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Abstract

Genetic Diversity and Natural Selection of a Malaria Vaccine Candidate gene in the
Ethiopian Plasmodium vivax Population

Alebachew Messele
Addis Ababa University, 2017

The burden of P.vivax in Ethiopia is amongst the highest in the world. However, P. vivax
diversity, particularly that associated with antigens, such as Plasmodium vivax Merozoite
surface protein 3a (PvMSPa), has rarely been studied in Ethiopia. These studies are
fundamental for tracking important phenotypic variants of the parasite such as drug
resistance genes or antigenic variants in different transmission settings, as this aid in
designing future control and elimination strategies. In the present study the genetic
polymorphism in the defined target was assessed by examining genes encoding two
blocks of this antigen locus. Finger prick blood samples spotted onto filter papers were
collected from microscopically and RDT confirmed malaria patients attending health
facilities of Shewa Robit, Melka Oda, Abure, Aje Haposto and Ilala. DNA was extracted
by Chelex Saponin extraction method, the genomic DNA was used for confirmation of
P.vivax infection by targeting the 18S rRNA gene. Positive samples were subsequently
evaluated by Polymerase chain reaction-restriction fragment length polymorphism (PCR-
RFLP) for identification and assessment of the genetic polymorphism of the MSP3a gene.
Further single clone infections were then analyzed using Sanger sequencing. Three size
variants were amplified from the 50 isolates, Type A, B and C with frequencies of
82.97%, 12.7% and 4.2% respectively. Further details of diversity were attained by Hha |
RFLP, with 11 alleles and 12% multiple clone infections. The sequence analysis showed
that size polymorphisms were results of insertions and deletions in the block | component
of the gene, which also had higher nucleotide diversity (r) (0.10565) than the block 1l
(0.014). The relatively conserved block 1l was evolving under positive selection, but a
select region that encodes a predicted B cell epitope in these block is under balancing
selection (Tajima’s D 2.64 (P>0.05), Fu and Li s F 1.7621 (P>0.05); Furthermore a
peak diversity was recorded at this site (z=0.65) with low inter-population Fsr estimates .
The conserved nature of PvMSP3a block Il makes it an ideal vaccine candidate. However
future vaccine design strategies targeting PvMSP3o. block I should put into
consideration the identified antigenic polymorphism from this study, as they might
constitute an immune/vaccine escape mechanism. In contrast the polymorphic nature of
PvMSP3o block I make it more suited for use as a rapid genotyping tool.

Key words; Plasmodium vivax, Merozoite surface protein 3a;, PCR-RFLP; Multiple
clone infections; Sequence polymorphism; Balancing selection; Antigenic polymorphism;
Ethiopia
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1. Introduction

1.1 Background

Malaria is an infectious disease mainly caused by four Plasmodium species:
P. falciparum, P. vivax, P. ovale and P. malariae. Quite recently, however, P. knowlesi
has also been indicated(1). Malaria is one of the leading causes of morbidity and death
worldwide with 212 million cases and 429,000 deaths in 2015 alone(2). Of these reported
deaths, 92% were from the African continent, specifically Sub Saharan Africa which
carry much of the disease burden 92% (3). Two of the species, P. vivax and P. falciparum
are the prominent causes for much of the infection and carnage reported in malaria.
P. falciparum is responsible for the majority of these fatalities, whereas, P. vivax is the
most geographically widespread of the Plasmodium species putting 2.85 billion people at
risk(4). In sharp contrast, P. vivax is largely absent from Africa, with a significant
exception in countries such as, Ethiopia, Eritrea, and south Sudan (5,6).

In east Africa, Ethiopia holds a superior geographic presence and a large population
number; of which, three quarter of the country where 67% of the population lives in, is
malarious (7). Here it is reported that P. falciparum and P. vivax account for 66% and
34% of the malaria infections, respectively(8). Malaria transmission in Ethiopia is highly
unstable and heterogeneous owing to the varying climate and altitude, and accordingly
the country is classified into four eco-epidemiological zones; the malaria free highlands
(above 2500 m), the highland fringe areas (1500-2500m) affected by frequent epidemics,
lowland areas (below 1500m) with seasonal transmission and finally areas with stable
transmission all year round regardless of elevation (9). In most areas of Ethiopia, malaria
transmission has a seasonal pattern following the two rainy seasons; the major
transmission season is from September to December following the major rainy season of
July to September , and the minor transmission season is from April to May following
the short rainy season from February to March (10,11).

Depending on seasonal patterns, lowland areas are frequently afflicted by P. falciparum
infections whereas P. vivax in comparison is prevalent in highland areas (12). However,

in most parts of Ethiopia, P. vivax and P. falciparum co-exist albeit difference in
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proportion. A common theme in the past was that during high malaria transmission
season/epidemics, P. falciparum infections dominate, whereas in the low transmission
period, P. vivax prevails (13). Moreover, a shift in species prevalence is quite common in
most areas of Ethiopia (14). Recently, studies have indicated a new precedent, a
consistent rise of P. vivax prevalence in different parts of the country regardless of
seasonal patterns or eco-epidemiological zones. Three independent studies in particular
reported a prevalence of 41.6% in the south western part of the country (15); 45.2% in the
regions including Amhara, SNNPR, Tigray (16); and 76.4% in the Oromia Region (17).
In congruence, Ethiopia was also one of the four countries in the world whom together
contributed to 73% of global P. vivax infection burden (8). This rise of P. vivax in
Ethiopia has largely been accredited to the national malaria control and prevention
strategies which have placed huge emphasis on P. falciparum, while neglecting P. vivax
infections (18). In most of Africa where P. falciparum is the sole source of malaria,
control and prevention programs have indeed reduced case incidence by as much as 40%
from the years 2000-2015 (19). On the contrary, Ethiopia is a country which is co
endemic for both Plasmodium species; as such the ground gained from reducing

P. falciparum is under immediate threat from P. vivax infections.

P. vivax, even with the prospect of proper attention and disease management is quite hard
to control, and this is down to several factors. However, the most notable feature of the
P. vivax with respect to control measures is its dormant liver stage or hypnozoite stage
which has been attributed to relapses (20). Hypnozoites are primary source of relapses;
re-occurrence of P. vivax infections weeks, months or years after the primary infection
had subsided. This dormant forms remain a major obstacle in attempts to control the
parasite, as current drug regiments for P. vivax don’t affect this stage and those that do
such as Hypnozoiticidal drugs ( Primaquine, Tafenoquine) are contraindicated in G6PD
deficient individuals where they cause hemolysis and are therefore prohibited from use
(21). Furthermore there are no diagnostic procedures capable of detecting this stage of the
parasite, worryingly then is the fact that the hypnozoite forms contribute to up to 80% of
all P. vivax blood stage infections (22). Naturally, there has been growing concern about
the lack of chemo-preventive strategies, but even researches on P. vivax are severely

limited. A major reason behind this is because P. vivax peculiarly favors invading
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reticulocytes; which are notoriously hard to grow continuously in in-vitro cultures,

therefore delaying any progress in research (23).

Evidently due to the lack of progress in studying the parasite, the use of alternative
analysis methods such as population genetic analysis, which provide a simpler and less
expensive route have grown popular (24). For instance population genomic studies are
used to investigate patterns of transmission dynamics and population structure which are
important indicators for control and elimination programs (25). Interestingly, these
studies have revealed that P. vivax is quite diverse as compared to P. falciparum (26,27).
Apart from studying the extent and distribution of diversity of the parasite, however,
studies like this are also used to design future preventive strategies. For instance, they are

applied in designing malaria vaccines.

Indeed, vaccines provide the missing link in malaria prevention/cure, by “’filling in the
gaps” left by current vector and chemo-preventive regimens. For instance,
pre-erythrocytic vaccines could block entry of the invasive sporozoites to the liver,
effectively preventing formation of hypnozoites, or transmission blocking vaccines that
would prevent spread of the hypnozoite to an onward transmission (28). However, the
extent and distribution of antigenic diversity and the strain dependent manner in which
humans develop immunity, present a colossal challenge and has hindered any progress
toward a broadly efficacious vaccine (29). Particularly for P. vivax it has been shown to
be more prevalent, more diverse and less structured than P. falciparum making it harder
to study (27). Previously molecular biology , biochemistry and immunological methods
have been used to identify potential vaccine candidates i.e. antigens (29), The use of
population genetics however has fast tracked efforts and enabled to identify antigenic
diversity pertinent to immunogenicity i.e. those involved in immune escape (24). This has
allowed to narrow the list of potential vaccine candidates as well as to minimize costly

analysis (30).

Currently blood stage vaccine candidates take precedent in pre-clinical efficacy tests.
That is mainly because clinical symptoms are evident during this stage and antigens
produced at this stage represent an opportunity for prevention of this invasive stage

(29,31). As such merozoites which have been implicated in invasive stage of
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erythrocytes are obvious targets (32). Accordingly several surface proteins of the P. vivax
merozoite have been identified as ideal targets. Merozoite surface protein 3o (PvMSP3a)
is one of those vaccine candidates. The surface protein has also previously been used as
rapid population genetic marker, genotyping P. vivax isolates via a Polymerase chain
reaction-Restriction fragment length polymorphism (PCR-RFLP) procedure(32—-38). The
dual potential of this gene is down to its two contrasting blocks. Block 1 is a relatively
polymorphic portion of the gene, complete with large number of insertion and deletions;
which result in shifts in recognition sites of restriction enzymes ,and lay the basis for the
polymorphisms visualized as restriction patterns (32,33). In contrast, block Il region of
the merozoite surface protein 3a is relatively conserved worldwide, and has been shown
to trigger pronounced antibody response in clinical infections in two P. vivax endemic
countries (39,40,41).

In Ethiopia studies concerning P. vivax have so far been limited to drug resistance,
submicroscopic infections, diagnostic studies and G6PD deficiency (42, 43, 44, 45, 46).
Studies concerning P. vivax molecular phylogenetics, transmission dynamics and
population structure have so far been few (43,47,48). Even worse the population genetics
of P. vivax vaccine candidate antigens have not been assessed at all. Studying the
molecular evolution responsible for variations, by analyzing the nucleotide diversity of P.
vivax merozoite surface protein 3o, enables to guide rational vaccine design and to
identify immune escape mechanisms of P. vivax in this antigenic locus. Furthermore, this
antigen locus is also used as a rapid genotyping tool for population genetic studies due to
its polymorphisms. However, there are only a handful of studies that have formally
assessed reasons behind its variability; henceforth interpretations of results have been
limited to observing the number of allele’s present and comparing RFLP patterns.
Interpretations of results are further complicated by multiple insertion deletion events
and/or convergent evolution which can give rise to alleles having similar RFLP patterns
but different at the sequence level. Here, using Ethiopian isolates, the complete sequence
of the PvMSP3a is used to study both blocks of the genes with their respective use as a

vaccine candidate antigen and a molecular marker.



1.2 Significance and justification of study

The aim of the study is to generate and analyze sequence diversity of PvMSP3a, a
potential vaccine candidate and molecular marker using samples collected from clinical
patients. By studying the extent and distribution of polymorphisms in this gene, we will
gain an understanding of the mechanisms and reasons behind variation patterns and doing
so we will be able to define the reasons behind diversity of the candidate gene, enabling
us to predict polymorphisms that contribute to its genetic and antigenic diversity which
are pertinent for future vaccine design studies; it will also allow us to get a picture of the
geospatial distribution of the predicted haplotypes. The data generated here will be
compared to other published global sequences of the gene with respect to rational vaccine
design. Furthermore, the gene has also been of interest regarding its potential as a
possible cost effective and simple molecular marker to track and analyze genetic diversity
with respect to P. vivax. In Ethiopia, the high prevalence, morbidity and high diversity of
P. vivax has been documented(15). However, the parasite is still considered as a non-
African problem. Despite this, Ethiopia remains a major contributor to the morbidity of
this parasite population globally. The emission of such facts risks the underestimation of
the Ethiopian P. vivax parasite population and ultimately the global population. The
repercussions will be dire as future prevention and intervention programs would risk the

efficacy and proper management of the parasite.

Population genetic studies are cheaper and valuable tools in surveillance of diversity and
its effect on several control measure undertaken to prevent and treat malaria. One of the
control measures is development of vaccines. Unlike previous pre-clinical efficacy
studies, population genetic studies are very important in predicting vaccine resistant
strains before the actual administration of the vaccine, making such studies invaluable in
reducing costs; furthermore, such studies help in determining which region is under
immune selection and which strain would be most effective for the strategy. While
Ethiopia is endemic for P. vivax, it has so far been exempted from studies of vaccine
efficacy. The main reason being the underestimation of the prevalence of the parasite,
and because of the global narrative that dictates P. vivax as a non-African problem. While

studies should include samples from all representative P. vivax populations, the above



mentioned facts inhibit the inclusion of Ethiopian P. vivax samples for consideration in
future studies. The risk of doing so could derail the study as well as the future use of
vaccines in Ethiopia. The strain specific nature of the malaria vaccine and the high
nucleotide diversity in combination could alter the efficacy of any vaccine, the main
reason being that administering vaccines without prior information could risk the

selection of vaccine resistant strains.

The current road map is to develop vaccines which have 75% efficacy against severe and
mild malaria by the year 2030. Ethiopia, while on track to meet its millennium
development goals against P. falciparum, still requires giving due attention to P. vivax,
which cannot be eliminated by using the same techniques as P. falciparum largely due to
its peculiar nature. While drug resistance and insecticide resistance are on a high, the
need for alternative strategies has become evident. P. vivax merozoite surface protein 3
alpha block Il is a potential blood stage vaccine candidate, while population genetic
studies have conclusively shown the conserved region throughout global sequences and
its ability to trigger the immune system in areas endemic to the parasite, that study has
not been extended to endemic parts of the African continent, specifically Ethiopia.
Therefore, the study aims to cover this gap; particularly, it aims to identify polymorphism
of this antigen, explore the extent and distribution of diversity, identify polymorphisms
under immune selection, construct haplotypes, measure haplotype frequencies and finally
perform network analysis of the haplotypes with worldwide sequences. In addition,
validation of the gene as a molecular marker will be elucidated by comparing In-silico
and gel RFLP products, to determine if the cost effective marker covers the extent and

distribution of nucleotide diversity.



2. Literature Review

2.1 Plasmodium vivax biology

The peculiar nature of P. vivax has remained a mystery for much of the quest to identify
its biology. Furthermore, researches have been focused on its much fatal relative P.
falciparum. However, current studies have elucidated several facts such as its severity
(49) fatality (50) and the extent of its diversity (26). This is in addition to the threats of
drug resistance (51) and relapse (52) have brought P. vivax to the forefront of studies

investigating prevention, control and ultimate elimination strategies for malaria.

Worldwide, it is estimated that 2.5 billion people are at risk, with annual infections in the
range of 80-300 million cases(53). Asia and the Americas present up to 70% of this
infections(54), and as a result P. vivax is labeled as a non-African problem. The near
fixation of Duffy antigen receptor for chemokines (DARC) negativity i.e. absence of
Duffy receptor, in the African continent has been pointed out as the main reason for the
near absence of P. vivax. Presumably DARC is the only receptor used during invasion of
reticulocytes(23). This concept has however been challenged, Duffy negative P. vivax
patients have been reported in several countries(55,56). Furthermore, the prevalence of
P. vivax in countries where Duffy negativity has reached 95% fixation has led to
suggestions that it doesn’t confer resistance to the infection (57) .Interestingly, it also
might mean that the Duffy receptor is not the only receptor involved in invasion. In
support of this argument it has been suggested that since P. vivax strongly favors
reticulocytes and not mature red blood cells which also express the Duffy antigen, other

membrane receptors might be involved(23).

The strong preference of reticulocytes which represent 1-2% of circulating red blood cells
with a 24 hour life span has also perhaps enabled it to control hyper-parasitemia which
are very rare for P. vivax infections (23,53). Besides the strong inclination for
reticulocytes, P. vivax have several unique characteristics, many of which have enabled
the parasite to thrive in wider geographical ranges and remain less amenable to control
measures (58). Perhaps the most eminent characteristic is its ability to form dormant

hypnozoites, which are dormant liver stage forms able to remain inactive for weeks,



months or even years upon which they can cause relapses. The relapsing periodicity of P.
vivax is attributed as a survival tool as a way to ‘’hibernate’’ between seasonal changes,
as studies have shown that this event coincides with vector emergence (20). This would
indicate that relapses are not random, in addition stress and the illness itself has been
described as triggers for activation of the hypnozite (59). Relapses pose a unique
challenge for malariologists, primarily hynozoites are quite distinct from the clones that
caused the first infection (60), allowing them to have low antigenic profile which in turn
enables them to infect the individual even if the patient had received medication.
Relapses also serve as a source of gametocytes, and are responsible for the minimal
population structuring and high diversity observed globally (61,62). This is mainly
because of the possibility of distant dissemination of parasite strains by mobile humans
(63). Another important unique feature of P. vivax is its gametocyte, which sometimes
appears before clinical symptoms emerge (53).This feature also has strong implications,
the slow progression towards drug resistance as compared to P .falciparum is due to this
aspect (49). The presence of the trophozoite, shizont and gametocyte in the blood at the
same time and the presence of caveole-vesicles are further distinctive features of P. vivax
under the microscope (53). Caveole vesicles particularly form what is known as the
Shuffners’ dots, very distinctive mass of pink dots, a result of Giemsa staining (64).
P. vivax is also characterized by a higher infectivity to mosquitoes and a shorter
development cycle in the vector (54). Its clinical symptoms include, severe anemia,

thrombocytopenia, rigor, and fevers reaching 41°C (54,65).

