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Introduction

Malaria continues to be a major global health problem, with over 40% of the world's population – more than 2400 million people – exposed to varying degrees of malaria risk in some 100 countries. It remains one of the major killers of humans worldwide, with as many as 2.7 million of its victims, mostly infants and children, dying yearly (http://www.who.int/malaria/docs/hbsm_toc.htm). Malaria thrives in the tropical areas of Asia, Africa, South and Central America (Fig. 1.1). In humans, malaria is caused by four species of parasite of the genus Plasmodium viz., P. falciparum, P. vivax, P. malariae and P. ovale. Of these four, Plasmodium falciparum is responsible for most of the mortality. It is found throughout tropical Africa, Asia and Latin America. Another major human malaria parasite, Plasmodium vivax is observed worldwide in tropical and some temperate zones and it is responsible for much morbidity and in some cases mortality (Kochar et al., 2005). The other two species are less prevalent. P. malariae has spotty distribution worldwide and P. ovale is limited to tropical Africa and discrete areas of the Western Pacific. 
Prevalence of Malaria in India
In India, the epidemiology of malaria is complex because of geo-ecological diversity, multi ethnicity, and wide distribution of nine Anopheline vectors transmitting three Plasmodial species: P. falciparum, P. vivax, and P. malariae. In 1947, when India became independent, 75 million malaria cases in a population of 330 million were estimated. During the eradication era in the late 1950s and early 1960s, a spectacular achievement was witnessed on the malaria eradication front because malaria cases significantly declined to just 100,000 in 1964. However, reversal was experienced, and malaria staged a comeback. By 1976, malaria cases had touched the 6.4 million mark. A continued rise in P. falciparum was witnessed, and its proportion has gradually risen to nearly 50% in recent years. The proportion of P. falciparum and 
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P. vivax varies in different parts of India. The Indo-Gangetic plains and northern hilly states, northwestern India and southern Tamil Nadu have <10% P. falciparum, the remaining infections being caused by P. vivax; in the forested areas inhabited by ethnic tribes, the situation is reversed, and the P. falciparum proportion is 30–90%. In the remaining areas, it is between 10% and 30%. In India, malaria is contributed the most by Orissa state (Fig. 1.2). Although Orissa has a population of 36.7 million (3.5%), it contributes 25% of a total of 1.5–2 million reported annual malaria cases, 39.5% of P. falciparum malaria, and 30% of deaths caused by malaria in India (Kumar et al., 2007). It thus appears that in spite of various control measures, the malaria problem in the country persists and has, in fact, become more complex due to the appearance of drug resistant parasite forms and insecticide resistant vectors. This situation is further alarming in the view of reports of incidence of severe malaria by both P. falciparum and P. vivax from different endemic foci in the country including Bikaner (Kochar et al., 2005; Kochar et al., 2007a).
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Figure 1.2: Contribution of different states to malaria in India (Kumar et al., 2007)

