and isolation and purification of SG DNA
extract subject to subsequent molecular marker-based PCR
methods using SG DNA (Figure 2(a)).

To achieve the ultimate goal of molecular xenomonitor-
ing of MDR malaria parasites in Anopheles vectors, the wild-
caught pools of Anopheles vectors initially knocked out by
cool temperature or anesthesia can then be processed using
downstream procedures as mentioned earlier (Figure 2(a)).
A SG DNA originally obtained from Anopheles vector indi-
viduals is subjected to be initially amplified using the small
subunit ribosomal RNA (ssrRNA) gene-based nested PCRs
with genus- and species-specific primer sets according to the
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methods and procedures described by Singh et al. [75]. For
instance, a positive SG DNA could yield a relatively large
DNA fragment authentically derived from any orthologous
sstTRNA genes of four human malaria parasites (2. falciparum,
P. vivax, P. malariae, and P. ovale) in first-round PCR. In 5
separate second-round PCRs containing another Plasmod-
ium-specific primer set and 4 other species-specific primer
sets, the internal sequences of this primary PCR product
are authentically amplified to yield a Plasmodium-specific
DNA fragment and other species-specific DNA fragment
originated from P, falciparum, P. vivax, P. malariae, or P. ovale.
If it is positive with primers specific for P. falciparum or P
vivax, SG DNA template is further used in molecular marker-
based PCR analysis of the presence of putative drug resistance
genes (Table 1).

Here, we demonstrate the molecular xenomonitoring of
MDR vivax malaria parasite populations in Anopheles vectors
endogenous to geographically defined ecotopes of malaria-
associated rubber plantations in Kanchanaburi province
(Figures 1(a)-(al) and 1(b)), close to Thailand-Myanmar
border, as well as in Trat province (Figures 1(a)-(a2) and
1(¢)), close to Thailand-Cambodia border. Both malaria
endemic provinces experienced increase in malaria incidence
among local populations from 2011 to 2012: Kanchanaburi
(88 to 132 per 100,000 populations) and Trat (80 to 117
per 100,000 populations). Malaria risk situations are likely
due either to malaria transmission dynamic both occurring
in certain transmission areas and manifesting a trend of
increased incidence, especially P vivax, in transmission-
prone areas, or to increased trend of the movement of
foreign migrant workers involved in agricultural practices.
The entomological data initially recorded in 2009 for these
two infection pockets have been described elsewhere [10]
and, by using these secondary data, the EES was conducted
between September and October 2011. Evidently, the EES
established the infection pockets of both malaria ecotopes in
which Anopheles vectors carrying the P. vivax infection can
be detected. Within a couple of weeks, during which a course
of follow-up treatment was done for the notified P vivax
patients that received the first-line treatment, Anopheles vec-
tors were collected both indoors and outdoors within a radius
of 20 meters from the P vivax-infected patients’ houses.
The samples were subjected to subsequent identifications as
described earlier in Figure 2(a). Both Plasmodium-specific
nested PCR and molecular marker-based PCR methods—
which are based on the genetically polymorphic Pvdhfr
gene—provide reliable testing results. However, we omitted
the likelihood that the P, vivax isolate which originated from a
positive SG DNA of the sporozoite-carrying Anopheles vector
may or may not harbor single-clone parasite population.
A Pvdhfr haplotype (ie., a set of two or more associated
alleles of Pvdhfr gene found in the P vivax isolate) is
not considered the cost of parasite fitness epidemiologically
linked to the human host fitness or the patients infected in
a malaria ecotope. Otherwise, the Pvdhfr haplotypes found
in humans or Anopheles vectors in a given malaria ecotope
are likely to be the cost of parasite fitness pertaining to
the mutations on Pvdhfr gene. As seen in Figure 3, the
hypothetically potential mutations are involved in amino acid
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TABLE 1: Putative drug resistance genes as molecular markers for molecular xenomonitoring of MDR malaria parasites in Anopheles vectors.

Annotated
Class/antimalarial drugs®—specific resistance Annotated drug resistance protein orthologous Accession number®  Reference
gene
Quinolines and derivatives Pfert AF030694 [55, 56]
cr
Chloroquine, primaquine, amodiaquine, AF495378 [57]
and mefloquine AF314649 [58]
. . b Pvcrt
Cinchona alkaloids Chloroquine resistance transporter EU333972 [59]
Quinine
Phenanthrenes and derivatives
Halofantrine, lumefantrine
inoli d derivati M29154
Quinolines and derivatives Multidrug resistance proteinb Pfmdr 1 ? [60]
Amodiaquine, mefloquine FJ477805 [61]
Phenanthrenes and derivatives Pvmdr 1 EU333979 [59]
Lumefantrine Calcium-dependent Pfatp6 AB576306 [62]
a
Sequiterpene lactone sarcoplasmic/endoplasmic ’ KC577117 [63]
Artemisinin and derivatives (artesunate, reticulum ATPase”
artemether) GTP-cyclohydrolase I° Pfgch 1 AF043557 [64]
P . . . d
Artemisinin-based combination therapies K13-propeller (Kelch protein)® PFI3.0238 AL844509
(artesunate-amodiaquine, artesunate- XMO001350122
mefloquine, and artemether-lumefantrine)
Diazin.es . Pfhr J03028 [65]
Pyrimethamine Dihydrofolate reductase® J03772 [66]
Benzene and derivatives Prdhfr X98123 [67]
Proguanil DQ514918 [68]
B d derivati 7231584 69
enzene and derivatives . . Pfdhps [69]
Sulfadoxine Dihydropteroate synthase U07706 [70]
Pvdhps AY186730 [71]
Acenes and derivatives Cytochrome b Pfeytb M9946 [72]
Atovaquone, atovaquone-proguanil Pvcytb AF055587 [73]

*Further details are available at websites: PubChem, http://pubchem.ncbi.nlm.nih.gov/; and DrugBank, http://www.drugbank.ca/.