2.1.2 Overview of the lifecycle of Plasmodium vivax

The lifecycle of P. vivax (Figure 1) inside its human host begins when an anopheles
mosquito injects into the skin of its host and releases sporozoites. Experiments have
shown that sporozoites are able to remain in the skin for up to 6 hours, however most
sporozoites migrate to the liver within minutes after inoculation (22,66,).The sporozoites
move by gliding motility at 1-2um s™ taking either the lymphatic or blood vessel route
(67,68). They encounter several barriers of the host, all of which they breach using a
remarkable cell traversal technique until they reach their target hepatocyte (69).

Using their circum-sporozoite (CSP) protein they then bind and invade the



hepatocyte(70).This begins what is known as the pre/exo —erythrocytic stage. Inside the
liver they differentiate into either tissue shizonts or a dormant hypnozoite (67). The liver
stage is then subject to asexual replications, which are responsible for the production of
10,000 to 30,000 merozoites that grow into the shizont (66). The stage culminates by the
release of these merozoites into the blood stream where the erythrocytic stage ensues.
The duration of the pre-erythrocytic cycle is between 7 to 10 days (67). For hypnozoites,
they also follow similar cycle causing relapse weeks, months or even years after the
initial infection (71). While relapses may appear random, it has been suggested they are
evolutionary mechanisms used to bypass unfavorable climate for the vector (72).
Evidently relapse periodicities have a frequency pattern of 3-6 weeks in tropical and up to
a year for temperate zones, in congruence with the prevalence of the vectors for that
season (20,49,52).

| Sporazoites inoculated
by mosquito

Sporazoites | / Salivary gland

o & / { \ epithelium
\ < ( \ =2
| A |
‘ Gametagytes /N \4 ol
| \ ingested %—b Gametes — O
by mosquito - Q o

oy O ° @ @a

el o Male and female gametocytes
RES / Trophozoite\ T

@Ring Schizont :.':.:.-“ , @

s
j Immature gametocytes

Merozoites in t
R

Schizont
8 a blood stream
»

Figure: Life cycle of the h malaria parasite Pl dium vivax
Figure 1 The life cycle of Plasmodium vivax(53).

The erythrocytic stage is initiated by the merozoites that invade red blood cells. This

stage is also responsible for much of the clinical symptoms manifested in P. vivax
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infections. For P. vivax it predominantly prefers reticulocytes, although it still is not
understood why (23). So far a single blood surface receptor, the Duffy antigen Receptor
for chemokines is implicated as a requirement for the infections of these reticulocytes in
complement with its Duffy binding protein (73). The overall merozoite invasion takes 30
to 60 seconds and the process of invasion is divided into four phases (74). Identification
of the host cell, reorientation of the merozoite so as to align its apical projection to the
reticulocyte membrane, tight junction formation and finally entry (74,75). Inside it
undergoes changes, maturing through ring, trophozite and shizont stages (76). Each cycle
is culminated when the infected reticulocytes rupture to release more merozoites. This
particular step is responsible for the anemic symptom (58). After each cycle a small
number of blood stage parasites take male and female gametocyte forms, sexual forms of
the parasite (77). Mature gametocytes can then be ingested by an anopheles mosquito
during its blood meal. Uniquely for P. vivax infections the appearance of mature
gametocytes before onset of clinical symptoms has been noted (49). P. vivax infected
reticulocytes have also been shown to enlarge their host cells, making it more
deformable, further characteristics such as cytoadherance and rosseting have also been
suggested, all of which are important strategies to avoid clearance by circulation (54,78)

The overall cycle is expected to take 48 hours (53).

Inside the Anopheles mosquito, ingested gametocytes are activated into gametes which
fuse to form the motile zygote known as the ookinate (79). The ookinate is responsible
for crossing the gut epithelium where it differentiates into its replicative form, the oocyst
(68). The oocyst contains thousands of sporozoites, which are released into the salivary

gland of the mosquito, to continue the cycle (68).

2.2 Plasmodium vivax treatment and control

Diagnosis of infections in malaria and indeed P. vivax are the basis for downstream
control strategies, while also being informative for prevention and survey studies (80).
The ability to detect and discriminate between Plasmodium species are termed as their
sensitivity and specificity respectively (81). As we shall see subsequently both of these
qualities are responsible for much of the success and failure of P. vivax treatment and

control. For convenience, diagnostics purposes can be classified into three categories,

10



those for diagnosing clinical infections, mass blood surveys for detecting asymptomatic
infection/carriers and clinical trials for evaluating efficacy of anti-malaria’s
(80).Diagnosing clinical infections are usually carried out using microscopy, rapid
diagnostic tests(RDT) and/or “’clinical’’ presumptive diagnosis(82). The latter form of
diagnosis is based on the clinical manifestation of malaria i.e. by observing symptoms
such as fever headache, and chills alone(82). This form of diagnosis is the least expensive
and is perhaps more practiced in areas that are malaria prone (83). Their use however is
riddled with errors, particularly because they lack specificity and consequently have been
attributed to the over diagnosis of malaria in African countries (as high as 84%) (82,83).
As such the risk of overusing antimalarial drugs and subjecting them to unnecessary

selective pressure, unnecessary cost and masking other infections is very high.

The second method is Giemsa microscopy, based on Gustav Geimsas’ methodology of
using Methylene Blue and Eosin to stain Plasmodium parasites. It is perhaps the most
widely used diagnostic procedure (82,84). It is relatively inexpensive with the ability to
discriminate between the different Plasmodium parasites as well as detecting 10-100
parasites/ul of blood depending on the skills of the individual using the microscopy (85).
Evidently the reliance in human skills is perhaps its weakest link, human errors such as
incorrect staining, smear preparations and problems with interpretations of results can
negatively affect the outcome of the diagnosis (80,82,85). For instance, false positive
results are a making of poor blood film preparation (82). Another challenge to
microscopy is low parasitemia, which are particularly hard to detect using microscopy
and as such properly labeled as submicroscopic infections (86). These submicroscopic
infections are prevalent in areas of low transmission, where microscopy has been shown
to miss an average of half of all infections compared with other sensitive diagnostic
procedures such as PCR (87). Further complications such as the limitations in detection
of mixed infections, particularly in areas co endemic with P. falciparum and P. vivax
have been observed (88). P. vivax is characterized for its low density infections, that
combined with high parasitemia infections of P. falciparum make it easier to miss in
microscopic slides, and this feature has also been indicated as the reason for
underestimation of P. vivax (84,88,89). Worryingly the limitations of microscopy have

implications towards drug administrations; misdiagnosis of species, false negativity and
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positivity, which all play a role in the rise of drug resistance. Moreover, unreliable
datasets can derail overall proper care for the patient and mislead future intervention

strategies (5).

As a result, the limitations of microscopy required further diagnostic methodologies.
Rapid diagnostic test (RDT); an immune-chromatographic assay which detects malaria
antigen in the blood was introduced (82). It was an upgrade to microscopy because of its
ease to use and speed, but its sensitivity remained an issue (82,90,91). Constant
improvements have been made to improve its detection resolution in P. falciparum;
However, same can’t be said for P. vivax RDT’S, which might be in part because they are
commonly occurring as low density infections (80,92). Even in the case of P. falciparum,
RDTs have been responsible for erroneous results. RDTs targeting the histidine rich
protein antigen of P. falciparum (HRP2) have been shown to give false negative results
as results of deletion or mutation in the target gene. In contrast, false positive results have
also been documented in patients that had cleared the parasite, mainly because the
antigen remains for weeks after successful treatment (90). Moreover, false positive

results have also been reported as a result of cross reactivity with rheumatoid factors (93).

Mass blood surveys, particularly with the intent of detecting low density
(submicroscopic) and/or asymptomatic infections need a quite sensitive diagnostic
mechanism. None are more sensitive and specific than genotyping of Plasmodium species
by using their nucleic acids; which is achieved by a PCR amplification procedure(94).
The sensitivity and specificity of this procedure is ideal for all types of diagnostic
procedures but the relative high cost and need for static space have put a challenge to its
use in point of care settings (95). Indeed, progresses have been made to make it portable
via methods like loop amplified isothermal amplification(LAMP) , the cost however is
still an issue (96,97). Clinical trials also use this procedure to evaluate efficacy of drugs,
particularly using molecular markers to genotype resistances associated with their
presence and prevalence (98,99). Further studies are underway to use serological
biomarkers, like ones that can assess and differentiate clinical manifestations like

asymptomatic infections, uncomplicated malaria and severe malaria (100).
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Following diagnostics, particularly in clinical patients, a proper disease management is
required. Overall two methods are used to prevent/treat and control malaria,
chemoprevention, and vector control (2). Antimalarial drugs represent the
chemoprevention management protocol. Several drugs with differing mode of action are
available to treat malaria. As a result different countries implement different types of
drugs according to their national malaria guideline. The most common drug however is
chloroquine(CQ), synthesized in 1934, it is a class 4-aminoquinlines which affects
haemozin synthesis (detoxification of waste from hemoglobin) (80,101,102). It has been
effective in malaria endemic countries. Its low cost, longer half-life and its lower toxicity
to humans are some of its favorable characteristics (102). However, the rise in drug
resistance has forced several countries to review and replace this drug. Particularly in
P. falciparum the effect has been most pronounced, with studies showing P. falciparum
was resistant to CQ for 30 years before similar trends appeared for P. vivax (103,104). In
P. falciparum, two genes Plasmodium falciparum chloroquine resistance transporter
(PFcrt) and Plasmodium falciparum multidrug resistance transporter-1(PFmdr-1) are
responsible for conferring resistance, similarly studies have tried to associate orthologues
P. vivax genes, crt and mdr-1 with very limited success(99,105-107). However,
chloroquine resistance in P .vivax was evident in in-vivo efficacy tests in several endemic
countries (54,116). Alternatives for CQ include but are not limited to artesunates,
mefloquinine, atovaquone, proguanil, halofantrine and piperaquine, accordingly each are
used alone or in combination in different parts of the world to treat uncomplicated
malaria(88). In the case of severe malaria, characterized by severe anemia and respiratory
distress, WHO recommends similar treatment as P. falciparum (2). Accordingly
arthemether (3.2mg/Kg IM), artesunate (2.4mg/Kg IV/IM) and quinine (20mg/Kg 1V)
can alternatively be used (88). Hypnozoites which are responsible for causing P. vivax
relapses pose further problems, currently the only drug capable of clearing them is
Primaquine(PQ) (110). PQ prevents relapse when given as a 14 day course, and in
combination with other drugs can be effective for treatment as well as a transmission
blocking entity (111). Parallel to its use, however, it has limitations, debate in its dosage
regimen, contraindication on pregnant or lactating mothers and life threatening hemolysis
in G6PD deficient (G6PDd)individuals are some of its drawbacks (21,80,112). The latter,
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G6PDd is a common enzymopathy caused by a loss of an enzyme (of the same name)
that is responsible for the catalysis of the first reaction in the pentose phosphate pathway
(21). Similar to the ‘null’ duffy antigen, G6PDd is also associated with malaria
resistance, and so it is prevalent in areas endemic to P. vivax (21,46). Hence, the people
most in need of the drug are the ones most susceptible to its adverse effects. Worryingly
recent studies have also shown G6PDd individuals afflicted by P. vivax, perhaps
indicating a shift from its association with malaria resistance (46,86). PQ has also been
subject to resistance, with a study reporting relapses after a treatment with the drug,

although that could be because of low dosage (113).

The second method of malaria control is vector control. Vector controls represent
activities with regards to preventing the vector anopheles mosquito from biting humans
(2). Two insecticide based methods are commonly used, indoor residual spraying (IRS)
and insecticide treated nets (ITN). IRS specifically has been responsible for the control
and/or elimination of malaria in most parts of Asia, Europe, and South America (114). In
retrospect ITNs are the major contributors (68%) for the decline of the clinical incidence
of malaria by 40% in Africa between the years 2000-2015(19). As such, the two of them
are responsible for much of the success against malaria. They are, however, like most
control strategies susceptible to a level that can lead them to incapacitation. Both of the
methods are indoor based and dependent on the vectors behavior, for instance early biting
or outdoor biting by the vector can bypass these preventive measures easily (115).
Insecticide resistance is also a pressing issue, insecticide Permethrin and Pyrethroids ,
most commonly used in IRS and ITN respectively have both reported resistance (2,114).
Overall, 60 of the 73 malaria endemic countries have reported resistance in at least one
insecticides (2). The combination of all of these factors has increasingly become a serious
problem, with WHO warning a compromise in vector control could lead to a resurge in

vectors and ultimately resurgence of malaria.

Vaccines or at least the potential of vaccines represent the final and most important tools
against malaria. Currently the only vaccine to have completed phase 3 trials is
RTSS,S/ASO1, based on the CSP protein of the P. falciparum (116). The vaccine is
shown to reduce clinical incidence by 39% and severe malaria by 31.5% (2). The
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feasibility of malaria vaccines have been further indicated by individuals living in
endemic areas who gain immunity after successive exposure to the parasite, as well as
passive immunity which has also been shown to be successful, i.e., the transfer of
antibodies from an immune individual to a naive individual (118). Accordingly several
projects are under way to develop efficacious vaccines (119). However, the research
focus is mainly on P. falciparum with the larger number of promising candidates

identified as compared to P. vivax(24).

2.3 Plasmodium vivax in Ethiopia

Ethiopia is a country co afflicted by P. falciparum and P. vivax, with previous reports
indicating a dominance of P. falciparum (120).The country has made strides in
controlling P. falciparum, with as much as 66% decline in malaria cases (45).The
progress for P. vivax, however, is almost antiparallel, and by the year 2015, Ethiopia
was the second highest contributor of P. vivax worldwide after India (Figure 2) (2).This is
in agreement to the increase or predominance of P. vivax, in countries co-infected by and
on the verge of eliminating P. falciparum (89,121). This is perhaps the clearest sign that
the same treatment and control regimens that worked for P. falciparum may not be as
effective. Nevertheless the progress achieved in controlling P. falciparum has motivated
the country to target several low transmission areas for elimination of malaria by 2020
(122). Several factors are amiss from this plan, such as the prevalence and overall
relevance of submicroscopic infections, and what to do with hypnozoites. It has been
established previously that P. vivax occurs as low density infections, with the ability to
relapse, as demonstrated in studies done in Ethiopia (44,45,86,123). A study using a mass
treatment and testing with the intent of clearing parasites from a low transmission setting
indicated several shortcomings, such as low sensitivity of diagnostic methods (RDT) that
impacted reaching submicroscopic carriers(124). Another potential problem is the lack of
diagnostics for hypnozoites. While primaquine is quite effective for hypnozoites, its
administration is not only unethical, but also fatal without prior testing for G6PD
deficiency. Different qualitative and quantitative Kits are available for this; although they
are still fraught with errors(80). For instance because the gene is X linked; in females it

can be absent, homozygous, or heterozygous. In the case of the latter, the interpretation of

15



the data would be complicated, as half of the red blood cells could be susceptible to
hemolysis. Furthermore the cost is a pertinent issue (5). As a consequence in Ethiopia
particularly along with Libya and Somalia ,primaquine is ‘’not recommended under any
circumstance ’’by the WHO (80). For now, under the national malaria guideline
chloroquine is the first line drug for treating uncomplicated P. vivax malaria, while severe
cases are treated with artemisinin lumifantrine. This is despite numerous reports of
chloroquine resistance from different parts of the country, although other parts of the
country still sustain high efficacy (109,125-128).

In Ethiopia, 68% of the population lives in areas at risk of malaria (120). The country’s
topographic arrangement is quite heterogeneous in altitude, leading to varying spatio-
temporal meteorological conditions in different parts of the country (129). The
transmission season and intensity also vary accordingly. Previous studies have made
broad distinction to associate malaria transmission using altitude ranges and labeling
them as lowland and the highland regions (130,131). Whereby the lowland experiences
stable malaria transmission and acts as a reservoir for the mostly malaria free highland
areas (13). Indeed malaria has been negatively associated with increasing altitude, which
is in sharp contrast to the frequent severe epidemics that occurred in 1958 up to recent
ones in 2002-2004 in highland areas (130,131). This is not surprising because malaria
transmission is influenced by a multitude of factors (132). In Ethiopia malaria has also
been positively associated with increase in temperature, and rainfall (peak monthly
rainfall), as a result most parts of the country experience a short transmission season

followed by long interval of low or no transmission (10,13,130,133).
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The dependence of climactic factors is directly related to the breeding behavior of the
malaria vectors. Worldwide 40 significant species of the anopheles mosquito have been
identified, of which 34 species have previously been found in Ethiopia (136). Currently 4
species are prevalent, the primary vector Anopheles arabiaensis, secondary vectors
Anopheles funestus, Anopheles nili and Anopheles pharoensis(135). Accordingly a study
has shown the strong association of the prevalence of any of the four mosquitos to the
main rainy season (Sep/Oct) (136).However, temperature is also a significant factor,
previously abnormal rise in temperatures have been associated with malaria epidemics in
highlands, in parallel recent studies have shown that climate warming is significantly
increasing malaria burdens in areas that were not previously malaria prone (129,131,137).
An Increase in temperature is associated with spatial distribution of malaria cases, and in
Ethiopia an increase of 35%-64% malaria cases per 1°C have been observed (131). The
risk of malaria is also associated with other factors such as mobility, and control
measures (138). Indeed the much successful indoor vector controls implemented in

Ethiopia which have previously brought about a reduction in malaria infections, have
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recently been shown to be susceptible to Anopheles arabiaensis and pharoensis species
which can feed outdoors or during early part of the evening (115).In the past vector
controls such as ITNs have provided remarkable results worldwide, and in the wake of
the 2002 severe epidemic, Ethiopia distributed 46 Million Long lasting Insecticidal
nets(LLINs) and sprayed IRS to 70% of the targeted households (139). As a result a rise
in ownership and utilization of LLINs has been observed in several parts of
Ethiopia(138,140). Henceforth, recent reports of susceptibility are quite alarming, and

should be a cause for concern for future malaria intervention strategies.

