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ABSTRACT

Plasmodium falciparum infections are frequently composed of a mixture of
different strains that exhibit significant different genotypes. Three highly polymorphic
genes of the merozoite surface protein 1 and 2 (MSP1 and MSP2) and the glutamine-
rich protein (GLURP) have always been used to genotype P. falciparum by nested
polymerase chain reaction (nested PCR). Three main disadvantages of nested PCR are
an inability to detect nucleotide sequence polymorphisms, a diminished sensitivity at
low parasite densities, and poor resolution at high parasitemia. In this study,
Heteroduplex Tracking Assay (HTA) was developed to genotype the MSP1 gene of P.
falciparum. Previously determined for their allelic type by nested PCR, four DNA
samples were selected for generation of four recombinant clones. The AF63, AF22,
AF42 and MHP 1452 clones, which are the K1-, MAD20-, RO33-, and K1-type of the
block 2 MSP1 sequences, were used as either probes and known MSP1 sequence
controls in HTA. PCR with minor modifications was used to amplify the block 2
MSP1 gene. The PCR products were re-annealed with the radio labeled probes and the
prominent heteroduplex bands were defined as different genotypes of P. falciparum
infection. The number of these distinct bands, which is known as the multiplicity of
infection (MOI), reflects the number of genotypes in each isolate. Mean of MOI
determined from 39 samples was 1.92 + 0.13. Thirteen samples (33.3%) had one
genotype, 18 samples (46.2%) had two genotypes, 6 samples (15.4%) had three
genotypes, and 2 samples (5.1%) had four genotypes. In addition to identification of
genetic diversity, HTA was also applied to distinguish recrudescence from re-infection
in 17 paired admission and recrudescent samples. It was found that 10 out of 17 pairs
(59%) showed true recrudescence since recrudescent samples contained identical
heteroduplex bands or a subset of heteroduplex bands in the admission samples. Seven
cases (41%) might have resulted from both recrudescence and re-infection because the
appearances of new heteroduplex bands imply either new infection or the undetectable
genotype at admission. This study is the first to apply HTA to identify genetic
diversity of P. falciparum infections and also to identify recrudescence and re-
infection.

KEYWORDS: HETERODUPLEX TRACKING ASSAY/ P. FALCIPARUM/
GENETIC DIVERSITY/ RECRUDESCENCE
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CHAPTER 1
INTRODUCTION

Plasmodium falciparum, the most virulent of the four parasite species causing
human malaria, exhibits significant genetic diversity (1). The ability to generate
genetic diversity is widely assumed to be a mechanism of immune evasion for the
parasites to escape host immune responses (2), (3), (4). Three highly polymorphic
genes of P. falciparum that are the merozoite surface protein-1 (MSP1) and the
merozoite surface protein-2 (MSP2) genes, and the glutamine rich protein (GLURP)
gene have been used as genetic markers to identify the genotype of P. falciparum (5-
8).

Polymerase chain reaction (PCR) is valuable technique for the analysis of
genetic diversity because this technique can provide a large amount of specific DNA
fragments (9). Molecular genotyping methods based on PCR including nested PCR
(5), restriction fragment length polymorphism (RFLP) (10), single strand
conformation polymorphism (SSCP) (11), and direct DNA sequencing are used most
often to analyze genetic diversity although some limitations still occur (12, 13). For
example, by nested PCR to detect size polymorphisms (14), different DNA sequences
with the same size will co-migrate as one band in a gel so it is misinterpreted as one
sequence.

Heteroduplex tracking assay (HTA), which involves the amplication of variable
region from the polymorphic genes, followed by the analysis of different genotypes in
native polyacrylamide gel electrophoresis, has been used to analyze genetic variations
in various pathogenic microorganisms such as in Human Immunodeficiency Virus
(HIV) (15), (16), (17), Epstein-barr virus (EBV) (18), and Mycrobacterium
tuberculosis (19). This technique relies on both size and sequence polymorphisms,

thus the potential of HTA to detect sequence differences in heteroduplexes with a
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labeled DNA probe may be useful not only for determination of DNA polymorphisms
in P. falciparum population but also to distinguish recrudescence from re-infection
after treatment failure.

The present study was designed to develope PCR-based HTA for genotyping
P. falciarum infections, and also to evaluate the technique validation and applications,
especially the estimation of multiplicity of infection and the assessment of

recrudescence or reinfection after antimalarial drug treatment.
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CHAPTER 2
OBJECTIVES

The aims of this research are as follows:

1. To develop and validate the heteroduplex tracking assay for the analysis of
P. falciparum genetic diversity.
2. To evaluate the applicability and reproducibility of this novel technique for
screening of field specimens by
2.1 investigation of the extent of P. falciparum genetic diversity
2.2 identification of recrudescence from re-infection after antimalarial
drug treatment
3. To compare nested PCR and HTA for estimation of the multitiplicity of

P. falciparum infection.
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CHAPTER 3
REVIEW OF THE LITERATURES

1. Human Malaria

Malariais one of the most important infectious diseases in the world, particulary
in many tropical countries, causing 300-500 million infections worldwide and 1-2
million deaths annually (20). Malaria threatens approximately 41% of the world's
population (21), most of which are in the world’s poorest countries, especialy in rural
areas with poor access to health services or have limited internal resources to combat
the disease. Maariais a curable disease but life-threatening severe malaria may occur
if prompt diagnosis and adequate treatment are not given, or if the parasites are
resistant to treatment.

Malaria parasites belong to the genus Plasmodium, the intraerythrocytic
protozoa. This genus is classified in the phylum Apicomplexa, family Plasmodidae,
class Sporozoea. It is consisting of almost 5,000 species which are different in host
specificity and disease manifestation due to wide variations in genome composition
and codon usage (22). The causative agents of human malaria are four species of
Plasmodium protozoa; P. falciparum, P. vivax, P. ovale and P. malariae. The
geographical distribution of malaria mainly follows the distribution of Anopheles,
disease vector. Anopheles can survive and reproduce well in tropical climates (23).

Vivax maariaisthe predominant malarial parasite in most part of the world (23).
It is found almost everywhere of malaria endemic area. P. vivax is the only one
Plasmodium that has a range extending into the temperate regions such as Eastern
Europe, the Middle East, and the lower Korean peninsula. The distribution of ovae
malaria is more limited; it seems to be rather widely distributed in tropical Africa,
amost entirely of the Western Africa coast (23). It has also been found in South

America and Asia. P. malariae occurs primarily in subtropical and temperate areas,
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particularly in Africa. It has a broad distribution, but is less frequently found than
other species of malaria (23). Finally, falciparum malariais widespread. It is prevalent
in most areas where malariais endemic (23).

Of the four species of malaria, P. falciparum is the most virulent and is
responsible for the high mortality rate, about 95% of malaria deaths worldwide. The
virulent of this parasite is thought to result from many factors including intrinsic
genetic and biological components (24). For example, in a patient infected with
falciparum malaria the parasite burden can reach as high as 10™ organisms. Red blood
cells, more over, infected with falciparum malaria can adhere to the endothelium of
small blood vessels of the brain, and cause cerebral malaria; the most severe form of
malaria infection. Additionally, drug resistant falciparum malaria increases the

severity and widespread of malariainfection.

1.1 ThePlasmodium life cycle

The Plasmodium protozoan requires two hosts, human and female mosquito
genus Anopheles as shown in Figure 1 (23). The Plasmodium life cycle in human
begins with the bite of an infected female Anopheles. The sporozoites in the
mosquito’s salivary gland are injected into the blood circulation of the human host.
The introduced sporozoites then invade liver cells, beginning the exo-erythrocytic part
of the cycle. Subsequent development of P. falciparum and P. malariae differs from
that seen in P. vivax and P. ovale. In all species, an asexual multiplication takes place
within the liver cells, but in P. vivax and P. ovale a proportion of the infecting
sporozoites are believed to enter a resting stage before undergoing asexual
multiplication, while others undergo this multiplication without delay. The resting
stage of the parasite in the liver cells is known as a hypnozoite. After a period of
weeks or months, reactivation of the hypnozoite initiates asexual division. Asexual
multiplication in the liver cells results in the production of thousands of tiny
merozoites in each infected cell. Rupture of these cells releases merozoites into the
blood circulation. In the blood stream, an asexual cycle, known as schizogony, takes
place within the red cells. The merozoites invade the erythrocytes to begin the

erythrocytic cycle and develop into ring stage, trophozoites, and schizont;
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respectively. Merozoites bud from mature schizonts, and eventually the infected
erythrocyte ruptures, releasing merozoites into the bloodstream. The merozoites
invade the new erythrocytes and new erythrocytic cycle start again. By unknown
mechanism, merozoites, instead of continuing the asexual replication cycle, enter a
sexual replication cycle and differentiate into male and female gametocytes.

The infection in a mosquito host (the sporogonic cycle) occurs when a female
Anopheles takes up the gametocytes during a blood meal. Inside the mosquito, the
gametocytes are transformed into gametes and fertilization takes place. The zygote
develops into an ookinete, which transverses the midgut epithelium of the mosquito.
At this stage, the ookinete develops into an oocyst. The oocyst undergoes asexual
replication (sporogony) to produce thousands of sporozoites. After sporozoite
maturation the oocyst bursts and the sporozoites release into the body cavity of the
mosquito. The motile sporozoites enter the mosquito’s salivary gland and travel to the
lumen of the gland. If the infected anopheline mosquito takes a blood meal from a

new human host, these sporozoites will continue the Plasmodium life cycle in human.
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Alexander J. da Silva, PhD and Melanie Moser.
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1.2 Epidemiology of malariainfection

Malaria is particularly prevalent in tropical regions and occurs in over 100
countries in Africa, Central and South America, Indian subcontinent, and South-east
Asia (Figure 2). All of the malaria parasites are transmitted by female Anopheline
mosquitoes. Transmission of malaria is affected by climate and geography. When
prevalence is relatively steady from year to year and season to season, transmission is
year round and malaria is said to be stable, but when there are wide differences in
incidence from year to year or season to season, transmission is seasonal or sporadic
and malariais unstable.

In areas of highly endemic or stable malaria including much of sub-Saharan
Africa, tropical areas of Asia, and South America, the parasite and mosquito
development can occur year-round. Thus, transmission also occurs year-round at
moderate to very high levels, and the incidence is fairly constant. In these areas the
vast majority of deaths occur among young children (20). Due to constant exposure
and infection over their lifetimes, adults have a constant low-level of immunity to
malaria infection which can prevent serious diseases. However, pregnant women
suffer higher morbidity and mortality rates than the general adult population. Due to
maternal antibodies, infants generally have a high level immunity.

In areas of seasona or unstable transmission, such as parts of Southeast Asia,
South America, and the highlands of Africa, the climate does not necessarily alow
rapid or year-round development of the parasite and mosquito. Children and adultsin
these areas have similar malaria morbidity and mortality, as there is either no
immunity or very low level of immunity. These areas have potential for malaria
epidemics, and incidence may vary widely year to year.

In Southeast Asia, there are approximately 27 million cases of malaria yearly,
including 30,000 deaths (25). Over the last decade there has been no detectable
decline in malaria rates in the countries of this region (25). Epidemics often occur
because of cross-border migration patterns, bringing non-immune workers into areas

that carry malariarisk.
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1.3 Symptoms of malaria infection

Symptoms of malaria typically consist of definite paroxysms of chill, fever, and
sweating, which occur at regular intervals depending on the time of erythrocytic burst.
However the chills and fever are not as significant as the periodicity. Some of the
features of the four different malarias are compared in Table 1 (23).
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1.4 Malariatreatment

Currently, the three main catagories of antimalarial drugs (26) are:

(1) Quinoline-containing drugs include type-1 drugs (the 4-aminoquinolines e.g.
chloroquine) and type-2 drugs (the aryl-amino acohols e.g. quinine, mefloquine,
halofantrine), which act on hemoglobin degradation and parasite food vacuoles.
The two groups differ in that type-1 drugs are weak bases, diprotonated and
hydrophilic at neutral pH, whereas type-2 drugs are weaker bases and lipid soluble
at neutral pH. In addition, the two groups appear to interact differently with their
putative target (27) and show an inverse relationship with respect to parasite
sensitivities.

(2) Folate antagonists inhibit enzymes of the protozoan folic acid biosynthesis
pathway. The antifolate drugs are dihydrofolate reductase (DHFR) inhibitors (e.g.
pyrimetamine, cycloguanil, and chlorcycloquanil), and dihydropteroate synthase
(DHPS) inhibitors (e.g. sulfonamides and sulfones), mimic p-aminobenzoic acid
(PABA). The effect of the DHFR inhibitors on malaria parasites is to reduce the
biosynthesis of folate resulting in decreased synthesis of pyrimidines and blockage
of DNA replication. Also, decreased conversion of glycine to serine and decreased
methionine synthesis can be found (24). The DHPS inhibitors compete for the
active site of DHPS that is a bifunctional enzyme with 2-amino-4-hydroxy-6-
hydroxymethyl-dihydropteridine pyrophosphokinase, the enzyme that mediates
the previous step in the biosynthetic (24).

(3) Endoperoxides of artemisinin-type compounds are either the natural extract
artemisinin or the semi-synthetic derivatives (dihydroartemisinin, artesunate,
artemether, arteether). These compounds contain stable endoperoxide bridges.
Artemisininis believed to act via a two-step mechanism (28). It isfirst activated by
intraparasitic heme-iron which catalyses the cleavage of this endoperoxide. A
resulting free radical intermediate may then kill the parasite by alkylating and
poisoning one or more essentiadl malaria proteins. No clinically relevant
artemisinin-resistant human malaria has yet been reported.
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2. Emergence of Malaria Drug Resistance

Although malaria is a fatal disease, illness and death from malaria are largely
preventable. Management of malaria is based on three principles: chemotherapy,
transmission blocking and vaccination. In areas where malaria transmission is intense,
chemotherapy is the most practical approach for control. Transmission blockers,
which include insecticides and bed nets, can be effective, particularly where
transmission is less intense (29). Considerable effort has been focused on vaccine
development, but no effective vaccine has been deployed yet (30).

Resistance is the ability of parasites to survive doses of drugs that would
normally kill parasites of the same species and stage. It is inherited and selected for
because the survivors of drug treatments pass genes of resistance on to their
offsprings. The global malaria crises include emergence of widespread resistance to
available, affordable, and previously highly effective antimalarial drugs (31).
Inadequate health systems and resources are also carrying widespread malaria
resistance. Antimalarial drug resistance is now widespread throughout most malaria
endemic areas. The worldwide distribution of drug-resistant malaria is shown in
Figure 3. The problem of drug resistance is a major challenge for replacement with
new effective drugs; however, resistance to antimalarials is emerging faster than new
drugs are being developed. In particular, P. falciparum, the species that causes the
most severe form of the disease, is resistant to quinolines and antifolates. The
consequences of resistance are an increase in mortality and morbidity. It has been
estimated that mortality to falciparum malaria increases up to fivefold in areas where
resistance to the antimalarial chloroquine is established (32). The majority of
multidrug resistant to P. falciparum cases were reported from Thai-Myanmar and
Thai-Cambodian border.

