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Understanding the genetic diversity and evolutionary clinical treatment using chloroquine and by control of the

history of the malaria parasite and how it is geneti- m'osquno population using ,DDT (dichlorodiphenyl-
cally distinct in different regions of the genome and trichloroethane). Phased out |n'the Iqte 1960s, the pro-
populations, may open up new avenues to population- 9ramme nevertheless resulted in an important and sus-
specific malaria control measures. The two principal tained reduction in the burden of the disease in many
human malaria parasites,Plasmodium falciparumand  countries throughout the wofidHowever, in many coun-

P. vivax seem to be very different in origin and in tries there has been resurgence in malaria. This has resulted
phylogenetic resemblance to other species Bfasmo- essentially from the emergence asdread of drug-
dium. Further, the mortality and morbidity that these  resjstant parasit&, the evolution ofnsecticide-resistant
two parasites express are quite different, so also the mosquitoe$®, increased populatiodensity (the world
percentage of nucleotide composition in ;helr_respec- population has doubled sinck963), global warming
tive genomes. However, the net genetic diversity at the (which has allowed the sprea«ﬁvect;)rs into areas that

molecular level (in different independent genes and in : . . L
were previously outside theiange), continuing poverty,

both nuclear and mitochondrial genomes) seems to "~ = M * 2 L .
have very little differences, withP. vivaxat a slightly political instability and loss of productivity due to infec-

higher scale. Whereas African populations oP. falci-  tious diseasés All these factors undermine the mainte-
parum are highly diverse at the DNA level among nance of a stable public-health infrastructure for the
other populations, high genetic diversity was found in treatment and control of malafia
Asian P. vivax clearly depicting that P. falciparumhas Human malaria is a parasitic disease that is endemic in
possibly originated in Africa and P. vivaxin Asia. Fur- most tropical and subtropical ecosystems worldiide
thermore, the findings of a comparably higher genomic Malarial parasites belong to the gerRiasmodiumand
diversity in P. vivaxcorroborate to earlier hypothesis  jnfect many vertebrate hosts, including several species of
et g a0 210 8 125 6" non-numan primaté Fourelasmodiurepeciesar para
monkeys. On the other hand,P. falciparumis gene- sitic to humansPlasmodium falciparuiP. malariag P.
ovaleandP. vivax Of theseP. falciparumandP. vivax

tically much similar to the chimpanzee malaria para- . 4 ; . .
site, P. reichenowi The advancements in genomics and &€ @ssociated with most malaria morbidity andtaiiy,

parallel statistical analyses of theDNA sequence data espectively. Both the. falciparumandP. vivaxgenome,
so far have succeeded in revealing new evolutionary like all Plasmodiumgenomes studied so far, appear to be
information on the parasite genes and populations and distributed among 14 haploid chromosoMebut theP.
generate renewed hopes for effective and common vivax genome contains a much lower AT (~55%) con-
vaccines for both forms of malaria. tent? in comparison to the genome Bf falciparum

(~80%)3. Conservation of gene synteny is extensive
Keywords: Bioinformatics, evolution, genetic diversity, among all of the’lasmodiunspecies and declines as the

genomicsPlasmodium falciparumPlasmodium vivax. ~ evolutionary distance between the species incréates
Knowledge on the genetic diversity in genome is im-

MALARIA remains an urgent problem in global publigortant in biomedical research in many respects. How-
health with the annual death toll of 0.7—-2.7 million, withever, detecting and understanding its maintenance in
more than 75% of the victims being African childten populations is somewhat tricky as different evolutionary
Over the past 35 years, the incidence of malaria has ifierces help in maintaining the genetic diversity in an or-
creased 2-3-fold. At present, it affects 300-500 millioganism and a population genetic approachesessary
people and causes about one million deaths, primarily far unleashing the net genetic diversity present in the ge-
Africa. In 1955, the World Health Organization (WHO)nome of an organism in a populattonlt is now quite
began an ambitious programme to eradicate malaria througkar that bothP. falciparumandP. vivaxuse the genetic
diversity they possess in the genome to fight against the
*For correspondence. (e-mail: aparup@mrcindia.org) anti-malarial drugs and host immunity and the mecha-
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nism of maintenance of such diversities is unknowrcontrolling malaria toddy Interestingly, evidences that
Thus, estimating genetic variations and inferring evoluaave a more direct bearing on the origin of epidemic ma-
tionary history of malaria parasite genes and populatiotaria have come from the level of genetic variation in the
is critical in understanding several mechanisms in maarasite itself. However, the evidence is not altogether
laria, especially in identifying drug and vaccine targets;onsistent across different studies involving different ge-
understanding virulence pattern, host—parasite interagetic loci. Some studies reveal a low level of genetic
tions and evolution of drug resistance. variation inP. falciparum,indicating a relativelye&cent
expansion, whereas other studies reveal a high level of
genetic variation, indicating a large population size that
has been maintained over hundreds of thousands of
year$®,