2.4 Molecular Evolution of the Plasmodium vivax parasite

P. vivax is the most geographically widespread of the Plasmodium species(5). The origin
however remains a topic of debate. Previous studies suggested that P.vivax originated in
southeastern parts of Asia mainly because of Plasmodium cynomolgi, the closest known
relative of the parasite, which in combination with other Plasmodium species in its clade
infect south east Asian primates(141). This origin theory however doesn’t explain the
prevalence of malaria resistant variants like the near fixation of Duffy negativity in
Africa. Recently the prevailing consensus from several studies is that P.vivax originated
from Africa and that it “’escaped out of Africa’® before the spread of Duffy
negativity(141,142). Indeed it should be noted that these conclusions are reliant on
comparative population genetics studies, an absence of a continuous ex vivo culture has
inhibited further insight. Concurrently genomic studies have been instrumental in
providing information on P. vivax. The advancement in this areas and the recent
sequencing of the vivax genome has brought much needed insight into the biology,

diversity, epidemiology and pathogenesis.

The sequencing of the first reference genome ‘Salvador I’ in 2008, enabled scientists to
study the genome and the genetic structure of P. vivax (143,144). This study showed that
the vivax nuclear genome contained 5433 genes in 14 chromosomes, with an estimated
size of 26.8 megabases (Mb) and a G+C content of ~42% (144). The study demonstrated
distinctive differences between P. vivax and P. falciparum, such as G+C content
(P. falciparum has 19.4% coverage) and differences in microsatellite numbers with fewer

ones found in P. vivax. Indeed a recent study has used some of these microsatellites for
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the development of SNP barcodes to genotype P. vivax infections globally (43). Another
interesting question before the complete sequencing of the whole vivax genome was the
prevailing comparative diversity of the duo. In two very recent studies , P. vivax
demonstrated it was more diverse where even ’the least variable P. vivax population was
more diverse than a sample of diverse P. falciparum isolates’’(26) Both studies indicated
that P. vivax was evolving locally, responding to local endemic settings; concurrently
hypervariable regions were detected at ends of the chromosomes, where most genes
involved with antigenicity are located (145).

2.4.1 Genetic Diversity

The basic evolutionary processes of mutation, recombination, natural selection, genetic
drift, and gene flow, interact to affect natural populations(146). Mutation and
recombination are primary and secondary sources of genetic variation respectively;
consequently the effect of natural selection, genetic drift and gene flow dictate the
frequencies of these alleles. Selection can be directional, i.e. positive and negative, which
cause fixation or loss of alleles in a population, or they could be balancing whereby
different alleles including rare alleles are maintained in a population(147). Selective
neutrality in contrast dictates that genetic variation is a result of random mutations which
have no effect for the organism(148). Therefore, this serves as a null hypothesis for what
are known as tests of neutrality, whereby patterns of diversity are compared and lay the
basis for measuring selection pressures. Accordingly, several methods have been
developed such as Tajima’s D, Lu and Fu’s F and Wrights Fsy that collectively calculate
departure from neutrality(149).

Measures of genetic diversity are good indicators for the effect of natural selection.
For instance positive selection is observed in drug resistant genes, exemplified by
reduction of diversity around resistance determinant loci, in response to drug pressure
(150). Genetic diversity can therefore be used as an indicator of a pathogens response to
interventions (151). Genetic diversity in P. vivax is extensive, although varying in scale
in its gene families .As an example , a genome wide study on P. vivax isolates from South
east Asia, revealed that five gene families had the highest diversity namely
MSP3,VIR,MSP7 SERA and RBP (152). Most of these are genes coding for membrane
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associated proteins, antigenic loci’s of P. vivax. Quite similar to P. falciparum these
antigen loci are highly polymorphic, and studies on them have so far shown that these are
the parasites adaptation to evade the immune response through a frequency dependent
selection (balancing selection) (153).Apart from assessing the effects of natural selection,
this antigen loci are also used to study the parasite’s diversity and population structure.
Particularly in investigating allelic diversity and frequency distribution, multiplicity of
infections and differentiating relapse from new infections (154). Most use PCR-RFLP
genotyping methods for P. vivax, and/or sequencing these antigen polymorphic genes.
Use of PCR-RFLP is the earliest methodology; it uses variations in recognition sites for
restriction enzymes as the basis to differentiate between isolates, accordingly restriction
fragments of different lengths can be separated in an agarose gel and visualized by
several methods. Similar to the genome wide studies, PCR-RFLP results showed that
antigen loci like MSP3a and MSPp are highly polymorphic gene (155). As a result, they
have been widely used worldwide to give information on molecular variation of P. vivax
isolates. Although without sequencing data, it is quite impractical to associate molecular
evolutionary reasons behind observed variations or indeed use the data to infer

relationship between the parasites response to its environment.

The extent and distribution of genetic diversity in P. falciparum has been strongly
associated with its transmission, where high transmission settings experience high
diversity of isolates (103). The same type of association couldn’t be made for P. vivax
where even in low transmission, diversity can be quite high (156,157,158). This could be
a result of relapse, early gametocyte production or underestimation of P. vivax in sub
microscopic infections (143). Regarding the population structure, a study by Hupalo and
colleagues grouped global P. vivax populations into three, the Americas, Asia and a quite
distinct population in Papua New Guinea (26). The African population represented by
isolates from Mauritania and Madagascar were grouped with the Indian cluster,
supporting the theory that African and south Asian P. vivax populations are similar.
However this evidence is applied to only two African countries and can’t be used to
cluster all African P. vivax population to Asian. In fact a study using SNPs to detect
population divergence revealed the highest pairwise divergence between Ethiopian and

Sri Lankan Isolates (43). Furthermore both countries representing Africa in that study
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setting have a negligible prevalence of P. vivax (0%). Contrastingly the burden of
P. vivax is high in East African countries mainly, Ethiopia ,Sudan and Eritrea with a
prevalence of 10%,36% and 39% respectively for the year 2014(7). The extent of P.
vivax prevalence in Eritrea was further revealed by a study that investigated migrants
arriving in Germany, where it was reported that 95% of overall P. vivax detected in the
refugee camp belonged to this Eritrean migrants. Ethiopia and Sudan have also reported
P. vivax as a public health concern, further aggravated by a recent report which detected
13.67% and 18% severe P. vivax cases in Ethiopia and Sudan respectively (6,159).
Interestingly, P. vivax diversity in Sudan was low according to a study using PvMSP3a,
and PvCSP markers, additionally no multiple clone infections were found indicative of a
low transmission setting (6). In contrast, a study in Ethiopia found a high level of
Polyclonality in Hawassa, Interestingly, however, it failed to associate it with
transmission intensity, although that could be because of higher mobility of people from
neighboring towns (47). Polyclonal P. vivax infections are quite common in malaria
endemic areas, where they have been associated with disease severity, drug resistance
and transmission intensity with varying success (160). The former two are attributed to
within host competition of clones, and along with this, drug resistant P. vivax has been
associated with severe and fatal malaria (50). In Ethiopia while no formal inquiry has
been made regarding the association of polyclonal infections with drug resistance and
severity, CQ resistance has been reported in various parts of the country together with the

report on severity along the Sudanese border (109,125,128).

2.4.2 Effect on prevention and control of Plasmodium vivax
The extent and distribution of P. vivax diversity is of great consequence to the prevention
and treatment programs. Molecular approaches to study the local and regional
transmission pattern, migration and evolution are detrimental to our understanding of
how effective these control activities are. Because of the long history of interaction with
the Plasmodium and vice versa, the genomes of both have been greatly influenced, each
to protect itself from the other. This ’evolutionary arms race’’, is a result of the parasites

adaptation to evade the immune system as well as various prevention and control
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measures; conversely several resistant variants of malaria are maintained by the human
genome in endemic areas (147,150). This dynamic is mainly maintained by selection,
particularly in antigens of the parasite, drug resistant genes and resistant variants in
humans (21,150,161). As such, they are a good place to start to monitor for changes.

The greatest threat with regards to prevention and control of malaria remains drug
resistance. This is perhaps best exemplified by the fact that almost all of the antimalarial
drugs used so far have developed resistance. Disturbingly that also includes the current
first line drug artemisinin and its derivatives(162). One of the ways to curb resistance is
to monitor and surveil drug resistance genes that confer selective advantage for parasites.
By doing so areas with significant number of drug resistant genes for a specific
antimalarial, will instead be treated by a new antimalarial with a new mode of action.
This enables to get on top of the situation as opposed to waiting for overwhelming
evidence of failure of drugs, which would in fact cause unnecessary suffering for patients
as well as further spread of resistance among many other things. Including artemisinin
most antimalarial with drug resistance have molecular markers to track and monitor their
resistance, like Pfcrt for chloroquine or Plasmodium falciparum kelch propeller domain
( k13 propeller) gene for artemisinin (98,99,163). There are, however, significant
exceptions for drugs used to treat P. vivax, despite numerous reports of treatment failure
in chloroquine, no single molecular marker has been established to monitor its
resistance(106,107) An overall subsequent in reduction of diversity is observed around
these genes, a result of “’hitchhiking’’ by unrelated markers close to this loci(164). This
“’sweeping effect’” has larger implication on the overall genetic diversity, as evidence the
impact of control measures on P. falciparum are major factors for its decrement of
diversity. Conjointly the extensive diversity of P. vivax might indicate that past control

efforts have less impact on them.
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2.5 Malaria vaccines; The last frontier

In light of the WHO goal to reduce malaria case incidence and malaria mortality to 90%
by 2030, it is now clear that P. falciparum and P. vivax are two different beasts. The
approaches that gained substantial success in decreasing P.falciparum don’t seem to
affect P.vivax. In addition to the threats imposed by P.falciparum like multi-drug
resistance, P.vivax are ‘helped’ by several factors such as lower density infection, and
our diagnostic inability to detect or control hypnozoite stage parasites. Apart from
mitigating resistance in all fronts, including vector control and antimalarial drugs, it is
important to add further tools to fight the different features of P.vivax which weren’t an
issue with P.falciparum. Vaccines provide this much needed platform, supplying services
such as preventing infection, preventing blood stage disease or blocking onward

transmission from humans to mosquito.

2.5.1 The need for P. vivax vaccines

The need for a vaccine is based on the limitations of the current diagnostic prevention
and control methods. Their limitation is further exploited by P. vivax, which enjoys a
widespread geographic presence as compared to its relative (49). The ability to produce
hypnozoites which later cause relapses complemented by lack of diagnostics to detect this
stage(72); Large number of sub-patent or submicroscopic infections which are below or
near detections are some of the limits of the currently used tools (165). Moreover, most
P. vivax vectors bite outdoors, rendering indoor control methods ineffective (135,166).
Ideally vaccines aim to fill this vacuum, for instance, pre erythrocytic vaccines that target
sporozoites, prevent infection as well as potential hypnozoite reservoirs. Similarly, blood
stage vaccines prevent diseases, but also reduces transmission potential of the infected
individual (22). The impending threat of drug resistance is also another reason to develop
vaccines, drug pressure is always going to be an issue especially in areas that have
targeted elimination, as this favors drug resistant strains. Furthermore, studies on the
fitness of wild type versus resistant type strains have indicated that in the ‘therapy free’
environment, where there is no uniform drug pressure, the wild type is advantageous
prevailing at larger numbers (161,167,168). Ideally a vaccine can complement drugs by

limiting their exposure in areas that have developed multidrug resistance, until resistance
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subsides. Alternatively, in tandem with PQ, they can also aid in elimination settings,
where PQ is contraindicated, they can prevail, providing protection to G6PDd
individuals, pregnant or lactating mothers. In line with this, in 2006 WHO launched a
malaria vaccine technology roadmap, later revised by 2013 to include P. vivax vaccines;
it aims to develop vaccines with high efficacy against clinical malaria and vaccines that

can achieve malaria elimination in all transmission settings by the year 2030.

2.5.2 Approaches and challenges of developing P. vivax vaccines
Despite a catalog of efforts throughout the years only one vaccine has progressed to
phase 3 trials, RTSS/AS01(169).This vaccine is unsurprisingly designed for
P. falciparum, in going with this trend, most of the identified vaccine candidates and
most clinical trials are also for P. falciparum. P. vivax has in comparison fewer
candidates and even less clinical trials, much of this can be attributed to the lack of
knowledge towards its biology (170). Despite this, studies using related species like P.
knowlesi and P. cynomolgi have progressed research in P. vivax vaccines (25). The
approach to P. vivax vaccine research is similar to P. falciparum vaccines. However
vaccines appear more feasible for P. vivax, as immunity appears more rapidly for P. vivax
than P. falciparum in both high and low transmission settings. Furthermore, studies have
shown that long lasting immune response can be induced for P. vivax (171). Like
P. falciparum, P. vivax vaccines have been classified into three, based on the lifecycle

they target.

Pre erythrocytic vaccines; primarily target the infective sporozoite to prevent

entry into the liver but are also used to target liver stage hepatocytes. The
sporozoites are an appealing target for a number of reasons, chief among them is
that they represent a bottleneck for the parasite, only a few sporozoites are
injected by the vector into the blood stream so blocking this stage of the cycle
would completely prevent the infection(172). Indeed an escape of even a single
sporozoite can potentially result in thousands of merozoites into the blood stream.
The challenge of developing a vaccine for this stage is also a result of low number
of sporozoites in addition with the small amount of time it spends in the blood

stream(1-2 minutes), which might not be enough to elicit immunogenic
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reaction(173). Although this can also be turned to an advantage, because of the
lack of reaction from the immune system, the parasite is not expected to have
immune evasive strategies(170). So far two candidates have been extensively
studied, Thrombospondin-related anonymous protein (TRAP) and CSP

Blood stage vaccines; are designed to prevent disease. The blood stage is where

the pathophysiological manifestation of P. vivax is displayed. Therefore, most of
the vaccine candidates of P. vivax have been designed for this stage. Vaccines at
this stage aim to prevent invasion of reticulocytes to reduce parasite density in the
blood stream including gametocytes (174). Therefore, blood stage vaccines can
prevent both disease and onward transmission (175). So far the most extensively
studied vaccines are based on the duffy binding protein(DBP) and merozoite
surface protein 1(MSP-1), but large number of candidates have also recently
entered development phase, such as rhoptry binding protein(RBP)), merozoite
surface protein 3a(MSP3a) and merozoite surface protein 9(MSP9) (176,177).

Transmission blocking; The last of these three are not actually involved in

preventing infection nor disease but are specifically tasked in obstructing
transmission. Vaccines target antigens expressed in the mosquito phase of the
lifecycle, such as oocysts or ookinete(178). Most notably antigens Pv25s and
Pvs28s expressed on surface of the zygote and ookinete respectively have shown

good promise in preclinical trials(179).

The challenges for developing vivax vaccines are numerous, most notably however; the

lack of continuous culture which inhibit ex vivo studies of vaccine candidates, limited

investment and the high cost of developing vaccines; Antigenic diversity and the strain

specific immune response need to be addressed (29,180,181). Recently progress and new

approaches in developing short term continuous cultures have been reported, the cost of

developing vaccines however is still reliant on philanthropic efforts(23,182). The latter of

the problems however is perhaps the biggest of them all. Antigenic diversity maintained

by balancing selection allows parasite to evade immune mechanisms which can only
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detect few strains at a time and as a result develop a strain specific response(24,183).
Similarly vaccines developed without putting the extent of diversity in perspective will
only be efficacious against a subset of population while selecting for vaccine resistant
strains(184). This was witnessed in a clinical trial targeting the combination B vaccine;
using the polymorphic antigen MSP2.The antigen has two allelic families 3D7 and
FC27,by using only the 3D7 form it was found that it could only elicit antibodies specific
to 3D7 while remaining neutral for FC27(185). Similarly, a study was conducted to
evaluate PFMSP3 based vaccine, using its two allelic forms independently to elicit
antibodies, it found strain specific antibodies, furthermore frequency based statistical
analysis revealed this allelic forms were maintained by a balancing selection(186). It is
already established that Plasmodium species antigens are polymorphic with extensive
diversity, similarly vaccine candidate antigens of P. vivax have shown large amount of
variability(144). However, it is important to note that the mere presence of genetic
diversity in vaccine candidate antigens does not warrant antigenic escape, rather it is of
significance to study polymorphisms relevant to immune selection (187). So far however
only a single study targeting the P .falciparum apical membrane antigen, has been able to
analyze worldwide allelic diversity, and rigorously identify which polymorphism were
responsible for mediating antigenic escape (188). Studies like that however first require
information on the circulating allelic diversity of the antigen worldwide, as such vaccine

development programs include surveys as part of their studies.

2.6 Merozoite Surface Protein 3a

Merozoites are unicellular forms of Plasmodium species, expressed during the late
shizogony stage in the liver and red blood cells, which are responsible for erythrocyte
invasion (74). Previous studies have suggested that in invasion, proteins located in the
surface of the merozoite are involved, shedding as soon as irreversible attachment is
established between merozoite and erythrocyte (177). This has clearly peaked interest in
studying merozoite surface proteins, and so far 10 distinct MSPs have been identified
(26).MSP3 is one distinct multigene family, located on the Chromosome 10 of P. vivax,
on a 60kb region with 11 members of its own (189). Previously P. vivax merozoite

surface protein 3 was considered a homolog of the P. falciparums’ own MSP3, and hence
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its nomenclature (190). Despite certain similarities in structure, and both being
immunogenic However, they are quite distinct from each other, further illustrated by
weak similarity of their sequences(144). PvMSP3 has a central alanine rich region, with
heptad repeats predicted to form coiled coil structures. Unlike the other MSPs, MSP3 is
not attached to the merozoite via a Glycophosphatidylinositol (GPI) anchor, but rather
through this coiled coil structures which form a peripheral association with other
membrane bound proteins(190,191). From PvMSP3s 11 members, two have been widely
studied and used as a population genetic marker, these are PvMSP3a and PvMSP3.