Two aims for monitoring of resistance are to detect resistance after it has
emerges and to detect resistance when it is at low frequency (33). In order to maintain
drug susceptibility, very sensitive surveillance methods are needed in the future of
malaria control, particularly for guiding therapeutic decisions. Effective drugs can be
identified and retained for use while other drugs that are no longer effective can be
removed.
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2.1 Assessment of antimalarial susceptibility

Classica methods for drug efficacy measurement are the clinical response of
patients to a standard drug treatment (in vivo), and the sensitivity of parasites to drugs
(in vitro). An in vivo test consists of the treatment of a group of symptomatic and
parasitaemic individuals with known doses of drug and the subsequent monitoring of
the parasitological and/or clinical response over time. The results of in vivo tests do
not necessarily reflect the true level of pure antimalarial drug resistance. However,
this test offers the best information on the efficacy of antimalarial treatment under
close to actual operational conditions.

In vivo response to drugs was originaly defined by the World Health
Organization (WHO) in terms of parasite clearance (sensitivity [S] and three degrees
of resistance [RI, RII, RIII]. This classification remains valid for areas with low or no
malaria transmission, but it is difficult to apply in intensive transmission areas, where
new infections may be mistaken for recrudescences. Therefore, WHO introduced in
1996 a modified protocol based on clinical outcome (adequate clinical response, early
treatment failure and late treatment failure) targeted at a practica assessment of
therapeutic responses in areas with intense transmission, where parasitaemia in the
absence of clinical signs and symptoms is common (31). Classifications of in vivo
antimalarial drug sensitivity test outcomes according to the original WHO protocol

and the modification were shown in Table 2.
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Classifications of in vivo antimalarial drug sensitivity test outcomes

according to the original WHO protocol (34) and the modification (1996) for areas

with substantial malaria transmission

Original classification

Definition

S (Sensitive)

Reduction to <25% of initial parasitemia on Day 2 with
negative malaria smears from Day 7 till the end of the
follow-up period (28 days, or longer for drugs with a

long half-life, e.g. mefloquine).

RI response

Initial clearance of parasitemia, a negative smear on Day
7, followed by recrudescence 8 or more days after
treatment.

RII response

Initial clearance or substantial reduction of parasitemia
(<25% of the initial count on Day 2) but with persistence

or recrudescence of parasitemia during Days 4-7.

RIII response

Lack of significant reduction of parasitemia.

Modified classification

Definition

Early treatment failure
(ETF)

Aggravation or persistence of clinical symptoms in the
presence of parasitaemia during the first 3 days of

follow-up.

Late treatment failure

(LTF)

Reappearance of symptoms in the presence of

parasitemia during Days 4 —14 of follow-up

Adequate clinical
response (ACR)

Absence of parasitaemia on day 14 irrespective of fever,
or absence of clinical symptoms irrespective of

parasitemia, in patients not meeting ETF or LTF criteria.




Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Med. Tech.) / 17

In the most frequently used procedure of the in vitro tests, the micro-technique,
parasites obtained from a blood sample are exposed in microplates to precisely known
guantities of drug and observed for inhibition of maturation into schizonts (35). This
test more accurately reflects “pure’ antimalarial drug resistance. Multiple tests can be
performed on isolates; severa drugs can be assessed simultaneously.

However, these methods both in vivo and in vitro tests are time consuming
require highly trained personnel and are difficult to standardize (20). Recently, the use
of molecular markers has been proposed as an additional tool for early detection of
drug resistance (10),(13),(5),(36),(37),(7). Molecular techniques are mainly based on
polymerase chain reaction (PCR). PCR is useful because the reaction conditions can
be designed to be highly specific, easily automated and capable of amplifying small
amounts of sample. These molecular data obtained from this technique are potentially
powerful public health tools for surveillance of drug resistance. However, it is
relatively complex how to relate the molecular data on parasite genotypes to clinical
outcomes and this requires detailed knowledge of resistance mechanisms at the
molecular level. Genetic markers are not available for all drug resistant phenotype and
it is important to find the gene(s) that involve drug susceptibility when there are the

mutations.

2.2 Determinants of antimalarial resistance

Factors contributing to the development and spread of resistant malaria parasites
include the interaction of drug treatment patterns, drug characteristics, human host
factors, parasite characteristics, vector and environmental factors (31). In nature,
resistant malaria parasites appear to occur through gene mutations that confer reduced
sensitivity to a given drug or group of drugs. Single or multiple point mutations in the
Plasmodium genome may confer resistance in the face of chemotherapy.

Characteristics of the drug are important determinants of resistance. First, drugs
with a long half-life may exert substantial residual selection on new infections if the
drug persists at subtherapeutic concentrations in the plasma, especially in areas with
intense malaria transmission. Second, the maintenance of adequate drug

concentrations over a long time is important for clearing the entire population of
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parasites within a given individual. Subtherapeutic drug concentrations eliminate the
most susceptible parasites and leave the resistant parasites to recover and reproduce.
As a result, the therapeutic dose may increase the maximum tolerated, and the
manifestation of drug resistance will emerge. Third, widespread use of drugs at high
intensity increases drug pressure and selection for resistant parasite populations.

The efficacy of chemotherapy could be increased by host immunity. Partialy
drug resistant parasites might be cure in a semi-immune pateint. Finally, vector and
environmental factors may influence the proliferation of resistant parasites. For
example, chloroquine resistant parasites may be able to reproduce better in certain

anopheline mosquitoes than in non-resistant strains (38).
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3. Genetic Diversity of Malaria Parasites

P. falciparum population in endemic area is extremely diverse. The parasite
genotypes are unique for each strain. Severa mechanisms including genetic
recombination, gene conversion, and duplication generate new strains in P.
falciparum populations (39, 40). Different parasite strains with different genotypes
result in different phenotypes. Analysis of the genetic diversity could indicate the
structure of parasite populations. The number of genotypes of P. falciparum per
infected person is defined as the multiplicity of infection (MOI). The MOI that play
an important role for the monitoring and control of malaria disease (41) has been used
to study the development of protective immunity and to understand the dynamics of
malaria disease (42),(41).

P. falciparum displays extensive genetic variation in many antigens. Marked
diversity has been found in genes encoding the merozoite surface protein 1 (MSP1),
the merozoite surface protein-2 (MSP2), and the glutamine rich protein (GLURP).
These highly polymorphic genes have been frequently used as genetic markers for

genotyping of P. falciparum (5-7).
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3.1 The merozoite surface protein-1 (MSP1) gene

The MSPL1 is the primary surface antigen of P. falciparum merozoite. This
glycoprotein of about 200 kDa appears to play an important role in the receptor-ligand
interactions at the initial attachment of the merozoite to erythrocyte. A large number
of MSP1 aleles, a gene coding for a major malaria vaccine candidate, have been
sequenced. Size and alelic polymorphisms in MSP1 gene are generated by ether
intragenic recombination (43) or gene conversion (40). The various MSP1 alleles can
all be grouped into two major allelic families (43), (40). The gene has been divided

into 17 blocks that are conserved, semi-conserved or variable (Figure 4) (43).

Figure 4. Schematic diagram of the MSP1 gene illustrating the blocks 1-17 (43).
Conserved, semiconserved, and variable blocks of the gene are shown as closed,
hatched, and open boxes, respectively

The block 2 region of MSP1 is particularly polymorphic and occurs as one of
three distinct alelic families: K1, MAD20, and RO33. The two major families; K1
and MAD20 have been characterized by different repeated sequence units of the
dimorphic variable block 2 of MSP1 whereas the RO33; a part of the MAD20 family,
has a unique sequence without tripeptide repeats. The most polymorphic block 2 of
MSP1 is widely used as a genetic marker for analysis of genetic diversity
(44),(45),(46). Analysis of genetic diversity in the block 2 at the 5 end of the MSP1
gene revealed an association between MSP1 specific antibodies and malaria
protection (3, 4, 47). But the actual consequence of the MSP1 polymorphism on the

human immune responses is still unclear.
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3.2 Themerozoite surface protein 2 (MSP2) gene

A second family of merozoite surface antigensis a 43 - 50 kDa glycoprotein and
has been localized on the plasma membrane of intracellular and free merozoites. This
molecule anchored in the merozoite membrane by a glycosylphosphatidylinositol
moiety. Immune responses to this protein (MSP2) can inhibit parasite multiplication
(48), (49).

The MSP2 of P. falciparum displays extreme size and allelic polymorphism.
Sequence polymorphism of MSP2 has been characterized at the DNA level in
laboratory-established isolates (48), (49) and field isolates (50),(51), (52). These data
revea highly conserved 5 and 3' sequence that flank a central variable region. This
central region is composed of repeats flanked by nonrepetitive sequences. The
nonrepetitive sequences can be divided into two alele families of MSP2, which are
defined as FC27 (53) and 3D7 (54). The central repeats are more variable and define
theindividua alleles of MSP2.

The MSP2 is organized into five blocks of sequence. The N-terminal and C-
termina translated sequence, block 1 and block 5; respectively. Figure 5 shows
common MSP2 of all isolates studied to date. The block 3 of MSP2 is a polymorphic
central region flanked by two nonrepetitive regions (block 2 and block 4).

1 2 3 4 5
EESEEEEEEEERSEEmmecReE
MSP2 - DEEEEEEEE

Figure 5. Schematic diagram of the MSP2 gene illustrating the blocks 1-5.
Conserved, family specific non-repetitive, and allele-specific repetitive regions are
shown as closed, open, and hatched boxes, respectively.




Warunee Ngrenngarmlert Review of the Literatures/ 22

3.3 Theglutaminerich protein (GLURP) gene

The Glutamine Rich Protein is a 220-kDa exoantigen found in the
parasitophorous vacuole. The single full-length GLURP sequence available to date
(Laboratory strain F32) shows two amino acid repeat regions (R1 and R2) with
degenerate repeat motifs found in both (Figure 6). Diversity in GLURP has been
indicated by different sized PCR products from the R2 region of various laboratory-
adapted (55) and field isolates (56).

GLURP

I == il | EEERRRRNSES| |

%%M repeat region 1
ﬁ!!!“!iﬂ " repeat region 2

Figure 6. Schematic diagram of the GLURP gene highlighting patterns of diversity (6).
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4. Genotyping of Plasmodium falciparum

The most frequently used techniques with interesting potential for identifying
genetic variations of P. falciparum are based on the PCR (9). PCR is a major
breakthrough in molecular research because its sensitivity alows the analysis of genes
from small amount of parasite materials. The process of genetic analysis is formally
divided into two steps: 1) the identification of genetic variations according to the
physical or enzymatic principle used to reflect the change in the DNA primary
structure and 2) the visualization of the detectable products, which involves ways of

making this change visible.

4.1 Nested PCR

Nested PCR uses two sets of amplification primers (57, 58). The target DNA
sequence of one set of primers (termed "inner" primers) is located within the target
sequence of the second set of primers (termed "outer" primers). In practice, a standard
PCR reaction is first run with the patient sample using the "outer primers'. Then a
second PCR reaction is run with the "inner primers' using the product of the first
reaction as the amplification target. This procedure increases the sensitivity of the
assay by reamplifying the product of the first reaction in a second reaction. The
specificity of the assay is increased because the inner primers amplify only if the first
PCR reaction yielded a specific product. However, nested PCR could not identify

different DNA sequences with the same size.

4.2 Single Strand Conformation Polymor phism (SSCP)

The SSCP analysis involves the denaturing of PCR-amplified fragments with the
subsequent formation of sequence-specific secondary and tertiary structures of the
single strands during non-denaturing gel electrophoresis. The electrophoretic mobility
of a single-stranded DNA molecule is dependent on its structure (conformation) and
size. The conformations as a result of base pairing between nucleotides within each
strand are dependent on the length of the strand, and the location and number of
regions of base pairing. Specific DNA regions are labeled, denatured, and then

analyzed in non-denaturing polyacrylamide gels. In non-denaturing conditions, the
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single-stranded molecules with different bases can be separated because of changesin
their mobility as a consequence of differing conformations. Due to its simplicity and
relatively high sensitivity, this method is extensively used in malaria research (11).
However, SSCP is most effective only for DNA fragments with size less than 150 bps
(12).

4.3 Restriction Fragment L ength Polymor phism (RFL P)

RFLP is the production of DNA fragments of different lengths by a given
restriction enzyme. Due to inherited differences in a restriction site, a particular
sequence of nucleotide bases in DNA allows a specific restriction enzyme to cleave
the DNA molecule at that site. RFLP involves the PCR amplification of an interested
fragment and the subsequent digestion with a restriction enzyme (10). The innocuous
single nucleotide changes in a restriction site occur so that a restriction enzyme can no
longer cut DNA at that site, thus, producing a longer DNA fragment. Because of its
simplicity and specificity, the method has been widely used, although it confers
certain limitations. Only a subset of polymorphisms that happen to reside in an

endonuclease restriction site can be studied with this method.

4.4 DNA Sequencing

In the late 1970s, methods for determining the base sequences in DNA were
developed (59, 60). These methods are relatively simple and rapid, so that even long
sections of DNA can be sequenced. Genetic information is thus directly accessible
and does not require prior knowledge of the gene product. Two principal methods of
DNA sequencing are available: Maxam-Gilbert chemical degradation (60) and Sanger
dideoxy termination (59) methods. The principle of DNA Sequencing by chemical
method is based on base-specific cleavage of DNA. The DNA segment to be
sequenced is analyzed for each of the four bases in reaction mixtures, where it is
cleaved into fragments by chemical modification. The sizes of the fragment depend
on the positions of the respective nucleotide bases. By exact comparison of all the
fragments formed in the four reaction mixtures, the positions of the individual
nucleotide bases can be inferred and their sequence determined. The principle of

Sanger DNA sequencing method based on the interrupting the synthesis of the 5’ to 3’
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strand at specific bases of the DNA segment to be sequenced. As a consequence,
DNA fragments of different sizes are formed. The sizes of the fragments reflect the
positions of the respective bases. In this way, the base sequence of a given DNA
segment can be determined.

DNA sequencing has been claimed to be the “gold standard” used to establish
the identity of both known and unknown sequence specific nucleotide variations.
However, these methods have limited sensitivity and do not easily analyze multiple

different DNA sequencesin aclinical sample.

4.5 Heter oduplex analysis

Heteroduplex analysis is based on the principle that a DNA duplex with
mismatches and/or size differences (defined as heteroduplex) will migrate through a
native polyacrylamide gel electrophoresis (PAGE), more slowly than a DNA duplex
with completely complementary strands (defined as homoduplex) Heteroduplex is a
malformations (Figure 7A). The principle of the universal heteroduplex generator is
that mismatches in heteroduplex do not result in significant mobility changes if they
do not cluster or contain less than 1 to 2 % of mismatches (Figure 7B). Heteroduplex
Mobility Assay (HMA) and Heteroduplex Tracking Assay (HTA), which are the
modification of heteroduplex analysis, can be used as more rapid and more sensitive
methodsfor the detection of genotypic polymorphisms within a population.