Molecular mechanism for resistance: bintraparasitic pumps involved in modulation of transporting the drugs across the membranes; “metabolic enzymes

involved in decreased selectivity of antifolates and sulfonamides; and fcytochrome be; complex (complex ITI) involved in decreased selectivity of mitochondrial

electron transport inhibitors or ubiquinone analogs.

“P. falciparum Kelch protein (encoded by a locus PF13.0238) conferring a single point mutation at the position Met476lle is involved in molecular mechanism

for artemisinin resistance [74] as its propensity to the mutation is believed to be the result of the selection under pressures of 4ACTs.
8Complete genomic DNA sequences served as molecular markers of which design of specific primer sets has been used in monitoring MDR falciparum or
vivax malaria parasites present in the patients or Anopheles vectors and assessing treatment failure in the patients.

substitutions at codons Phe57Leu/Ile, Ser58Arg, Thr61Met,
and Serl17Asn/Thr and, in addition, Pro33Leu, Aspl05Asn,
Vall45Leu, and Ilel73Phe/Leu. The other indel (i.e., a seg-
ment of gene susceptible to mutation by either insertion or
deletion) of a short tandem repeat (NTHGGD) starting from
Asn 97 to Asp 102 is considered a neutral allele while the
amplification of this short tandem repeat (from 1 to 4 copies)
may or may not link to the selection on single, double, triple,
or quadruple point mutations (see also Table S4). There is
no significant association between the neutral alleles and
point mutations whether Phe57Leu/Ile, Ser58Arg, Thr61Met,
or Serll7Asn/Thr. As such, the existence of P. vivax MDR
haplotypes (Figure 3) in the responsible Anopheles SG DNAs
provides the epidemiological implication that two Anopheles

vectors had the potential transmission of MDR malaria in the
geographically defined ecotopes of malaria-associated rubber
plantations on the Thailand-Myanmar border (An. aconitus)
(Figure 1(b)) as well as the Thailand-Cambodia border (An.
dirus) (Figure 1(c)).

Moreover, Figure 3 shows a phylogenetic relationship of
P vivax DHFR haplotypes geographically associated with
the Southeast Asia and with other regions. Six haplogroups
(A to G) are thought to be emerging over time as they
might evolutionarily escape under the selection in different
places and periods. Each haplogroup includes a group of
the same or similar haplotype that shares a set of alleles
or similar variations. More interestingly, An. dirus isolate
(Pvdibbt-1) from Thailand-Cambodia border and two An.
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FIGURE 3: Phylogenetic relationship of P. vivax dihydrofolate reductase (DHFR) homolog. The multiple sequence alignment of all
representative DHFR homologs of P. vivax MDR malaria parasite populations was carried out at both nucleotide and amino acid levels.
The phylogenetic reconstruction of haplotypes, which was tested 1000 times with bootstrap method, was constructed based on the maximum
parsimony method by using the MEGA ver. 5.22 [76]. DHFR haplotypes and haplogroups (A to G) of geographically prone P. vivax parasites
conferring point mutations responsible for resistance against antifols and sulfones/sulfonamides are shown in supplementary File S4 (see
Supplementary Material available online at http://dx.doi.org/10.1155/2014/969531). As retrieved from the GenBank genome database, all the
nucleotide or amino acid sequences (accession numbers) of P. vivax DHFR homologs correspond to the infection sources of the geographically
prone P, vivax isolates including Pvdibbt-1 (KC121333), Pvachtk-1 (KCI121334), and Pvachtk-2 (KC121335). The GenBank files of these three
isolates are shown in supplementary Files S1 to S3. The qualifier of the submitted sequences pertaining to country or geographic area and
submission year was used in the phylogenetic analysis. The isolation sources analyzed include the majority of patient isolates of geographically
prone P vivax parasites and a very lesser extent by “mosquito isolates and **laboratory strain of P. vivax asexual blood stage. Using
standard country codes (http://www.eurogofed.org/calendar/codes.htm), country sources are denoted as DJ: Djibouti, GF: French Guiana, ID:
Indonesia, IN: India, IR: Iran, KM: Comoros, KR: South Korea, MG: Madagascar, MM: Myanmar, PG: Papua New Guinea, PH: Philippines,

SR: Surinam, SV: El Salvador, TH: Thailand, TL: East Timor, VN: Vietnam, and VU: Vanuatu.
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aconitus isolates from Thailand-Myanmar border harbor the
haplotype G as in one An. aconitus isolate (Pvachtk-1), a
newly emerged haplotype conferring two additional point
mutations Aspl05Asn and Vall45Leu which may be the result
of the continuation of selective pressures on the associ-
ated alleles in malaria ecotope along or close to Thailand-
Myanmar border. As noted, such An. aconitus can transmit
P. vivax along the Thailand-Myanmar border although it
is known as a secondary vector. As a result of genetic
recombination occurring in this vector, this newly emerging
Pvdhfr haplotype of the hypermutable parasites confers the
hexadruple point mutations Leu 57, Arg 58, Met 61, Asn 105,
Thr 117, and Leu 145. Like other counterparts, this vector
may however transmit the hypermutable P. vivax parasites
that possess the responsible haplotype through other human
blood meals and, vice versa, this heritable haplotype may not
be selected due to naturally acquired immune defenses in
human host fitness (Figure 2(b)).