Malaria in Bikaner, Rajasthan

Bikaner is situated in the North western part of Rajasthan, India, near Indo Pak border. This region is characterized by a hot summer, a cold winter and with a low annual rainfall of 25 cm. Almost all the rain occurs in a single period between July and September. Malaria cases are seen throughout the year, with maximum cases occurring in the post rainy season and minimum during January and February. Only two Plasmodium species are encountered: P.falciparum and P.vivax. From the beginning P.vivax was more predominant in this region. However, from 1981 onwards P.falciparum showed an increase and shared almost 50% of the total cases by 1991. There after, P. falciparum again started decreasing and by 2003, again almost 90% cases were due to P.vivax. In contrast, in other parts of country percentage of P.vivax is decreasing and that of P.falciparum is increasing, but is still less than that of P.vivax (Kochar et al., 2007b). Another main feature of malaria in Bikaner is the occurrence of severe manifestations in both P.falciparum and P.vivax infections. The patients show various sequestration and non sequestration related complications like cerebral malaria, renal failure, ARDS, severe anemia, jaundice, thrombocytopenia, abnormal bleeding etc. for both P.falciparum and P.vivax malaria.
Life Cycle of Plasmodium
Malaria parasite’s life cycle is complex and takes place in 2 hosts i.e. human and mosquito (Fig. 1.3). When the female infected mosquito takes a blood meal, saliva containing sporozoites is transmitted to the subcutaneous tissues of the human host. The sporozoites travel rapidly to the liver and invade hepatocytes, where they develop into an exoerythrocytic stage called a tissue schizont. After 6-10 days, these exoerythrocytic schizonts undergo schizogony, multiplying via mitosis and rupture the infected hepatocytes to discharge tens of thousands of merozoites from each infected hepatocyte into the bloodstream. These then invade erythrocytes. In RBCs, each merozoite develops through ring and trophozoite stage into schizont (erythrocytic schizogony). RBCs having the segmented schizont rupture and release the merozoites that invade additional erythrocytes. In the course of these events, some of them get differentiated into sexual forms i.e. macro and micro gametes. During the blood meal, mosquito takes up these gametocytes from the human and their further development takes place in the mosquito mid-gut. Within a few minutes of the blood meal, each microgamete ex-flagellates in the mid-gut and forms 8 micro gametes. The microgamete moves quickly and fertilizes a macrogamete to form the zygote. Within 18-24 hrs, the zygote elongates into a slowly motile ookinete. This ookinete transverses the peritrophic membrane and the epithelial cell lining of the midgut and transforms into an oocyst beneath the basement membrane. Between 7 to 15 days post infection, a single oocyst forms more than 10,000 sporozoites. These motile sporozoites migrate into the salivary glands and accumulate in the acinar cells. When an infected mosquito bites a susceptible vertebrate host, the Plasmodium life cycle begins again. 
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Figure 1.3: Schematic representation of the life cycle of malaria parasite Plasmodium   

       Atovaquone/ Proguanil/ Primaquine;        Chloroquine/ Doxycycline/ Mefloquine; 

        Primaquine. (CDC, Atlanta)              
Chemotherapy for Malaria
The fight against malaria began some 100 years back. During this period, various drug molecules have been formulated to combat malaria. Antimalarials containing quinoline components are the most effective drugs for malaria chemotherapy. This group of compounds has evolved from the structural modification of quinine and includes 4-aminoquinoline compounds such as chloroquine and mefloquine of which former is more effective, cheap, safe and commonly available drug. The second line drugs include dihydrofolate reductase inhibitors like proguanil, chloroproguanil, pyrimethamine and trimethoprime and sulfa drugs like dapsone, sulfalene, sulfamethoxazole and sulfadoxine. These drugs are normally used in combinations. The classical combination is Sulphadoxine and Pyrimethamine (SP). Tetracycline and its derivatives such as doxycycline are very potent antimalarials and are used for both treatment and prophylaxis. The other useful antimalarials are Artemisinin compounds synthesized from the plant Artemisia annua. These compounds (artesunate, artemether, arteether) are most effective antimalarials and seem to have effect on protein synthesis by the malaria parasite. These are used for the treatment of severe malaria and have shown very rapid parasite clearance in comparison to quinine compounds (Farooq et al., 2004). 
Drug Effects on Parasite Stages

Antimalarials have varying effects on the different stages of the malaria parasite’s life cycle. The antifolates, quinine and mefloquine, all exert little or no effect on the parasites during the first 24 hours of their life cycle and appear to affect only the actively dividing forms of Plasmodium spp. i.e. schizonts. The DHFR and DHPS inhibitors inhibit DNA synthesis, and their toxic effect on the parasite reaches a peak in the late erythrocytic schizont stage, precisely when DNA synthesis peaks. Any early decline in peripheral parasitaemia following administration of these drugs is that which would have occurred in the absence of drug treatment and is due to cytoadherence and “sequestration”. In contrast, chloroquine, artemesinin, and other drugs act on early ring stages and enhance clearance of parasites shortly after administration, potentially preventing further development of susceptible parasites and worsening of clinical illness (Gregson et al., 2005).