Malaria parasite genetic diversity and evolution:
The basics

The fact that diversity in genetic content of individual or-

ganisms bears the signature of evolutionary history @fferences from independent nuclear genes
species and genes has long been documented ever since

the rediscovery of the Mendelian genetics combined Witﬂntigen—coding genes and microsatellite&he possibil-

Darwin’s theory of evolution by natural selection. So faﬁy of a rapid expansion d®. falciparumabout 10,000
two basic approaches have been followed in populatiQd ;s ago received renewed interest adieranalysis of
genetic studies of malaria parasites: (i) to understand t Fotein-coding sequencddsRapid population expansion
parasite population genetic structure and intrahost dyn@én leave a characteristic signature on genetic polymor-
mics, including the stability of strains and complexity Ofhisms in the form of a reduced overall level of variation,
infections, and (ii) studies assessing the diversity of Spgg || as a frequency distribution of variants that is
cific genes encoding vaccine antigens and those assagie\ved towards rare allelégeither of these signatures is
ated with drug resistance. The studies on populatifhseryed irP. falciparumfor genes that encode antigens,
structure quantify how alleles are spatially dispersed angl ¢, microsatellite polymorphisms. However, neither
how the overall genetic diversity is organized. These stugsq antigen-coding genes nor the microsatellites is con-

ies provide important indications as to the origin, dispersgljereq as the appropriate markers as genes that encode
and stability of multilocus genotypes. Analysis of define ntigens are subject to strong selection for diversity to

genes provides information about how different alleleg,aqe the host immune response, and microsatellites have
are generated and maintained in the population. Specifiy extraordinarily high mutation rate, owing to replica-
cally, it addresses the relevance of factors such as intraggfig, slippagd®2®

recoml_oination and natural selection on the observed pOIV'AIthough a dramatic population expansion 10,000 years
morphisms. These approaches answer fundamental quess qoes not require that all extamt falciparum de-