Heteroduplex mobility assay (HMA) is a technigue that has been used for either
rapid characterization of heterogeneity between two segments of DNA. Usually PCR
amplicons (61, 62) or rapid molecular characterization of a wide range of
microorganisms is identified by HMA (62). The technique comprises mixing together
areference DNA of known sequence with a test sample, heating to denature and cool
slowly. During re-annealing, single strands reform the two origina homoduplexes
plus heteroduplexes composed of one strand from each amplicon present in the
mixture. Homoduplex and heteroduplex bands can be characterised by
polyacrylamide gel electrophoresis: heteroduplexes with mismatched bases migrate
more slowly than the homoduplex.

Heteroduplex tracking assay (HTA), a screening method able to determine
whether multiple different DNA sequences exist in a sample, is used to detect
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uncharacterized sequence variations on double-stranded DNA. Only heteroduplexes
that contain a labeled strand (probe) are visualized, in contrast to HMA, in which all
heteroduplexs are visualized by staining with ethidium bromide. If the sequence
mixtures contain more than two different sequences, HMA will contain complex
banding patterns that are difficult to interpret the results.

HTA has been widely used in the field of viral genetic, particularly HIV type 1,
for the study of genetic diversity (15, 17). The potential of HTA to detect genetic
diversity of P. falciparum was developed in the present study. The technique was also

applied to identify recrudescence from re-infection after treatment failure.
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Figure 7. (A) DNA heteroduplexes migrate slower in native PAGE than a DNA
homoduplex of equal size. (B) Principle of the universal heteroduplex generator
(UHG). Mismatches in DNA heteroduplexes do not result in significant mobility
changesif they do not cluster.

Source: Heteroduplex tracking assay — General protocol and notes on designing single

mismatch sensitive probes. By Wolfgang Resch, August 16, 2001.
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CHAPTER 4
MATERIALS AND METHODS

1. Background

This international study was conducted in collaboration with investigators from
Department of Immunology and Medicine, Armed Forces Research Institute of
Medical Sciences (AFRIMS), Bangkok, Thailand; from Departments of
Epidemiology, Microbiology and Immunology, University of North Carolina (UNC)
at Chapel Hill, Chapel Hill, North Carolina, USA; and from Department of Clinical
Microscopy, Faculty of Medical Technology, Mahidol University, Bangkok,
Thailand. Dr. Chansuda Wongsrichanalai of AFRIMS conducted the majority of the
fieldwork, did the tracking and storing of biological samples, and performed DNA
extractions. Prof. Steve R Meshnick of UNC supported for nested PCR genotyping
and heteroduplex tracking assay (HTA). Nested PCR was previously performed by
Deborah D. Kamwendo, Department of Epidemiology, University of Michigan
School of Public Health, Ann Arbor, Michigan. Assoc. Prof. Wanida Ittarat and
Warunee Ngrenngarmlert of Mahidol University were responsible for developing
HTA for analysis of P. falciparum genetic diversity. The study setting was

summarized in Figure 8
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Extract DNA from Blood samples
(QiaAmp DNA Blood Minikit)

\J

Genotype MSP1, MSP2, and GLURP
(Nested PCR)

\J

Modify PCR amplification for the block 2 of MSP1

\

Generate recombinant clones
(The perfectly Blunt Cloning Kit)

\

Prepare MSP1 Probes
Prepare Known MSP1 Sequence Controls
Set up the HTA protocol

\

Validate the HTA protocol using Known MSP1 Sequence Controls

\

HTA for estimation of MOI in field samples
HTA for distinguishing recrudescence from re-infection

Figure 8. Asummary diagram of the whole process to develop HTA for P. falciparum
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2. DNA Samples

All samples used in this study were drawn from two previous projects; AF study,
and GR study. The studies had ethical approval from the Thai Ministry of Public
Health and the University of North Carolina IRB. In the AF study, a cross-sectional
study in South-East Asia (63), cryopreserved parasite isolates from various sites in
Southeast Asia (Figure 9) were collected from patients with falciparum malaria. These
samples were transported to the Armed Forces Research Institute of Medical Sciences
(AFRIMS) in Bangkok for in vitro cultivation (64). Table 3 showed the list of parasite
isolates used in this study. The GR study was a cohort study in Kanchanaburi
Province on the western border of Thailand. This region is considered an area of low
malaria transmission. Patients with falciparum malaria were treated with mefloquine,
and those found with recurrent P. falciparum infection within 42 days of enrolment
were retreated with artesunate-mefloquine. Paired admission and recurrent infection
samples were obtained and the parasitemia per microliter was quantitated by light
microscopy of Giemsa stained thick blood smears (Table 4).

Genomic DNA samples were kindly provided by Dr. Chansuda Wongsrichanalai
of AFRIMS in Bangkok using QiaAmp DNA Blood Minikit Blood and Body Fluid
(Qiagen, USA). Briefly, cultured samples (the AF samples) and blood samples (the
GR samples) are enzymatically lysed with protease in optimized buffers that stabilize
nucleic acids, and enhance selective DNA adsorption to the silica-gel membrane.
DNA binds specifically to the membrane while contaminants pass through. Proteins
are completely removed in two efficient wash steps with alcohol, leaving pure DNA
to be eluted with either water or a low-salt buffer provided with the kit. For long-term
storage of DNA, eluting in a buffer and storing at —20°C is recommended since DNA
stored in water is subject to acid hydrolysis. DNA samples were shipped to the
University of North Calorina for analysis of P. falciparum genetic diversity using
nested PCR and HTA.
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Figure 9. Various sites in Southeast Asia where blood samples were collected.
1. Tak; 2: Yala; 3: Trad; 4: Ubon; 5: Kanchanaburi; 6: Ranong; 7: Myanmar;
8: Bangladesh; 9: Vietnam
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Table 3. Parasite isolates which were collected from various sites in Southeast Asia.
The parasite isolate number is as used in the text.

Sites Number | Parasite isolate number
of
Samples
Thailand 23
Kanchanaburi 3 AF3, AF27, AF29
Tak (Maesod) 9 AF7, AF9, AF12, AF15, AF16, AF17, AF18,
AF19, AF22
Trad 3 AF23, AF25, AF64
Yala 3 AF51, AF54, AF56
Ranong 2 AF58, AF59
Ubon 3 AFT71, AF73, AFT74
Bangladesh 6 AF6, AF8, AF31, AF32, AF69, AF70
Vietnam 3 AF10, AF34, AF37
Myanmar 7 AF38, AF42, AF43, AF44, AF60, AF62, AF63,
Total 39
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Table 4. Participant characteristics. The patient number is as used in the text. Also
shown are parasite density, sex, and age of patients.

Patient number Parasite Density Sex Age
(Parasites / ul of Blood) (Years)

GRO01 | day O 134,000 M 22
day 29 1,040

GR004 | day O 496 M 36
day 29 432

GRO008 | day O 9,000 M 20
day 28 272

GRO010 | day O 27,000 F 56
day 42 12,000

GR012 | day O 72,000 F 28
day 21 48

GR014 | day O 11,000 M 25
day 35 80

GR022 | day O 65,000 M 45
day 35 144

GR027 | day O 14,000 M 24
day 8 3,728

GRO030 | day O 36,000 M 23
day 35 3,008

GRO031 | day O 110,000 M 28
day 28 1,760

GR032 | day O 13,000 F 22
day 42 48

GR034 | day O 67,000 M 23
day 44 64

GRO037 | day O 126,000 M 28
day 20 9,000

GR041 | day O 59,000 M 20
day 7 528

GRO045 | day O 45,000 F 60
day 28 80

GRO046 | day O 137,000 M 19
day 8 432

GRO050 | day O 625,000 M 40
day 7 416
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3. Assessment of P. falciparum Polymorphisms in MSP1, MSP2,
and GLURP by Nested PCR

Nested PCR was previously performed by Deborah D. Kamwendo, Department
of Epidemiology, University of Michigan School of Public Health, Ann Arbor,
Michigan for genotyping P. falciparum parasites (57, 65). DNA amplification of
MSP1, MSP2 and GLURP involved two rounds of PCR, using the nested primers in
the second round. Oligonucleotide primers, which hybridize conserved sequences
flanking the repeat polymorphic regions of the genes, are used in the first
amplification reaction (Nest 1). The product of the first reaction is then used as the
DNA template for separate second amplification reactions (Nest 2). In Nest 2, the
oligonucleotide primers used recognize sequences contained within the DNA
fragment amplified in the first reaction (Figure 10). For MSP1, three separate Nest 2
reactions were performed to complete the genotyping of parasites using MSP1 marker
(Figure 10): one specific for the K1 family (M1-KF and M1-KR), one specific for the
MAD20 family (M1-KF and M1-MR), and one specific for the RO33 family (M1-RF
and M1-RR). For MSP2, two separate Nest 2 reactions were performed to complete
the genotyping of parasites using MSP-2 marker (Figure 10): one specific for the
FC27 family (M2-FCF and M2-FCR), and the last specific for the 3D7/IC family
(M2-ICF and M2-ICR). For GLURP, a Nested 2 reaction was carried out to complete
the genotyping of parasites with the antisense primer G-OR used in Nest 1 and G-NF,
which is internal but overlaps with G-OF (Figure 10).
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Figure 10. Schematic representation of MSP1, MSP2, and GLURP genes with the
sequences of the different oligonucleotide primer pairs and their approximate
positions and that of their products (57). The name of each oligonucleotide primer is
in bold, and placed before the sequence (presented 5’ to 3”) for “sense” primers, and

after the sequence for “antisense” primers.
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The amplification reactions started with initial denaturation at 95°C for 5 min,
followed by PCR cycle conditions as summarized in Table 4, and ended with
extension at 72°C for 5 min. These conditions have been performed in a PTC-200
Thermalcycler (MJ Research). A total of 20 ul of the reaction mixture contained (1x)
PCR buffer with 1.0 mM MgCI; (Invitrogen, USA), 125 uM of dNTP (Invitrogen,
USA) containing each of dATP, dCTP, dGTP, and dTTP, 0.4 unit of Tag DNA
Polymerase (Invitrogen, USA), oligonucleotide primers, and 1 pl of DNA template.
All the oligonucleotide primers for the Nest 1 and Nest 2 reactions are used at a final
concentration of 250 nM, except for the GLURP, Nest 1 primers, which are used at a
125 nM. In all secondary PCRs, two negative controls were used: the amplicon of the
negative control for the first PCR and a triple distilled water control.

A 10 pl of the reaction mixture with 2 ul of (6x) loading buffer (Appendix) was
analyzed by 1.5% agarose gel electrophoresis in (1x) TBE buffer (Appendix) at 120
mV for 25 min. Following ethidium bromide staining (Appendix), DNA bands were
visualized under ultraviolet light by a UV transluminator. The PCR product lengths,
in terms of number of base pairs (bp), were calculated according to their mobility
relative to the molecular size standard (100 bp weight marker) (Promega, USA). The
approximate size range of the PCR products differs for the different markers: 125-250
bp for the MSP1 sequences, 250-450 bp for the FC27 family of MSP2, 450-700 bp for
the 3D7/IC family of MSP2, and 600-1200 bp for the GLURP sequences.
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4. PCR Amplification for the Block 2 of MSP1 Sequence

4.1 Primers

Oligonucleotide primers (Qiagen, USA) used in this study were synthesized
corresponding to highly conserved DNA sequences flanking the block 2 of MSP1.
The forward primer is, C1F: 5’~-GAAGATGCAGTATTGACAGG-3’ and the reverse
primer is, C3R: 5’-TGATTGGTTAAATCAAAGAG- 3’. The final concentration of
the primers in the DNA amplification reaction was 250 nM.

4.2 Reaction conditions

PCR amplifications with minor modifications (66) were performed in a final
volume of 50 pl. With 2 ul of parasite DNA, the reactions were carried out in (1x)
PCR buffer with 1.5 mM MgCl; (Qiagen, USA) 125 uM of dNTP (Invitrogen, USA)
containing each of dATP, dCTP, dGTP, and dTTP, 1 unit of HotStarTag DNA
Polymerase (Qiagen, USA) and 250 nM of each primer. The final volume was
adjusted to 50 pl with triple distilled water. The amplification was performed in a
PTC-200 thermalcycler (MJ Research). The reaction condition consisted of a preheat
to 95°C for 5 min followed by 25 cycles of 94°C for 1 min, annealing at 50°C for 2
min, and extension at 72°C for 2 min, and final extension at 72°C for 5 min (Figure
11). All PCR reactions were done in duplicate to ensure reproducible sampling and
included genomic P. falciparum strain 3D7 DNA (Appendix) as a positive control and

triple distilled water as negative control.
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MSP-1:

C1F C3R

Cycle condition: 95°C for 5 min
94°C for 1 min
50°C for 2 min (25 cycles)
72°C for 2 min
720C for 5 min
hold @ 4°C

Figure 11 PCR cycle condition for amplification of the block 2 of MSP1

4.3 Agarose gel electrophoresis and ethidium bromide staining

The PCR products were analysed by 1.2% agarose gel electrophoresis (67).
Briefly, weighted DNA grade agarose was heated to dissolve in (1x) TBE buffer
(Appendix) and cooled to 50°C before pouring into the gel tray (Bio-Rad Laboratory).
After insert the appropriate gel comb into the gel, the gel was allowed to set at 25°C
for 20-30 min. Ten microliters from each reaction was mixed with a one-fifth volume
of the (6x) DNA loading buffer (Appendix) before loading into the wells.
Electrophoresis was carried out at 120 mV for 25 min. in (1x) TBE buffer for 30 min
or until the dye front reached two-third of the gel. The gel was then removed and
stained with 0.5 pg/ml ethidium bromide for 20 min. The DNA bands were visualized
under ultraviolet light by a UV transluminator. Successful amplification resulted in
products of approximately 300 bps after sized against a 100-bp molecular weight

marker (Promega, USA)
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5. Construction of Recombinant Clones

5.1 Blunt End Cloning and Screening of Recombinants

Three samples (AF63, AF22, and AF42) from the AF study and one sample
(MHP1452), which was collected from the malaria positive, pregnant woman in the
Malaria and HIV in Pregnancy (MHP) study (68), contain K1-, MAD20-, RO33-, and
K1-types of MSP1, respectively. These DNA samples were amplified for the block 2
of MSP1 as described in this chapter, section 3. The purified PCR products were blunt
cloned into the pT7Blue vector using the perfectly blunt cloning kit (Novagen, USA)
according to the manufacturer protocol (Figure 12). Briefly, the insert DNA is first
converted to a blunt, phosphorylated form in a single reaction. Following a heat
inactivation step, the blunt phosphorylated insert is combined with blunt
dephosphorylated pT7Blue vector and then ligate. Subsequent transformation into the
competent cells generates recombinant colonies that are visualized easily by
blue/white screening.