Taken together, using global alignment of the Pvdhfr
haplotypes as representative of resistant DHFR homologs of
geographically prone P, vivax parasites isolated from the GMS
and other regions (Figure 3), the phylogenetic analysis of
Pvdhfr haplotypes can explain (i) the migration or genetic
flow of P. vivax parasites that is epidemiologically linked
to two separate malaria ecotopes and (ii) the magnitude
and geographical variation of emergent P. vivax haplotypes
both within related malaria ecotopes and among diverse
malaria ecotopes. Regarding this, the EES and molecular
xenomonitoring of MDR vivax malaria parasite support the
evidence that there is the association of geographically prone
Pvdhfr haplotypes of the geographical isolates of P. vivax
around the globe.

5. Perspectives

P vivax malaria parasite becomes increasingly important
because its transmission manifests a trend of increasing
incidence as well as the spread of chloroquine resistance in P.
vivax in tropical and subtropical regions of the world [2, 10,
53, 58, 59, 68, 77-82]. As noted earlier, the MDR haplotypes
of P vivax that can thrive in the Anopheles vectors in a
malaria ecotope might be the cost of homozygosity haplotype
influenced by the positive selection of pressures including
antimalarial drugs, human host immunity, anopheline vector
immunity, and phylogenetic constraints over time periods.
If the selective pressure increases the fitness of the P. vivax
population, the mutations occurring in the P. vivax MDR
haplotypes will result in advantageous MDR genotypes of
putative drug resistance genes. Eventually, more P vivax
MDR descendants will increase the tolerance of the parasite
population and hence decreasing sensitivity to the drugs as
multigenic P. falciparum MDR parasites do [2]. The inten-
sity of the following selective pressures such as quinolines,
antifols, and sulfones/sulfonamides exerts the force of the
circumstances such that P. vivax MDR parasites will gradually
decrease the susceptibility to these drugs in vitro and in vivo.
If there is a balanced selection, the homozygosity of P. vivax
MDR haplotypes would produce more hypermutable descen-
dants with newly emerging haplotypes, while maintaining
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the genetic polymorphisms in the population. Without a
balanced selection, an appearance of the parasite population
bottleneck will eventually reduce the genetic variation in the
population. Otherwise the gene pool is much variable in
the structure of the parasite subpopulations geographically
associated with or prone to transmission foci as P. falciparum
artemisinin resistance does [74, 83-86].

Together, such development of antifolate resistance in
P vivax parasite populations may be the result of a para-
site population bottleneck as there is no existence of the
wildtype population geographically associated with the loca-
tions due to degrees of antifolate pressure. The EES using
molecular xenomonitoring tools will help better understand
what haplotype is emerging under the selective pressure
over time periods in suspected or certain transmission foci,
especially on the borders in the GMS where the intensity of
antimalarial drug selection pressures and human migration
is high. With a prior knowledge of epidemiological and
entomological surveillance and monitoring of MDR malaria
parasites in malaria ecotopes, we would be able to detect
early and monitor in a timely manner MDR malaria parasites
geographically associated with the hotspots or prone to the
suspected areas in the TCAs or transmission-prone areas of
the endemic countries in the phase of malaria control and/or
elimination.

Conflict of Interests

There is no conflict of interests.

Authors’ Contribution

Prapa Sorosjinda-Nunthawarasilp and Adisak Bhumiratana
conceived of the “4E” concepts of malaria landscape ecology
and epidemiology, entomology, and molecular evolution
applied to this work, designed graphics, and drafted and
edited the paper. Prapa Sorosjinda-Nunthawarasilp con-
ducted the EES and molecular xenomonitoring of MDR
malaria parasites in Anopheles vectors. Adisak Bhumiratana
conducted the EES, the homology of P vivax DFHR
homologs, and the phylogenetic reconstruction of its multiple
sequence alignment and finally edited the final revision of the
submitted paper.

Acknowledgments

This work was partially supported by Grant no. 447172 by
the National Research Council of Thailand (NRCT). It was
also part of a study on vector-based models for malaria and
dengue fever in various ecosystems and in relation to climate
changes in South Thailand, which is submitted to the NRCT,
2012. The authors acknowledge Dr. Wuthichai Kaewwaen,
Department of Geoinformatics, Faculty of Geoinformatics,
Burapha University, Chonburi, Thailand, for his excellent
support in the manipulation of mapping-based EES and
malaria infection pockets and Mr. Yuthana Samung for kindly
providing the original image of human blood-sucking An.
dirus. The authors thank Dr. Ronald A. Markwardt, Dr.



14

Surachart Koyadun, and Dr. Apiradee Intarapuk for their
contributions to critical review of this paper.