tions rel_ated to the association _of spegific aIIeI_es WitBeended from a single common ancestor, evidence for a
drug re5|sta_1nce and how the genetic variation at a given IO%‘i’ﬁgle common ancestor at around this time provides
affects vaccine development and deployrtfent strong support for this model of population historyPof
falciparum However, the inference seems at odds with
Evolutionary history of genes and populations of the high level of polymorphism that is found in many
P. falciparum genes irP. falciparum especially genes that encode anti-
gens or membrane-bound protéihsThese antigens in-
The recent upsurge afialaria owing to a coincidence of clude MSP1 (merozoite surface protein 1), one of the
mutually reinforcing factors might echo the first expanmost highly polymorphigroteins in eukaryotes. How-
sion of malaria, which is thought to have taken place abdgiter, there is no doubt that selection for diversity in
10,000 years ad&ls_ The events that could have COﬂ-MSPl is strong, OWing to its interactiamith the host
joined to create this earlier expansion include: (i) climatéhmune system.
change in Africa after the last glaciation leading to opti-
mal warm and humid conditions in the equatorial regionSingle nucleotide polymorpéms in the second and third
about 10,000 years atjp(ii) increase in human popula- chromosome: While the data from coding sequences
tion density owing to the spread of swidden (‘slash-andvere being debated, the complete sequenée filcipa-
burn’) agriculture into Africa at about the same tifpe rum chromosomes 2 and 3 became available through the
and (iii) proliferation and rapid diversification of theMalaria Genome Pject’®?°. This important information
highly anthropophilicAnophelesmosquito vectors?? afforded a new approach to the study of genetic diversity
which efficiently transmit the malaria parasites. Deterin P. falciparumas it allowed non protein-coding (non-
mining whether a major expansion of malaria took placenoding) sequences to be examined. The rationale is that if
about 10,000 years ago is of interest because understatitere are unrecognized constraints on synonymous sites,
ing the causes of this expansion might provide clues fthen non-coding sequences will be a more reliable indica-
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tor of the level of background polymorphism because dére potentiallynore informative for inferring popation
the relative lack of selective constraints. This led to thevolutionary historyhan are nuclear genes. Evidence for
examination of introrS, which are among the most rap-a recentmitochondrialcommon ancestor emerged from
idly evolving DNA sequences. Theitial study analysed an initial study of the complete sequence of the mito-
4217 bp in 25 introns across chromosomes 2 and 3 ¢hondrialgenome (6 kb pairs) from four isolates, which
eight reference isolates. From the analysis, excluding thevealed an extremelgw level of synonymous nucleotide
five single nucleotide polymorphisms (SNPs) located ipolymorphisni®. Additional DNA typing of the polymor-
microsatellites, the estimated time to the Moscéht phisms amond04 diverse isolates showed a geographi-
Common Ancestor (MRCA) of the reference strains wasal pattern thaindicated migration out of Africa into
calculated to be 9500-23,000 years. Additional unceBoutheast (SE) Asia and South Amerithe inference of
tainty about the timing of the MRCA came from a studw rapid and recent expansion Rf falciparumhas also
of 204 protein-coding and noncoding sequences on chitmeen supported by sequences of the complete mitochon-
mosome 3 from five diverse isolatesRf falciparum®.  drial genome from 100 geographically diverse isofdtes
On the whole, these data show less polymorphism thdime mitochondrial data for African isolates show a mis-
would be expected from an organism that had maintainetghtch distribution that is typical of rapid population
a very large population size for several hundred thousagdowth, with a model that is consistent with rapid expan-
years. For example, across the central region of the thistbn having occurred approximately 10,000 years*ago
chromosome, 150 of 204 genes contained no synonymdisgure 1). The data also indicate that some lineages are
SNPs. However, the overall level of SNPs was sufficiemhore ancient (50,000-100,000 years) and that the parasite
to imply a most recent common ancestor for chromosonpepulations migrated to SE Asia and South America prior
3 that existed 100,000-180,000 years ago. This is muththe African expansion (Figure 2). The latter inference
older than the previous estimates from coding sequ&ncess surprising, as the pattern of microsatellite variation in
and even older than the estimates obtained from inftonsSE Asia and South America indicates a much more recent
invasior’?, and is also at odds with the conventional be-
Studies involving mitochondrial genomeFor evolution- lief that malaria was introduced into South America by
ary studies, one problem that lies with the nuclear genesEaropeans and the slave trétle
that they can undergo recombination. Although inbreeding However, for any particular non-recombining DNA se-
(mating between related genotypes) takes place in magyence, such as mitochondriaNA, the pattern of seque-
local populations oP. falciparumand this reduces the nce relationships has a large variation, which is purely
effective rate of recombination, the level of inbreeding idue to the chance extinction of lineages that occurs over a
usually low enough that recombination is effective imperiod of time. Therefore, the mitochondrial genealogy
breaking up linked blocks of nucleotide sequences. Thigsight not necessarily coincide with that of any nuclear
means that regions from different chromosomes can hagene. Moreover, this analysis assumes that all nucleotide
distinct ancestral histories, so the MRCA can differ fronsubstitutions in mitochondriaDNA are selectively
one chromosomal region to the next. To this extent, threeutral. If some are selectively favoured, then the
mitochondrial genome is inherited through only one paincreased frequency of this type of substitution would
ent, thus it does natndergo recombination and is there-make them seem substantially older than they actually
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Figure 1. Speciation and putative population demographic histoBlasmodium falciparurbased
on genetic studies.
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evidence that indel polymorphisms are as much abundant
in P. falciparumgenome as the SNPs and were equally
highly frequent. Twelve additional lines &f falciparum
from different world-wide locations were also studied with
light genomic coverage and 12,530 additioBBIPs were
detected.