The map of the pT7Blue vector that provide for blue/white screening of
recombinants was shown in Figure 13. The plasmid encodes a functional lacZ o-
peptide that complements the lacZ w-fragment expressed by the host strain. The
resulting active [-galactosidase can cleave the chromogenic substrate, which is
5-bromo-4-chloro-3-indolyl-pB-D-galactoside (X-gal), to yield a blue colony
phenotype. Inserts are cloned into a dephosphorylated EcoR V site in pT7Blue. This
site is located within the a-peptide open reading frame (ORF). Inserts disrupt this
ORF, thereby preventing the production of functional a-peptide. This prevention
results in the white colony phenotype when plated on LB agar plates containing 100
ug/ml of carbenicilin (Appendix), 50 pg/ml of tetracycline (Appendix), 0.5 mM
isopropyl-p-D-thiogalactopyranoside (ITPG) (Appendix) and 40 ug/ml of X-Gal
(Appendix).
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Prepare the insert DNA by PCR Amplification for the block 2 of MSP1

\J

Purify and Convert the insert DNA to blunt, phosphorylated end

\

Ligate into the dephosphorylated blunt-ended vector

\J

Transform into Competent cells to generate recombinant colonies

\

Screen for Recombinant clones by Blue/White screening

\

Isolate and Sequence Plasmid DNA

Figure 12. The process of cloning with the Novagen Perfectly Blunt Vectors.
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pT7Blue sequence landmarks

lacZstart codon 1
lacZo-peptide 1-282
T7 promoter 24-40
T7 transcription start 41

Muliple cloning region

(Hind 111 = EcoR I) 45-125

fl origin 284-739
bla coding sequence 871-1728
pUC origin 2489

T7 start(a1)
Hind Ill45)
BspM 1(50)
Sph I(55)
Ss5e8387 i(61)
Pst 1(61)

Sal 1(63)

Acc |{64)
Hinc [1{65)

Xba §{69)
Spe i{81)
Nde I(88)

: EcoR V(95)

BamH 1(99)
Ava l{104)
Sma |{1086)
Kpn 1(112)
Sac I(118)
EcoR [{120)

Sap 1(2663)

BspLU11 [(2546)
Afl 11I(2548)

lacz (T 2&'?)

Dra lll(508)
/- BsaA 1(508)

NgoA IV(609)

pT7Blue
(2887bp)

Xmn 1(1058)
BsaH 1(1118)

Sca l(1177)
Ahd I(1658)
Bsa I(1592)
Bpm 1(1589)

R-20mer primer #69835-3 17 promoter primer #69348-3 Blunt cloning site g,

3 —_——» Sseaas7 It ) Aval
lacZ start o M Hind Ill_Sph! Pstl  Acci Xbal Spel _Ndel FcoRVBamH|  Kpnl Sacl EcoRl

ATERACCATGATTACGLCAAGCTCTAATACGACTCACTATARGRAAAGCTTGCATGLCTOLAGGTCGACTCTAGAGGATCTACTAGTCATATRBATATCRGATCCCCRBGTACCEAGCTCRAATTCA
HetThrMet|leThrProSerSerAsaThrThrHisTyrargGluSert.eudisAlaCysArgSer TheleuGludspleuleuVal llelrpl leSerAspProdrgValProSerSerAsnSer

CTGRLCGTCRTTTTACAACGTCBTGAC TGGGAAAACCCT
Leutla¥olValleuGlnArgArgAspTrpGluAsnPro

e
U-19mer primer #69818-3

pT7Blue cloning/expression regions

Figure 13. The map of the pT7Blue vector
(http://www.merckbiosciences.com/docs/docs/PROT/TB017.pdf)
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5.2 Plasmid Preparation and Clone Storage

Prior to growing colonies for plasmid isolation, the presence of the appropriate
insert can be determined using PCR screening method with the original insert-specific
primers (the C1F and C3R primers). The white colonies (lacking lac Z) are grown
overnight in LB with carbenicilin and tetracycline (Appendix) at 37°C. All plasmid
DNA from the overnight culture are isolated by using the Wizard DNA
minipreparation kit (Promega, USA) according to the manufacturer protocol. Briefly,
Bacteria are lysed by treatment with sodium hydroxide/sodium dodecyl sulfate
(NaOH/SDS). Chromosomal DNA and plasmid DNA are denatured by NaOH and
SDS is a detergent that denatures bacterial proteins. The mixture is neutralized by the
addition of an acidic potassium acetate solution, which allows the small covalently
closed plasmid DNA to renature. The denatured chromosomal DNA and proteins are
removed by centrifugation, while the plasmid DNA, RNA, and some proteins remain
in solution. The soluble proteins are removed by phenol/chloroform extraction.
Plasmid DNA and RNA are precipitated out of solution twice with alcohol.

Ribonuclease A solution is used to degrade the RNA.

Once the clone has been confirmed for the correct DNA insertion, clone storage
is done by making a stock of the pure culture (67). The pure bacterial culture of E.
coli is grown in LB broth containing 100 ug/ml of carbenicilin, 50 ug/ml of
tetracycline (Appendix). A 920 ul of culture is transfer into a polypropylene tube and
80 nl sterile glycerol is added to make an 8% glycerol freezing solution. The mixture
is vortexed to evenly mix the glycerol throughout the culture. The stock of the pure

culture is kept at -80°C until used.

5.3. DNA-Sequencing and Sequence Analysis

The plasmid DNA was sequenced at the University of North Carolina—Chapel
Hill Automated DNA Sequencing Facility on a 3100 Genetic Analyzer (Applied
Biosystems) using the ABI PRISM ™ BigDye™Terminator Cycle Sequencing Ready
Reaction Kit FS with AmpliTag® DNA Polymerase (Applied Biosystems).
Sequencing was performed from both directions using the C1F and C3R primers.

DNA sequences were aligned with Clustal-X (69) (http://www2.ebi.ac.uk/clustalw/)
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and displayed using GeneDoc (70) (http://www.psc.edu/biomed/genedoc). A
phylogenetic tree was constructed with Clustal-X and displayed with NJPlot (71)
(http://pbil.univ-lyonl.fr/software/njplot.html). The MAD20, K1, and RO33
sequences used in the construction of the phylogenetic tree were obtained from
PubMed.

6. Heteroduplex Tracking Assay (HTA)

6.1 Probe labeling

Plasmid DNAs from four recombinant clones, which are the AF22, AF42, AF63,
and the MHP1452, were isolated and purified by using Wizard Plus SV miniprep
DNA Purification System (Promega, USA) as previously described in section 4.2. An
aliquot of 10 pug of plasmid DNA in the BamHI reaction buffer (Fermentas, USA) was
digested with BamHI (Fermentas, USA) and Pstl (Fermentas, USA) at 37°C for 1 hr
to release inserted MSP1 fragments from the vector. The insert (probe) was purified
by QIA quick gel extraction kit (Qiagen, USA) and eluted in a final volume of 70 pl.
After adding 10 mM DTT (Appendix), 50 uM dGTP (Appendix), 50 uCi of [a-
®S]dATP (1,250 Ci/mmol) (ICN, USA), and 10 U of Klenow fragment (3'—5’ ex0)
of DNA polymerase | (Fermentas, USA), the fragment (probe) in the EcoPol reaction
buffer (Fermentas, USA) was labeled by filling in the BamHI overhangs in 120 pl at
25°C for 15 min. The DNA polymerase was inactivated by the addition of 10 mM
EDTA (Appendix) followed by 75°C incubation for 15 min. Unincorporated
nucleotides were removed by column purification over a Centri spin column
(Princeton, USA). The labeled probe was brought to a final volume of 150 pl using
TE buffer (Appendix). All probes were used in a MSP1-HTA for estimation of P.
falciparum MSP1 genotypes per infected person (MOI).

6.2 Preparation of MSP1 known sequence controls
Plasmid DNAs from four recombinant clones, which are AF63,AF22, AF42, and

MHP1452, were used as DNA templates in PCR amplification for the block 2 of
MSP1 as described in this chapter, section 3, to provide K1-, MAD20-, RO33-, and
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K1-known sequence controls, respectively. These MSP1 known sequences were used
as known controls for the validation of HTA.

6.3 HTA protocol

The schematic diagram of HTA protocol was shown in Figure 14. A 25-ml of
polyacrylamide gel solution (6%T) was prepared by adding of 5.0 ml of 30% (w/v)
Acrylamide: 0.8% (w/v) Bis-Acrylamide Stock solution (national diagnostics, USA),
2.5 ml of (10x) TBE buffer (Appendix), 17.5 ml of distilled water, 125 ul of freshly
prepared 25% ammonium persulphate solution and 19 ul of TEMED. The gel solution
was mixed and poured into 20 cm x20 cm x 0.8-mm glass plates. A 24-well comb
was inserted and the gel was allowed to polymerize for approximately 45 min at 25°C.

Heteroduplex annealing reaction mixtures consisted of 5 pl of PCR product
containing the block-2 of MSP1 or 5 pl gel purified amplicons from the plasmid DNA
controls, 1 pl of (10x) annealing buffer (Appendix), 0.1 uM C1F primers, and 1 ul of
labeled probe in a total volume of 10 pl. Extra C1F primers were added to the
annealing reaction mixture to bind unannealed probe and make its migration more
uniform. The mixtures of the PCR product and the radiolabeled MSP1 probe were
denatured at 95°C for 2 min and allowed to reanneal at 25°C for 5 min. The product
containing heteroduplex and homoduplex was mixed with (6x) DNA loading buffer
(Promega, USA), and then separated by electrophoresis in a 6% nondenaturing
polyacrylamide gel (acrylamide-bisacrylamide, 37.5:1) in 1x TBE buffer ( Appendix)
by using a model FB-VE20-1 vertical gel apparatus (Fisher) run at 17 mA per gel for
4 hr 30 min or until the second dye front just run off. The gel was dried onto filter
paper (Whatman, UK)) using a gel dryer. The dried gel was exposed to BioMax MR
X-ray film (Kodak, Japan) for approximately 18 hr at 25°C. Alternatively, for
quantitative data, the dried gels were exposed to a phorphorimager screen for 2 days.
The relative abundance of each band within a sample and the band intensities were
quantitated by using FragmeNT analysis software (Molecular Dynamics).

HTA was determined by observing distinct migration pattern of heteroduplexes.
Only the prominent bands with approximately 10% or greater of the total signal in an
individual lane were considered true heteroduplexes. Bands with less than 10% of the

total signal, or common bands to all lanes were not counted since they could represent
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either true minority genotypes or PCR artifacts. The exclusion of faint bands could
potentially bias this study towards an underestimation of MOI. In each lane should
contain at least three bands; single strand probe, probe-target heteroduplex, and probe
homoduplex. For interpretation, individual bands were identified as MSP1 genotypes
by the following criteria. Genotypes that had length differences were well separated
and easy to distinguish. For genotypes with only a few of base paired mismatches, the
bands were much closer together and thus more difficult to distinguish. Close bands
were characterized as discrete when they were visibly separated by one bandwidth.

Figure 15 outlines the potential probe-target interactions observed in HTA
experiments; the probe sequence is in bold type and the target, or unknown sequence,
is in regular type. Single-stranded probes, as shown in Figure 15A, are unordered and
flexible and therefore migrate more slowly than probes annealed to their complement
(homoduplexes) (Figure 15B). If the probe and the target are not complementary, one
of three structural distortions occurs after annealing: 1) clustered base pair
mismatches cause a bubble between the probe and the target (Figure 15C), 2)
deletions in the target cause the probe to loop out (Figure 15D), or 3) insertions in the
target are looped out (Figure 15E). Any one of the latter 3 complexes, either alone or
in combination, retards the migration of the probe-target complexes compared to the
homoduplex.
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-g Genomic DNA Extraction

\

g‘ PCR for the block 2 of MSP1

d + Probe labeled with 35S

Annealing Reaction
Denatured at 95°C, 2 min
Re-annealed at RT, 5 min

6% non denaturing PAGE,
17mA/gel, for 4hr 30min

Exposure to Kodak BioMax MR film,

at 25°C, for overnight

Figure 14. Schematic diagram of HTA protocol
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Figure 15. The principle of Heteroduplex tracking assay. Single stranded probes
(bold) are radiolabeled and annealed to MSP1 amplicons from patient. Radiolabeled
probes migrate on the gel alone as in A) single stranded probe, or in complexes with
the complementary DNA, such as B) homoduplexes, C) heteroduplexes with clustered
base-pair mismatches, D) heteroduplexes with sample deletion(s), and E)

heteroduplexes with sample insertion(s).
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7. Data Analysis

7.1 The estimation for the multiplicity of infection

7.1.1 Using nested PCR
Generally, the multiple bands in the PCR product of nested PCR
reflect the presence of many different strains in an isolate (57). The MOI is estimated
from the number of bands observed in an agarose gel. For MSP1, the numbers of K1,
MAD?20, and RO33 bands are added, and for MSP2, the numbers of FC27 and 3D7
bands are added. In similar way to MSP1 and MSP2, the number of GLURP bands is
counted. Comparing these numbers from all three genes, the highest number at any of
three genes; MSP1, MSP2, GLURP, is assumed to be the MOI of that isolate.
7.1.2 Using HTA
The heteroduplex bands reflect the presence of many different
P. falciparum strains in an isolate. The MOI is estimated from the number of
prominent bands observed in a non denaturing poloacrylamide gel. Bands with less

than 10% of the total signal, or common bands to all lanes were not counted.
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7.2 Comparison of the MOI estimated by HTA and nested PCR methods

Kappa statistics were used to assess the agreement of the number of MOI
estimated by HTA and nested PCR methods. The kappa coefficient (k) (72) was
calculated by the SPSS statistical package. In 1977, Landis and Koch interpreted k
values between 0 and 1 (73); the definitions of k value are the possible following
guidelines with slight modification;

Value of k Strength of agreement
<0.20 Poor
0.21-0.40 Fair
0.41-0.60 Good
0.61-0.80 Very good
0.81-1.00 Excellent

7.3 The identity of the heteroduplex mobility patterns between paired

admission and recurrent infection samples

The identity of heteroduplex mobility patterns between admission and recurrent
infection samples is based on the number and mobility rate of heteroduplex bands
observed in 6% non denaturing polyacrylamide gel electrophoresis. The identity is
defined using a modification of the coefficient of similarity, F value (74). In this
modification, F = 2Nxy/(Nx + Ny); where Nx is the total number of heteroduplex
bands in the recurrent infection sample, and Ny is the total number of heteroduplex
bands in the admission sample and Nxy is the number of fragments shared in paired
samples. Therefore an F value of 1.0 indicates that the heteroduplex mobility pattern
of the recurrent infection sample is identical to, or contained within that of the

admission sample. Value less than 1.0 indicates non-identity.
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CHAPTER 5
RESULTS

1. Polymorphisms of MSP1, MSP2, and GLURP of P.falciparum

The polymorphisms of P.falciparum in each sample were assessed by
determining the number and the size variation (alleles) of the followings genes:
MSP1, MSP2 and GLURP as described previously in Chapter 4, section 2. DNA
amplification of MSP1, MSP2 and GLURP from 39 AF samples involved two rounds
of polymerase chain reaction (PCR), using the nested primers in the second round.
Primer sequences are shown in Figure 10. All PCR reactions started with incubation
at 95°C for 1 min and ended with elongation at 72°C for 5 min. Following
electrophoresis and ethidium bromide staining, the PCR product lengths, in terms of
number of base pairs (bp), were calculated according to their mobility relative to the
100 bp weight marker (Promega, USA). The positive or negative results for given
allelic families were consistent since a random 10% of samples done as a formal
"random rerun™ both allelic family and band size were identical. After the PCR
products of these samples were separated by 1.2% agarose gel electrophoresis, the

number of bands with different sizes was defined as the number of genotypes.