Drug Resistance in Malaria
With the introduction of chloroquine during the Second World War, it was thought that malaria would be eradicated very soon. But the fight against malaria faced a major setback due to the development of chloroquine resistant strains of Plasmodium from the borders of Thailand and Cambodia (Bjorkman et al., 1990) that spread steadily in the 1960s and 1970s through South America, Southeast Asia, and India. To treat the Chloroquine resistant parasite, soon a second line drug combination of Pyrimethamine and Sulfadoxine was introduced. But the parasite developed resistance to this drug combination also, and now at a much faster rate. Newer antimalarials were discovered in an effort to tackle this problem, but all these drugs are either expensive or have undesirable side effects. Moreover after a variable length of time, the parasites, especially the falciparum species, have started showing resistance to these drugs (Table 1.1). Thus, there arises a need to extrapolate new drug targets as well as to understand the mechanism of drug resistance.
Table 1.1: Dates of first reports of Antimalarials drug resistance (Wongsrichanalai et al., 2002)

	Antimalarials
	Introduced
	1st Reported Resistance
	Difference (in years)

	Quinine
	1632
	1910
	278

	Chloroquine
	1945
	1957
	12

	Proguanil
	1948
	1949
	1

	Sulfadoxine-Pyrimethamine
	1967
	1967
	0

	Mefloquine
	1977
	1982
	5

	Atovaquone
	1996
	1996
	0


According to WHO, 
Drug resistance by malaria parasites is the ability of a parasite strain to survive or multiply despite the administration and absorption of a drug when given in doses equal to or higher than those normally recommended and within the limits of tolerance of the subject provided the drug in question must gain access to parasite or infected RBC for duration of time necessary for its normal action”. 

Determination of Drug Resistance
In vivo tests
Soon after the reports of the first cases of chloroquine resistance in South-America and Thailand in the early 1960s, WHO established methods for the determination of clinical drug resistance. In vivo tests are based on the observation of parasite response in the patient to a fixed dose of a drug within the limits of tolerability. According to WHO, traditionally response to treatment was categorized purely on parasitological ground as sensitive (S), RI, RII and RIII level of resistance (Table 1.2). 
Table 1.2: Measurement of in vivo therapeutic efficacy based upon parasite clearance

	S or S/RI
	In the extended test, parasites are S if no asexual parasites are found by day 6 and parasites do not reappear by day 28. In the 7-day field test, the infection may be either S or resistant at RI (S/RI) level if no asexual parasites are found at day 6 and none are present on day 7. An S response and a RI response cannot be distinguished using the non extended test since the difference between the two responses depends on the presence or absence of recrudescence between day 8 and day 28.

	RI
	In the extended test, parasites are resistant at the RI level if asexual parasites first disappear then return within 28 days, reinfection excluded. In the 7-day field test, parasites are resistant at the RI level if asexual parasites disappear for at least 2 consecutive days, but return and are present on day 7.

	RII
	Parasites are resistant at RII level if asexual parasitaemia does not clear, but is reduced to 25% or less of the original pretreatment level during the first 48 h of treatment.

	RIII
	Parasites are resistant at RIII level if asexual parasitaemia is reduced by less than 75% during the first 48 h or if it continues to rise.