References

(1]

(5]

(8]

5

(10]

(12]

WHO, World Malaria Report 2012, World Health Organization,
Geneva, Switzerland, 2012, Mimeographed Document, http://
www.who.int/malaria/publications/world_malaria_report_2012
/wmr2012_full_report.pdf.

A. Bhumiratana, A. Intarapuk, P. Sorosjinda-Nunthawarasilp,
P. Maneekan, and S. Koyadun, “Border malaria associated
with multidrug resistance on Thailand-Myanmar and Thailand-
Cambodia borders: transmission dynamic, vulnerability, and
surveillance,” BioMed Research International, vol. 2013, Article
ID 363417, 13 pages, 2013.

WHO, “Monitoring resistance of P. falciparum and P. vivax
to anti-malarial drugs in the Greater Mekong Sub-region,
Phuket, Thailand, 3-5 September 2007, Mimeographed Docu-
ment, SEA—MAL—-250, World Health Organization, New Delhi,
India, 2008.

WHO, Global Plan for Artemisinin Resistance Containment
(GPARC), World Health Organization, Geneva, Switzerland,
2011, Mimeographed document, http://www.who.int/malaria/
publications/atoz/artemisinin_resistance_containment%202011
.pdf.

WHO, Strategic Framework for Artemisinin Resistance Con-
tainment in Myanmar (MARC) 2011-2015, World Health
Organization, New Delhi, India, 2011, Mimeographed Docu-
ment, http://www.searo.who.int/myanmar/documents/MARC
_frameworkApril2011.pdf.

WHO, The Status of Drug—Resistant Malaria Along the
Thailand—Myanmar Border, World Health Organiza-tion,
Geneva, Switzerland, 2012, http://www.who.int/malar-
ia/publications/atoz/drug_resistance_myanmar_thailand_bor-
der_may_2012.pdf.

“Joint assessment of the response to artemisinin resistance
in the Greater Mekong Sub—Region conducted November
2011 to February 2012, Mimeographed Document,
http://malaria2012conference.com/cms/wpcontent/uploads/
2012/10/Summary-of the-Joint-Assessmentof-the-Response-
to-Artemisinin-Resistance.pdf.

WHO, Emergency Response to Artemisinin Resistance in
the Greater Mekong Subregion: Regional Framework for
Action 2013-2015, World Health Organization, Geneva,
Switzerland, Global Malaria Programme, 2013, http://apps
.who.int/iris/bitstream/10665/79940/1/9789241505321__eng.pdf.
P. Satitvipawee, W. Wongkhang, S. Pattanasin, P. Hoithong, and
A.Bhumiratana, “Predictors of malaria-association with rubber
plantations in Thailand,” BMC Public Health, vol. 12, article 1115,
2012.

A. Bhumiratana, P. Sorosjinda-Nunthawarasilp, W. Kaewwaen,
P. Maneekan, and S. Pimnon, “Malaria-associated rubber plan-
tations in Thailand,” Travel Medicine and Infectious Disease, vol.
11, no. 1, pp. 37-50, 2013.

S. Sabbatani, S. Fiorino, and R. Manfredi, “The emerging of the
fifth malaria parasite (Plasmodium knowlesi). A public health
concern?” Brazilian Journal of Infectious Diseases, vol. 14, no. 3,
pp. 299-309, 2010.

K.-S. Lee, J. Cox-Singh, and B. Singh, “Morphological features
and differential counts of Plasmodium knowlesi parasites in
naturally acquired human infections,” Malaria Journal, vol. 8,
no. 1, article 73, 2009.

(13]

(14]

(16]

(17]

(18]

[20]

(21]

[22]

(25]

[26]

[27]

Interdisciplinary Perspectives on Infectious Diseases

T. William, H. A. Rahman, J. Jelip et al., “Increasing incidence of
Plasmodium knowlesi malaria following control of P. falciparum
and P vivax malaria in Sabah, Malaysia,” PLoS Neglected
Tropical Diseases, vol. 7, no. 1, Article ID €2026, 2013.

WHO, Roll Back Malaria: Defeating Malaria in Asia, the
Pacific, Americas, Middle East and Europe, World Health
Organization, Geneva, Switzerland, 2012, http://www.rollback-
malaria.org/ProgressImpactSeries/docs/reportl2.pdf.

C. Cotter, H. J. W. Sturrock, M. S. Hsiang et al., “The changing
epidemiology of malaria elimination: new strategies for new
challenges,” The Lancet, vol. 382, no. 9895, pp. 900-911, 2013.
WHO, Global Plan for Insecticide Resistance Management in
Malaria Vectors, Global Malaria Programme, World Health
Organization, Geneva, Switzerland, 2012.

R. Rattanarithikul, K. J. Linthicum, and E. Konishi, “Seasonal
abundance and parity rates of Anopheles species in southern
Thailand,” Journal of the American Mosquito Control Associa-
tion, vol. 12, no. 1, pp. 75-83, 1996.

T. Chareonviriyaphap, A. Prabaripai, M. J. Bangs, and B. Aum-
Aung, “Seasonal abundance and blood feeding activity of
Anopheles minimus Theobald (Dipters : Culicidae) in Thailand,
Journal of Medical Entomology, vol. 40, no. 6, pp. 876-881, 2003.
H. D. Trung, W. van Bortel, T. Sochantha et al., “Malaria trans-
mission and major malaria vectors in different geographical
areas of Southeast Asia,” Tropical Medicine and International
Health, vol. 9, no. 2, pp. 230-237, 2004.