1.1 Allelic types of MSP1, MSP2, and GLURP

Thirty-nine of AF samples used in this study were successfully amplified for
MSP1, MSP2, and GLURP. The number of genotypes in each sample (the clone
number) analyzed by nested PCR was shown in Table 6. From these observations, it
appears that the number of genotypes of MSP1 and MSP2 ranged from 1 to 3 but it
was 1to 2 in GLURP.
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The predominant allele of MSP1 was MAD20 as 32 out of 39 samples (82.1%)
harboured MAD20-type, 23 out of 39 samples (59.0%) were K1-type, and 8 samples
out of 39 samples (20.5%) were typed as RO33. At the MSP2 loci, 34/39 (87.2%)
samples contained 3D7/IC-type and 22/39 (56.4%) samples contained FC27-type
(Table 7).

A total of 12 different MSP1 genotypes (6 MAD20-type alleles, 5 K1-type
alleles and only one RO33-type alleles), 10 different MSP2 genotypes (5 3D7/IC-type
alleles and 5 FC27-type alleles), and 7 different GLURP genotypes were identified
based on the size of DNA fragments (Table 7).

1.2 The Multiplicity of Infection (MOI)

The MOI or the clone number was the highest number of alleles at any of the
three loci. For example, the AF22 contained two alleles of MSP1, three alleles of
MSP2, and one allele of GLURP. Therefore, the clone number or the MOI was taken
to be 3 (Table 7). At least 13 of the 39 samples (33.3%) were monoclonal, 46.2% of
samples (18/39) contained at least two clones, and 20.5% of samples (8/39) carried at
least three clones. Allelic typing of MSP1 and MSP2 were detected 51.3% and 48.7%
of the multiclonal infections, respectively, while only 7.7% of the multiclonal
infections were detected by typing of GLURP. The overall mean MOI was 1.87 +
0.12 (the total number of clones divided by the total number of isolates. All of these

observations were summarized in Table 7.
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2. The Optimal Conditions for PCR Amplification of the Block 2 of
MSP1 Sequence

2.1 Choice of Enzyme DNA Polymerase

Three DNA Polymerases; Taq Polymerase (Invitrogen, USA), Vent Polymerase
(Invitrogen, USA), and HotstarTaq Polymerase (Qiagen, USA), were used in the
MSP1 amplification reaction. It was shown that a single specific band at 398 bp was
observed in the MSP1 amplification reaction using HotstarTag Polymerase (Figure
16A). The non-specific bands were seen in the MSP1 amplification reaction using Taq
Polymerase (Figure 16B) whereas Vent Polymerase was negative for a specific band
at 398 bp (Figure 16C). Therefore, the HotstarTag Polymerase was chosen to be used
throughout the study for amplification of the block 2 of MSP1.

e i <

(A) (B) (©)

Figure 16. PCR-amplified fragments from P. falciparum strain 3D7 using three types
of DNA polymerase. (A) HotStartaq polymerase (B) Taq polymerase (C) Vent
polymerase. Primers were prepared to the sequences of the conserved blocks 1 and 3
of the MSP1 gene: C1F, 5’-GAAGATGCAGTATTGACAGG-3’; and C3R: 5'-
TGATTGGTTAAATCAAAGAG- 3’. Template DNA was isolated from the cultured
3D7 (lane 3). Lane M, contained DNA molecular size markers of 1000, 900, 800, 700,
600, 500, 400, 300, and 200 bps, respectively. Lane 2, No template DNA.
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2.2 Annealing temperature

The effect of the annealing temperature on the MSP1 amplification of
P. falciparum strain 3D7 was determined by gradient PCR, varying the annealing
temperatures at 40°C, 45.1°C, 48.2°C, and 50°C. It was found that the single band at
398 bp were seen at all four annealing temperatures with similar ethidium bromide
staining intensity (Figure 17). Therefore, the annealing temperature at 50°C was
selected throughout the study to prevent non-specific DNA amplification at lower

temperature.

1234 M

Figure 17. PCR-amplified fragments from P. falciparum strain 3D7 using primers to
MSP1 and varying the annealing temperatures at 40°C (lane 1), 45.1°C (lane 2),
48.2°C (lane 3), and 50°C (lane 4). Primers were prepared to the sequences of the
conserved blocks 1 and 3 of the MSP1 gene: C1F, 5'-GAAGATGCAGTATTGACAGG-3’;
and C3R: 5-TGATTGGTTAAATCAAAGAG- 3’. Lane M, contained DNA
molecular size markers of 1000, 900, 800, 700, 600, 500, 400, 300, and 200 bps,

respectively.
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2.3 Analytical specificity

In many areas where malaria is endemic, several Plasmodium species are in a
single circulation. The specificity of the MSP1 amplification was examined whether
the primers and PCR conditions chosen were specific for P. falciparum. DNAs from
P. falciparum, P. malariae, and P. vivax were amplified with the primers C1F and
C3R. The result is shown in Figure 18. For all reactions, amplification was restricted
to only P. falciparum DNA, whereas the other two species of Plasmodium were
negative. This indicated that the reactions with P. falciparum-derived primers were

species specific.

1234MN

Figure 18. PCR-amplified fragments from P. falciparum strain 3D7 and patient blood
using primers to MSP1. Primers were prepared to the sequences of the conserved
blocks 1 and 3 of the MSP1 gene: C1F, 5’~-GAAGATGCAGTATTGACAGG-3’; and
C3R: 5’-TGATTGGTTAAATCAAAGAG- 3’. Template DNAs were isolated from
the cultured P. falciparum strain 3D7 (lane 1), and the blood patients infected with P.
malaraie (lane 2), P. vivax (lane 3), and. P. falciparum (lane 4). Lane M, contained
DNA molecular size markers of 1000, 900, 800, 700, 600, 500, 400, 300, and 200
base pairs, respectively. Lane N, No template DNA.
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3. Comparison of the Block 2 of MSP1 Sequences in Recombinant

Clones

3.1 Size and Allelic Family

Plasmid DNAs of four recombinant clones constructed from four samples, AF22,
AF42, AF63, and MHP1452 have been used as templates for PCR amplification of
the block2 of MSP1 as described in chapter 4, section 3. The PCR amplicons
contained the MSP1 inserts were directly sequenced and resulted in products of 344,
317, 335, and 371 base pairs (AF22, AF42, AF63, and MHP-1452, respectively) as
shown in the multiple alignment (Figure 19). The MSP1 sequences of the AF22,
AF42, AF63 and MHP1452 clone were compared to the MSP1 known type K1,
MAD20 and RO33 (75) and their relationship was shown in a phylogenetic tree
(Figure 20). This suggested that the recombinant clone of AF63 and MHP1452 are
allelic type K1, the AF22 clone is MAD20, and the AF42 clone is type RO33. Since
the repetitive nature of MSP1 makes estimates of genetic variation between MSP1
alleles difficult to quantify (75, 76), the MSP1 family assignments should be
interpreted with caution.

Additionally, the MSP1 sequences of each clone were aligned with the allelic
specific sequences for the block 2 of MSP1 gene. Their alignments revealed that the
MSP1 sequence of AF63 and MHP1452 clones were complementary with the K1
specific sequence whereas the MSP1 sequences of AF22 and AF42 clones were
matched with type MAD20 and RO33, respectively. According to this information, it
is more likely that the recombinant clones of AF63 and MHP1452 were allelic type
K1. In contrast, the AF22 clone was type MAD20, and the AF42 clone was type
RO33. The characteristics of recombinant clones used in this study were shown in
Table 8.
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Figure 20. A phylogenic tree showing the relationships between the block2 of MSP1
sequences. From recombinant clones of AF22, AF42, AF63, and MHP1452, the block
2 of MSP1 sequences were compared to the known MSP1 sequences
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Table 8. Characteristics of recombinant clones used in this study.

Recombinant Clones Size Allelic family
AF 63 335 bp K1
MHP 1452 371 bp K1
AF 22 344 bp MAD20
AF 42 317 bp RO33

3.2 Sequence Differences determined by Pairwise Alignment

The MSP1 sequence differences between recombinant clone AF63 and other

clones were determined by pairwise alignment. It was found that MHP1452

comparing to AF63 had 1 insertion of 36 nucleotides and no base-pair mismatches,

which were equal to 11% difference (Figure 21). The alignment between AF63 and
AF42 revealed 1 insertion of 18 bp and 68 mismatches (26% difference) (Figure 22).

Sequence differences between AF63 and AF22 were 1 deletion of 9 nucleotides and

75 base-pair mismatches (25% difference) as shown in Figure 23.
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C1F primer
* 20 * 40 *
GAAGATGCAGTATTGACAGGTTATGGTTTATTTCATAAGGAAAAAATGAT
AF63  : GAAGATGCAGTATTGACAGGTTATGGTTTATTTCATAAGGAAAAAATGAT : 50
MHP1452: GAAGATGCAGTATTGACAGGTTATGGTTTATTTCATAAGGAAAAAATGAT : 50
60 * 80 * 100
CTTAAATGAAGAAGAAATTACTACAAAAGGTGCAAGTGCTCAAAGTGGTA
AF63  : CTTAAATGAAGAAGAAATTACTACAAAAGGTGCAAGTGCTCAAAGTGGTA : 100
MHP1452: CTTAAATGAAGAAGAAATTACTACAAAAGGTGCAAGTGCTCAAAGTGGTA : 100
2 120 3 140 *
CAAGTGGTACAAGTGGTACAAGTGGTACAAGTGGT
AF63  : CAAGTGGTACAAGTGGTACAAGTGGTACAAGTGGT-——-——=--—=-———— - 135
MHP1452: CAAGTGGTACAAGTGGTACAAGTGGTACAAGTGGTACAAGTGGTACAAGT : 150
160 5 180 & 200
CCAAGTGGTCCAAGTGGTACAAGTCCATC
AFB3 I o CCAAGTGGTCCAAGTGGTACAAGTCCATC : 164
MHP1452: GGTACAAGTGGTACAAGTGGTCCAAGTGGTCCAAGTGGTACAAGTCCATC : 200
& 220 &3 240 *
ATCTCGTTCAAACACTTTACCTCGTTCAAATACTTCATCTGGTGCAAGCC
AF63  : ATCTCGTTCAAACACTTTACCTCGTTCAAATACTTCATCTGGTGCAAGCC : 214
MHP1452: ATCTCGTTCAAACACTTTACCTCGTTCAAATACTTCATCTGGTGCAAGCC : 250
260 £ 280 i 300
CTCCAGCTGATGCAAGCGATTCAGATGCTAAATCTTACGCTGATTTAAAA
AF63  : CTCCAGCTGATGCAAGCGATTCAGATGCTAAATCTTACGCTGATTTAAAA : 264
MHP1452: CTCCAGCTGATGCAAGCGATTCAGATGCTAAATCTTACGCTGATTTAAAA : 300
o 320 i) 340 3
CACAGAGTACGAAATTACTTGTTCACTATTAAAGAACTCAAATATCCCGA
AF63  : CACAGAGTACGAAATTACTTGTTCACTATTAAAGAACTCAAATATCCCGA : 314
MHP1452: CACAGAGTACGAAATTACTTGTTCACTATTAAAGAACTCAAATATCCCGA : 350
360 -
ACTCTTTGATTTACCCAATCA
AF63  : ACTCTTTGATTTACCCAATCA : 335

MHP1452: ACTCTTTGATTTACCCAATCA : 371

C3R primer

Figure 21. Pairwise alignment between the block2 of MSP1 sequences from AF63
and MHP1452 clones.
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C1F primer

20 * 40 *
GAAGATGCAGTATTGACAGGTTATGGTTTATTTCA AAGGAAAAAATG T

AF63 : GAAGATGCAGTATTGACAGGTTATGGTTTATTTCATAAGGAAAAAATGAT : 50

AF42 : GAAGATGCAGTATTGACAGGTTATGGTTTATTTCAAAAGGAAAAAATGGT : 50

60 * 80 * 100
TTAAA GA G AG CAA T CTCAA TG T
AF63 : CTTAAATGAAGAAGAAATTACTACAAAAGGTGCAAGTGCTCAAAGTGGTA - 100
AF42 - ATTAAAGGATGGAG--——-————————————— CAAATACTCAAGTTGTTG - 82
7 120 il 140 *

CAA TCAGIGT AAGT T AAGTG T AA T TCCA GT
AF63 : CAAGTGGTACAAGTGGTACAAGTGGTACAAGTGGTCCAAGTGGTCCAAGT : 150
AF42 - CAAAGCCTGCAGGTGCTGTAAGTACTCAAAGTGCTAAAAATCCTCCAGGT : 132

160 * 180 * 200
GTACA CCTCA T TCAA ACT A T T AA CTC
AF63 - GGTACAAGTCCATCATCTCGTTCAAACACTTTACCTCGTTCAAATACTTC - 200
AF42 - GCTACAGTACCTTCAGGTACTGCAAGTACTAAAGGTGCTATAAGATCTCC : 182

il 220 2 240 *
A TG TGCAA CCT CAG TGAT CAAG GATTCAGATGCTAAATCTT
AF63 - ATCTGGTGCAAGCCCTCCAGCTGATGCAAGCGATTCAGATGCTAAATCTT - 250
AF42 - AGGTGCTGCAAATCCTTCAGATGATTCAAGTGATTCAGATGCTAAATCTT - 232

260 & 280 * 300
ACGCTGATTTAAAACA AGAGT C AAATTACTTGTTCACTATTAAAGAA
AF63 : ACGCTGATTTAAAACACAGAGTACGAAATTACTTGTTCACTATTAAAGAA : 300
AF42 - ACGCTGATTTAAAACATAGAGTTCAAAATTACTTGTTCACTATTAAAGAA : 282

& 320 §)
CTCAAATATCCCGAACTCTTTGATTTACCCAATCA
AF63 - CTCAAATATCCCGAACTCTTTGATTTACCCAATCA : 335
AF42 : CTCAAATATCCCGAACTCTTTGATTTACCCAATCA : 317

C3R primer

Figure 22. Pairwise alignment between the block2 of MSP1 sequences from AF63
and AF42 clones.
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C1F primer
* 20 * 40 *
GAAGATGCAGTATTGACAGGTTAT GTTTATTTCA AAGGAAAAAATG T