PvMSP3a is a highly polymorphic loci, a result of insertions, deletions, recombination
and point mutations in its central alanine rich domain (36). Despite its overall high
diversity, higher degrees of polymorphisms are limited to specific domains
(Figure 3)(32). In his study in 2002, Rayner and his team conducted a molecular
evolutionary analysis by dissecting MSP3a’S nucleotide sequence into four regions,
amino terminal region (Positions 229-309%*), Block I( 310-1188),Block 11(1300-2058)
and Carboxy terminal region(2059-2151).They found extensive diversity in the amino
terminal and block I regions while block Il and C terminal were relatively conserved.
Subsequent studies found a similar trend where the block | region was found to have
large number of in-del events, whereas the block Il was conserved and found to be under
positive selection; non-synonymous polymorphisms observed in this block were
attributed to recombination events (36,151). In spite of the high polymorphism exhibited
in PvMPSa, it was suggested to be a potential vaccine candidate because it’s a
component of the merozoite and studies on its orthologue PfMSP3 indicated
immunogenicity and protectiveness (186). In tandem, it has also been established as a
reliable cost effective population genetic marker in countries such as Thailand,

Bangladesh, Papua New Guinea and several other P. vivax endemic countries.

*Positions are based on Belem reference sequence, genbank accession number AF093584
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Figure 3 Plasmodium vivax Merozoite Surface Protein 3a and its three size
variants(192). Positions are based on Belem reference sequence, genbank accession
number AF093584.

2.6.1 A Molecular Marker for Population Genetic analysis
Genes encoding polymorphic antigens have been widely used to type P.vivax
populations, such as apical membrane antigen(AMAL) ,circumsporozite antigen(CSP)and
merozoite surface protein 1(MSP1)(193-195).Like most of this markers,PvMSP3a has
also been widely used in tandem with other antigen loci’s or alone to detect allelic
variations and multiple infections(33,196). Its application is fundamentally based on its
size variations of PCR products and consequent application of restriction enzymes to
digest these products .PvMSP3a has three size variants, Type A which is 1.8-1.9Kilobase
(kb) in size, Type B with 1.4-1.5kb and Type C with 1.1-1.2kb ,a fourth variant D has
also been reported with a size of 0.5kb although its prevalence is negligible(Figure 3)
(197).From worldwide studies type A is the most prevalent, while type B and C have
variable prevalence in different areas, and type D has only been reported in India. The

reason behind these size variances is down to a deletion in the block I component, where
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type B has approximately 460 bp deletions whereas Type ¢ has 750 bp deletions(133).
Apart from analyzing size variants, PCR products of PvMSP3a can also help detect
multi-clonal infections, where the presence of more than one band of the PCR product is
indicative of a multiple infection. To further discern diversity, restriction enzymes Hha |
and Alu | are applied to produce patterns that are then used to calculate the amount of
alleles(33). The basis of this RFLP procedure is the result of insertion deletion events,
and point mutations which shift recognition sites of these enzymes, and as a result
forming unique set of patterns for the different alleles(36,155). The RFLP procedure also
allows to further detect multiple clone infections, this is accomplished by adding the size
of RFLP fragments and comparing with uncut PCR product, where the total size of
fragment exceeding uncut PCR product is indicative of a multiple infection. It is also
important to note that the enzyme Hha | s recognition sites are usually found in Block I,
whereas Alu | has sites in both blocks and as such has more restriction fragments i.e.
number of alleles for Alu | are almost always higher than for Hha 1(32). Although
PvMSP3a is a widely used genetic marker, only a handful of studies have analyzed the
molecular evolutionary mechanisms behind the variation patterns, or indeed to quantify
the genetic diversity observed between alleles. Indeed a study executed in 2005 using 11
endemic vivax populations has estimated the nucleotide diversity(x) in the complete
sequence to be 0.05 for Asia, 0.056 for Europe and 0.049 for the global sequence
set(32,198).Nevertheless it is important to note that, the study was undertaken a decade
ago and doesn’t reflect the current P.vivax population dynamics ,furthermore the study

doesn’t reflect the population genomics of African isolates.

2.6.2 PvMSP3a as a potential Plasmodium vivax vaccine candidate
Ever since its discovery, PvMSP3 has been implicated as a potential vaccine candidate
due to its similarities with its ortholog PfMSP3. Although subsequent studies have
revealed its distinctiveness from PfMSP3 or indeed MSPs of P. cynomolgi and P.
knowlesi, PvMSP3 is still strongly associated with immunogenicity and
protectiveness(199). Accordingly, the two key elements required in potential vaccine
candidates, immunogenicity (the ability to elicit pronounced number of antibodies) and

association with protectiveness have been assessed.
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Four independent studies were executed in Brazil and Papua New Guinea, two countries
with a predominant prevalence of P. vivax. The studies tested the full length as well the
four regions of PvMSP3a for their antigenic potential. Overall the PvMSP3a gene proved
to be highly immunogenic (78%) in all the studies comparable to other vaccine
candidates such as AMA1 and CSP, with the full length of the antigen being the most
immunogenic (77-78%). For the C terminus, two of the studies in Brazil reported a 54%,
while a third reported 68% immunogenicity, while the study in PNG found it at 65%.
For the N terminus, it recorded the lowest immunogenicity with a range of 38-39%
responsiveness. The two blocks were highly immunogenic with block | having 64% and
block Il reporting a 53% Immunogenicity(31,40,41,199). Interestingly, another study
characterized the elicited antibodies of block Il and discovered them to be cytophilic
IGgl and 1Gg3 antibodies which have previously been associated with protectiveness
from clinical episodes malaria (200). Furthermore, the study also found 15 antigenic
determinants/B cell epitopes in the two central blocks. Previously the block Il component
has been found to be highly conserved (7=0.019), and its low diversity indicates it is
unlikely to be involved in vaccine escape(39). Curiously however a small region in this
block has been found to be highly variable among different isolates, these variants have
generated two  motifs, motif I MSELEK/LSKLEE and motif II:
TAANVVKD/KEATAAKL (39). In the previous study these motifs have been found to
be one of the 15 B cell epitopes, hence their variability has been suggested as a
mechanism to escape immune system. Evidently the collusion of this studies indicate that
block Il is the more ideal candidate, as the extensive polymorphism exhibited in the gene
is limited to the N terminus and block I, which although immunogenic are under
balancing selection and hence more likely to be involved in immune evasion and
potentially vaccine escape. Block Il in contrast is highly conserved but still highly
immunogenic, Furthermore, the pattern of variation in the B cell epitopes in this block
have been found to be equally prevalent in worldwide populations (32,35,36). All of this

facts point to PvMSP3a as a potential vaccine candidate.
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3. Objectives of the Study

3.1 General Objective

» To investigate genetic polymorphism and signatures of selection in the
merozoite surface protein 3" gene, in Ethiopian Plasmodium vivax

population, a potential malaria vaccine candidate antigen.

3.2 Specific Objectives

» To assess genetic variation of Plasmodium vivax isolates at MSP3a gene
locus by using PCR-RFLP and examine phylogenetic relationship within the
Ethiopian RFLP haplotypes, using full sequence data (block I and Il) of the

gene for representative isolates.

» To analyze the extent and distribution of diversity in the block Il component

of the gene by dissecting sequence data

> To investigate departure from neutrality and signs of balancing selection, in
the block Il component (to determine if the gene region is influenced by
immune selection) and conjointly investigate the presence and extent of

recombination in this block

» To establish the phylogenetic relationship of the PvMSP3a block Il within
the Ethiopian population and among selected global population sequences
and analyze haplotypes derived from Ethiopian and global sequences by

performing network analysis.
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4. Materials and Methods

4.1 Study Area and Population

The study was conducted on stored samples collected in 2012-13. Sample size
determination took substantial amount of dataset(n=50) as recommended by two studies
(201,202).Sample collection and study was conducted in Shewa Robit town in the
Ambhara region and Shala district located in the west Arsi zone of the Oromia
region(Figure 4). Malaria transmission is unstable and seasonal in the two districts
following the two rainy seasons. The town of Shewa Robit is Located at 9° 59’ 40.6”’N
and 39° 53’ 48.9”’E with an elevation of 1280m above sea level. The city experiences a
warm climate with heavy rainfall in its peak rainy season. In 2013 Shewa Robit was
estimated to have a population of 44,726 individuals with 5.03% of its population
reported to be afflicted with malaria for that calendar year(203).

In the West Arsi zone samples were collected from the Shala District at four health
centers (Aje, Bure, Haposto, llala health centers) and Melka Oda hospital. Aje is located
at 7° 17> 34.2°N and 38°21° 46.3’E, with an elevation 1852meters above sea level.
Melka Oda is located at 7°13° 7.2167°N 38°29* 38.4833°E with an elevation 0f1937
meters above sea level; Bure is located at 7°15” 7.25°N and 38° 29’ 38.4833°E with
1696meters above sea level; Haposto is located at 6.7377904 and 38.3691932; and llala
is located at 8°55° 28.27°°N,39° 50°35.90”’E. Shala District was estimated to have a
population of 149,804 in the year 2013. In all study sites malaria is caused by both
P. falciparum and P. vivax.

[ ] Amhara Region 100 0 100 200 300 400 km
; ; S —
[ ] Oromia Region

Figure 4: Map of the study sites, red dots indicate locations of specific sites
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4.2 Sample collection

Stored dried blood spot (DBS) samples (n=146), ~0.3ml finger prick blood samples on
Whatman 3MM (Whatman, maidstone, UK), at -20 °C were retrieved from AHRI
biobank. The DBS samples were collected from self-presenting individuals for malaria
diagnosis and treatment after the objectives, risks and benefits of the study were
explained and written informed consent was obtained from participants or
guardians/parents of minors. The blood spots on the filter papers(Whatmann 3MM) were
air dried and transported at room temperature and stored in a freezer in zippped plastic
bags, containing self-indicating silica gel desiccant beads(Geelay chemical Ltd). Finger
pricked blood samples were also used for malaria diagnosis using RDT (SD BIOLINE
Malaria Ag P.f/P.v POCT test kits ,Standard Diagnostic, Inc, Germany) that was
performed in the field settings and blood films were then sent to the Adama (formerly
Nazareth) malaria control center for microscopic examination. Two experienced
laboratory technicians who were blind to the RDT as well as each other’s result analyzed

the blood films using thick and thin blood smears.

4.3 Laboratory Procedures

The 146 DBS samples that were RDT and microscopically P. vivax positive were used
for the downstream process. From this 146 DBS samples, 50 DBS samples that
represented all six study sites were randomly selected, next parasite carriage was
reconfirmed for this select samples using nested PCR amplification targeting the small
subunit 18S RNA gene(94). PCR positive single species P. vivax samples were then
genotyped for MSP3a. PCR products with single bands were indicative of monoclonal
infections; products with more than one band were a result of mixed infection.
Accordingly only monoclonal samples were then further analyzed using the RFLP
procedure; this enabled to generate patterns pertinent to genetic diversity, samples were
then PCR amplified for sanger sequencing targeting the block I and block Il components
of the MSP3agene.
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4.3.1 DNA Extraction

Genomic DNA was extracted by a modified Chelex Saponin extraction method
(134,204). Briefly, 6mm DBS was punched and immersed in 820ul of a 0.5% saponin
(Sigma Aldrich) in-1x Phosphate buffer saline (PBS) solution and left on horizontal
shaker overnight. The next morning it was centrifuged for 1 minute at high speed (12,000
rpm). After aspirating the supernatant (using automated vacuum suction system), 1ml of
cold (4°C) 1xPBS was added to each tube and incubated at 4°C for 30 minutes. Next the
tubes were shaken for 30 minutes and the PBS was discarded from the tubes. Chelex
(Chelex®100 resin, Bio-RAD Laboratories) 150ul of 6% was added to elute the DNA.
The gDNA was eluted by incubating the tubes for 7 minutes, four times in water bath at
95°C. Finally the tubes were centrifuged at a maximum speed for 5 minutes (12,000 rpm)
and 80ul of the supernatant was carefully transferred to sterile (DNase/RNase free) tubes,
and stored at -20°C until further use.

4.3.2 Plasmodium species confirmation by nested PCR

Genus and species level identification of P.vivax and P.falciparum was carried out by a
nested PCR procedure using primers and PCR conditions as described before(205,206)
(Table 1).The reaction conditions were 68.75 ul of each 0.25uM primers,0.25 pl of
0.25mM dNTPs, 2ul of 2mM of MgCl, with 0.2ul of 1 unit of Tag polymerase(GOTaq
DNA Polymerase ,Promega) in a 25pl total reaction volume, the primary reaction volume
contained 5ul  (5ng/ul) of the gDNA eluate and the species specific PCR used 2ul of
the genus specific PCR product as template, finally for amplification the T100 Thermal
cycler (BIO-RAD) was used. Positive controls, P. falciparum NF54 cultures
(Radboudmc, Nijmegen, The Netherlands) and P. vivax malaria reference laboratory
Positive control (London School of Hygiene and Tropical Medicine, London, UK), were
included on every PCR plate. For negative control, DNA/RNA free water was included.
To minimize risk of contamination, the following three procedures were undertaken in
separate rooms designated specifically for each action: - DNA template preparation
(extraction), master-mix preparation and addition of DNA template for amplification.

To visualize products of amplification, 2% Agarose (HI Res standard, AGCT Bio-
products Ltd) gel was prepared in 1x Tris Borate EDTA buffer (TBE); the solution was
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then mixed and boiled in a microwave; next 0.3ug/ml of ethidium bromide was added to

the agarose but only after it had gotten lukewarm. After the gel was casted and cooled

for 30 minutes, 3ul of 100bp DNA ladder (Promega) was added. Next amplified products

alongside positive and negative controls were added to their independent wells. Voltage

was set at 120V and results were subsequently visualized by UV illumination, followed

by photographing in a Gel-doc system (BIO-RAD).

Table 1 PCR master mix for primary (N1) and nested (N2) amplification

respectively

Number of reactions 50

Stock Final concentration | For 1 reaction MM

concentration in reaction (L) set-up
PCR Buffer 5(X 1[X 5{uL 275|uL
Mg Conc of Buffer 0|mM 5 mM Mg
Separate Mg Solution 25|mM 2|uL 110|uL
dNTPs 25|mM 0.25[{mM each 0.25|uL 13.75|uL
Forward Primer 5[uM 0.25|uM 1.25|uL 68.75|uL
Reverse Primer 5(uMm 0.25(uM 1.25|uL 68.75|uL
Taq Polymerase 5{u/uL 1|U/reaction 0.2|pL 11|pL
PCR grade water 10.05|uL 552.75|uL
MM final volume 20 1100 pL
Template 1 ng/uL 5 ng/uL 5 uL 275 uL
Total volume 25

N1: Aliquot 20pL + 5L input

Number of reactions 50

Stock Final concentration | For 1 reaction MM

concentration in reaction (uL) set-up
PCR Buffer 5(X 1[X 5{uL 275|uL
Mg Conc of Buffer 0|lmM 5 mM Mg
Separate Mg Solution 25|mM 2|pL 110]|pL
dNTPs 25({mM 0.25|mM each 0.25|pL 13.75(puL
Forward Primer 5(uMm 0.25(uM 1.25|uL 68.75|uL
Reverse Primer 5uM 0.25|uM 1.25(pL 68.75|uL
Taq Polymerase 5{u/uL 1|U/reaction 0.2|uL 11|uL
PCR grade water 13.05|uL 717.75|uL
MM final volume 23 1265 pL
Template 1 ng/uL 5 ng/uL 9 uL 275 uL
Total volume 25

N2: Aliquot 23uL + 2puL N1 product

35
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4.3.3 Genotyping of P. vivax by PCR-RFLP by targeting PVMSP3 a,
To determine details in genetic diversity and multiplicity of infection, samples were
checked with PCR followed by RFLP procedure as described below

4.3.3.1 PCR amplification of PvMSP3 a

The alanine rich region of the block I and block Il of the PVMSP3a gene was amplified
using primers and PCR conditions as described by Bruce et al.(1999)(33)and briefly
outlined in table 2. Nested PCR reaction was carried out in final reaction volume of 20ul
using 2ul of DNA extract for Primary round (N1) and 1ul of N1 products for the nested
round (N2). One unit of Taq polymerase was used per reaction with oligonucleotide
primers at final concentration of 0.1uM, dNTPs at 0.15mm and 2.5mM MgCl,. PCR
products were visualized on 0.8% agarose gel containing 0.25ug/ml ethidium bromide
after a running for 90minutes at 80V. Products were identified using 1kb plus molecular
ladders (Invitrogen). PCR product sizes were then used to differentiate samples as well as
to determine the multiplicity of infections.

Table 2: Primer sequences and thermo-cycling conditions for PCR RFLP of the

MSP3a gene
PCR PRIMERS( 5’ —=3°) CYCLING CONDITIONS
Temperature Time
Primary | P1:CAGCAGACACCATTTA Initial denaturation 94°C 3 min
] AGG Denaturation 94 °C 30 sec
P2:CCGTTTGTTGATTAGTT Annealing 56°C 30sec |35cycle
GC Extension 68°C 2.5mi
Nested N1:GACCAGTGTGATACCA Initial denaturation 94°C 3min
round TTAACC Denaturation ~ 94°C 30 sec
N2:ATACTGGTTCTTCGTCT Annealing 57°C 30 sec| 30 cycle
TCAGG Extension 68°C 25
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4.3.3.2 RFLP analysis of PvMSP3 a.