Whole genome of tw®. falciparumisolates (one field
isolate and one laboratory clone) aRdreichenowiwas
completely sequenced in yet another recent $tualyd
compared with the published genome sequences of the
3D7 isolaté®. Comparing all the three genome sequences
of P. falciparumuncovered 27,169 non-redundant SNPs
and as many as 216,619 fixed differences between the
3D7 isolate andP. reichenowi There were also large
numbers of indel events. The results are clearly indicative

are. The possibility of natural selection, however, cann8f & high genetic variation iR. falciparumgenomes and
be entirely ruled out, since the mitochondrial gene enco1€ divergence betwedn falciparumandP. reichenowi

ing cytochromeb seems to underlie susceptibility to cerdS about ten-fold greater than the intra-specific polymor-
tain antibiotic&®. phisms. The findings revealed an excess of insertion mu-

tations in 3D7 which have been accumulated during the
] parasite culturing process. The indel events were however

Infer.ences from whole genome re-sequencing underrepresented in the coding regions.
studies In order to detect genome-wide variations and identify

possible vaccine targets, Mu and co-work&recently
Although theP. falciparumwhole genome has been se{g|lowed an evolutionary approach to survey about 65%
quenced and published five years ago from a cultured isolgtetne predicted genes iR. falciparumgenome (3539
(3D7), this does not tell on the amount of genetic diveggenes) for polymorphisms in four cloned isolates (Dd2,
sity it possesses and thus necessitates a population gg3 p10 and 7G8) and compared with the homologous
nomic study, with representing isolates from the Who'Pegions in the 3D7 published whole gendfin@hey have
distribution area. Almost 60% of genesRnfalciparum Jetected as many as 3918 SNPs. About 54% of the total
have unknown functions which poses a great challenged@nes surveyed had one or more SNPs and the majority of
identifying the vaccine targets in the genome. Thus them were non-synonymous. Further re-sequencing of about
major aim to sequence tifie falciparumgenome is to dis- 45 kb of DNA fragment covering 183 already-reported
cover the vaccine and drug targétSince the distribution of known SNPs in chromosome 3 in 99 worldwide isolates
genetic diversity in the genes across the genome of thip_ faiciparumdetected 108 SNPs (out of the 183 re-
species is controversfdland majority of the antigenic ported SNPs) and discovered 185 completely new SNPs,
and drug resistance genes are shown to b7€ Sh;glg'y POBt-which 29 are common SNPs (minor allele frequency

&a 0.05Y2 In addition, a high abundance of microfits

Figure 2. Proposed origin and migration out-of-Africa &lasmo-
dium falciparumbased on genetic studies.

morphic and under various selection pres$éfr
genome-wide distribution of the genes with signature ®h theP. falciparumgenome was detected, averaging one
natural selection is one of the best ways to discover thg|ymorphic microsatellite per 1.3 geds

genes which are possible target to drugs and vaccines.

Rate and distribution of genomic diversityTaking into
Genome-wide SNPs and insertion-deletion polymogrccount the whole data set, the genomic average of nu-
phisms: Recently, Volkman and co-workéfshave re- cleotide diversity becomes equal to 126073, Also, ge-
ported the extent of genetic diversity ih falciparum netic diversity varies widely across different chromosomes;
genome. High quality draft genome from two clones dfom 8.2x 10 (chromosome 4) to 2.44 107 (chromo-
different geographic locations, Honduras and Indochingapme 14). Though the level of diversity is not uniformly
were obtained and compared with the published genordestributed across the chromosomes, there seem to be some
of 3D7 isolaté®. The comparison uncovered 26,845diversity hotspots as well as coldspots. While the major-
SNPs, making the genomic average of one SNP in evaty of the diversity hotspot regions seem to be dominated
780 nucleotide bases, indicating high genetic diversity iy the highly diverse surface molecule responsible for cyto-
P. falciparumgenome. This is in disagreement with aadherence and antigen-coding genes {gugstevor rifin),
previous estimate of one SNP per 910 bases in the thtite coldspots are the places where low-diverse genes re-
chromosom®. In addition to the SNPs, the authrde-  sponsible for electron transport chain and mitochondrial
tected as many as 37,039 insertion-deletion (indel) polfunction (e.g. genes encoding for essential metabolic en-
morphisms of at least three nucleotide bases, providizgmes, such as, oxidases) were pre€ent
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In order to infer if recent pdtéve selection has left any clusters related to the merozoite stage of parasite (mero-
footprint on the gene responsible for conferring drug reoite invasion and early ring transcript) were observed.
sistance irP. falciparum the data were further dissected Between the 3D7 an@. reichenowi comparisons fol-
Data from four chloroquine-resistant isolates were contewed by other statistical tests indicated that these pro-
pared with six sensitive varieties and about 60—100 kb tdins are highly variable withiR. falciparumisolates.