But the above classification is difficult to apply to areas with intense transmission. Therefore, in 1996 WHO introduced a modified protocol based on clinical outcome targeted at a practical assessment of therapeutic response in areas with intense transmission. In these areas, therapeutic response may be graded into adequate clinical response, early and late treatment failure. The test procedure is based on a 14 day follow up with clinical, parasitological, haematocrit and fever assessment on days 0, 3, 7 (days 3 and 7 without haematocrit) and 14 (WHO, 1996).
Early treatment failure


· danger signs or severe malaria on day 1, 2 or 3, in the presence of parasitaemia;

· parasitaemia on day 2 higher than on day 0, irrespective of axillary temperature;

· parasitaemia on day 3 ≥25% of count on day 0 with axillary temperature ≥37.5 °C;

Late Treatment failure:

Late clinical failure


· danger signs or severe malaria after day 3 in the presence of parasitaemia, without previously meeting any of the criteria of early treatment failure;

· axillary temperature ≥37.5 °C in the presence of parasitaemia on any day between day 4 and day 14, without previously meeting any of the criteria of early treatment failure.
Late parasitological failure


· presence of parasitaemia on day 14 with axillary temperature <37.5 °C, without previously meeting any of the criteria of early treatment failure or late clinical failure
Adequate clinical and parasitological response
· absence of parasitaemia on day 14, irrespective of axillary temperature, without the patient meeting any of the criteria of early treatment failure, late clinical failure or late parasitological failure.
While one of the major advantages of these in vivo tests is the direct assessment of clinical response data, true cases of drug resistance may not always be detected by in vivo tests due to pharmacokinetic variations, reinfection, multiple infections, noncompliance or interference with the acquired immune response. At the same time the differentiation between drug failure (i.e. treatment failure due to lack of absorption, distribution or due to formulation of the drug) and drug resistance is only possible if extensive pharmacological data for individual cases are available. Moreover, these tests primarily allow a qualitative assessment of resistance, but - depending on the study design - generally give little information as to the quantitative level of drug sensitivity of individual parasite isolates, especially in cases where the tested drug is still sufficiently active to cure the patient.
In vitro tests
The problem related with the assessment of antimalarial drug resistance in vivo has led to the introduction of a number of in vitro tests for the measurement of antimalarial drug susceptibility in the late 1970s. Traditionally two types of in vitro assays are commonly used:
I. WHO schizont maturation assay: The WHO drug sensitivity test is based on the morphological estimation of parasite growth by microscopical assessment of the schizont maturation inhibition caused by antimalarial drugs. 
II. Isotopic micro test: Isotopic assays are based on the measurement of the metabolic activity of P. falciparum and its inhibition under the influence of antimalarial drugs using a semi-automated micro dilution technique.
The in vitro assays not only yield quantitative results, but also determine the phenotype of the parasite independently of the immune and physio-pathological status of the host. These tests more accurately reflect the intrinsic antimalarial drug resistance. Multiple tests can be performed on isolates and response to several drugs can be assessed simultaneously. However, the data derived from in vitro tests have to be interpreted in relation to the in vivo and pharmacological tests to determine individual susceptibility levels for the drug tested. 
Molecular markers 
Recent advances in molecular biology have made possible the identification of genetic markers that are linked to resistance, although molecular markers of resistance have not been identified for all antimalarial drugs. Five genes that appear to play a role in regulation of resistance to the principal chemical families of antimalarials in current use have been identified. These are Plasmodium falciparum chloroquine resistance transporter (pfcrt) and Plasmodium falciparum multidrug resistance -1 (pfmdr-1) genes (for chloroquine resistance in P.falciparum), dihydrofolate reductase (dhfr) gene (for pyrimethamine resistance in P.falciparum and P.vivax), dihydropteroate synthetase (dhps) gene (for Sulphadoxine resistance in P.falciparum) and cytochrome b (for atovaquone resistance).
Molecular markers can be used for monitoring drug resistance in a country. These markers allow the study of many isolates within a short time. Collection, storage and transport of specimens for subsequent molecular analysis are far easier than for in vitro tests. Moreover, like the in vitro tests, molecular markers of resistance might provide an early warning system in geographical or temporal monitoring for guiding treatment efficacy studies. Molecular markers are useful for monitoring the prevalence of mutations after a drug has been withdrawn or when a drug combination is used. In addition, they can be used to distinguish between reinfection and recrudescence in treatment efficacy tests. 