Restriction fragment length polymorphism was done using two restriction enzymes Hha |
and Alu | (Table 3) using Multi Core Buffer (Promega) and Alu I using SURECUT/
Buffer A (Sigma Aldrich) .

Each nested PCR product (N2) 4ul(5ug/ul) was digested using 0.5ul (5unit) of the
restriction enzyme and 10x reaction buffer at a final volume of 20 pul and incubated at
37°C for 5 hours on a heat block. The digested products were then subjected to gel
electrophoresis using 1.8% agarose containing 0.25 pg/ml of ethidium bromide at 120v
for 1 hour. 1kb plus molecular ladder (Invitrogen) was used for estimating sizes of

products.
Table 3: Restriction Enzyme recognition sites
Restriction Enzyme Cleavage site Source Microorganism Pattern of
cutting
5’...GC.&'C. 3’
Hha | 3’...CGCG..5> Haemophilus haemolytics 3’
1‘ Overhang
Alu | 5’...AC\!’CT..3’ Arthobacter luteus Blunt
ends

o
3’...Ag}‘CT..5’ _

4.3.3.3 Sanger sequencing of the PvMSP3 o Gene
Nested PCR products were first purified using the QIAquick PCR purification
kit(QIAGEN) and then used as a template to sequence the MSP3a gene using primers N1
and N2 as well as internal primers F2 and R2 as described(Appendices 10.6) (207).
Consequently samples targeting the full sequence (block I and block 11(1896 bp)) and
further samples targeting the partial sequence(block 11(758 bp) were sequenced twice, in

forward and reverse direction, using the Big Dye terminator sequencing kit(Applied
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Biosystems) and the ABI Prism 310 Genetic analyzer(Applied Biosystems) (BASE
CLEAR, The Netherlands).

4.3.3.4 PvMSP3a sequence and phylogenetic analysis

Raw nucleotide sequence data was first inspected visually to ensure correct base calls of
the chromatogram data. The data was then trimmed for low quality regions and then
assembled ,manually edited and individually aligned using ClustalW (208) to two
reference sequences the Belem and Salvador strain Msp3o sequences (genbank
accession numbers AF093854 and PVX_ 097720 respectively), for comparison and
identification of polymorphisms. Ultimately 14 full consensus sequences with a single
continuous read corresponding to the 205-2100 bp (of the Belem strain) were extracted

for this study.

In a similar fashion sequences corresponding to the block 11 region only (1300bp-2017bp
of the Belem strain) were assembled, manually edited and aligned to both references
sequences for comparison. In order to analyze the dataset generated in this study to a

global context, 126 MSP 3a sequences from 17 P. vivax endemic countries were retrieved

from genbank (http://www.ncbi.nlm.gov/genbank/). The sequences included in the current
study were isolates from Brazil, India, Thailand, Sri-lanka, North Korea, Papua New
Guinea, Ecuador, Bangladesh, Venezuela, South Korea, Malaysia, Pakistan, Indonesia,
Myanmar, Panama, Mauritania and Vietnam (Appendices 10.8). The 717bp region
corresponding to the PvMSP 3o block Il of the reference Belem strain, in all 167

sequences (including the 40 generated in this study) was used for the final analysis.

To infer parameters of sequence polymorphism, genetic diversity and phylogenetic
analysis, the following procedures were performed. To analyze sequence polymorphisms
behind molecular variation of RFLP alleles, in-silico restriction mapping was carried out
using the full Sequences generated in this study. This also allowed for comparing gel
images of PCR-RFLP haplotype diversity to the In-silico map. In-silico digestions below
100bp were not applied to compare the two as they are hard to discern in gel

electrophoresis; however the fragments were documented.
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To extrapolate data on sequence diversity , various statistics were computed including the
number of polymorphic sites (S) , within population and overall nucleotide diversity (),
number of haplotypes(H) and haplotype diversity(Hd) (209).To determine genetic
differentiation, Wrights Fixation index Fsy (210) was tested through 1000 random
permutations; to assess departure from neutrality and examine if regions were under
selection, the number of synonymous substitutions per synonymous site(ds) and non-
synonymous substitutions per non-synonymous site(dy) was calculated using the
modified Nei Gojobori method (211) , the null hypothesis of neutrality (Ho: dy = ds), and
alternative hypothesis of positive selection(dy > ds ) and purifying selection( dy < ds)
were tested using a two tailed Z test for neutrality and one tailed Z test for either of the
alternative hypothesis, standard errors were computed through 1000 bootstrap replicates.
Furthermore, Tajima’sD(148) Fu and Li’s F(212) were applied using a sliding window
approach to investigate signatures of balancing selection. Recombination events(213)
were also analyzed through seven methods namely, RDP, GENECONYV, Bootscan,
MaxChi, Chimiera, Sis Scan and 3Seq(214-219). To further study genetic diversity
pertinent to antigenic diversity, haplotypes were constructed from all of the 167 MSp3a
Block 11 sequences, using only non-synonymous polymorphisms. Consequently

haplotype network was drawn using a median Joining algorithm(220).

To study the phylogenetic relationship among the RFLP haplotypes as well as among the
167 block 11 sequences, both aligned nucleotide and deduced amino acid sequences were
used to construct phylogenetic trees. Trees were constructed using the maximum
likelihood tree with Tamura and Nei model of nucleotide substitution for nucleotide
alignments (221) and the Jones Taylor Thronton model of amino acid substitution method
for amino acid alignments(222), with 1000 bootstrap replicate support for both.
Accordingly, bootstrap support (>50%) is shown as percentage in all the phylogenetic
trees presented in this study.

4.4 Ethical consideration

The umbrella project under which this project was executed was reviewed and approved
by the institutional ethics review boards of Aklilu Lemma Institute of Pathobiology,
Addis Ababa University (IRB/11/2011/2012), Armauer Hansen Research Institute
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(PO22/12), the National Research Ethics (310/109/2016) and the London School of
Hygiene and Tropical Medicine(10628). DNA samples were sent for sequencing
according to the Material transfer agreement stated under 10628 to London School of
Hygiene and Tropical medicine.

Under the procedure approved, prior to sampling, informed written consent was sought
in written format from all participants, in the case of minors, legal guardians or parents
provided the consent. Under the consent, participants’ agreed for the storage and further
study of their samples. Patient confidentiality was kept throughout the study with patient
names substituted by individual codes. Patients positive for malaria by RDT were treated

according to the Ethiopian Malaria Guideline(223).

4.5 Data Analysis

Socio-demographic data was entered and analyzed using Excel. Chromatogram data was
analyzed using Chromas (version 2.6.4, Technelysium LTD.) Sequence trimming,
manual editing and assembly were performed using SegMan Pro 14 (Lasergene 14
software, DNASTAR Inc.) sequence alignment and construction of phylogenetic tree as
well as tests of Dn/Ds was performed using the MEGA7 software (Version 7.0.21),
further population genetic parameters such as genetic diversity, population differentiation
(Wright’s Fixation index), recombination and measures of departure from neutrality
(Tajima’s D and Fu & Li’s F) were examined using the Dnasp Software(Version
5.10.01,Universitat de Barcelona), finally Dnasp was also used for haplotype
construction. Snapgene software (Version 3.3.3, GSL Biotech LLc) was used to construct
in-silico restriction map and consequent restriction site analysis. Genalex (Version 6.501,
Australian National University) was used to convert data between programs. POPART
(Version 1.7, Allan Wilson Centre) and NETWORK (Version 5.0.0.1, Fluxus
Technology Ltd) were used to create and visualize haplotype network.RDP4 program
was used to detect recombination signals. To maximize success Ugene (Version 1.26.1,
Uni Pro) was also used as a control/alternative performing assembly, alignment and

construction of phylogenetic trees.
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5. Results

5.1 Proportion of malaria in the samples from the study sites
A total of 146 patient blood samples detected to be harboring the malaria parasite by both

RDT and microscopy diagnostic methods were selected for this study. From the 146
samples, 26 were from Aje, 33 from Shewa Robit, 32 from llala 13 from Melka-oda , 24
from Haposto and 18 from Abure. Most of the samples, 63.3% (94) were positive for P.
vivax, 28.6% (40) were of P. falciparum species and the remaining 8.4% (12) were mixed
infections. P. vivax was detected at higher proportion in samples from three of the six
study sites, namely llala, Abure and Haposto with 60%, 80% and 95% of the malaria
infections respectively. In samples from Aje and Shewa Robit, P. vivax contributed to
50% of the overall infections; only in samples from Melka Oda did it contribute at a
lower proportion to P. falciparum (40%).Mixed infections were only detected in samples
from three of the study sites; Melka Oda , llala and Shewa Robit, with 10% ,15% and
20% proportion Respectively(Figure 5).
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Figure 5: Retrospective proportion of Plasmodium vivax in the samples from the six
study sites

Based on these 146 positive samples, group of individuals with ages above 15 were the
most reported cases, which contributed to 64.38% of the observed infections. This
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observation was particularly evident in samples from the study sites of Shewa Robit and
Haposto where the majority of the infections fell into that group. Furthermore, males
were more infected by both P. vivax and P. falciparum (64.38%) than females (36.98%),
and more likely to be infected by P. vivax (45.3%) than their female counterparts
(25.3%). It was also a similar case with  P. falciparum, with males being infected at a
higher proportion 18.4% than females 10.7% (Table 4).

*Table 4: Demographic information based on the positive samples from the six

study sites (2012/2013)
Health Facilities

Age Aje llala Melka Haposto Bure Shewa | Percent

Group Oda Robit _(Mala_ria
infections)

<5 2 6 0 0 4 0 8.21%
(12/146)

5-15 11 9 4 6 8 2 27.39%
(40/146)

> 15 12 18 9 18 6 31 64.38%
(94/146)

Gender

Male 14 16 11 16 12 23 63.01%
(92/146)

Female 13 11 3 8 8 11 36.98%
(54/146)

*Table is solely based on the 146 DBS samples that were deemed positive by both RDT and Microscopy
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5.2 PCR confirmation of Plasmodium vivax
A total of 50 samples collected from the six study sites were amplified, with 100%
success rate (Figure 6). A cross examination was carried out using primers specific for

P. falciparum, and no mixed infections were detected.
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Figure 6: Plasmodium vivax genotyping using 18sRNA Gene; Nested PCR amplified
products from the six study sites M=100bp molecular ladder

5.3 PCR-RFLP MSP3a

The 50 samples chosen to represent all six sites were analyzed for the MSP3a gene,
among which 47 were successfully amplified. Three size variants were observed type A
(1.9kb), type B (1.5kb) and type C (1.1kb) (Figure 7). The type A was the predominant
variant with 39(82.97%), type B had 6(12.7%) and type C with 3(4.2%) frequencies. A
single multi-clonal sample was also observed because of the presence of more than one
band.

To get further diversity analysis, the nested products were subjected to independent
restriction digestion analysis using Hha | and Alu I , excluding the multi-clonal sample.
Consequently, further multi-clonal samples were detected, 4 from llala, and 1 from

Haposto. All age groups were represented in the multi-clonality (Ages; 3, 15, 18, 25, 32)
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except those above 40 years of age. Overall from the 50 samples analyzed, 12% of the

infections were multi-clonal P. vivax infections as detected by PvMSP3a.

Using the Hha | enzyme, from the 47 samples analyzed, 11 different allelic patterns were
observed, type A size variants showed many number of patterns than type B or Type C.
Type A size variants had 8 different size combinations (A1-A8); Type B had 2(B1, B2)
while Type C had only one size variant (Cl) as observed using the Hha I
digestion(Figure 8). Alu | on the other hand did not produce clear restriction pattern in

most of the isolates (Figure 9).
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Figure 7: Nested amplified PCR products of the PvMSP3a gene, in the field

samples; with 1kb molecular ladder.
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Figure 8: PCR-RFLP products of the Hha I digestion of the MSP3a gene, in the

field samples; with 1kb plus molecular ladder.

7H 11H 20A 22J 19] 14) 11J 23] 9H 6H 5H 20H24H 10H22H 17H

” )

- L e L T e W ey e S o

Py — e
-

- el
- " TR TS U U OB WR R WO o

Figure 9: PCR-RFLP products of the Alu I digestion of the MSP3a gene, in the field
samples; with 1Kb plus molecular ladder
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5.4 Sequence polymorphism

In total 15 samples were sequenced for MSP3a entire region i.e. including both block 1
and block 11. However one of the samples was not of sufficient quality to obtain the full
length data. The remaining 14 samples were used for the rest of the downstream analysis
regarding the complete region. Accordingly the three size variants observed during the
PCR amplification of the MSP3a gene were all represented; type A size variants ranged
from the smallest 1815bp to the largest 1925 bp . Type B ranged from 1407 to 1437, and
Type C’s two representatives had a size of 1173 bp. Type A variant sequences had
several insertion deletions amongst that class itself, as evident in the length between the
smallest and the largest sequences which amounted to 110bp difference amongst the two.
Regarding differences between the three classes, type B variants had an intact 281 bp at
the start of the sequence followed by a deletion of 435 bp and ending with an intact block
Il compartment. Type C variant had a similar trend with type B regarding the start of the
deletion, but it has a deletion of 748 bp which is then also followed by an intact block 11

compartment.

Overall the block Il component was relatively conserved unlike the block | component in
the 14 full sequences. More samples were sequenced to investigate, the PvMSP3 o block
Il accordingly 40 sequences were generated. They had 39 single nucleotide
polymorphisms, of which 29 were parsimony informative (Site positions: 6 19 122 136
154 160 175 269 275 284 292 319 322,400 403 411 412 414 420 423 426 431 432 433
439 442 510,520 and 706), and 23 were non synonymous mutations. MSP3a block IT was
peculiarly characterized by the presence of two motifs as observed in the amino acid
alignment. Motif | had either MSELEK or LSKLEE alleles; Motif Il had either
TAANVVKD or KEATAAKL. These variations were observed in Ethiopian populations
with  motif | s MSELEK being highly prevalent (Figure 10). Motif Il s
KEATAAKL/TAANVVKD were found to be equally prevalent in the Ethiopian isolates
(Figure 11). Apart from this almost all other non-synonymous polymorphisms were
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shared between isolates, whereas singleton polymorphism were not observed in the

isolates
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Figure 10 MSP3a block IT motif variations in the field samples; frequency between

LSKLEE AND MSELEK in Ethiopian Isolates
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Figure 11 MSP3 a block II motif variations in the field samples; frequency between
TAANVVKD/KEATAAKL in Ethiopian Isolates

5.5 In-silico RFLP and phylogenetic relationship of the block I

The shift caused by insertion deletions causes the restriction patterns that are observed as
a result of the movement of the recognition sites. In comparison between the three size
classes, type A had more allelic combinations as a result of superior number of
recognition sites in its length, followed by type B and type C which only had one allelic
pattern. Interestingly, it was found that for the 14 sequences analyzed, all of the
recognition sites for Hha | were exclusively found in the block I component of the gene,
whereas Alu I’s recognition sites could be observed in both components of the gene. Due
to the difficulty in distinguishing Alu | restriction patterns in the RFLP gel images for the
complete 50 samples, the analysis was solely based on the in-silico pattern. Accordingly
the 11 allelic variants observed in Hha | digestion were similarly used, overall Alu |
digestion produced 6 to 12 fragments, some of which were hard to discern using the
RFLP gel procedure (Figure 9 &12).
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Figure 12 In-silico PCR using Alu I restriction fragment; The 11 allelic variants
displayed here from lane 1 to lane 11 and the reference Belem Strain in Lane 14,
Ladder= 1kb plus

Similarly, by using the In-silico RFLP, the restriction sites and resulting fragments were
observed using the Hha | enzyme (Figure 13). As in the RFLP gel images all size classes
and size variants shared similar 1kb fragment in the beginning of the patterns. However
the analysis using In-silico digestion indicated slight polymorphism, as sizes ranging
from 917 to 982 were seen. Overall the in-silico RFLP digestion and results from the
actual RFLP digestion using the Hha | were similar. Although In-silico analysis allowed
the visualization of bands that were hard to tell apart in the gel RFLP analysis,
furthermore it also allowed to examine fragments that were below the 100bp mark, and
hard to ascertain by the naked eye. In silico Hha I digestion revealed 4 to 6 fragments for
each allelic variant, whereas the RFLP gel could only show 4 fragments. To infer the
relationship between the 11 haplotypes observed by RFLP procedure (Hha 1), 11
representative sequences corresponding to the block I of the MSP3a from each haplotype
were used to construct a phylogenetic tree (Figure 14).
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Figure 13: In-silico PCR using Hha I restriction Fragment; The 11 allelic variants
are displayed and the reference Salvador strain (PVX_097720) in Lane 14, Ladder=
1kb plus

The block | sequences were also estimated for their nucleotide diversity (z) which stood
at 0.10565.Although the study on block I was limited to local phylogenetic analysis, it is
also important to note that 5 of the 8 type A allele sequences observed in this study
showed 98% identity with South Korean (KU 893826.1 and KU893851.1), Indian
(KC935446.1), Myanmar (EU430577.1) and Bangladesh (AF491951.1) isolates. The two
type B alleles showed a 97% and 99% sequence identity to Venezuelan (AJ864953.1) and
Peru (FJ612091.1) isolates respectively. The single type C size variant sequence showed
a 99% identity with a Myanmar isolate (EU430598.1).
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Figure 14 Phylogenetic relationship of the 11 haplotypes in the Ethiopian Isolates, based on the block
| sequence of MSP3a, (1000 bootstrap for the confidence level) by maximum likelihood method. scale
bar represents 1 substitution per 100 nucleotides

5.6 Genetic diversity analysis of the PvMSP3a Block II in Ethiopian isolates

To analyze the genetic diversity of the MSP3a block Il component of the gene,
nucleotide diversity (m) was calculated. Accordingly the nucleotide diversity for the
Ethiopian population was 0.01479 with 19 haplotypes and a haplotype diversity of 0.953.
To visualize the extent of diversity in the Ethiopian sequences, a sliding plot with a
window length of 100 and step size of 25 sites was used. It revealed a peak plot of n=
0.065 between the position of the 390bp and 432bp of this block.
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Figure 15 Average Pair wise Nucleotide Diversity, using Ethiopian MSP3a block Il gene sequences
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In order to put the results in a perspective the representative isolate sequences from
Ethiopia were used for constructing a phylogenetic tree; to achieve this, the 717 bp
corresponding to the block II of the MSP3a was used. Subsequently minimal population
structuring was observed in the representative isolates; in fact isolates were clustered
around the structural motif 1l (KETAAL/TANVVD) (Figure 16).
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Figure 16 Phylogenetic relationship of the Ethiopian isolates based on block 11
amino acid sequences, (1000 )bootstrap for the confidence level) by maximum

likelihood method, study sites are represented by the different colors.
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5.7 Genetic differentiation

To calculate population differentiation between Ethiopian and the remaining global
P.vivax MSP3a population sequences, Wrights fixation index (Fst) was used. Ten
populations with representatives of more than one sequence were chosen, namely ;South
Korea, Venezuela, Myanmar Sri-lanka, Brazil ,India ,Thailand ,Papua New Guinea and
Indonesia. The values of Wrights fixation index indicated a low degree of differentiation
between the isolates of  Ethiopia, India  (Fst=-0.02)  ,Brazil(Fsr=-
0.02),Indonesia(Fst=0.05),Myanmar(Fst=0.07),and Sri-Lanka(Fst=0.025), and relatively
higher estimates in Thai(Fst=0.11), South-Korea(Fst=0.27),Papua New Guinea(Fst
=0.34) and Venezuelan (Fst=0.36) isolates.