DNA fragments in chromosomes 5, 7 and 11 with fairly In order to understand the evolutionary history of the
low diversity were fountl. Interestingly, the low diver- genes involved in direct interaction with host cells, the
sity region in chromosome 7 included tifert gene (con- evolutionary rates of genes by their intracellular localiza-
ferring chloroquine resistance) that is suggested to kien was examined and it was found that the proteins loca-
under selective sweep model of natural selection. Whéized to the nucleus, cytoplasm and the mitochondrion are
similar experiments were conducted for pyrimethamingenerally conserved, whereas apicoplast-localized pro-
two regions in chromosome 13 and 14 were found to hateins, predicted membrane-spanning proteins and pre-
significantly low diversity. The well-known genghfr dicted export proteins have evolved significantly
had reduced diversity, but not significant to be consideredpidly*!. These findings are also corroborated by previ-
under selective sweep. Another hitherto unidentified regiaus studies indicating strong positive selection in the
spanning around 160 kb clearly reflected the signature génes related to immunity and defense between humans
positive selection, as low genetic diversity was estimatednd chimpanzé@ All these studies are consistent with

SNPs were not found to be distributed randomly acrofise model of ‘evolutionary arm race’ between the mam-
the chromosomes; some regions have consecutive gemedlian immune system and the exposed proteifPdas-
with SNPs and some regions do not bear SNPs at all. Tl@dium Corroboating this model, the genes annotated
percentage of genes with SNPs varies adPofsiciparum as ‘antigens’ inP. reichenowiand ‘cell communication’
genome, from 47.1% (chromosome 13) to 67.5% (chromoategory ofP. falciparumshowed significant excess of
some 7). There was distribution heterogeneity in theon-synonymous polymorphisms, providing evidence for
number of SNPs per gene between chromosomes that dipid evolutioft'. However, it is not evident at first hand
fer more than two-fold, averaging 0.85 to 2.08 SNPs pehat in which species positive selection has shaped the
sequenced gene with large chromosomes having fewarserved diversity in these genes. It seems from the biol-
SNPs. Jeffares and co-work&rgetected a negative cor- ogy of these two parasite species that positive selection
relation between the chromosome size and the numberhafs more probably driven these gene®irfalciparum
SNPs per gene iall chromosomes except chromosome 7.

Further, nucleotide diversity was statistically significantlydentification of vaccine candidates:While organizing
higher in the genes located at the end of the chromosonties pattern of polymorphism according to the function of
than the rest of the genes. In contrast to earlier hypothesgsnes, Mu and co-workéfsdetected the genes encoding
a relatively high frequency of recombination with severadurface antigens and cell adhesion molecules and proteins
hot and cold spots in the genome were found, with most hiovolved in drug interactions are mostly polymorphic.
spots being clustered in sub-telomeric regions, conformifghis indicates, as described before, that the antigenic
to the previous findings in the third chromoséie groups of genes are possibly under balancing, diversify-
ing or partial directional selection. One of the interesting
Genomic diversity, gene expression and evolution of Bndings is that, chromosomal regions flanking tree
falciparum: In order to estimate the selective effectgenes (thevar genes encode a family of variant antigens
acting on individual genes, the ratio of the non-synonyalled PFEMP1 that are important for immune invasion and
mous (nucleotide substitution with change in amino acidlisease pathogenesis) are mostly polymorphic than the ge-
substitution rate to the synonymous (nucleotide substitneme-wide average, indicating that these genes are under
tion without the change in amino acid) for the three paistrong balancing selection pressure from the inostune
wise comparison of each gene with at least 100 codorespons#, thus maintaining more genetic variation than
was calculated and it was found that most genes are undgpected under neutrality. Further, approxima#&€l%o of
purifying selection and some under positive seleétion the 83 loci was found to be with five or more consecutive
Further, correlating evolutionary rate of protein-codingolymorphic genes that contain genes encoding known
genes with mRNA and protein expression level, as dantigen$”. Also, 56 genes were detected to have high nu-
scribed in other organisms, the authors found that the rageotide diversity with one or more SNPs. More than half
idly evolving genes are expressed at a low level araf the genes encode proteins of unknown functions, only
evolutionarily conserved genes are highly expressed. THi® encode known antigens. Majority of the genes encode
study and the others indicate that highly specialized gerna®teins with signal peptides and transmembrane domains
in P. falciparumgenome are most likely to undergo acwhich signify that these potential membrane and/or surface
celerated selective process either because of relaxed clatalization may be recognized by the host immune system.
straint or directional selection. Significantly elevated Further, 108 (56 plus 52 genes that have five or more
rates of non-synonymous changes in two types of ge®&IPs) genes encoding a predicted signal peptide and/or