A. Junkum, B. Pitasawat, B. Tuetun et al., “Seasonal abundance
and biting activity of Anopheles aconitus (Diptera: Culicidae)
in Chiang Mai, northern Thailand,” Southeast Asian Journal of
Tropical Medicine and Public Health, vol. 38, supplement 1, pp.
215-223, 2007.

S. Manguin, C. Garros, I. Dusfour, R. E. Harbach, and M.
Coosemans, “Bionomics, taxonomy, and distribution of the
major malaria vector taxa of Anopheles subgenus Cellia in
Southeast Asia: an updated review; Infection, Genetics and
Evolution, vol. 8, no. 4, pp. 489-503, 2008.

S. Sungvornyothin, M. Kongmee, V. Muenvorn et al., “Seasonal
abundance and bloodfeeding activity of anopheles dirus sensu
lato in Western Thailand,” Journal of the American Mosquito
Control Association, vol. 25, no. 4, pp. 425-430, 2009.

A. Saeung, “Anopheles (Diptera:Culicidae) species complex in
Thailand: identification, distribution, bionomics and malaria—
vector importance, International Journal of Parasitology
Research, vol. 4, no. 1, pp. 75-82, 2012.

R. Rattanarithikul, E. Konishi, and K. J. Linthicum, “Obser-
vations on nocturnal biting activity and host preference of
anophelines collected in southern Thailand,” Journal of the
American Mosquito Control Association, vol. 12, no. 1, pp. 52-57,
1996.

A. A. Hassan, W. A. Rahman, M. Z. Rashid, M. R. Shahrem, and
C. R. Adanan, “Composition and biting activity of Anopheles
(Diptera: Culicidae) attracted to human bait in a malaria
endemic village in peninsular Malaysia near the Thailand
border,” Journal of Vector Ecology, vol. 26, no. 1, pp. 70-75, 2001.
V. Muenworn, S. Sungvornyothin, M. Kongmee et al., “Biting
activity and host preference of the malaria vectors Anopheles
maculatus and Anopheles sawadwongporni (Diptera: Culicidae)
in Thailand,” Journal of Vector Ecology, vol. 34, no. 1, pp. 62-69,
2009.

S. Sumruayphol, C. Apiwathnasorn, N. Komalamisra, J.
Ruangsittichai, Y. Samung, and P. Chavalitshewinkoon-
Petmitr, “Bionomic status of Anopheles epiroticus Linton



Interdisciplinary Perspectives on Infectious Diseases

)
&

(30]

(31]

(32]

W
&

(34]

[36]

(37]

(38]

(39]

& Harbach, a coastal malaria vector, in Rayong Province,
Thailand,” Southeast Asian Journal of Tropical Medicine and
Public Health, vol. 41, no. 3, pp. 541-547, 2010.

R. Tisgratog, C. Tananchai, W. Juntarajumnong et al., “Host
feeding patterns and preference of Anopheles minimus (Diptera:
Culicidae) in a malaria endemic area of western Thailand:
baseline site description,” Parasites and Vectors, vol. 5, article 114,
2012.

C. Tananchai, R. Tisgratog, W. Juntarajumnong et al., “Species
diversity and biting activity of Anopheles dirus and Anopheles
baimaii (Diptera: Culicidae) in a malaria prone area of western
Thailand,” Parasites and Vectors, vol. 5, no. 1, article 211, 2012.

C. A. Green, R. Rattanarithikul, S. Pongparit, P. Sawadwong-
porn, and V. Baimai, “A newly-recognized vector of human
malarial parasites in the Oriental region, Anopheles (Cellia)
pseudowillmori (Theobald, 1910),” Transactions of the Royal
Society of Tropical Medicine and Hygiene, vol. 85, no. 1, pp. 35—
36,1991

C. A. Green, R. Rattanarithikul, and A. Charoensub, “Popula-
tion genetic confirmation of species status of the malaria vectors
Anopheles willmori and An. pseudowillmori in Thailand and
chromosome phylogeny of the Maculatus group of mosquitoes,”
Medical and Veterinary Entomology, vol. 6, no. 4, pp. 335-341,
1992.

S. Sukowati, V. Baimai, and H. Andris, “Sex chromosome
variation in natural populations of the Anopheles sundaicus
complex from Thailand and Indonesia,” Mosquito Borne Disease
Bulletin, vol. 13, pp. 8-13, 1996.

S. Sukowati, V. Baimai, S. Harun, Y. Dasuki, H. Andris, and
M. Efriwati, “Isozyme evidence for three sibling species in the
Anopheles sundaicus complex from Indonesia,” Medical and
Veterinary Entomology, vol. 13, no. 4, pp. 408-414, 1999.

E.P. Torres, D. H. Foley, and A. Saul, “Ribosomal DNA sequence
markers differentiate two species of the Anopheles maculatus
(Diptera: Culicidae) complex in the Philippines;” Journal of
Medical Entomology, vol. 37, no. 6, pp. 933-937, 2000.