Mechanism of Drug Resistance
Plasmodium parasite has extremely complex genome and ease with which they can switch between the micro environments in different hosts and the metabolic changes they require illustrates the difficulty in studying the exact modes of action of the antimalarial drugs on parasite metabolism. In general, resistance appears to occur through spontaneous mutations that confer reduced sensitivity to a given drug or class of drugs. Resistance also develops more quickly where a large population of parasites is exposed to drug pressure since it will remove sensitive parasites, while resistant parasite would survive. 

Chloroquine

Chloroquine, a 4 – aminoquinoline is the first line of drug against malaria, developed as a substitute for quinine during the Second World War. Chloroquine quickly proved to be one of the most successful and important drugs ever deployed against an infectious disease. Along with the advances in mosquito control brought about by the discovery of DDT, its efficacy helped generate optimism that the disease might be eliminated. The wide distribution and ready availability of chloroquine nevertheless made considerable inroads against the morbidity and mortality from the disease, especially in villages of sub-Saharan Africa, where malaria parasites each year infect nearly every child. The tremendous success of chloroquine and its heavy use through the decades eventually led to chloroquine resistance in Plasmodium falciparum and Plasmodium vivax, the 2 parasite species responsible for most human malaria cases. Foci of resistant P. falciparum were detected in Colombia and at the Cambodia-Thailand border during the late 1950s (Payne, 1987). Resistant strains from these foci spread steadily in the 1960s and 1970s through South America, Southeast Asia, and India. Resistant P. vivax was not reported until 1989 in Papua New Guinea, although this species accounts for roughly as many cases of malaria as P. falciparum and was exposed to similar high levels of chloroquine pressure. Today, resistant P. vivax is present in several regions of Southeast Asia, and some evidence suggests that it also occurs in South America (Wellems et al., 2001).

Chloroquine’s efficacy lies in its ability to interrupt haematin detoxification in malaria parasites as they grow within their host’s red blood cells. Haematin is released in large amounts as the parasite consumes and digests hemoglobin in its digestive food vacuole. Haematin normally is detoxified by polymerization into innoculous crystals of haemozoin pigment. Chloroquine binds with haematin in it’s ( - oxodimer form and also adsorbs to the growing faces of the haemozoin crystals, disrupting detoxification and poisoning the parasite. Chloroquine resistant P. falciparum survives by reducing accumulation of the drug inside the digestive vacuole (Warhurst, 2001; Howard et al., 2002, Wellems et al. 2001; Carlton et al. 2001), however, the mechanism by which this happens has not been determined. Leading proposals include mechanisms that involve alterations of digestive vacuole pH or changes in the flux of chloroquine across the parasites cytoplasmic or digestive vacuole membrane (Krogstead et al., 1987; Martiney et al., 1995).