1520 CURRENT SCIENCE, VOL. 92, NO. 11, 10 JUNE 2007



SPECIAL SECTION: MALARIA

transmembrane domain were expressed usingesn Genetic diversity, origin and population history of
cherichia colicell-free rapid expression syst&mSixty- P. vivax
five proteins were successfully expressed and 11 were
recognized by pooled human sera, seven of these wénegeneral, very little is known of the global genetic di-
previously unknown antigens which could be potentialersity and population structure Bf vivax The major
vaccine targets. The study also showed that diffevant obstacle to this is the lack of appropriate genetic markers
gene clusters are under different immune selective prder theP. vivaxgenome, which has severely hampered an
sure, which is important to consider while designiag  in-depth analysis of the population structure and evolu-
based vaccines. tionary history of the parasite and prevented efforts to map
The genomic diversity studi®s'*’thus opened up the determinants contributing to important parasite phenotypes
field on evolutionary approach to drug and vaccine targstich as drug resistance and relapse paffetiswvever, re-
identification in the genome and demand further evolwent studies on the mitochondrial genome and the microsa-
tionary studies in world-wide populations to understantkllite loci provide a clear picture on the evolutionary
both population history of the parasites and carry olnistory of P. vivax Thus, phylogenetic studf@s® have
genotype—phenotype association studies which could legitown that this parasite originated from a malarial parasite
to new strategies to control this dreadful disease. In thi§ non-human primates as a result of a host switch. Further,
respect, one clear gap in the samplingPofalciparum some SNPs have also been reported across the genome.
from malaria-endemic regions of the world is the Indian
subcontinent, for which no whole-genome sequence ddta#erence from the mitochondria genom&wo recent
yet exist®. Further, additional coverage Bf reichenowi independent studigs®?involving the mitochondrial ge-
would also do much to answer questions concerning theme provide a clear picture on the evolutionary history
quality of the existing sequence data, highlighting thef P. vivax.The first study* includes 176 sequences and
importance of quality as well as quantity in these studhe second study includes 106 sequetfceBhere was
ies’®. While comparable whole-genome sequencing studeme overlap in the estimates of Time to MRCA
ies of large numbers of individual parasite isolates froffMRCA); one study* concluded thalP. vivaxoriginated
the field would be one of the next desirable steps for thetween 53,000 and 265,000 years ago wimilether
malaria community, the foundations laid in these threstudy? it was estimated between 217,000 and 304,000
studied®***?reinforce the importance of a combinationyears. The estimation of origin differs due to differential
of modern biological approaches to biomedical researcanalytical methods and the use of geographically differ-
ent samples. The data from these two studies were com-
Evolutionary history of P. vivax piled, giving a total of 282 sequences with 93 haplotypes
covering the known geographical distribution Bf
Until the middle of the 1900sP. vivaxwas the most vivax>. Analyses of this combined dataset revealed a
globally widespread and arguably the most prevalent bfplotype network and the results were similar to those
the four malaria parasite species that infect humans. Theported in one of these studiesOverall, Asian haplo-
ability of this parasite to complete its sporogonic cycle daypes were found to be more diverse than those of other
a minimum lower temperature of 4B, compared with regions. Although the number of haplotypes sedoes
21°C for P. falciparum has substantially contributed tonot provide evidence of the location of the ancient popu-
its success in establishing stable foci of transmission lation or of the population that shares an older common
the temperate zones. Although responsible for less m@ncestor, both Melanesian and Asian populations have
tality than P. falciparum, P. vivaxcauses considerable similar numbers of haplotypes (Figure 3). Further, the
morbidity. P. vivaxconfounds control measures owing tavailable data regarding complete mitochaaldrenomes
the presence of dormant stages in the liver, which leadhave been analysed to study the phylogeny of SE Asian
relapses of the infection, weeks after the initial epi$bde malarial parasites of primates and the histor ofivax
Alarmingly, an increasing number of clinical studies hapopulations®. The phylogeny estimated from complete
shown treatment failure of the first-life vivaxantima- mitochondrial genomes confirms previous re$gft$ in-
larial, chloroquin&’. P. vivaxseems to have extraordinarydicating thatP. vivaxoriginated from a malarial parasite
phenotypic diversity, especially in its relapse pattern®f non-human primates that is related to the species cur-
and is found in a broad range of ecotypes, from Russiar@ntly found in Asian macaques. Further, the Asian popu-
the tropical regions of Asia, the Pacific, and South andtions ofP. vivaxconsistently seem to be older than other
Central Americ&. The relatively stable GC-rich genomepopulationg®. These lines of evidence (phylogenetic and
of P. vivax (which has a GC content double thatRof population genetics) are most parsimoniously explained
falciparum has few di-nucleotide microsatellite markerspy an Asian origin oP. vivax(Figure 3).
and the (TA) and (CA) motifs commonly seen
falciparumand other organisms such as yeasts, are rardirference from the microsatellite markersiheP. vivax
P. vivax?, genome is very diverse but has a relatively low abundance
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of microsatellites. AlthouglP. vivaxmicrosatellites are size polymorphism (e.g. PfIMSP2 and PvMSP3a)) have
less frequent, a study of a single microsatellite sequenbeen used as genetic markers to study parasite diversity.
demonstrated a high degree of allelic diveréitfhe ge- Currently, DNA markers for genotypir® vivaxinclude
nome ofP. vivaxwas also found to be abundant in polythe genes encoding MSP1 and MSP3a, apical membrane
morphic tandem repeats (TRs), with one approximateantigen 1 (AMA1), CSP, GAM1 and dihyafolate reduc-