I. Dusfour, J. R. Michaux, R. E. Harbach, and S. Manguin, “Spe-
ciation and phylogeography of the Southeast Asian Anopheles
sundaicus complex,” Infection, Genetics and Evolution, vol. 7, no.
4, pp. 484-493, 2007,

A. Kengluecha, P. Rongnoparut, S. Boonsuepsakul, R.
Sithiprasasna, P. Rodpradit, and V. Baimai, “Geographical
distribution of Anopheles minimus species A and C in Western
Thailand,” Journal of Vector Ecology, vol. 30, no. 2, pp. 225-230,
2005.

C. Garros, W. Van Bortel, H. D. Trung, M. Coosemans, and
S. Manguin, “Review of the Minimus Complex of Anopheles,
main malaria vector in Southeast Asia: from taxonomic issues
to vector control strategies,” Tropical Medicine and International
Health, vol. 11, no. 1, pp. 102-114, 2006.

M. E. Sinka, M. J. Bangs, S. Manguin et al., “The dominant
Anopheles vectors of human malaria in the Asia-Pacific region:
occurrence data, distribution maps and bionomic précis,” Para-
sites and Vectors, vol. 4, no. 1, article 89, 2011.

W. Suwonkerd, W. Ritthison, C. T. Ngo, K. Tainchum, M. J.
Bangs, and T. Chareonviriyaphap, “Vector biology and malaria
transmission in Southeast Asia,” in Anopheles Mosquitoes—New
Insights into Malaria Vectors, S. Manquin, Ed., pp. 327-355,
InTech, 2013.

K. Morgan, P. Somboon, and C. Walton, “Understanding
Anopheles diversity in Southeast Asia and its applications for

(41]

(42]

(43]

(47]

(48]

(49

15

malaria control,” in Anopheles Mosquitoes—New Insights into
Malaria Vectors, S. Manquin, Ed., pp. 327-355, InTech, 2013.

P. Sorosjinda-Nunthawarasilp, R. A. Markwardt, P. Rattaprasert,
P. Suntornthiticharoen, P. Chaksangchaichot, and S. Siribal, A
report: Survey of Genotypes Indicating Drug Resistance of Plas-
modium Isolated from Wild Anopheles on the Thai—Myanmar
and Thai—Cambodia Borders in 2011 and 2012, National
Research Council of Thailand, 2012.

P. Somboon, A. Aramrattana, J. Lines, and R. Webber, “Ento-
mological and epidemiological investigations of malaria trans-
mission in relation to population movements in forest areas
of north-west Thailand,” Southeast Asian Journal of Tropical
Medicine and Public Health, vol. 29, no. 1, pp. 3-9, 1998.

A. Khamsiriwatchara, P. Wangroongsarb, J. Thwing et al,
“Respondent-driven sampling on the Thailand-Cambodia bor-
der. I. Can malaria cases be contained in mobile migrant
workers?” Malaria Journal, vol. 10, article 120, 2011.

A. Khamsiriwatchara, P. Sudathip, S. Sawang et al., “Artemisinin
resistance containment project in Thailand. (I): implementation
of electronic-based malaria information system for early case
detection and individual case management in provinces along
the Thai-Cambodian border,” Malaria Journal, vol. 11, article
247, 2012.

C. Sabatti and N. Risch, “Homozygosity and linkage disequilib-
rium,” Genetics, vol. 160, no. 4, pp. 1707-1719, 2002.

C. Garner and M. Slatkin, “On selecting markers for association
studies: patterns of linkage disequilibrium between two and
three diallelic loci;,” Genetic Epidemiology, vol. 24, no. 1, pp. 57—
67, 2003.

H. Wang, C.-H. Lin, S. Service et al., “Linkage disequilibrium
and haplotype homozygosity in population samples genotyped
at a high marker density,” Human Heredity, vol. 62, no. 4, pp.
175-189, 2006.

E. A. Temu, I. Kimani, N. Tuno, H. Kawada, J. N. Minjas, and M.
Takagi, “Monitoring chloroquine resistance using Plasmodium
falciparum parasites isolated from wild mosquitoes in Tanza-
nia,” The American Journal of Tropical Medicine and Hygiene,
vol. 75, no. 6, pp. 1182-1187, 2006.

A. Mohanty, S. Swain, D. V. Singh, N. Mahapatra, S. K. Kar, and
R. K. Hazra, “A unique methodology for detecting the spread
of chloroquine-resistant strains of Plasmodium falciparum,
in previously unreported areas, by analyzing anophelines of
malaria endemic zones of Orissa, India,” Infection, Genetics and
Evolution, vol. 9, no. 4, pp. 462-467, 2009.

J. Sattabongkot, N. Maneechai, and R. Rosenberg, “Plasmodium
vivax: gametocyte infectivity of naturally infected Thai adults,”
Parasitology, vol. 102, no. 1, pp. 27-31, 1991.

R. Rosenberg and J. Rungsiwongse, “The number of sporozoites
produced by individual malaria oocysts,” The American Journal
of Tropical Medicine and Hygiene, vol. 45, no. 5, pp. 574-577,
1991.

K. L. Barnes, F. Little, A. Mabuza et al,, “Increased gameto-
cytemia after treatment: an early parasitological indicator of
emerging sulfadoxine-pyrimethamine resistance in falciparum
malaria,” Journal of Infectious Diseases, vol. 197, no. 11, pp. 1605-
1613, 2008.