Chloroquine (CQ) resistance of Plasmodium falciparum represents today a major health care problem in malaria endemic countries. Though some progress has been made recently, the molecular basis of CQ resistance is not totally elucidated. First theories were focused on drug transport as it appeared that CQ concentrates less in resistant parasites than in susceptible parasites. The first genes considered were pfmdr1 and pfmdr2 (Foote et al., 1990) but linkages between these genes and CQ resistance remain unclear or controversial. Moreover, these genes were not linked to CQ resistance in a genetic cross (Wellems et al., 1990). Using a genetic approach, Wellems and colleagues showed that CQ resistance segregated at a 36 kb region of chromosome 7 (Su et al., 1997). Among the eight potential genes identified, cg2 appeared to be the leading candidate gene though some other genes could also be involved. A specific set of polymorphisms, including 12 point mutations and three sets of repeats (kappa, omega and gamma) was observed. A particular pattern, containing kappa 14 and omega 16 repeat units, was associated with a lack of CQ susceptibility (Durand et al., 1999). The linkage between cg2 polymorphisms and CQ resistance in culture adapted lines and in natural isolates of P. falciparum was strong but not absolute and did not exclude the existence of other resistance component(s). Recently, transfection based studies demonstrated that cg2 was not the CQ resistance determinant. A further analysis of the initial cross has identified a novel and complex polymorphic gene, Pfcrt, which was absolutely associated with CQ resistance in forty parasite lines. Among all the mutation, the most important one is the K76T mutation that has been found in all the resistant strains in vitro (Fidock et al., 2000). 
All the above cases are in vitro cases, but in field few exceptions have been reported from India (Vinayak et al., 2003), Laos (Labbe et al., 2001) and Senegal (Sarr et al., 2005), where the parasite with 76T allele of pfcrt was cleared by chloroquine treatment or parasites survived the chloroquine treatment while carrying 76K allele. These exceptions could be due to limited drug tests in the field, mixed infections in vivo and/ or new mutations in vitro such as S163R, which may counteract K76T substitution (Jiang et al., 2006). 
In addition to pfcrt, mutations in the pfmdr-1 gene (particularly N86Y) have also been linked with reduced susceptibility to chloroquine and other drugs both in vivo and in vitro (Foote et al., 1990; Anderson et al., 2005). Other studies however detected no or weak association between pfmdr-1 mutations and chloroquine resistant parasites world wide (Wellems et al., 1990; Djimde et al., 2001). By allelic exchange experiments, it was shown that although pfmdr-1 mutations could not confer resistance to chloroquine sensitive parasites (Bhattacharya et al. 1999), the removal of three pfmdr-1 mutations S1034(C (serine to cysteine), N1042(D (asparagine to aspartic acid) and D1246(Y (aspartic acid to tyrosine) from a chloroquine resistant parasite modified the in vitro measures of resistance. Thus these represent secondary adaptations that enhance parasite fitness in the presence of pfcrt mutations (Wellems et al., 1990).

Like P.falciparum, P.vivax has also developed resistance against chloroquine. To investigate whether similar mechanisms also exist in Plasmodium vivax, Pfcrt homologues were identified in P.vivax and assessed for chloroquine resistance. It was found that this gene family is highly conserved in these two lineages but no association was found between codon mutations in P.vivax and P. falciparum. This clearly indicates that the molecular events underlying chloroquine resistance in P.vivax differ from those in P.falciparum (Nomura et al., 2001), and mechanisms other than point mutations are associated with P. vivax chloroquine resistance. 