for every 3 kB®. However, a controversy has arisen frontase (DHFR). To date, genes encoding seven MSPs have
the use of microsatellite diversity data to reconstruct tHeen cloned fron®. vivax all named in accordance with
evolutionary history oP. vivax While in certain studiés the P. falciparumorthologues. PvMSP1 and PvMSP3a are
it has been shown that the di-nucleotide repeats havéighly polymorphic and are currently used for genotyping
low level of polymorphism, suggesting acent bttle- P. vivaxfield isolates®°°. AMAL, a protein essdial for

neck event in the evolutionary historyRf vivax others® erythrocyte invasion, iBighly conserved iflasmodium
reported a very high level of microsatellite diversitySimilar to PFAMAL1, PVvAMA1 showslimited sequence
Variations in the length of 11 microsatellites were compolymorphism and displays limited genetic diversity
pared for the diversity d?. vivaxfrom Thailand, India within a geographic regiéf®% Similar to that oP. falci-

and Columbia (82 isolates in total) using the draft of thearum the P. vivax CSP is one ofhe most extensively
unpublishedP. vivaxgenomé®. Interestingly, a high de- studied antigens and is now considet@bte a major vac-
gree of polymorphism in all of the microsatellite loci excine candidate. Analysis of PvCSP sequences revealed
amined was fourfd. The data showed thBt vivaxhad a that parasiteBave repeats belonging to one of two types
high allelic diversity, between seven and 18 alleles pef repeat units (GDRAA/DGPQA or ANGAGNQPG).
locus and a high proportion of individuals being hetBoth variantshave a worldwide distribution. Analysis of
erozygous at a particular locus in each of the three coutire PvCSPsequences from SE Asian isolates indicates
tries studied (Thailand 0.77, India 0.76 and Columbigery limited polymorphisms outside the repeat redfon
0.68). Microsatellite variation seems to be dependent dthe PvGAM1gene, named because of its expression in
the length of the repetitive sequeffomeaning longer ar- gametocytes, displays polymorphic deletions near the 3'
rays are more diverse than shorter ones because slippagd in a limited number of Sri Lankan isol&feand its
mutations become exponentially more common with aallelic dimorphism hasecently been reported in Indian
increase in array length. These findif® clarified the isolate§®. Since the information available is derived from
seeming disparity between the high degree of SNP divantigens, geographical differentiation caused by positive
sity and meagre microsatellite diversity, and prolittle  natural immune selection rather than reduced gene flow
support for aecent evolutionary origin foP. vivax'. might be the cause of high genetic diversity in these genes.