R. E. Coleman, R. Sithiprasasna, P. Kankaew et al., “Naturally
Occurring Mixed Infection of Plasmodium vivax VK210 and P
vivax VK247 in Anopheles mosquitoes (Diptera: Culicidae) in
Western Thailand,” Journal of Medical Entomology, vol. 39, no.
3, pp. 556-559, 2002.



16

(54]

55]

[56]

(58]

(59]

[60

(61]

[62]

(63]

[66]

[67]

C. Flores-Mendoza, R. Fernandez, K. S. Escobedo-Vargas, Q.
Vela-Perez, and G. B. Schoeler, “Natural Plasmodium infections
in Anopheles darlingi and Anopheles benarrochi (Diptera: Culi-
cidae) from eastern Peru,” Journal of Medical Entomology, vol.
41, no. 3, pp. 489-494, 2004.

X. Su, L. A. Kirkman, H. Fujioka, and T. E. Wellems, “Com-
plex polymorphisms in an ~330kDa protein are linked to
chloroquine-resistant P. falciparum in Southeast Asia and
Africa,” Cell, vol. 91, no. 5, pp. 593-603, 1997.

D. A. Fidock, T. Nomura, A. K. Talley et al., “Mutations in the
P, falciparum digestive vacuole transmembrane protein PfCRT
and evidence for their role in chloroquine resistance,” Molecular
Cell, vol. 6, no. 4, pp. 861-871, 2000.

D. J. Johnson, D. A. Fidock, M. Mungthin et al., “Evidence for
a central role for PfCRT in conferring Plasmodium falciparum
resistance to diverse antimalarial agents,” Molecular Cell, vol. 15,
no. 6, pp. 867-877, 2004.

T. Nomura, J. M.-R. Carlton, J. K. Baird et al., “Evidence for
different mechanisms of chloroquine resistance in 2 Plasmod-
ium species that cause human malaria,” The Journal of Infectious
Diseases, vol. 183, no. 11, pp. 1653-1661, 2001.

P. Orjuela-Sanchez, E S. D. S. Filho, A. Machado-Lima et al.,
“Analysis of single-nucleotide polymorphisms in the crt-o and
mdrl genes of Plasmodium vivax among chloroquine-resistant
isolates from the Brazilian Amazon region,” Antimicrobial
Agents and Chemotherapy, vol. 53, no. 8, pp. 3561-3564, 2009.

S. J. Foote, J. K. Thompson, A. E Cowman, and D. J. Kemp,
“Amplification of the multidrug resistance gene in some
chloroquine-resistant isolates of P. falciparum,” Cell, vol. 57, no.
6, pp. 921-930, 1989.

S. Dahlstrom, P. E. Ferreira, M. 1. Veiga et al., “Plasmodium
falciparum multidrug resistance protein 1 and artemisinin-
based combination therapy in Africa) Journal of Infectious
Diseases, vol. 200, no. 9, pp. 1456-1464, 2009.

K. Tanabe, S. Zakeri, N. M. Q. Palacpac et al, “Spon-
taneous mutations in the plasmodium falciparum sarco-
plasmic/endoplasmic reticulum Ca2"-ATPase (PfATP6) gene
among geographically widespread parasite populations unex-
posed to artemisinin-based combination therapies,” Antimicro-
bial Agents and Chemotherapy, vol. 55, no. 1, pp. 94-100, 2011.

M. Miao, Z. Wang, Z. Yang et al., “Genetic diversity and lack of
artemisinin selection signature on the Plasmodium falciparum
ATP6 in the Greater Mekong Subregion,” PLoS ONE, vol. 8, no.
3, Article ID 59192, 2013.

C.S.Lee, E. Salcedo, Q. Wang, P. Wang, P. F. Sims, and J. E. Hyde,
“Characterization of three genes encoding enzymes of the folate
biosynthetic pathway in Plasmodium falciparum,” Parasitology,
vol. 122, part 1, pp. 1-13, 2001.

D.]J. Bzik, W.-B. Li, T. Horii, and J. Inselburg, “Molecular cloning
and sequence analysis of the Plasmodium falciparum dihydro-
folate reductase-thymidylate synthase gene,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 84, no. 23, pp. 8360-8364, 1987.

A.F. Cowman, M. J. Morry, B. A. Biggs, G. A. M. Cross, and S. J.
Foote, “Amino acid changes linked to pyrimethamine resistance
in the dihydrofolate reductase-thymidylate synthase gene of
Plasmodium falciparum,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 85, no. 23, pp.
9109-9113, 1988.

P. E. de Pécoulas, L. K. Basco, R. Tahar, T. Quatas, and A.
Mazabraud, “Analysis of the Plasmodium vivax dihydrofolate

(72]

(74]

(75]

(76]

(77]

[79

(80]

Interdisciplinary Perspectives on Infectious Diseases

reductase-thymidylate synthase gene sequence,” Gene, vol. 211,
no. 1, pp. 177-185, 1998.

W. J. Lee, H.--H. Kim, Y.-K. Choi et al., “Analysis of the
dihydrofolate reductase-thymidylate synthase gene sequences
in Plasmodium vivax field isolates that failed chloroquine
treatment,” Malaria Journal, vol. 9, no. 1, article 331, 2010.