5.8 Selection and recombination

To calculate departure from neutrality, i.e if the block was under selection, the number of
synonymous substitutions per synonymous site (ds) and non-synonymous substitutions
per non-synonymous site (dy) was calculated. Accordingly the null hypothesis
(Ho: dn = dsy and the alternative purifying selection( dy < ds) were rejected at
significant values of P=0.049 and P=0.026(P<0.05) respectively. Additionally, frequency
based tests of , Tajimas’ D and Fu and lis’ F tests were calculated for Ethiopian
populations. The tests also determine whether polymorphic sites are under
balancing/immune selection, where positive values with significant deviations indicating
the presence of balancing selection (immune selection) whereas negative values would

indicate directional selection.

Tajima s’ D value for the Ethiopian MSP3a block Il population was 0.4693 although
deviations were not significant (P >0.10). Fu and Li’s F value was 0.12946. Similarly,
deviations were not significant (P>0.10). Interestingly, however, window plot analysis
with window size of 11bp and step length of 1 revealed significant values of Fu and Li s
F between the 327bp and the 449bp region (Figure 18); similarly the Tajima s D has
significant values at said region (Figure 17); in this region Fu and Li’s F was 1.7621
(P>0.05), Tajima’s D was 2.64 (P>0.05).The observations indicate that the small region
with significant values of the parameters were under balancing selection. Comparative
analysis of the 24bp region encoding motif ]
(AAAGAAGCAACCGCTGCAAAATTA/ACTGCAGCAAACGTTGTAAAAGAT) revealed
significant values of Fu and Li’s F 2.29103(P<0.02) and Tajimas D 3.23023 (P<0.001),
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whereas the rest of the block minus the motif Il sequence(693 bp) revealed significant
values of -5.32358(P<0.002) of Fu& li’s F and -2.56670(P<0.001) of Tajima’s D.

3.0 A

1.5 A

W il

-1.5 4

-3.0 4

0 ' 200 ' 400 ' 600 ' 800
MNucleotide Position

Figure 17 Tajima s’ D value for Ethiopian Isolates, the region with significant values
of D is circled (grey) at (P<0.05)
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Figure 18 Fu and Li‘s F value for Ethiopian Isolates, the region with significant
values of F (P<0.002) is circled (Grey)
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Recombination has previously been indicated as a driving force in the diversity of the
MSP3 gene. Accordingly 6 recombination events were detected by Dnasp in the
Ethiopian population between sites; (19,122) (122,154) (154,175) (175,269) (322,400)
(442,520). The sites under balancing selection mentioned above were also included in the
sites where recombination occurred. This indicates that recombination and natural
selection affect the MSP3a block Il component of the gene. Furthermore recombination
could also be detected by eye when analyzing the amino acid alignments. Apart from this
however, further seven different methods were performed to detect recombination ;
RDP(R), GENECONV(G), Bootscan(B), MaxChi(M), CHIMAERA(C), SisScan(S) and
3SEQ(T). Accordingly 4 recombination events were unambiguously identified by six of
the seven methods (G, B, M, C, S,and T).

5.9 Global population structure and haplotype network for
PvMSP3a block 11

To assess and visualize the geo spatial diversity of the MSP3a block Il gene globally; 161
sequences from 19 countries were used. An unrooted phylogenetic maximum likelihood
tree using Tamura and Nei s’ model of nucleotide substitution were constructed by
performing 1000 bootstrap replicates (Figure 19). Each population was colored a specific
color and ordained a specific shape to distinguish them. The Ethiopian population was
represented by the color red with circle shape. Branches corresponding to partitions
reproduced in less than 50% bootstrap replicates are collapsed. Initial tree(s) for the
heuristic search were obtained automatically by applying Neighbor-Join and BioNJ
algorithms to a matrix of pairwise distances estimated using the Maximum Composite
Likelihood (MCL) approach, and then selecting the topology with superior log likelihood

value. All positions containing gaps and missing data were eliminated.

55



@
THAI
VENEZUELA
© SRILANKA
@ MYANMAR

O NORTH KOREA
@ SOUTH KOREA

O HUADOR
MALAYESIA

A PAKISATN

A PANMA
BANGLADESH

& N
& INDONESIA

@ VIETNM
W BRAZL

B MAURITANIA
PNG

Figure 19.Maximum likelihood unrooted phylogeny of PvMSP3a block II; 161 worldwide sequences
using Tamura and Nei’s model of nucleotide substitution and 1000 bootstrap of the confidence level.

The absence of population structuring was evident in the global population from the
phylogenetic tree. In combination with the results of population differentiation, this
indicates that geographic distance has low impact in the structuring of the populations.
Accordingly, the Ethiopian population was found in clusters with seemingly distant
locations such as populations arising from Asian (South Korea-blue circle), African

(Mauritania-red square), and South American (Brazil-green circle) countries.

To infer the relationships between the haplotypes of the 19 populations, a haplotype
network was drawn by using the median joining algorithm (Figure 20). To focus on the
haplotypes that were frequent in the world and relevant to vaccine design, only non-
synonymous variations that were seen in more than two isolates were used to construct
the haplotypes. While the focus of the study was primarily the Ethiopian population, the
haplotype network was derived from the 39 (non-synonymous) haplotypes of the 19
populations. However, seven of the populations had prominent number of haplotypes and
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are very well represented, accordingly the 7 populations were the Ethiopian (h=19. Red),
South Korea (h=10, Blue), Venezuela (H=12, Pink), Myanmar (h=11, black), Sri-Lanka
(h=7, deep green), Thailand (h=25, Yellow) and Brazil (H=7, light Green). Accordingly 9
haplotypes with prominent frequency were commonly observed in the populations. Three
of the haplotypes Hap 1, Haplotype 2 and Hap 4 were observed in 51% of the isolates in
this study, meanwhile Hap 13, Hap 9, Hap 8, Hap 24 and Hap 33 were also readily
observed with descending frequency, respectively. Haplotype 2 included sequences from
populations of Ethiopia, Sri Lanka, Papua New Guinea, Venezuela, Thailand, Myanmar,
Vietnam and Panama. The second most frequent haplotype 1 also included sequences
from the above populations as well as from Brazil, Ecuador, South Korea, India and
Mauritania. Between the two haplotypes they represent 13 of the 17 Endemic P. vivax
countries included in this study.
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Figure 20 Haplotype network constructed using only non-synonymous variations.
Thirty nine haplotypes composed of 23 common amino acid polymorphisms were
analyzed using the Median Joining algorithm. Nodes represent the haplotypes and
lines indicate connections between them. The size of each node indicates haplotype

frequency.

57



6. Discussion

Plasmodium vivax is the most geographically widespread of the Plasmodium species that
afflict human beings. The prevalence of P. vivax is, however, most felt in South America
and Asian countries where it is responsible for as much as 70% of malaria infections (54).
The parasite is noticeably absent from much of African countries with the prominent
exception of the East African corridor. Chief among the East African countries is
Ethiopia, having the largest geographical presence as well as highest population number
in the region. Concurrently, Ethiopia also has one of the highest rate of P. vivax
prevalence both in the horn of Africa and globally; in fact, by the year 2015, it was the
second highest contributor to P. vivax infections worldwide next to India (224), In
parallel it also had the second highest deaths(12%) associated with P. vivax infections,
preceded only by India(2). While the omnipresence and prevalence of P. vivax infections
have been reported from many segments of the country; much remains in terms of
understanding the population genetics of the parasite. Indeed two genetic studies have
previously analyzed population structure, genetic diversity and multiple clone infections
of the parasite in Ethiopia, using microsatellite markers(48,225). However, these are not
enough given the extensive diversity and dynamic nature of the parasite, rather it is of
utmost importance to continue tracking and analyzing the population genomics of the
parasite in different parts of the country. Furthermore, these studies are fundamental for
understanding transmission dynamics and for tracking important phenotypic variants of
the parasite such as drug resistance genes or antigenic variants in different transmission
settings, as this aid in designing future control and elimination strategies. Therefore, our
study investigated the extent and dynamics of sequence diversity in the vaccine candidate
component of the antigen (block Il only), and examined evidence of balancing selection
(immune selection) and recombination to identify immune escape mechanisms in this
antigen loci for P. vivax. Finally, we used the complete sequence of the antigen loci to
investigate genetic diversity and frequency of multiple clone infections using an
established rapid PCR-RFLP procedure. To understand the mechanism behind the
molecular variation observed in the RFLP alleles and to infer phylogenetic relationship

between identified local haplotypes, representative isolates were sequenced and studied.
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In this cross sectional study, the proportion of P. vivax was significantly higher in four of
the six study sites. Our results maybe a reflection of previous studies, which found a

similar trend(higher proportion of P. vivax) in different parts of the country(15,115,226).

In various studies, age distribution has been an indicator of endemicity in malaria
infections; for P. vivax it usually afflicts infants in areas that are hyper-endemic, as
immunity is attained faster as compared to P. falciparum(227). Contrastingly in low
transmission settings where most infections appear as submicroscopic infections, all age
groups are at risk(228). In the current study all age groups were indeed infected to some
extent, although it was higher in age group of 15 and above, (64.38%). Moreover two
previous studies in the same study sites have indicated the prevalence of a high number
of submicroscopic infections as reflected by PCR(123,229).Evidently the demographic
results are what is expected under the characteristics of a low transmission setting(228).

The MSP 3o gene was used to assess P. vivax diversity and multiplicity of infections as
has been performed in much of the P. vivax endemic countries(198). In most of these
studies, three size variants Type A(1.8kb), Type B(1.5kb) and Type C(1.1) were the most
frequently observed with descending frequency respectively; whereas a fourth
variant(0.5kb) is very rarely reported. The current study found a similar trend with
82.97%, 12.7% and 4.2% prevalence for Type A, B and C respectively. This result was
most notably similar to that of a study done in Sri-Lanka that reported 84.4%, 13.1% and
2.2% for the three size variants(230). However, it was quite higher in prevalence of the
type A size variant than those reported from Venezuela (59.3%), Brazil (68%), Thailand
(74.8%) and India (75.4%) but much lower from that reported in Colombia
(96%)(38,151,192,207,232).The prevalence of Type B size variants on the other hand
was lower than those reported from Venezuela (21.9%) and Thailand (18.7%) but
comparable to those from Brazil (15%) and India (14.3%). The prevalence of the Type C
variants observed in this study was uniformly lower as compared to much of the results
reported from other countries with the exception of Sri-Lanka (2.2%), but significantly
differed from a study in India which reported 70% prevalence(34). Although all of the

studies included in this review reported a lower prevalence of the type C variant to that of
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the Indian study, they were still higher than the one observed here, particularly in
Venezuela (18.8%), Brazil (17%) and India (10%) (151,207,231).

Given the higher prevalence of the type A variant, it has been postulated that it might
confer a selective advantage over the other variants, although the occurrence of the
smaller size variants in every studied population so far, seems to indicate that they can
counterbalance the fitness cost associated with deletions in their genes; albeit reducing
fitness to some extent, as they are found at a smaller prevalence(192,151). Relationships
between the three size variants has been previously analyzed in Thai, Sri-Lankan and
Venezuelan isolates with differing results(151,192,233). The phylogenetic tree results
from the Sri Lankan and Venezuelan studies indicated that both type B and type C
variants were derived from type A, and given the very low sequence diversity in type B
and type C variants both studies concluded that the type A was the ancestral form, this is
in contrast to the Thai study where two of the C variants clustered to different parts of the
phylogenetic tree(151,233).0ur study is quite similar to the former two studies where
type A size variant formed three separate clades, and the type B and type C variants
clustered on different clades formed by the Type A size variant. The exceptional case of
the Thai study can be explained by the fact that samples were originated from different
parasite populations(151).Although this study limited phylogenetic analysis to local
isolates, a previous study has reported that similar sequences don’t come from similar
geographic origin, a case confirmed by subsequent studies that reported a lack of
geographic grouping(32, 36,198,).Similarly in this study, BLAST analysis revealed that
each of the 11 allelic genotypes identified by PCR-RFLP were consistently paired with
sequences from 11 different countries. Two opposing explanations have been presented
to explain this phenomenon: the first is that ‘’phylogenetic relationship between isolates
is masked by the recent extensive polymorphism as a result of similar selective pressures
operating on geographically different lineages to produce similar outcomes; or the
ancestral PvMSP3a is polymorphic and extensive recombination events have obscured
the phylogenetic relationships of the ancestral lineages’’(32,36).

Furthermore, we investigated into the MSP3a diversity and multiplicity of infection
using restriction enzyme Hha 1. Using this restriction enzyme, in total 11 different

haplotypes were observed, which are quite similar to the findings of studies done in
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Brazil(11) Papua New Guinea(11) and French Guiana(11) but higher than those reported
from Venezuela(9) and Columbia(9)(63,151,231,232,234). However, three other
countries reported a higher haplotype number, particularly Peru(17) and two more studies
from India and Thailand that reported 14 and 13 haplotypes respectively(34,192,235).
Interpretation of this results have, however, so far been limited to observations of how
variable the antigen loci is, and comparison of RFLP gel images to identify similar alleles
in different geographic regions. Even in the case of the latter it has been pointed out that
two alleles with similar Hha | RFLP pattern may not necessarily mean they are not
divergent at the nucleotide level and in fact might be a result of “’similarity by RFLP
identity, but not by descent’’(198). However, the results generated here were to the
contrary, by analyzing sequences from the same RFLP pattern categories we found that
the sequences were largely similar, further supported by a quite low pairwise nucleotide
diversity (7=0.002-0.003). The nucleotide diversity for block | was 0.10565, comparable
to Thai isolates (0.10621) nucleotide diversity of the complete sequence was 0.43(n),
higher than the one in Brazil (0.34), but otherwise lower than those observed from
Venezuela (0.049) and Thailand (0.065). To put the results in global context; the South
American continent had a 0.056 and the Asian continent 0.050 whereas the global
diversity stood at 0.049 (32, 36,231).

In silico RFLP using the 14-representative sequence revealed that all of the Hha |
restriction recognition sites were located on the block | ;and the ~1000bp fragment
located at the top was in fact the intact block Il segment. This is quite important as
previous studies have used Hha | RFLP patterns and the complete sequence of the gene
collectively to study phylogenetic relationships when in fact restriction fragment analysis
are only limited to the block I region only. Furthermore the two blocks of the MSP3a
(block 1 & block I1) together and separately give rise to three quite different topologies in
cladograms. This could be a result of an extensive recombination or different parts of the
gene evolving at different paces(36). Nevertheless any molecular phylogenetic study
planning on using genotypes identified by Hha | RFLP and sequencing data in tandem
should consider using only the cladogram that actually involves recognition site of the
restriction enzyme in that particular block. On the other hand in-silico digestion using Alu

| showed that it might be a good alternative to Hha | digestions, as almost every band of
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every pattern revealed that they were highly polymorphic. But distinguishing this
restriction patterns is quite hard as reported from studies in Thailand and Papua New
Guinea(192,234). A similar case was detected in this study where fragments below the
500 bp fragment appeared unresolvable using the normal agarose gel electrophoresis; in-
silico RFLP analysis revealed that some of these fragments were actually 10 to 23 base
pairs apart and as a result hard to discern. Hence a revision in the gel electrophoresis
procedure, or a change in the type of gel might be required to clearly visualize this
particular restriction fragment pattern given that all of the studies use a quite similar

strategy.