Inferences from antigen-coding genestike P. falcipa- Inference from genome-wide SNP# study involving

rum, high levels of polymorphism have been describethe genome-wide SNPs has been made relatieesntly

for manyP. vivaxgenes, particularly antigenic genes thatepresenting a large-scale, multigene survey of variations
might be under selection by host immunity. Polymorphiwithin the P. vivax genomé®. A ~100-kb contiguous
markers encoding parasite surface antigens (e.g. geneslofomosome segment from five isolates was analysed re-
the merozoite surface proteins (MSP), PfMSP1 angkaling 191 SNPs and 44 size polymorphisms. Whereas
PfMSP2), repeat region size polymorphism (genes for tilee majority (~63%) of the SNPs was in intergenic re-
glutamate-rich protein PfGLURP and the circumsporagions, introns contain significantly less SNPs. Further-
zoite protein (CSP) PfCSP or PCR/restriction fragmemhore, these SNPs were not evenly distributed across the
segment; rather there were both high and low diversity
hotspots. In fact, SNPs appear to be present at a higher
frequency in theP. vivaxgenome than iP. falciparum
genome. Twenty of the 26 genes in the DNA segment
were polymorphic among the isolates studied, with two
thirds of the coding SNPs identified as resulting in amino
acid changes. In addition, size polymorphisms are abun-
dant, with half of the 33 tandem repeats identified as oc-
curring in coding regiorf. One interesting observation is
that very high frequencies of SNPs are found in noncod-
ing regions flanked by well-conserved genes. The data
from this study indicate that some intron$invivaxmay

be under functional constraint. A total of five SNPs were
found in 25 introns from 10 genes (total 4719 bp), aver-

Figure 3. Proposed origin and migration routesRdasmodium vivax aging one SNP per ~1 kb. This _study provides us_eful i_n-
as reflected from genetic studies. formation for further understanding the genome diversity
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of P. vivaxand the overall data presenting a highly polygens and for understanding patterns of linkage dilequ
morphic genome i®. vivaxmight pose some challengesrium that could enable the identification of genes
for future drug and vaccine development. associated with, for example, drug resistance and vaccine

Even before the molecular biology era, it was recogandidates. An increasing numberRiasmodiumanti-
nized thatP. vivaxhas an incredible range of phenotypegjens is now under development as vaccine candidates,
both in terms of its morphology and relapse patternmany of which are polymorphic and the induced immune
Considering the data from mitochondri2lNA and other responses might be more effective against parasites carry-
nuclear genes including SNH&, vivaxis thought to have ing particular allelic variants. Early detection and moni-
diverged from its MRCA about 314,000 years #g@he toring of resistant parasites is needed to avoid the disastrous
discovery of 191 SNPs and 44 size polymorphisms inteumanitarian problems that have resulted from the origin
portion of theP. vivaxgenome fits a model proposing anand spread of drug-resistant parasites. Direct monitoring
ancient ancestor better than a model with a recerff onerequires knowledge of the genetic basis and evolutionary
The high degree of heterozygosity and allelic diversitgattern of resistané& Therefore, understanding the geo-
would suggest that if faced with a major bottleneck evengraphic population structure is also important in epidemi-
P. vivaxwould be able to respond both immediately t@logical surveillance studies because the source of
the selection event and to other long-term selection prgsarasites could be established more easily in cases of im-
sures lasting many generations. ported malari®. Also, population genetic studies of
genes related to drug resistance and vaccine candidates
would help in formulating new drugs and vaccines taking
care of the net genetic diversity and evolutionary trend of
The increase in incidences of malaria has made it a pridhe parasite populations.
ity for the international health community and is now the , _ ,
focus of several new control initiatives. The efficacy ofl' Breman, J. G., The ears of the hippopotamus: Manifestations, de-

. . _ terminants, and estimates of the malaria burden. J. Trop. Med.
malaria control measures is generally assessed from their nyg. 2001,64, S1-S11.
impact on the number of infected individuals/mosquitoes?. Sachs, J. D., A new global effort to control malaSieience2002,
clinical cases and treatment failures, etc. However, it is 298 122-124.
possible to envisage situations where intervention only: Hastings, I. M., Bray, P. G. and Ward, S. A., A requiem for
. chloroquine Science2002,298, 74-75.
marglnally affec_ts such me_asurable_ Ouf[com_es over the pg: Wootton, J. Cet al, Genetic diversity and chloroquine selective
riod of observation. Parasite genetic diversity could then syeeps irPlasmodium falciparumNature, 2002,418, 320—323.
be exploited to detect subtle changes in the populatiors. Hemingway, J. and Ranson, H., Insecticide resistance in insect
Changes in the overall genetic composition of tbeuta- vectors of human diseag&nnu. Rev. EntomgR000,45, 369-389.
tion or the multiplicity of infection observed in individu- 8- Hemingway, J., Field, L. and Vontas, J., An overview of insecti-
. L . . cide resistanceScience 2002,298, 96-97.
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