D. R. Brooks, P. Wang, M. Read, W. M. Watkins, P. F. Sims,
and J. E. Hyde, “Sequence variation of the hydroxymethyldihy-
dropterin pyrophosphokinase: dihydropteroate synthase gene
in lines of the human malaria parasite, Plasmodium falciparum,
with differing resistance to sulfadoxine,” European Journal of
Biochemistry, vol. 224, no. 2, pp. 397-405, 1994.

T. Triglia and A. F. Cowman, “Primary structure and expression
of the dihydropteroate synthetase gene of Plasmodium falci-
parum,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 91, no. 15, pp. 7149-7153, 1994.

M. Korsinczky, K. Fischer, N. Chen, J. Baker, K. Rieckmann,
and Q. Cheng, “Sulfadoxine resistance in Plasmodium vivax
is associated with a specific amino acid in dihydropteroate
synthase at the putative sulfadoxine-binding site,” Antimicrobial
Agents and Chemotherapy, vol. 48, no. 6, pp. 2214-2222, 2004.

A. B. Vaidya, M. S. Lashgari, L. G. Pologe, and ]. Morrisey,
“Structural features of Plasmodium cytochrome b that may
underlie susceptibility to 8-aminoquinolines and hydroxynaph-
thoquinones,” Molecular and Biochemical Parasitology, vol. 58,
no. 1, pp. 33-42,1993.

M. T. McIntosh, R. Srivastava, and A. B. Vaidya, “Divergent evo-
lutionary constraints on mitochondrial and nuclear genomes of
malaria parasites,” Molecular and Biochemical Parasitology, vol.
95, no. 1, pp. 69-80, 1998.

E Ariey, B. Witkowski, C. Amaratunga et al., “A molecu-
lar marker of artemisinin-resistant Plasmodium falciparum
malaria,” Nature, vol. 505, no. 7481, pp. 50-55, 2014.

B. Singh, A. Bobogare, J. Cox-Singh, G. Snounou, M. S.
Abdullah, and H. A. Rahman, “A genus- and species-specific
nested polymerase chain reaction malaria detection assay
for epidemiologic studies,” The American Journal of Tropical
Medicine and Hygiene, vol. 60, no. 4, pp. 687-692, 1999.

K. Tamura, D. Peterson, N. Peterson, G. Stecher, M. Nei, and
S. Kumar, “MEGA5: molecular evolutionary genetics analysis
using maximum likelihood, evolutionary distance, and max-
imum parsimony methods,” Molecular Biology and Evolution,
vol. 28, no. 10, pp. 2731-2739, 2011.

M. Imwong, S. Pukrittayakamee, L. Rénia et al., “Novel point
mutations in the dihydrofolate reductase gene of Plasmodium
vivax: evidence for sequential selection by drug pressure,”
Antimicrobial Agents and Chemotherapy, vol. 47, no. 5, pp. 1514-
1521, 2003.

S. Brega, B. Meslin, F. De Monbrison et al., “Identification of
the Plasmodium vivax mdr-like gene (pvmdrl) and analysis of
single-nucleotide polymorphisms among isolates from different
areas of endemicity,” The Journal of Infectious Diseases, vol. 191,
no. 2, pp. 272-277, 2005.

A. Aulift, D. W. Wilson, B. Russell et al., “Amino acid mutations
in Plasmodium vivax DHFR and DHPS from several geographi-
cal regions and susceptibility to antifolate drugs,” The American
Journal of Tropical Medicine and Hygiene, vol. 75, no. 4, pp. 617-
621, 2006.

K. Rungsihirunrat, C. H. Sibley, M. Mungthin, and K. Na-
Bangchang, “Geographical distribution of amino acid muta-
tions in Plasmodium vivax DHFR and DHPS from malaria



Interdisciplinary Perspectives on Infectious Diseases

(82

[86

]

endemic areas of Thailand,” The American Journal of Tropical
Medicine and Hygiene, vol. 78, no. 3, pp. 462-467, 2008.

S. Zakeri, M. Afsharpad, E Ghasemi et al., “Molecular surveil-
lance of Plasmodium vivax dhfr and dhps mutations in isolates
from Afghanistan,” Malaria Journal, vol. 9, article 75, 2010.

F. Ly, C. S. Lim, D. H. Nam et al, “Mutations in the
antifolate-resistance-associated genes dihydrofolate reductase
and dihydropteroate synthase in Plasmodium vivax isolates
from malaria-endemic countries,” The American Journal of
Tropical Medicine and Hygiene, vol. 83, no. 3, pp. 474-479, 2010.
V. 1. Carrara, K. M. Lwin, A. P. Phyo et al., “Malaria burden and
artemisinin resistance in the mobile and migrant population on
the Thai-Myanmar border, 1999-2011: an observational study,”
PLoS Medicine, vol. 10, no. 3, Article ID €1001398, 2013.

I. H. Cheeseman, B. A. Miller, S. Nair et al., “A major genome
region underlying artemisinin resistance in malaria,” Science,
vol. 335, no. 6077, pp. 79-82, 2012.

S. Takala-Harrison, T. G. Clark, C. G. Jacob et al., “Genetic loci
associated with delayed clearance of Plasmodium falciparum
following artemisinin in Southeast Asia,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 110, no. 1, pp. 240-245, 2013.

O. Miotto, J. Almagro-Garcia, M. Manske et al., “Multiple
populations of artemisinin-resistant Plasmodium falciparum in
Cambodia,” Nature Genetics, vol. 45, no. 6, pp. 648-655, 2013.

17