A common observation on P. vivax apart from its remarkably high diversity however, is
the incidence of multiple clone infections, which are infections caused by more than one
genotype of the parasite. Multi-clonal P. vivax infections are frequently observed
regardless of the transmission settings and are associated with increased virulence, drug
resistance and transmissibility(160,236,237). In this study, of the 50 samples analyzed
12% were identified to be multi-clonal infections; in a similar manner a Sri Lankan study
has reported a 13% prevalence of multiple clonal infections, but again this is quite lower
than that reported from Columbia (36.4%) ,Papua new Guinea(23%) and Thailand (19%)
but it is higher than the one reported from India (8.2%) (33, 38, 192, 207).The results
here are much lower than those reported from recent studies that used microsatellite
markers to investigate multi-clonality, in south western parts of Ethiopia. Three sites in
the Southern Nations Nationalities and Peoples region, namely Hawassa, Arbaminch and
Halaba had significant levels of multi-clonality at 67%, 44% and 21% polyclonal
infections whereas the fourth site Badawacho (8%) had lower polyclonal infection as
compared to our study(47). This might be a result of sample size, sampling site
(geographical difference) seasonality of infections or detection methods, as microsatellite
markers are relatively free from strong selective constraints, although we can’t rule out
amplification bias in microsatellites, where PCR artefacts can lead to an overestimation

of multiple clone infections(160).

Regardless of the levels observed in different parts of Ethiopia, multiple clone infections

are a public health concern. Although quite hard to distinguish relapses from primary
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infection, based on seasonal patterns ,a study in east Shoa zone has indicated that as
much as 40% of the infections can be attributed to relapses following the major rainy
season(226). Particularly in P. vivax, its relapsing nature provides an opportunity for
increasing clonal diversity, where a genetically distinct new infection joins a dormant
hypnozoite from a previous infection (160).Among other things relapses can also lead to
higher multiplicity of infections, and within the host this can result in a competition for
resources, where traits such as virulence and drug resistance are favored (160,236).Drug
resistance has already been reported for CQ in most areas of Ethiopia. For P. vivax this
includes the currents study sites, particularly in Shala district(42,125,238-240). These all
are disconcerting to efforts that aim to control or interrupt P. vivax transmission. Further
complications such as contraindication of the hypnozoiticidal PQ in G6PDd individuals,
pregnant or lactating mothers mean that hypnozoites will remain a major hindrance for

P.vivax unless the issues are resolved or alternatives are sought.

The most convenient, cost effective alternative to yet be included in the current
armamentarium of anti-malarial’s are vaccines. This is in part because researches have
been hampered by the lack of in vitro culture to study the P. vivax parasite. Instead
population genetic studies in complement with molecular and immunological studies take
center stage in advancing knowledge towards a broadly efficacious vaccine. So far
population genetic studies have revealed a quite extensive diversity in most potential
vaccine candidate antigens. Furthermore, in complement with molecular studies for some
candidate antigens like P .vivax, Apical Membrane Antigen(PvAMA-1), an association
has been made between their high polymorphism and how they use it as an immune
escape mechanism(188).Concurrently other P. vivax endemic countries have included
population genetic analysis in pre-clinical trials of candidate antigens. Ethiopia, while a
major contributor for P. vivax has so far remained uninvolved in efforts of developing a

vaccine.

Here, for the first time the sequence diversity of a vaccine candidate antigen, the
PvMSP3a block II, where due in large part, to its highly conserved nature and a
remarkable immunogenicity has been recognized as an ideal vaccine; is assessed (39,40).

So far studies in 11 P. vivax endemic countries have revealed nucleotide diversity (r) in
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this block, ranging from 0.015(Brazil) to 0.023(India) while the global diversity was
0.019. (39). This is comparable to other vaccine candidate antigens like PVAMA-
1(n=0.01653), P. vivax Thrombospondin Related Anonymous Protein(PvTRAP) (0.0059)
P. vivax Merozoite Surface Protein 1(PvMSP1) 0.0129 and P. vivax Duffy Binding
Protein (PvDBP) 0.01103(241).In the current study nucleotide diversity () for Ethiopian
PvMSP3a isolates was 0.01479 with 19 haplotypes and haplotype diversity of 0.953
.Consistent with previous reports, block two was more conserved than block I
(m=0.10565)(36,39,242,243).1t has been suggested that the reason behind this peculiar
difference lies in the structural arrangement of the gene, where the block 1l component is
under functional constraint and necessary for MSP3a function such as providing
peripheral interaction with other membrane bound proteins; whereas the divergent block |
appears dispensable(32)(191). Despite this, however, a sliding window approach revealed
a remarkable nucleotide diversity (7=0.65) between 390bp-432bp of the block Il. Similar
observations have been reported in PvMSP3a worldwide isolates with a peak diversity of
0.069(39). This region encodes structural motif Il ,which has dimorphic alleles
TAANVVKD and KEATAAKL, indeed another region with a dimorphic allele was also
identified(MSELEK and LSKLEE) at distant part of the gene, although its dimorphism
was at a lesser extent. In contrast, the dimorphic alleles of motif 11 were equally prevalent
(1:1) in the isolates; this also has been a constant theme in different populations studied
over the past decade(32,36,151,198).

In a previous in-silico study, both motifs have been predicted to be B cell epitopes with
>75% specificity, particularly motif Il has been reconfirmed as a B cell epitope in

previous in vitro studies(http://www.iedb.org/) (39).Hence it was quite interesting that

both dimorphic alleles of motif Il were found to be equally prevalent ,since a conserved
pattern of variation in antigenic sequences is associated with either structural constraint
or a strong frequency dependent immune selection(39,150). In particular diversity in
genes encoding antigens especially on the sporozoite and merozoite are results of natural
selection imposed by the immune system. Accordingly test of neutrality were performed
and, the null hypothesis Ho: dy = ds (that polymorphism is neutral) versus alternative
hypothesis of purifying or positive selection was rejected at a significant value
(P=0.049,P<0.05).Similarly the negative selection hypothesis was rejected
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(P=0.026P<0.05),suggesting that positive selection might be operating on block II. This
finding is quite similar to the ones observed in a study by Rayner and colleagues in this
antigen loci(32) using worldwide isolates. In positive selection, genetic variants favored
by this pressure will either increase in frequency or be maintained, as has been the case
for P. falciparum vaccine candidate antigens such as MSP-1 MSP-2 TRAP and AMA-
1(147). Although in the current study, positive values were observed for both Tajima’s D
and Fu and Li’s F across the length of the block, highly significant values(Tajimas D
2.64,P>0.05;Fu &Li’s F 1.7621,P>0.05) were observed only in one specific region, the
region encoding motif Il. Further comparative analysis of the structural motif Il (24bp)
and rest of the block (692bp) also revealed a highly significant positive value for both
tests in the structural motif Il (Tajima’s D 3.23023,P<0.001;Fu&Li’s F 2.29103 P<0.02).
In contrast, the rest of the block had significant negative values (Fu& li’s F -
5.32358,P<0.002 ; Tajima’s D -2.56670 P<0.001). This would indicate that, while
positive selection is operating on the entire block thus reducing diversity, the small region

encoding motif 11 is under balancing selection (Immune selection).

As further evidence on the effects of balancing selection genetic differentiation estimates
for select population sequences revealed low Fsr estimates. Moreover, Fsr values
between Ethiopian and Brazilian (Fst= -0.02), Ethiopian and Sri Lankan MSP3a block
Il isolates (Fst =0.025) are lower than values attained using Single Nucleotide
Polymorphism markers(SNP) for both pairs (Ethiopia& Sri lanka Fst = 0.21; Ethiopia
&Brazil Fst =0.31)(43). However this data should be interpreted with caution because of
the small sample size in the study. Apart from Fst estimates, evidence of population
structuring was also minimal as observed using maximum likelihood tree for both local
and global phylogenetic alignments indicative of extensive gene flow. Instead, the
phylogenetic tree clades were clustered based on the structural motif 1&Il dimorphic
alleles. This observation is further supported by four studies, each of which used isolates
that represent different geographic origins(32,36,39,192). Another important observation
was the low bootstrap values gained when constructing a phylogenetic tree for block 11,
regardless of Amino acid or Nucleotide alignment, regardless of the method used in
constructing the tree (Maximum likelihood, Neighbor joining, Bayesian, Maximum

parsimony, UPGMA) or indeed substitution models(Jukes Cantor, Kimura 2 parameter,
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Tamura Nei ,General time reversible). A similar situation had also occurred for two
independent studies (36,198). This could be a result of the small length of the sequences
to be analyzed(717bp),or recombination signals that can also obscure evolutionary
relationship amongst the isolates themselves(150,198). Recombination is evident by eye
where any combination of the two structural motifs(motif I1&I1) is observed. Furthermore,
DNASP estimated six recombination events whereas the RDP program estimated 4, the
difference between the two results can be explained by singletons which can affect
DNASP results. Nevertheless, recombination was observed from isolates of different
geographic origins and between different PCR size classes and throughout the
phylogenetic tree generated by the RDP program. Indeed, frequent recombination in
MSP3a have been reported in previous studies where recombination in the block Il can
be two to five times higher than the block I component(151).Similarly, Mascorro and
colleagues found increased number of recombination events in the block Il as opposed to
block I and found cladograms constructed from the block | more informative with better
bootstrap support, similar to our study(36).In support of the evidence in recombination,
multi-clonal infections(MCI) can facilitate recombination, and in our study alone we did
find 12% prevalence of MCI which would give ample opportunity for meiotic
recombination in the mosquito midgut (the malaria parasite is a haploid for most of its

life cycle in the human host) .

Regardless of the source of genetic variation or maintenance of these variations, effective
vaccines should include alleles that can cover the prevailing antigenic diversity.
Therefore, it was encouraging that from the constructed 39 haplotypes (using non-
singleton non-synonymous variations) three of the haplotypes were shared in 51% of the
sequences included in the current study. However, it is important to bear in mind that due
to the limited number of samples, results should be interpreted with caution. Nonetheless
the results were more positive than the vaccine candidate antigen PvAMA-1, where only
15% of the haplotypes were shared among studied isolates(244).This, however, not to say
that the other haplotypes warrant further investigations, as most of them are clustered
around these three distinct haplotypes and might be involved in evasion of naturally
acquired-or vaccine-mediated immune responses, hence vaccine formulations should not

comprise of only this haplotypes.
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7. Conclusion

The P. vivax population in Ethiopia is genetically diverse even in low

transmission settings

The P. vivax population in Ethiopia is also expanding, with significant genetic
complexity, this is in tandem with other studies which indicated a surge in
P. vivax prevalence in Ethiopia, this suggest that current prevention/control

mechanisms aren’t having the required effect on the parasite.

The PvMSP3a block I component is highly polymorphic and hence this
component of the gene is an effective promising epidemiological marker

through rapid size restriction analysis.

The PvMSP3a block 11 is a largely conserved region and is more suitable for
designing a multivalent subunit based vaccine as compared to the highly
polymorphic block I component of the gene.

A small region in PvMSP3a block I encoding a predicted B cell epitope is
under frequency dependent selection and might be involved in immune escape
The region under a frequency dependent selection is structural motif
II(TAANVVKD / KEATAAKL) where the dimorphic alleles are equally
prevalent, Therefore future vaccine design strategies targeting PvMSP3a
block 11 should put into consideration the identified antigenic polymorphism
from this study, as they might constitute an immune/vaccine escape

mechanism.

The majority of circulating MSP3a block II alleles share three haplotypes, this

may serve as a starting point for designing vaccines targeting this antigen.
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8. Recommendations

e Given its remarkable diversity and previous reports of a surge in prevalence,
attention should be given to the P .vivax parasite. The Ethiopian national
strategies and policy to combat malaria, should duly acknowledge this fact

urgently and act accordingly
e Molecular epidemiological studies of PvMSP3 o need to be assessed in Ethiopia

to complement this study with regards to studying its vaccine efficacy

e Immunogenicity and protection ability of PvMSP3a as a vaccine candidate

antigen need to be assessed in Ethiopian context
e Population genetic studies need to be incorporated in efforts to prevent and

control the P. vivax parasite. Furthermore, studies should also focus on the
diversity of antigen as they represent potential vaccine candidates.
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10. Appendices

Appendix A. Standard operating procedure for Chelex Saponin extraction

Standard Operating Procedure SOP No: HIRE_1/1
Version: 1
Effective Date: 19/02/16

Title: Combined High Throughput Saponin/ Chelex Extraction of DNA and
Antibodies from Blood Spotted What No. 3 Filterpaper

1.0 PURPOSE / INTRODUCTION: This SOP describes the detailed process of
extracting DNA and Antibodies from blood spotted Whatman No.3 filter using
Saponin for lyses of cell material and elution of Antibodies and Chelex for
binding and removal of oxidative elements. These samples were previously
collected on filter paper and stored in the freezer at least at -20°C. The protocol is
optimized to extract material from 6mm diameter punch, yielding higher
amounts of DNA and Antibodies which then can be used in downstream PCR
and ELISA based applications for the detection of both human and parasite DNA
and parasite directed Antibodies. This protocol is fast but more prone to
contamination. Therefore we recommend using the same consumables as we did.

2.0 SHORT SUMMARY OF PROCEDURE

6mm diameter dried blood spot of blood is cut with puncher and taken and added into a
2mL Eppendorf tube incubated in 200uL of a 0.5% Saponin solution at RT overnight on
a shaker. Cells will lyse and the lysate will be released into the supernatant. DNA will
remain attached to a now near to clear white filterpaper disc. The saponin solution will
contain serum components including antibodies. 200uL of the saponin is then stored in a
new 96 deep well plate for ELISA. After a single washing step with PBS the disc(s) will
be incubated in a 6% Chelex solution and finally heated at 95°C for up to 30 minutes,
while intermediately being spanned down. Chelex will bind positively charged oxidative
elements leaving DNA in solution after denaturation at 95°C. After incubation, a final
high speed centrifuge step follows after which the supernatant (now containing the eluted
DNA) is stored in a new 96 deep well plate with preferably no Chelex contamination.

3.0 Study Title: Genetic Diversity and Natural Selection of a Malaria Vaccine
Candidate in the Ethiopian Population; Plasmodium vivax Merozoite Surface
Protein 3a
Study PI : Alebachew Messele
SOP prepared By: Fitsum GirmaTadesse (Msc, PhD Fellow), Institute of Biotechnology
and Armauer Hansen Research Institute (fitsum.girma@aau.edu.et)
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4.0

5.0

6.0

a)
b)

d)

e)
f)

SCOPE / RESPONSIBILITY: This SOP applies to laboratory personnel
involved in the analyses of the samples

EQUIPMENT & CONSUMABLES

o 2 X Tweezers (per person)
° 2x Scissors ( per person)
° Bunsen Burner
° 70% Ethanol
o Small bucket to hold Ethanol (with lid)
° Dry heat block/waterbath/incubator at 37-C
° Dry heat block or waterbath at 95°C
o Racks for 10mL & 50mL tubes
° 0-200 multichannel pipette
° 200-1mL multichannel pipette
° 200uL and 1mL pipette and pipette tips
° 2mL Eppendorf tubes
° 96 well plates (wells of 2mL+ volume) and according lids (axygen, see
supply file)
o 96 well plates 1.2mL + lids
o Axygen sealing lids
o 1L/500mL Bottles
° Forceps
o Gloves
° Thermometer
° Vacuum system for aspiration
o Benchtop centrifuge
REAGENTS
100% ethanol

0,5% high grade saponin in PBS prepared fresh or stored at 4°C or -20°C
(Sigma-Aldrich, Product Number S4521), best to have Saponin solution is at RT
before use. (100mL per plate, for 1L mix add 5 grams of Saponin)
1X Phosphate Buffered Saline (PBS) Calcium and Magnesium free pH 7.4, stored
at 4°C (100mL per plate)
6% Chelex-100 (Fisher-Scientific Catalog Number NC9708062) in
DNA’ase/RNA’ase free water stored at room temperature (15mL per plate)
Distilled water DNA/RNA’ase free
PBS in DNA/RNA’ase free water
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METHODOLOGY
Cutting

1. Select a reasonable number of samples from the -20 fridge. We want to limit the
amount of time filter papers have at room temperature.

2. Clean down lab bench with 70% ethanol, and lay out paper (M-tork) and foil for
disc cutting and tool sterilizing as is appropriate.

6.0 Label extraction tubes appropriately.

3. Use the 6mm diameter puncher to cut a single blood disc from blood covered
areas of any blood spot. Add the discs to the extraction tubes with forceps.

4. Sterilize the puncher and forceps by dipping briefly in ethanol, and flaming using
the Bunsen burner. Ensure no alcohol remains on the tool, but also that the tool is
not too hot when cutting occurs. By ensuring prompt flaming, overheating can be
avoided.

5. Continue with the next sample

Extraction

1. With a 200uL (1000uL) pipette, add 820uL (this will elute your serum to 1/200) of a
0.5% Saponin solution to every well. Normal elution dilutions (table below) achieve
1/100 blood dilutions (1/200 serum dilutions).
The table for filter paper disc punch diameter and blood volume is as follows:

Diameter of Reconstitution
Blood

punch volume

(mm) (W) ()
1.0 0.2 20
1.5 0.5 50
2.0 0.9 90
2.5 1.4 140
3.0 2.1 200
3.5 2.8 280
4.0 3.7 360
4.5 4.7 460
5.0 5.8 570
55 7.0 690
6.0 8.3 820

2. Make sure that all the tubes are well tightly closed

3. Put the tubes (in a rack) on a shaker, use an intermediate shaking speed, make sure all
the discs are freely moving in the tubes and that the rack is properly stabilized. Leave
it shaking overnight.
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10.

11.

12.

13.

14.

15.

16.

Remove tubes from shaker and photograph, if not difficult, to making sure that filter
paper elution success (colour) and sample ID are visible. Sharply shake tubes to
remove discs stuck to the lid(Figure 21).

Centrifuge tubes for 1 minute at high speed. Confirm that your filterpaper discs
are white. If not this protocol might not yield the best quality of DNA. This is usually
a result of bad storage conditions. Commercial Kits might offer a solution.

Open the tubes carefully to avoid serum transfer from one to another.