AF63 : GAAGATGCAGTATTGACAGGTTATGGTTTATTTCATAAGGAAAAAATGAT : 50

AF22 : GAAGATGCAGTATTGACAGGTTATAGTTTATTTCAAAAGGAAAAAATGGT : 50

60 * 80 * 100
TTAAATGAAG A AA T TACAA GT CA TG T
AF63 : CTTAAATGAAGAAGAAA--——————- TTACTACAAAAGGTGCAAGTGCTC : 91

AF22 : ATTAAATGAAGGAACAAGTGGAACAGCTGTTACAACTAGTACACCTGGTT : 100

P 120 e 140 *

A GTGGT CA T T CA GTGGT CA T T CA GTGGT CA GT
AF63 : AAAGTGGTACAAGTGGTACAAGTGGTACAAGTGGTACAAGTGGTCCAAGT : 141
AF22 : CAGGTGGTTCAGTTACTTCAGGTGGTTCAGTTACTTCAGGTGGTTCAGGT : 150

160 * 180 N 200

GGT CA TG TCA TCTCA T TITCA CIT A T GTTC
AF63 : GGTCCAAGTGGTACAAGTCCATCATCTCGTTCAAACACTTTACCTCGTTC : 191
AF22 : GGTTCAGTTGCTTCAGTTGCTTCAGTTGCTTCAGTTGCTTCAGGTGGTTC - 200

* 220 * 240 *

A TA TTCA GT CAA CCT CAG T AT CAAG GATTCAGATG
AF63 : AAATACTTCATCTGGTGCAAGCCCTCCAGCTGATGCAAGCGATTCAGATG : 241
AF22 - AGGTAATTCAAGACGTACAAATCCTTCAGATAATTCAAGTGATTCAGATG : 250

260 3 280 * 300
CTAAATCTTACGCTGATTTAAAACA AGAGT C AAATTACTTGTTCACT
AF63 : CTAAATCTTACGCTGATTTAAAACACAGAGTACGAAATTACTTGTTCACT : 291
AF22 : CTAAATCTTACGCTGATTTAAAACATAGAGTTCAAAATTACTTGTTCACT - 300

5 320 N 340
ATTAAAGAACTCAAATATCCCGAACTCTTTGATTTACCCAATCA
AF63 - ATTAAAGAACTCAAATATCCCGAACTCTTTGATTTACCCAATCA : 335
AF22 : ATTAAAGAACTCAAATATCCCGAACTCTTTGATTTACCCAATCA : 344

C3R primer

Figure 23. Pairwise alignment between the block2 of MSP1 sequences from AF63
and AF22 clones.
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4. Development and Validation of MSP1- HTA

The heteroduplex tracking assay has been developed to detect as many different
MSP1 sequences as possible. The HTA probes were generated from four molecular
clones, AF63, AF22, AF42, and MHP1452. These recombinant clones were also used
as four MSP1 known sequence controls. All four probes were tested in the MSP1-
HTA with the sequence controls. These experiments showed that if the target
sequences were typically different with the probe used, all of the MSP1
heteroduplexes between the probe and PCR products exhibited reduced migration
during electrophoresis.

As shown in Figure 24, all of the clones analyzed matched with one of the bands
in heteroduplex mobility pattern and accurately displayed the same location in the gel.
The K1 (AF63) probe annealed equally well to both MAD20 (AF22) and RO33
(AF42) families (Figure 24, lanes 2-3). In contrast, the diffuse signal in lane 4
suggests that the AF63-MHP1452 heteroduplex is an unstable, dynamic complex.
Quantitation of the area of the heteroduplex bands determined that the signal of the
diffuse MHP1452 complex is not equivalent to the signal of the tighter AF22 or
AF42. The results supported that the AF63 probe does not anneal tightly to the
MHP1452 sequence.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Med. Tech.) / 67

preke AFG] rmbe 8552
o -
&
SEFrifa & 9
FVEE{EE £E5 ¢
mm A ) — P - = o fifdd
e WHFI45) — 4— KHP| 453

e
oy T of
Enge

L
inghe-
= - i | — S1EA R
Mh sinded —— - — - | pinice

AR — | . - -
-',.II.'..'.I-.;I' iil-'.ri'-nm”“ il.r-n-l' --:“I. mmm

b1 23 4 § & TR OFO1G

Y
(1|

hamnduplex

Figure 24. Autoradiogram of MSP1- HTA analysis using the AF63 probe or the
AF22 probe. Probes were annealed with equal amounts of MSP1 known sequence
controls amplified from AF22, AF42, AF63, and MHP1452 clones. Lane 1-6 show

samples annealed to probe AF63
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In addition, the results with the AF63 and AF22 probes were then compared in
order to determine the ability of these probes to bind to different MSP1 families.
Annealing between the plasmid-derived amplicons to the radiolabelled AF22 probe
resulted in migration patterns which were similar to the AF63 probe (Figure 24, lanes
7-10). These data supported that the HTA probes developed within this study are
capable of binding to sequence variants from all of the MSP1 allelic families (K1,
MAD20 and RO33).

Upchurch and colleges reported that when the degree of divergence between two
annealed sequences exceeds 4.5%, the rate of heteroduplex migration is proportional
to the heterogeneity between the annealed sequences. However, as shown in Figure 24
(lane 4), the AF63/MHP1452 heteroduplex migrates much more slowly than the
AF63/AF22 heteroduplex. This is unlikely since AF63 and MHP1452 are from the
same allelic family (K1) and an AF63/MHP1452 heteroduplex should migrate very
closely to the AF63 homoduplex. However, it has been reported that heterogeneity
near the center of the heteroduplex influences migration more than heterogeneity near
the ends of duplexes. Thus, the unpaired bases retard mobility more than mismatched
bases.

Based on these observations, we hypothesize that the unexpected migration of
AF63/MHP1452 and the AF63/AF22 heteroduplexes is related to the location of the
heterogeneity between the sequences. This hypothesis is future supported by pair-wise
alignment between AF63/AF22. It was found that shows that AF 22 has a 9 base-pair
insertion 75 base-pairs away from the 5’end and multiple nucleotide mismatches
(Figure 23), while the AF63/MHP1452 heteroduplex has no base-pair mismatches but
a large, 36 base-pair insertion near the center of the heteroduplex (Figure 21).

The ability of the HTA to probe a mixture of MSP1 sequence variants were then
investigated. As expected, when the block2 MSP1 of AF22 and AF42 are mixed
together and annealed to an AF63 probe, two heteroduplex bands were observed
(Figure 24, lane 5). Furthermore, a mixture of AF22, AF42, and MHP1452 annealed
to the AF63 probe yields three heteroduplex bands (Figure 24, lane 6). These results
show that the HTA, using a single probe, can simultaneously detect multiclonal and

multifamily infections.
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Finally, to test the ability of the AF63 probe to detect similar sequences, the
AF63 probe was annealed to an AF63 amplicon. As a consequence of Pstl digestion
of the AF63 probe from the pT7Blue vector, the AF63 probe has 34 unpaired 5’
nucleotides, which retards the migration of the AF63 amplicon/AF63 probe compared
to the probe AF63 homoduplex. Digestion of the AF63 probe with Ndel, which cuts 7
nucleotides away from the MSP1 insert, caused the AF63/AF63 probe to run
concurrently with the probe AF63 homoduplex. These observations suggest that the
AF63 probe digested with Ndel can detect the sequence variants that are very similar

to the probe sequence.

5. HTA for Detection of MSP1 Genotypes of Field Samples

DNA samples from 17 AF samples were chosen to initially analyze by HTA. All
four probes were used in order to determine if one HTA probe is more sensitive than
others in the detection of MSP1 genotypes. These DNA samples were amplified for
the block 2 of MSP1 and the PCR products from each sample were annealed
individually with all four probes. Based on the criteria that the number of MSP1
genotypes was counted from distinct hetroduplex bands and the bands commonly
observed were defined as PCR amplification artifact. Figure 25 shows the HTA
patterns of four examples of patient samples (AF18, AF38, AF43, and AF62). The
numbers of MSP1 genotypes detected by HTA using four probes were summarized in
Table 9. Each of the probes presented different heteroduplex mobility patterns. It was
noted that in some cases the probes identified an unequal number of genotypes in each
sample. However, these differences were not due to the reproducibility of the MSP1-
HTA or biased genotype sampling, since all samples were PCR amplified in duplicate
and also two independent PCR products were run side by side in the same gel. The
heteroduplex mobility patterns of all duplicates were identical and the same numbers
of heteroduplex bands were observed in all duplicates. Examples of identical

heteroduplex mobility patterns of the three AF samples were present in Figure 26.
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Figure 25. The HTA patterns of four representative patient samples. Autoradiogram
of MSP1- HTA analysis using four probes (AF22, AF42, AF63, and MHP1452). The
number of distinct heteroduplex bands as shown at the bottom of each lane was

defined as the number of MSP1 genotypes present in each sample.
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Table 9: The number of MSP1 genotypes determined by HTA using all probes

Patient No. HTA HTA HTA HTA
(N=17) (ProbeAF22) | (ProbeAF42) | (ProbeAF63) | (ProbeMHP1452)
AF3 2 1 2 1
AF6 2 o 3 1
AF7 1 1 3 1
AF8 2 1 2 3
AF12 1 1. 2 3
AF16 1 d: 1 1
AF17 1 1 1 1
AF18 1 1 3 1
AF29 1 At 1 2
AF31 2 2 1 2
AF32 4 2 4 2
AF38 2 1 3 1
AF43 1 2 1 2
AF62 2 2 2 2
AF69 1 2 2 2
AFT70 2 3 3 2
AFT71 3 1 3 2
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AF sample: 70 71 62

Single —strand probe |

Probe lnmnd.p]e:

Figure 26. Autoradiogram of MSP-1 HTA analysis using the probe developed from
the AF63 clone. The probe was annealed with PCR products amplified in duplicate
from three samples (AF 70, AF 71, and AF62). The arrows designate the single strand
probe (Top) and the probe homoduplex (bottom). All PCR duplicates displayed

identical heteroduplex mobility patterns.
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The sensitivity of the HTA in relation to nested PCR method was determined by
tallying the number of MSP1 genotypes detected by both methods for the same 17 AF
samples (Figure 27). The largest number of distinct heteroduplex bands detected by
HTA using four probes can be used to estimate the clone number in each sample. It
was found that the clone number detected by HTA was more than those detected by
nested PCR in ten samples; 10/17 (58.8%), less than in two samples; 2/17 (11.8%)
and equal to in five samples; 5/17 (29.4%). Also, the comparison of nested PCR to
HTA using the AF63 probe alone resulted in the HTA detecting more genotypes in
8/17(47%) isolates, less genotypes in 3/17 (18%) isolates, and an equal number in
6/17(35%). These observations suggest that the HTA, even using a single probe, is
equivalent or better than Nested PCR in determining the clone number of
P.falciparum in a patient sample. Although no probe always detected more genotypes
than the others, the AF63 probe is the most consistent probe which can detect the
largest number of MSP1 genotypes. Therefore, the AF63 probe was chosen for the
subsequent analysis.

DNA samples from 39 AF samples were analyzed by HTA using the AF63 probe
in order to estimate the multiplicity of P. falciparum infection. It was found that the
MOI in parasite isolates obtained from various sites in Southeast Asia was 1.92 +
0.13 (Table 10). Thirteen samples (33.3%) contained one genotype of MSP1, 18
samples (46.2%) contained two genotypes of MSP1, 6 samples contained three
genotypes of MSP1, and 2 samples contained four genotypes of MSP1. Within DNA
samples from Thailand, the MOI from each province were 2.00 + 0.37 in Tak, 1.67 +
0.33 in Kanchanaburi, 2.33 + 0.33 in Ubon, 1.67 + 0.33 in Trad, 2.00 + 0.00 in
Ranong, and 1.33 + 0.33 in Yala (Table 11).
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Comparison of the clone numbers determined by HTA using the AF63 probe and
by Nested PCR (MSP1/MSP2/GLURP) in 37 field samples was shown in Table 12.
Significant difference, calculated by kappa coefficient (k) (72) was used to correlate
detection the number of clone in P. falciparum infections by nested PCR and HTA.
The kappa coefficient beyond chance was 0.262 which indicate fair agreement beyond
chance between HTA using probe AF63 and nested PCR with three polymorphic

genes (MSP1/MSP2/GLURP).

Table 12. The multiplicity of P. falciparum infection in AF samples detected by

Nested PCR (MSP1/MSP2/GLURP) and HTA

Ph.D. (Med. Tech.) / 77

Nested PCR
(MSP1/MSP2/GLURP) Total
ok 2 3
HTA (ProbeAF63) il 8 4 i 13
2 4 11 4 18
3 1 3 2 6
Total 13 17 7 iy
Chi-Square Tests
P-value = 0.154
Kappa coefficient calculation
Kappa coefficient = 0.262
Standard error of Kappa = 0.128
P-value = 0.031
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Table 13 showed the comparison of the clone numbers determined by HTA using
the AF63 probe and by Nested PCR (MSP1) in 37 field samples. Significant
difference was calculated by kappa coefficient (k) (72). The k value was used to
correlate detection the number of clone in P. falciparum infection by nested PCR and
HTA. The kappa coefficient beyond chance was 0.396 which indicate fair agreement
beyond chance between HTA using probe AF63 and nested PCR with the MSP1

genes.

Table 13 The multiplicity of P. falciparum infection in AF samples detected by
nested PCR (MSP1) and HTA

Nested PCR
(MSP-1) Total
1 2 3
HTA (Probe AF63) 1 Al 1 1 13
2 6 10 2 18
3 2 2 p 6
Total 19 13 5 37

Chi-Square Tests
P-value = 0.022

Kappa coefficient calculation
Kappa coefficient

Standard error of Kappa
P-value

0.396
0.118
0.001
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6. HTA for ldentification of Recrudescence and Re-infection in
P. falciparum Infections.

In order to test the ability of HTA to differentiate between recrudescence and re-
infection by the AF63 probe in MSP1-HTA, 17 patients were studied. All of them
were treated with mefloquine and were identified as treatment failure during the 42
day of follow up. Paired primary and recurrent infection samples from these treatment
failures in the GR study were analyzed by HTA using the AF63 probe. The block2 of
MSP1 were amplified from 17 paired of admission and recurrent infection samples.
The PCR products were annealed with the AF63 probe labeled on one strand and
heteroduplexes were separated by running paired samples side by side in the same gel.

Based on the criteria that the infection was considered to be recrudescence if the
heteroduplex mobility pattern obtained from the recurrent infection sample (sample
R) were fully or partially identical to the admission sample (sample A). And when the
patterns of both samples were different, a new-infection could be assumed. These
experiments revealed that the heteroduplex mobility pattern of the recurrent infection
samples in 10 cases (GR001, GR004, GR008, GR010, GR014, GR031, GRO037,
GRO045, GR046, and GR050) full or partially matched the pattern of the primary
isolate. These 10 cases could be recrudescent infections resulted from treatment
failure. The heteroduplex mobility patterns of recurrent infection samples in 7 cases
(GRO12, GR022, GR027, GR030, GR032, GR034, and GR041) contained novel
sequence variants when compared to their admission samples. These 7 cases were
most likely re-infections. However, the novel bands in these samples could also

indicate an outgrowth of a minor parasite population that was originally undetected.
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Since malaria infections are occasional composed of multiple clones of
P.falciparum at the admission date (50), the heteroduplex mobility pattern from the
admission samples frequently expressed one or more heteroduplex bands than the
recurrent mobility pattern. The number of heteroduplex bands detected by HTA in 17
paired of admission and recurrent samples were summarized in Table 14.