Antifolate combination drug resistance

To combat chloroquine resistant malaria, sulfur based drugs like pyrimethamine - sulfadoxine and proguanil were used as an alternative for treating uncomplicated malaria. But the effectiveness of these drugs has been also blunted by the appearance of pyrimethamine – sulphadoxine resistant parasite strains. Pyrimethamine and sulfadoxine target two enzymes in the folate synthesis pathway of Plasmodium falciparum— Dihydrofolate Reductase (DHFR) and Dihydropteroate Synthetase (DHPS). When the two drugs are administered together as sulfadoxine-pyrimethamine, they act synergistically to disrupt folate synthesis and kill the parasite. 
In Plasmodium, DHFR exists as a bifunctional enzyme together with thymidylate synthase. DHFR catalyses the NADPH dependent reduction of 7, 8-dihydrofolate to regenerate 5, 6, 7, 8-tetrahydrofolate, a fundamental cofactor in the synthesis of some amino acids and nucleotides, such as thymidylate. Pyrimethamine acts by competitively inhibiting with dihydrofolate reductase and thus preventing the synthesis of thymidylate, which is necessary for the parasite survival. But the parasite has also developed resistance to pyrimethamine and the point mutation found responsible for this is mainly the change of serine at position 108 to asparagine in P. falciparum (Peterson et al., 1988). The above mutation alters the shape of the active site cavity where the DHFR (Dihydrofolate - Reductase) inhibitors bind the enzyme, reducing the binding affinities for drug and thus contributing in resistance. In addition to S108N, the other mutations associated with resistance are N51I, C59R and I164L. It was also observed that the presence of S108T with A16V confers resistance to cycloguanil.
Like dhfr, the Dihydropteroate Synthase of Plasmodium is a part of bifunctional protein PPPK-DHPS that also encodes hydroxymethylpterin pyrophosphokinase. Malaria parasites are capable of synthesizing folates de novo, and for this they need to conjugate the pteridine to PABA. This is catalyzed by the enzyme dihydropteroate synthase (DHPS), a target of sulphonamides. Investigations of sequence variations between Sulfadoxine sensitive and Sulfadoxine resistant isolates found four amino acid changes in highly conserved regions of DHPS, suggesting that the mutations were involved in drug resistance (Triglia et al., 1994). Another group (Brooks et al., 1994) discovered 5 positions at which mutations occurred, affecting four different codons: S436F/ A, A437G, A581G and A613S/ T. No amplification of dhps was found in either study. The first field isolate with a mutation at position 540 from Lysine to Glutamate (K540E) were described in 1997 (Plowe et al., 1997; Triglia et al., 1997). The mutation occurred only in association with A437G. The trimorphic mutation at position 613 was confirmed in field isolates from Kenya to code for Alanine (wild type), threonine or serine (mutants) (Nzila et al., 2000).  Both the DHFR and DHPS mutations occur in a progressive, step wise fashion, with higher levels of in vitro resistance occurring in the presence of multiple mutations.
While these drugs have found a wide use for the treatment of chloroquine resistant P.falciparum malaria, little emphasis has been given to these drugs for treating P.vivax malaria. One of the reasons behind this is the earlier reports of treatment failure on administration of these drugs in P.vivax. But recent reports have clearly established the association between pyrimethamine resistance and point mutations in Pvdhfr gene. Similar to P.falciparum, mutations have also been reported from P.vivax at positions 51, 58 and 117, corresponding to mutations at amino acids 50, 59 and 108 in P.falciparum (Pecoulas et al., 1998 a & b; Imwong et al., 2003). Because it is difficult to maintain P.vivax in vitro cultures, E. coli and yeast expressed Pvdhfr – ts (Hastings et al., 2005; Leartsakulpanich et al., 2002) have been used to demonstrate the correlation of these mutations with reduction of susceptibility to pyrimethamine. Recently the transfection studies done in P.falciparum using Pvdhfr gene has also shown that quadruple mutations cause less susceptibility for pyrimethamine (O’Neil et al., 2007). 
In case of Sulfadoxine resistance, the picture is still not clear and the parasite is thought to be innately resistant to Sulfa drugs. A limited polymorphism has been reported in DHPS of P.vivax (Imwong et al., 2005). In PvDHPS, mutations have been observed in only two of the amino acid residues 383 and 583, corresponding to 437 and 581 amino acid residues of dhps of P.falciparum responsible for sulphadoxine resistance. However the mutation at codon 540 has not been observed in the corresponding position in P.vivax. When the active binding sites were recognized by homology modeling and sulphadoxine was docked in this active site, it was found that these mutations have the same effect on drug binding as in case of P.falciparum. Also, in the predicted binding site of the drug, the only difference between P.vivax and P.falciparum was at the residue 585 (corresponding to residue 613 of P.falciparum), where a valine was present in place of alanine. This valine causes steric hindrance for drug binding and thus is thought to be responsible for innate resistance (Korsinczky et al., 2004). 

Current status of drug resistant malaria in India

Chloroquine

Chloroquine resistant P. falciparum malaria has been reported from wherever falciparum malaria is endemic except in Central America, Caribbean Hisparivala Island and some parts of Middle East and Central Asia. In India, chloroquine resistance was first detected in 1973 in Karbi-Anglong district in Assam (Sehegal et al., 1973) and in 1974 in Nowgong district of Assam. Gradually it has spread towards the west and south, covering almost the entire country. Currently the chloroquine resistance is severe in northeast and southeastern regions in India with high morbidity and mortality. Resistance is currently less severe in north, northwest and central parts of India; southern part of India is affected with moderate degree of resistance. Chloroquine resistance in P. vivax was noted for the first time in Papua New Guinea and from there it has spread to other parts of the world. From India also there are now several reports of chloroquine resistance in P. vivax. Resistance in P. vivax is more serious as hypnozoites can cause relapse of resistant parasites.
Sulphadoxine-Pyrimethamine (SP)