Transfer 200uL of the now reddish saponin to a new plate (0.5mL deep well plate)
coded: SERUM-[CODE]. This plate can either be transferred to the ELISA room for
direct processing or can be stored in a freezer at -20/-80-C for subsequent use.
Aspirate the rest of the saponin from the wells using a vacuum system. Try to avoid
touching the filter paper discs. Preferably change tip after every well, alternatively
rinse tip in PBS, if filter paper has been ‘touched’, by default replace tip.

Add 1 mL of cooled (+4°c) PBS to each tube (no saponin), tightly close the lids and
shake for 30 minutes, again assuring that punches move freely in the tubes. Incubate
at 4°C for 30 minutes.

After sitting for 30 mins, shake sharply to get discs to well bottoms. Remove all PBS
using a new tip for each tube. Discard PBS in contaminated waste. Discs MUST now
be at the well bottoms. Use tips to move them if they are not.

Set the water bath to 96°C, ensuring that the ‘overheat temperature’ is appropriately
high (97°C). Check the temperature with the thermometer.

Transfer 150uL of 6% Chelex solution into each well using a multichannel pipette.
Make sure that the Chelex is properly distributed after every transfer round. Chelex
settles quickly, this step ensures that not just water is being transferred.

Extract the parasite DNA by incubating plates for 4x7 minutes at 95-96°C. Start the
timer once 95°C is reached. Stabilize tube racks with floats, and check once in each
cycle that tubes have not overturned. When removing after each incubation, move to
an ice tray and shake the tubes slightly to move the discs around in the chelex
solution (without removing discs from well bottoms). Some evaporation appears to be
inevitable, but by ensuring lids are kept closed, this can be kept to a minimum. To
release pressure build up under the lids, either punch holes in the lid, or use tight
sealing aluminum foil.

After incubation, centrifuge the tubes at maximum speed for 5 minutes. Prepare a
new plate for storage of the DNA. Label this plate with a barcode DNA-[CODE]
Transfer 80uL of the eluted DNA solution from the spun tubes. Make sure that the
Chelex pellet is not disturbed.

Spin plates for 10 minutes at high speed and store at -20 or lower degrees Celsius
until downstream use.
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Figure 21 DBS filter paper elution after shaking overnight
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Appendix B. Plasmodium vivax positive samples by Nested PCR procedure,Gel images
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Appendix C. MSP 3a Nested Products, gel Images
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Appendix D Restriction fragment length polymorphism, Hha | digestion products
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Appendix E. Reference sequence and primers used for nested PCR and Sanger
sequencing

> AF093584.2 Plasmodium vivax merozoite surface protein-3 (Msp-3) gene,

GACCAGTGTGATACCATTAACCTAGATCAAGTGACCGAGAAGGAAAAAAAAACAATAGAAGAGGCAAG
CGTGCAAGCACAGGATGGTCCAAATGCTGAGCCAAATAATGCGGAACAGATACAAGCAGAATTGCAAAA
AGTCAAAACAGCAAAAGAAAATTCAGCAGCCTCAGCTACGGCTGCAGAAACTGCTAAAAACAACGCAGT
GAGCGCAGGAAAGGGATTAGATGCAGCGAAAACAGCCATAGAAAAGGCAAAAGCAGCAGCAGAGGAA
GCGAAAAAAGAAGCTGCTATAGCAGAAAAGGCGGAAAAGGACGCTGAGGCAGCTCAAAAGAAAGATA
ATTTGGAAGATGTAAAAAGTCAAGTACCAACTGCAGAAACAGCGGCAACCAATGCTGAGAAAAAAAAAA
CGAAGGCGGAAATAGCCGTAGAGATAGTCAAAGCAGTAGTGGCAAAGGAGGAAGCGCAAAAGGCGTC
AGATGAGGCCCAGAAGGCATGCGAGAAAGCCAAGAAGGCACACGCGAAAGCGCAAAAGGCTTCTGATA
CAACAAAAACGGTAGAAACGTTCAAAACAAACGCAGAAGCTGCGGCAAATAAGGCAAAGGATGAAGCG
GGCAAAGCCGAAACAGCGGCGACGGATGCTAAAAGTACTGAAGATTTAAGCGTAGCAAAAGACAAAGC
GAAAGCAGCAGAAACAGCCGCTATAGAAGCGAAAAAGCAACAGGTAAAAGCAGAAATAGCTGCCGAAG
TGGCGAAGGCAAAAGTTGCAAAAGAAGAAGCAGATGCAGCACAAAAAAAAGCAGAAGAGGCAAAGAA
AATCGTAGACAAAATAGCAAAAGATTCTGAAGTACCAGAGGCGCAAAAGGCAGCAGAATTCGCCACTGA
AACGGTTAAAAAGGCAACCACCGCGGCGACAGAAGCAGGCGAGAAAGCGCAAGAAGCTGAAAACTTAC
CAGCAGAAGCAGAAACGTCAGACGCGGTAAAAGAAAAGGCCGACGGTGCAGAGAAAGCCGCAGGAGA
AGCAAAAAAAGCATCGATCGAAACGGAAATAGCAGTAGAGGTAGCAAAGGCGGAAGTGCTGAACGCA
GAAGTAAAAAAGACAGCACAAGAAGCGGAAAATGACGCAACGGAGGCTAAGAAGCAGGCAGAARAGE
BTAAGGCAGCAGCGGAAGAGGCAAAGACGCACGGAGAAAAAGCAGAAAAGGTAGGAGAGTCAACAAA
AGCACATTCAGATGAAGCACAGCAAGAAAATAAAAACGCAAAGGACGCCTCGGAAGAAGCAGAAAACA
GAGCGGTGGACGCATTGGAAGAAGCGTATGCAGTGGAAGCACATCTGGCAAGAACCAAAAATGCAGCA
GAGTCAGCCAAAAGTGCAACAGATTTGAGTAAATTAGAAGAGGCAAAGGAGGAAGCGATAGATGCAGC
AAATATAGCTCATCAAAAGTGGTTAAAAGCAACCCAGGCAGCTACCATTGCAAAAGAAAAGAAGGAAGC
TGCAAAAGTAGCCGCTGAAAAAGCACAAAAAGAAGCAACCGCTGCAAAATTAAAGGCAGCTAAGGCTG
AAGCGAAGAAGGCAGAAACAGAAGCGGTAAAGGCAGCGGTAGAAGCGAGAGCGGCGGCGGCGGAAG
CGAAACAAGAGGCAGCAAAAGTAGGGGCATCGAAAGAACCACAAGAAACTAAAAATAAAGCAAATGTG
GAAGCAGAAGCAACAGGAAATGAAGCAAAAAAGGCAGAAGATGCCGCGGAGGAAGCTAAAGAAGCAG
CCAAAAAAGCAAATGAAGCAACCGATGCAGATGTAGCAAGAGCAGAGGCAGACAAAACAATCGCCGCA
GCGAAGAAGGCAAAGAAGGCGAGAGAAAAAGCAGCGTACGGGCTECTGAAGACGAAGAACCAGTAT

N1 (fw) GACCAGTGTGATACCATTAACC 22-mer 45% GC6703.4 Da
N2|(¥) ATACTGGTTCTTCGTCTTCAGG ~ 22-mer 45% GC6707.4 Da
F2 (fw) CAAAGGCGGAAGTGCTGAAC  20-mer 55% GC6200.1 Da
R®) GCCTTTTCTGCCTGCTTCTTA  20-mer 48% GC6305.1 Da
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Appendix F. Pictorial representation of the blocks and restriction enzyme recognition

sites on the reference Belem strain and some of the isolates

P.vivax Merozoite Surface Protein 3 alpha, Belem Strain (1896bp)

(528) Hhal
(465) Hhal
(211) Hhal
® (1..22) N1 (933) Hhal F2 (1064 .. 1083)
(0) Start (858) HhaI| R2 (1134 .. 1154) (1896) EndN2 (1875
500 1000 1500
B Amino Terminal Region (229bp-309bp)
Bl sBlock one (310bp-1188bp)
I Block Two (1300bp-2058bp)
I Carboxy Terminal Region (2059bp-2151bp)
(178) Hhal
(0) Shrt‘ (169) Hhal\‘ (432) Hhal |Hhal (495) (900) Hhal End
500! 10007 15001
(102) Hhal
(93) Hhal‘
(0) Sﬁrt \ (356) Hhall thaI (419) (866) Hhall End
‘ 50071 1000 15001
(181) Hhal
Start (0) (172) Hhal‘ End
2501 5007 7501 10007 ‘
lsurt (0) ‘Hhal (197) (484) Hhal End
Seal AT Seal annl Al
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(482) Hhal

fmn (0) Hhal (195)  (407) Hhall End (1429)
|
7507 5007 7501 10001 12500
lsnrt (0) (367) Hhal JHhal (430) (835) Hhal End
|
5007 000! 15007
(68) Hhal
(59) Hhal
(0) Shrtl \ (320) Hhal‘ thaI (383) (788) Hhal End
5007 10007 15001
(894) Hhal
lsrart (0) (410) Hhal‘ ‘Hhal (473) (845) Hhal End
|
5007 10007 15007
(12) Hhal
(3) Hhal
(0) sean\\ (266) Hhall ‘Hhal (329) (776) Hhall End
L |
5007 Tooos 15007

*The color black represents the Intervening sequence predicted to act as helix breaking 3

turn(32).
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Appendix G. List of sequences used for analysis

genbank accession number

Country of Isolate

genbank accession Number

Country of Isolate

KR902511.1_ Thailand AY833011.1_ Thailand
KR902512.1_ Thailand AY833012.1_ Thailand
KR902513.1_ Thailand AY833013.1_ Thailand
KR902514.1_ Thailand AY833014.1_ Thailand
KR902515.1_ Thailand AY833015.1_ Thailand
KR902516.1_ Thailand AY833016.1_ Thailand
KR902519.1_ Thailand AY833017.1_ Thailand
KR902520.1_ Thailand AY833018.1_ Thailand
KR902521.1_ Thailand AY833019.1_ Thailand
KR902522.1_ Thailand AY833020.1 Thailand
KR902523.1_ Thailand AY833021.1_ Thailand
KR902524.1_ Thailand AY833022.1_ Thailand
KR902525.1_ Thailand AY833023.1_ Thailand
KR902526.1_ Thailand AY833024.1_ Thailand
KR902528.1_ Thailand AY833025.1 Thailand
KR902529.1_ Thailand AJ864967.1_ Venezuela
KR902530.1_ Thailand AJ864941.1_ Venezuela
AF491945.1_ Brazil AJ864942.1_ Venezuela
AF491946.1_ Brazil AJ864944.1_. Venezuela
AF491947.1_ Brazil GU175285.1_ Sri Lanka
AF491948.1_ Brazil GU175269.1_ Sri Lanka
AF491949.1_ Brazil GU175270.1_. Sri Lanka
AF491950.1_ Ong GU175271.1_ Sri Lanka
AF491951.1_ Bangladesh GU175272.1_ Sri Lanka
AF491952.1_ Ecuador GU175277.1_ Sri Lanka
AF491955.1_ Papua New Guinea GU175279.1_ Sri Lanka
AF491956.1_ Brazil EU430600.1_ Myanmar
AF491957.1_ India EU430576.1_ Myanmar
AF491958.1_ North Korea EU430577.1_ Myanmar
AF491959.1_ Papua New Guinea EU430578.1_. Myanmar
AF491961.1_ Sri Lanka EU430579.1_. Myanmar
AF491962.1_ Thailand EU430580.1_. Myanmar
AY266091.1_. Indonesia EU430581.1_ Myanmar
AY118174.1_ Indonesia EU430582.1_ Myanmar
AY266089.1_ Malaysia EU430583.1. Myanmar
AY266090.1_ Pakistan EU430584.1_ Myanmar
AY266087.1_ South Korea EU430585.1_ Myanmar
AY833026.1_ Thailand EU430586.1_ Myanmar
AY833010.1_ Thailand KC935447.1_ Panama

110




AY833011.1_ Thailand KC935422.1_ Venezuela
AY833012.1_ Thailand KC935423.1_ Venezuela
AY833013.1_ Thailand KC935424.1_ Venezuela
AY833014.1_ Thailand KC935426.1_ Venezuela
AY833015.1_ Thailand KC935427.1_ Venezuela
AY833016.1_ Thailand KC935428.1_ Venezuela
AY833017.1_ Thailand KC935429.1_ Venezuela
AY833018.1_ Thailand KC935430.1_ Venezuela
AY833019.1_ Thailand KC935431.1_ Venezuela
AY833020.1 Thailand KC935441.1_ Indonesia
AY833021.1_ Thailand KC935442.1_ Thaliand
AY833022.1_ Thailand KC935443_ Vietnam
AY833023.1_ Thailand AY833010.1_ Thailand
AY833024.1_ Thailand KC935445.1 _ Mauritania
AY833025.1 Thailand KC935446.1_ India
AJ864967.1_ Venezuela KC935425.1_ Venezuela
AJ864941.1_ Venezuela JQ317289.1_ South Korea
AJ864942.1_ Venezuela JQ317283.1_ South Korea
AJ864944.1_. Venezuela JQ317284.1_ South Korea
GU175285.1_ Sri Lanka JQ317285.1_ South Korea
GU175269.1_ Sri Lanka JQ317286.1_ South Korea
GU175270.1_. Sri Lanka JQ317287.1_ South Korea
GU175271.1_ Sri Lanka JQ317288.1_ South Korea
GU175272.1_ Sri Lanka EF204163.1_ South Korea
GU175277.1_ Sri Lanka EF204144.1_ South Korea
GU175279.1_ Sri Lanka EF204145.1_ South Korea
EU430600.1_ Myanmar EF204146.1_ South Korea
EU430576.1_ Myanmar EF204147.1 South Korea
EU430577.1_ Myanmar EF204148.1_ South Korea
EU430578.1_. Myanmar EF204149.1_ South Korea
EU430579.1_. Myanmar EF204150.1_ South Korea
EU430580.1_. Myanmar EF204151.1_ South Korea
EU430581.1_ Myanmar EF204152.1_ South Korea
EU430582.1_ Myanmar EF204153.1_ South Korea
EU430583.1. Myanmar EF204154.1_ South Korea
EU430584.1_ Myanmar EF204155.1_ South Korea
EU430585.1_ Myanmar EF204156.1_ South Korea
EU430586.1_ Myanmar EF204157.1_ South Korea
KC935447.1_ Panama EF204158.1_ South Korea
KC935422.1_ Venezuela EF204159.1_ South Korea
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Appendix H. Name and Sequences of the 39 haplotypes

GACCGACTATAGAAAGCCAAAAGAAAACTCTCA
GACCGACTATAGAAAGCCAAGGGACTTCATTA
AACCGACTATAGAAAGCCAAGGGACTIC CATTA
AAACCGATTATAGAAAGCCAAAAGAAAACTCTCA
GACCGACTATAGAAAGCCAAAGGAAAACTCTCA
GACCGACTATTAGAGGATAAGGGACTT CATTA
GACCGACTATAGATAGCCAAGGGACTC CATTA
GACCGACTATTAGAGGATAAAAGAAAATCTCTCA
AACCGATTATAGAAAGCCAAGGGACTT CATTA
GACCGACTATAGAAAGCCAAGGGT OCTOCCTTA
GACTGACTATTAGAGGC CCAAAAGAAAATCTCTCA
GACCGACTATTAGAGGATAAAAGAAAACTCTCOG
GACCGATTATTAGAGGTCCAAGGGACTT CATTA
AAAAAGTTTATTAGAGGACAAGAAAAAACTCTCA
GACCGACTTTAGAAAGCCAAGGGACTC CATTA
GACCGACTATTAGAGGC CCAAAAGAAAATCTCTCA
GACCGATTATAGAAAGCCAAAAGAAAATCTCTCA
GACCGACTATAGAAGGCCAAGGGACTC CATTA
GACCGACTATAGGAAGCCAAGGGAATT CATTA
GACCGACTATAGAGAGCCAAGGGACTTC CATTA
GACCGACTATAGAAAGCCGAGGGACTC CATTA
AAACCGATTACTAGAGGATAAAAGAAAATCTCTCA
GACCGACTATAGAAAGCCAAGGGACTC CATTG
AAACCGATTATTAGAGGATAAAAGAAAACTCTCA
AACCGATTTTAGAAAGCTCAAAAGTAAACTCTCA
GACCGAATATAGAAAGCCAAGGGACTC CATTA
AACCGATTATAGAAAGCTCGCAACCGATAGTCSG
AACCGACTATAGAAAGCCGAGGGACTT CATTA
AACCGACCATAGAAAGCCAAGGGACTTCATTA
AACCGACTATAGAAAGCCAGGGGACTTCATTA
GACCGACCATAGAAAGCCAAAAGAAAACTCTCA
GACCGACTATAGAAAGCCAAGGGACT C CCTTA
AAAAAGTTTATTAGAGGACAAAAAAAAACTCTCA
AACAAACTATTAGAGGATAAAAGAAAACTCTCA
AACCGATTOGC CTAGAGGATAAAAGAAAACTCTCA
GACCGATTATAGAAAGCCAAGGGACTC CATTA
GACTGACTATAGAAAGCCAAGGGACTC CATTA
AACCGACTATAGAAACCCAAGGGACTTCATTA

Hap_1
Hap_2
Hap_3
Hap_4
Hap_5
Hap_6
Hap_7
Hap_8
Hap_9

Hap_10

Hap_11

Hap_12

Hap_13

Hap_14

Hap_15

Hap_16

Hap_17

Hap_18

Hap_19

Hap_20

Hap_21

Hap_22

Hap_23

Hap_24

Hap_25

Hap_26

Hap_27

Hap_28

Hap_29

Hap_30

Hap_31

Hap_32

Hap_33

Hap_34

Hap_35

Hap_36

Hap_37

Hap_38

G GCAAACTATAGAAAGCCAAAAGAAAACTCTCA

Hap_39
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