The MOI of admission samples were ranged from 1 to 10 with the mean of 4.6
and the MOI in recurrent samples were ranged from 1 to 8 with the mean of 4.7. Only
two cases (12%) were infected with one strain of P.falciparum (MOI =1) whereas 15
cases (88%) contained more than one strains. Within the multiclonal infections, 8
cases were identified as recrudescence while 7 cases were either recrudescence or re-
infection. The number of days when parasites reappeared after mefloquine treatment

was ranged from 7 to 44 days with the mode of 28 days.
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Table 14. Coefficient of similarity scores (F score) of MSP1 heteroduplex patterns of

recurrent infection samples compared to their admission samples

Patient Days Nx | Ny | Nxy Nz F Result
No PT
GRO001 29 6 2 2 0 0.5 R
GRO004 29 iL 1 1 0 L R
GR008 28 6 6 6 0 1 R
GRO010 42 1 1 1 0 1 R
GRO12 21 5 6 5) 1 0.91 Rand N
GR014 38 6 6 6 0 1 R
GRO022 35 4 4 A 2 050 Rand N
GRO027 8 5 4 3 1 0.66 Rand N
GR030 35 2 6 2 4 0.50 Rand N
GRO031 28 4 4 4 0 1 R
GRO032 42 10 8 6 2 0.67 Rand N
GR034 44 3 2 1 1 0.40 Rand N
GR037 20 6 6 6 0 1 R
GR041 7 2 6 1 5 0.25 Rand N
GRO045 28 8 8 8 0 1 R
GRO046 8 7 7 7 0 1 R
GRO050 7 3 3 3 0 1 R

The number of days post-treatment (Days PT) a second malaria infected blood sample
was taken. Nx: the total number of heteroduplex bands in admission sample, Ny: the
total number of heteroduplex bands in recurrent infection samples, Nxy' the total
number of heteroduplex bands shared in paired samples, Nz: the number in excess of
heteroduplex bands present in recurrent infection samples, F value of 1.0 indicates the
Heteroduplex mobility pattern of a recurrent infection sample is identical to, or

contained within that of the admission sample, R: Recudescence; N: New infection



Warunee Ngrenngarmlert Results /82

6.2 The coefficient of similarity (F value)

The similarity of heteroduplex mobility patterns in 17 paired of admission and
recurrent infection samples was reflected by the F score (coefficient of similarity)
(Table 14). Each recurrent infection sample had a F score of 1.0 compared to its
paired admission sample, suggesting the identity to primary infection while F score
less than 1.0 represented non-identity. Figure 28 demonstrated the heteroduplex
mobility patterns of three recurrent infection samples (GR004, GR008, and GR010)
which were identical to their paired admission samples and the F score was equal to
1.0. These samples were identified as recrudescent infections. In contrast, the GR012,
GR022, and GR027, had both matching bands and novel bands in the recurrent
infection samples, and their F scores were 0.91, 0.50, and 0.66 respectively,
suggesting that both recrudescence and new infections. However it was noted that the
heteroduplex mobility pattern in GR 001 with F score 0.5 contained similar pattern

with some parts of the paired admission sample, suggesting pure recrudescence.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Med. Tech.) / 83

R sample:

Figure 28. MSP1-HTA analysis of admission and recurrent infection samples using
probe AF63. Samples are identified by a letter indicating which PCR product was

used in each lane: A, admission sample; R, recurrent infection sample.
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6.3 The effect of parasitaemia on the heteroduplex mobility patterns

Parasite density in each samples were significantly different Also parasitemia in
the admission sample significantly higher than the parasite density of the recurrent
infection samples (Table 4). The effect of parasite density to the heteroduplex pattern
was examined. Four 10-fold serial dilutions of P. falciparum DNA from three-paired
of admission and recurrent infection samples (GR001, GR022, and GR027) were
made and analyzed by MSP1-HTA. The different parasite densities affect the
appearance and intensity of the heteroduplex bands detected by HTA. When the same
samples with different parasite densities were electrophoresed, weak bands transiently
vanished in the samples with a lower parasite density but distinct bands were

consistently visible (Figure 29).
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Figure 29. Autoradiogram of MSP1-HTA analysis using probe AF63. The probe was
annealed with PCR products amplified from three paired admission and recurrent
infection samples. The samples are identified by number which PCR products are

used in each lane. The admission samples were diluted until reach to the parasitemia
of their matched recurrent infection samples.
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CHAPTER 6

DISCUSSION AND CONCLUSION

Malaria is an infectious disease transmitted by the bites of mosquitoes infected
with any of four species of Plasmodium protozoa, namely P.vivax, P. ovale, P.
malariae and P. falciparum. Among four species of Plasmodium, falciparum malaria
can cause more serious problems, including heart, lung, kidney, or brain damage and
possibly death (23). Falciparum malaria remains an important public health concern
due to increasing resistance to common antimalarials and the high mortality rate (20).
Clinical infections of P. falciparum are often composed of a mixture of parasite
strains, especially in the endemic area (1). The mixture infection can be defined as the
multiplicity of infection (MOI). Because a different strain of P. falciparum exhibits a
unique genotype, therefore, MOI is resulting in the extent of genetic diversity in P.
falciparum in each infection (5). The genetic diversity and the MOI represent one of
the major problems of malaria pathogenesis and the acquisition of immunity and also
of vaccine development (41, 42).

During malaria replication in the cells, a number of surface proteins of asexual
stage merozoite display polymorphic forms (77). These proteins appear to play an
important role in the process of red blood cell invasion (78). The major surface
proteins include integral membrane proteins such as the merozoite surface protein 1
(MSP1) and the merozoite surface protein 2 (MSP2) (77). The glutamine rich protein
(GLURP) is a peripheral membrane protein that associated with merozoite surface at
the time of schizont rupture (77). Different strains of P. falciparum express different
forms of these proteins. The gene encoding these three highly polymorphic proteins
including MSP1, MSP2, and GLURP are the most frequently used as genetic markers
to genotype field isolates of P. falciparum (5-8). These markers differ in the type of
polymorphisms that they present.
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In order to study molecular epidemiology of malaria infection, the researchers
have to enumerate or to characterize the multiplicity of P. falciparum infections.
Various molecular techniques based on polymerase chain reaction (PCR) have been
employed to elucidate the genetic diversity of P. falciparum infections (79),(80).
However, there are some limitations of using these techniques. For example, nested
PCR and Restriction Fragment Length Polymorphism (RFLP) rely on electrophoretic
migration of relatively small DNA fragments, which is only sensitive to changes of
the fragment length. Moreover, fragments with a similar number of nucleotides but
different sequences will co-migrate to the same distance, leading to genotype
misinterpretations (12). Unlike nested PCR and RFLP, Single Strand Conformation
Polymorphism (SSCP) can detect a single nucleotide difference, but it is technically
demanding and is most effective only when fragment sizes are less than 150 bp (12).
Although the direct DNA sequencing can be used for the detection of genetic
variation, but it is expensive and requires additional cloning method (13). However,
sequencing with or without cloning are tedious and time-consuming because some
genotypes may exist in low level in the plasmid library. The low level of genetic
variations is difficult to retrieve, particularly in population genetic studies, where
large numbers of samples required analysis.

In contrast to the above techniques, heteroduplex tracking assay (HTA) can
detect both clustered nucleotide mismatches and size polymorphisms. HTA is a
screening method based on heteroduplex analysis (HDA), which designed to
determine whether one or more variations of DNA sequence exist in a sample (12).
HDA relies on the principle that heteroduplex molecules containing clusters of base
mismatches or unpaired bases will be separated under particular electrophoretic
conditions from almost identical molecule containing no mismatches (homoduplex).
Heteroduplexes tend to migrate more slowly than homoduplexes in non-denaturing
polyacrylamide gels. According to the characteristic of heteroduplexes, Delwart and
colleagues (61) initially used HTA to analyze HIV-1 variation. Moreover, various
HTAs have also been developed to study genetic diversity of other pathogenic
microorganisms such as EBV (18), Mycobacterium tuberculosis (19).

Since the merozoite surface protein 1 is a candidate for a malaria vaccine (81), in

the present study the MSP1 gene has been chosen to be a genetic marker for analysis
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of P.falciparum genetic diversity and for estimation of the MOI. The most striking
polymorphisms of MSP1 are resulting from repetitive sequences, where types of
repeat units including their number and arrangement can be simply characterize
different P.falciparum strains (43).

In the present study, HTA has been developed to analyse the P. falciparum
genetic diversity. This developed technique is based on four major steps 1) PCR
amplification of the polymorphic MSP1 gene, 2) annealing the PCR products with a
radiolabeled probe, 3) separation of heteroduplexes containing a radiolabeled probe
by electrophoresis, and 4) visualization of heteroduplexes by exposure to X-ray film.

In the first part of experiments, instead of nested PCR, which requires additional
time and materials, resulting in increasing risk for cross contamination between
samples, a conventional PCR with minor modifications were used. The block 2 of
MSP1 was amplified by using HotstarTag polymerase under PCR cycle condition as
shown in Figure 11. It was found that the modified conventional PCR could
specifically amplify the block 2 of MSP1 of P.falciparum (Figure 18).

The four recombinant clones containing three different allelic families were
generated in order to develop as probes in HTA analysis. Sequences of the block 2 of
MSP1 that are highly variable among the three major allelic families are K1-,
MAD20- and RO33 types. The three alleles differ extensively in both repetitive and
non-repetitive regions. In repetitive region, variation can occur in the presence or
absence of 9-bp repeats, the number of the repeat, and the sequences of repeating
units (76). The repetitive nature of MSP1 makes it difficult to interpret sequence
alignments and the derived genetic relatedness provided by the Clustal-X software,
which is widely used for multiple alignments and for preparing phylogenetic trees.
Therefore, allelic family assignments of four recombinant clones have been
interpreted carefully as described in Chapter 5, section 3. The plasmid DNAs from
four recombinant clones were double digested with BamH1 and Pstl. After labeling
with *S as described in Chapter 5, section 5.1, the digested products were used as
probes. Four radiolabeled probes were named as the AF63 probe, the AF42 probe, the
AF22 probe, and the MHP1452 probe. The AF63 probe and the MHP1452 probe were
K1-type whereas the AF22 probe and the MHP1452 probe were MAD-20 type and
RO33-type, respectively (Table 8).
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The developed HTA for analysis of malaria genetic variations was further
validated using plasmid DNA from four recombinant clones. The clones were used as
DNA templates to amplify four different MSP1 known sequences (Figure 19). These
known sequences were then analyzed by HTA. The 6% non-denaturing
polyacrylamide gel at 17 mA/gel for 4.5 hr was used to separate these known
sequences. An overnight exposure to the X-ray film at 25°C was sufficient for
visualization of heteroduplexes (Figure 24). Due to the nature of the MSP1 sequence,
it is difficult to enumerate base pair mismatches and unpaired bases within
heteroduplexes (76). The number of mismatch bases and unpaired bases required for a
mobility shift has not been empirically defined in this study. However, pairwise
alignment between the AF63 probe and three MSP1 known sequences (Figure 21,
Figure 22, and Figure 23) displayed more than 5% base pair mismatches and unpaired
bases, resulting in a mobility shift of heteroduplexes (Figure 24). This finding could
be supported by previous report in HIV study that a 5% sequence divergence between
HIV variants is the detection threshold of HTA (82).

In Figure 24, the AF63 probe (K1-type) annealed with MAD20-type (AF22)
showed a very fast migration whereas a very slow migration with the same type
(MHP1452) was observed. This observation could be biochemically described that
pairwise alignment between AF63 and MHP1452 displayed the large, centrally
located insertion in MHP1452. The larger insertion, resulting in the kink formation in
heteroduplex between AF63 and MHP1452 could have a more drastic affect on the
heteroduplex migration than the smaller, more distally located insertion in AF22.
Factors that affect on the mobility of heteroduplex are 1) the position of base pair
mismatches and unpaired bases, and 2) the type of structural changes in heteroduplex
(82). The degree of mobility change appears to be more influenced when base pair
mismatches and unpaired bases occur in the middle of heteroduplex. Unpaired bases
due to insertions/deletions that cause the formation of a kink in heteroduplex have
grater effect than mismatched bases due to base substitutions that cause the formation
of a bubble in heteroduplex (82). Within the mismatches, the degree of mobility
change is likely not linear and appears to be influenced by type of mismatched base
(82). Pyrimidine-pyrimidine mismatches effect on the mobility of heteroduplex more

than purine-purine and purine-pyrimidine.
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The AF63 probe showed a weak signal (faint band) at the position of MHP1452
in lane of a mixture of equal amounts of AF22, AF42, and MHP1452, whereas the
probe showed a clear signal in lane of MHP1452 only (Figure 24). The weak signal
had band intensity similar to background level of that found at several positions
including the AF42 position in lane of MHP1452. The weak signal could be actually
minor genotypes in patient blood or artifact bands. The experiment repeated by using
the purified amplicons, which most PCR artifacts should be eliminated, showed that
the MHP1452 band is still much fainter than the other bands. Additional experiment
included an autoradiogram of the MHP1452 amplicon bound to the AF22 probe
results in a similarly diffuse band (Figure 24, lane 10). Based on this evidence, it
could be concluded that the diffuse band with low intensity is in fact the MHP1452
heteroduplex. The diffuse band might be due to the low homology between probe and
target sequences.

In an initial analysis, 17 AF samples were selected to estimate for the MOI by
HTA using four probes. The results showed that different probes displayed different
heteroduplex mobility patterns (Figure 25) and different numbers of MOI (Table 9).
The most likely source of the different number of MOI detected by the probes is the
biochemistry of heteroduplex: the mobility patterns differ by the actual differences
between probe and target. For example, subtle differences between probe and target,
such as a single base-pair substitution or a mismatch, may not change the migration of
the heteroduplexes, leading to the co-migration of multiple different sequences as a
single band. Thus, the sequence of probe relative to the target sequence will effect to
the estimation of MOI. Theoretically differences could originate from error during
PCR amplification although PCR with the appropriate polymerase might reduce any
artifact bands.

In the present study, the number of genotypes per infected person (MOI) was
estimated from the number of distinct bands with at least 10% band intensity. The cut-
off level of band intensity was used in order to either standardize HTA or exclude
artifact bands. However, this criterion may lead to underestimate MOI since minor
genotypes might not be included. Competing with major genotypes, which are
responsible for clinical symptom, minor genotypes may not be successful amplified

due to template competitions in PCR. Also, the amplification of all samples in
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duplicate and running duplicate reactions side by side in PAGE were used to control
for error during PCR step. All duplicates gave identical results (Figure 26). However,
in future study suggestion of trivial blood collection should be considered in order to
reduce this error.