Since early 1970s the increasing chloroquine resistance has lead to a significant increase in mortality. The sulphadoxine-pyrimethamine combination was used as a drug of choice to treat chloroquine resistant malaria. Resistance to SP was first described from the Thai-Cambodian border in 1960s (Bjorkman et al., 1990). Since then, SP resistance has been reported from large parts of Southeast Asia, southern China and Amazon basin (Vasconcelos et al., 2000). In India, resistance to sulfa drugs has been reported from P. falciparum predominated areas like northeast states and Orissa. Resistance in P. falciparum to SP combination was first detected in Delhi in 1987. Resistance is likely to progress geographically and in intensity at an alarming rate if nothing is done to interrupt its course. 

Other drugs
The first case of quinine resistance was reported from South America nearly a century ago. Since then, resistance to quinine therapy has been noticed sporadically in Southeast Asia and western Oceania. In India resistance has emerged against quinine in northeastern states and Kolar district in Karnataka. Mefloquine resistance was first observed in late 1980s near the Thai-Cambodian border. Resistance in P. falciparum to mefloquine in India was detected in Surat district in Gujarat state (Sharma, 1996). Artemisinin and its derivatives are the newest and most effective antimalarial drugs. These drugs affect the protein synthesis of the parasite. Since 2003, evidence has been accumulating that artemisnin based combination therapy (ACT) are less effective against Plasmodium falciparum in the Thai – Cambodian border (WHO Geneva, 2008). 
Research Gaps

Bikaner, situated in North West region of India, undergoes unstable episodes of P.falciparum and P.vivax malaria with malaria cases seen throughout the year. During the last few years, the incidence of malaria has increased to a much greater extent in this region. Both uncomplicated and severe cases of P.falciparum and P.vivax are reported from this region. The first report of different severe manifestations in P.vivax is reported from this region only. But the drug resistance profile of the parasite population of this region is still not available. This study is an effort to gain information on the drug resistance profile of the malaria parasite in Bikaner and nearby villages. Also, the P.vivax isolates showing severe manifestations were separately studied to find any change in the genes responsible for drug resistance.
Aims and Objectives
In recent years there has been a great progress in understanding the molecular basis of drug resistance in P. falciparum. The mutation in dhfr and dhps genes has been implicated as the cause of Sulfadoxine – Pyrimetamine resistance. The pfcrt and pfmdr-1 genes are strongly associated with CQ resistance and polymorphisms in these also alter the parasites susceptibility to mefloquine, halofantrine, quinine and artemisinin. At present, the control of drug resistance in malaria parasites requires reducing the overall drug pressure through more selective use of drugs and improving the ways the drugs are used.  New drug combinations which are inherently less likely to foster resistance or have properties that do not facilitate development or spread of resistant parasites need to be used. The objective of this study is to investigate the resistance pattern of the parasite to different drugs deployed in Bikaner region, where uncomplicated and severe cases are observed for both P. falciparum and P.vivax. This can help in taking decisions related to drug policies in this region.
This work aims at: 
1. Amplification and sequencing of various drug resistance genes responsible for chloroquine (cg10/ crt and mdr-1) and pyrimethamine/ sulphadoxine (dhfr and dhps respectively) resistance from both P.falciparum and P.vivax.
2. Analysis of these genes for already reported mutations or any other novel mutation/ mutations to predict the resistance patterns of the parasite population in Bikaner, Rajasthan.
3. Analysis of the postulated molecular markers in severe malaria cases.
Chapter 1








Figure 1.1: Malaria Transmission Areas and Reported Drug Resistance, 2004 (WHO, 2004)
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