In order to demonstrate that HTA was used to estimate the MOI in field samples,
39 samples were tested by HTA using the AF63 probe, which is more sensitive than
other probes (Table 9). It was found that mean of MOI was 1.92 + 0.13. Thirteen
samples (33.3%) had one genotype, 18 samples (46.2%) had two genotypes, 6
samples (15.4%) had three genotypes, and 2 samples (5.1%) had four genotypes.
Since falciparum infections are often composed of a mixture of P.falciparum strains
(50, 83), the unexpected low MOI in AF samples (MOI = 1.9) comparing to the MOI
in GR samples (MOI = 4.6) may occur due to in vitro cultivation. Some parasite
strains may over grow (bias selection) and others may be lethal during in vitro
cultivation (clone loss). Fewer strains are expected to be present in parasite culturing
as compared to fresh blood samples. In addition to this limitation, PCR-HTA is also
potentially limited by the sensitivity of PCR for detecting all genotypes present in an
infection, especially when one strain is a minor component of a multiclonal infection.

Statistical analysis can be used to determine whether nested PCR and HTA do
not give the same results, but it can’t indicate that HTA is better than nested PCR
because of lacking of the gold standard for estimation of MOI. In a direct comparison
between HTA and nested PCR, HTA documented a greater amount of MOI than
nested PCR. HTA allows direct analysis of various parasite strains in clinical isolates
with or without in vitro culture. It is interesting to note that HTA only requires a
single reaction of the amplification per sample, while the nested PCR requires six
reactions of the amplification per sample indicating that nested PCR requires
additional time and materials and leads to a high potential for cross-contamination
between samples. Therefore, even if HTA and nested PCR show identical results in
terms of MOI observed, the reduction in the number of reactions per sample makes
HTA a more desirable and practical method to characterize P.falciparum genotype
within an isolate than the nested PCR method. The assay can also detect the presence
of minor parasite strains within infected patients in a manner more sensitive than an

exhaustive and impractical DNA-sequencing.
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In order to assess the agreement of the MOI estimated by HTA using the AF63
probe and nested PCR, the kappa coefficient (k) (72) was calculated by the SPSS
statistical package. The results showed that the MOI estimated by HTA using the
AF63 probe are not in agreement with that estimated by nested PCR (k = 0.262-0.396)
(Table 12 and Table 13). One of the possible explanations is that nested PCR seems to
underestimate the MOI because alleles with identical size but differing in sequence
may not be distinguished and alleles present at a very low density in a patient blood
with low parasitemia are likely to remain undetectable (84). In contrast to nested
PCR, HTA seems to overestimate the MOI because of the higher sensitive
radiolabeled probes.

Malaria is one of the most fatal infectious diseases. The major problems of
malaria widespread resulted from many factors ranged from host factor, parasite
genetic diversity and antimalarial drug resistance. All of these factors might result in
treatment failure. Recurrent infection after antimalarial treatment could be true re-
infection, or recrudescence from undetectable former parasite hidden somewhere in
the body. Efficacy studies of antimalarial drugs rely mainly on the results of in vivo
studies that assess clinical and parasitologic outcomes after treatment. These studies
are limited by their inability to determine whether disease that recurs after treatment is
due to recrudescence of resistant P. falciparum (parasites) or re-infection with new
P. falciparum strains. Molecular genotyping methods such as nested PCR (85),
restriction fragment length polymorphism (RFLP) (5, 10) or single strand
conformation polymorphism (SSCP) (11) have been used increasingly to help in the
elucidation of antitmalarial drug efficacy studies. Infecting of malaria parasites can be
“fingerprinted” through PCR amplification of high polymorphic genes. The
“fingerprint” patterns of the isolates obtained from before treatment and after parasite
reappearance have been widely used to distinguish recrudescence from re-infection in
falciparum infections.

Although molecular genotyping such as RFLP, SSCP has been used to
differentiate recrudescence from re-infection in falciparum infections in many studies,
the methodology and interpretation of the results have not been standardized (20). In
particular, the definitions used to classify treatments as recrudescence or re-infections.

P.falciparum infections are usually composed of a mixture of parasite strains. Due to
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sequestration, strain competition, and clearance affect that related to either strain-
specific immune response or treatment, disappearance or reappearance of
P.falciparum called as clone fluctuation is observed during treatment (86) (87). Clone
fluctuation causes difficulties in assessing polymorphisms and in distinguishing re-
infection from recrudescence. A portion of parasite populations that sequestered in
deep vascular tissues at the first sampling would appear in the peripheral blood in the
following day. In this study, the samples were collected at two occasions; at the time
of admission (A) and re-admission (R), failure of collecting blood samples on two
consecutive days after admission (Day0, Dayl, Day?) is critical for distinguishing
recrudescence from re-infection. However, studies designed in this manner for such
study to distinguish recrudescence from re-infection are costly and impractical.

In theory, the appearance of new genotypes could be either the result of re-
infection or the detection of a minority parasite strain initially present earlier at an
undetectable level (87). In contrast, the appearance of identical genotype was
identified as either recrudescence or new infection with the same genotype as present
in the admission day. Regardless to failure of repeated blood collection on two
consecutive days after admission, a readmission sample contained the new genotypes;
the reappearing parasites were considered a re-infection. When an infection was
considered recrudescent if the heteroduplex mobility pattern obtained from
readmission blood sample was identical to or contained within the admission pattern.

In GR samples collected from Kanchanaburi Province, a low transmission area
where patients received less than 1 infective bite per year and could be expected to
harbor close to 1 genotype per infection. The MOI with the mean of 4.6 is higher than
expected. The possible explanation for the high MOI is that patients were infected
with a single bite with a mixture of parasite strains. High level of drug resistance in
the study area leads to a long duration of infection, remaining resistant parasites.
Despite a small sample size of 17, the data presented here suggest that HTA is a less
labor intensive and potentially more sensitive method to differentiate re-infection
from recrudescence in falciparum infections.

The results suggest that HTA can effectively describe or resolve complex
mixtures of P. falciparum strains and genetic relationships between P. falciparum

strains that can exist sequentially and /or simultaneously within P. falciparum infected
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patients can be rapidly evaluated. The power of a resolution to detect the number of
genotypes per sample may be increased if a single locus of MSP2 is used because
MSP2 seems more polymorphic than MSP1 (88). Finally, the number of HTA probes
used to genotype P. falciparum strains needs to be considered. If the experimental
goal is to determine MOI, using multiple probes on each sample is recommended.
However, based on the data presented herein, if the scientific goal is to determine if
paired samples of before treatment and after parasite reappearance contain a similar
complement of parasites, a single probe is sufficient.

In conclusion, HTA has been applied for falciparum malaria. The MSP1-HTA is
a simple screening method with a high resolution for detecting and estimation of
genetic divergence between P. falciparum strains. The assay is on the basis of the
observation that DNA heteroduplexes formed between related sequences have a
reduced mobility in polyacrylamide gel proportional to their degree of divergence.
The HTA is reproducible and sensitive to detect P.falciparum strains in patient blood
samples, which contain multiple strains. Furthermore, the use of HTA to distinguish
recrudescence from re-infection in P. falciparum infections will provide the useful

information for the study of antimalarial drug efficacy.
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APPENDIX

1. Invitro cultivation of Plasmodium falciparum strain 3D7

1.1 Materials

1.1.1 Incomplete RPMI 1640 medium
The medium consisted of 10.43 g RPMI 1640, 5 g HEPES buffer, 2 g
sodium bicarbonate, 50 mg hypoxanthine and 2 g glucose in 1000 ml of deionized
water and the pH adjusted to 7.2. The medium was passed through Millipores filter
(0.22 um) and kept at 4°C before use.
1.1.2 Human Sera
The AB-positive clotted blood from several bags are pooled and
centrifuged to remove any red cells. The serum is heat-inactivated at 56°C for 1 hour
before being aliquoted into 40ml falcon tubes and stored at -70°C. Sterile technique
during preparation is very important.
1.1.3 Complete Culture Medium (CCM)
The media was prepared by mixing 90 ml of incomplete RPMI 1640
medium and 10 ml RPMI 1640 medium and 10 ml of heat inactivated AB-positive

human serum and Gentamycin solution (Sigma) was added to give a final

-1
concentration of 10-pgml .
1.1.4 Human red blood cells
The group “O-positive” red blood cells are obtained from the whole

blood. The blood was washed to remove the anticoagulant before use.

1.2 Recultivation of Plasmodium falciparum

The cryogenic Plasmodium falciparum strain 3D7 will be removed from the

liquid nitrogen tank and placed upright in water bath at 37°C. The suspension will be
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immediately transferred into a 50 ml sterile tube. NaCl, 12%, will be added by slow
dropwise using a 1 ml syringe with 18 G needle to the volume of 0.2 x volume of
thawing blood. The suspension will be left for 5 min and then 1.6 % NaCl will be
added by fast dropwise using 10 ml syrinnge and 18 G needle to 10 x volume with 0.9
% NaCl by slow dropwise. Centrifugation at 1500 g for 10 minutes to remove the
supernatant and the cells will be suspended with an equal volume of RPMI complete
media media containing 10% human AB-serum to make a 50% suspension. In vitro

continuous culture (candle jar Method) will be performed.

1.3 In vitro continuous culture of Plasmodium falciparum (candle jar
Method)

The infected blood suspensions obtained from recultivation of Plasmodium
falciparum strain 3D7 was diluted with RPMI complete media at ratio 1:5. The
culture materials were dispensed in 4-ml volume into 30-mm sterile petri-dishes. The
dishes were placed in an airtight candle jar containing a lighted paraffin candle. The
lid of candle jar was closed well (sealed with silicone grease) while the stopcock was
opened. As soon as the candle went out and the atmosphere inside the candle jar is
approximately 17% O,, 3% CO; and 80% Ny, the stopcock was closed. The candle jar
was incubated at 37°C. Every day the culture medium was changed by gently tipping
the dish and pipetting off the medium with a sterile Pasteur pipette. The RPMI
complete media was added back to each dish. The cells were resuspened by swirling
the dish gently and placed in the candle jar.

Thin films were prepared and stained using 5% Giemsa in phos-phate buffer
(pH = 7.2) for 30 min and examined to determine the growth and parasite density of
the cultures every 48 hr. When the parasitemia exceeded 4%, fresh non-infected
erythrocytes were used to dilute the cultures to be 1% parasitemia. The continuous

culture will be performed as described above.
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2. Blunt Cloning
2.1 Carbenicilin solution (100 ug/ml)

Dissolve 1g-Carbenicilin (Sigma) in 10ml water. Filter sterilize and aliquot
in Iml amounts. Store frozen at -20°C.

2.2 Tetracycline solution (50ug/ml)

Dissolve 1g-Tetracycline (Sigma) in 10ml water. Filter sterilize and aliquot
in 1ml amounts. Store frozen at -20°C.

2.3 LB Broth containing Carbenicilin and Tetracycline
Ten grams of tryptone (Gibco), five grams of yeast extract (Gibco), and ten
grams of sodium chloride were completely dissolved in one liter of distilled water.
The media was sterilized in an autoclave at 15 Ib/inch? (psi) at 121°C for 15 minutes.
Let it cool to 50°C. Add 100 pg/ml of Carbenicilin solution and 50ug/ml of
Tetracycline solution per liter sterile LB. Proper aliquots were made and kept at 4°C
until used.
2.4 LB Agar containing Carbenicilin and Tetracycline
Ten grams of tryptone (Gibco), five grams of yeast extract (Gibco), ten grams
of sodium chloride, and fifteen grams of agar were completely dissolved in one liter
of distilled water. Dissolve agar in microwave and sterile in an autoclave at 15
Ib/inch? (psi) at 121°C for 15 minutes. Let it cool to 50eC. Add 100 pg/ml of
Carbenicilin solution and 50ug/ml of Tetracycline solution per liter sterile LB agar.
The medium was approximately poured into sterile petridishes, dried, and kept at 4°C
until used.
2.5 IPTG (Isopropyl-B-D-thiogalactopyranoside) (20% wi/v, 0.8 M)

Dissolve 2 g-IPTG (Sigma) in 8 ml of distilled water. Adjust the volume of
the solution to 10 ml with H,O and sterilize by passing through a 0.22-um disposable
filter. Dispense the solution into 1-ml aliquots and store them at 20°C.

2.6 X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactoside) (2% w/v)

Dissolve X-gal (Sigma) in dimethylformamide at a concentration of 20

mg/ml solution. Use a glass or polypropylene tube. Wrap the tube containing the

solution in aluminum foil for light protection and store at 20°C.
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3. Probe labeling
3.1 Tris-HCI (1M, pH 8.0)

Dissolve 60.55 g of Tris base in 400 ml of triple distilled water. Adjust the
pH to 8.0 by adding concentrated HCI and add triple distilled water to 500 ml.
Sterilize by autoclaving and store the solution at room temperature.

3.2 Tris EDTA (TE) buffer

TE buffer was prepared from the stock Tris-HCI (pH 8.0) and EDTA (pH
8.0) to the final concentrations of 10 mM and 1 mM, respectively. The solution was
kept at room temperature.

3.3 Dithiothreitol (DTT, 1M)

Dissolve 3.09 g-DTT (Sigma) in 20 ml of 0.01 M sodium acetate (pH 5.2)
and sterilize by filtration. Dispense the solution into 1-ml aliquots and store them at
20°C.

3.4 dGTT (10mM)

Dissolve 10 mg (Boehringe Mannheim)) in 1804 ul of TE (pH 7.0). Dispense
the solution into 50 ul aliquots and store them at 20°C.

3.5 Disodium Ethylenediaminetetraacetate (EDTA, 0.5M, pH 8.0)

Dissolve 186.12 g of EDTA in 800 ml of distilled water. Adjust the pH to 8.0
and add distilled water to 1 liter. Sterilize by autoclaving and store the solution at

room temperature.

4. PCR-HTA for P. falciparum
4.1 Tris-Borate-EDTA (TBE, 10X)

Dissolve 108 g of Tris base, 55 g of Boric acid and 9.3 g of EDTA in 1 liter
of distilled water. No adjustment required to the pH 8.3. Filter and store the buffer at
room temperature.

4.2 Tris-HCI (1M, pH7.4)

Dissolve 121.1 g of Tris base in 800 ml of distilled water. Adjust the pH to

7.4 by adding 70 ml of concentrated HCI and add distilled water to 1 liter. Sterilize by

autoclaving and store the solution at room temperature.
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4.3 Annealing buffer (10X)
Dissolve 0.584 g of NaCl in 5 ml of distilled water. Add 1 ml of Tris-Cl (1M,
pH7.4), and 0.4 ml of EDTA (0.5M pH 8.0). Adjust the volume of the solution to 10
ml with distilled water. Filter sterilize and store in aliquots at 20°C.
4.4 DNA Loading Buffer (6X)
0.25% (w/v) Bromophenol Blue
0.25% (wi/v) Xylene Cyanol FF
30% (v/v) Glycerol in H,O
Store the solution at 4°C.
4.5 Ethidium Bromide Stock Solution (10 mg/ml)
Dissolve 100 mg of ethidium bromide in 10 ml sterile ddH20 and dilute to

0.5pg/ml when using. Wrap tube in aluminum foil and store at 4°C.
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