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Abstract

The fact that malaria is still an uncontrolled disease is reflected by the genetic organization of the parasite genome. Efforts to
curb malaria should begin with proper understanding of the mechanism by which the parasites evade human immune system
and evolve resistance to different antimalarial drugs. We have initiated such a study and presented herewith the results from
the in silico understanding of a seventh chromosomal region of the malarial parasite Plasmodium falciparum encompassing
the antigenic var genes (coding pfemp1) and the drug-resistant gene pfcrt located at a specified region of the chromosome 7.
We found 60 genes of various functions and lengths, majority (61.67%) of them were performing known functions. Almost all
the genes have orthologs in other four species of Plasmodium, of which P. chabaudi seems to be the closest to P. falciparum.
However, only two genes were found to be paralogous. Interestingly, the drug-resistant gene, pfcrt was found to be surrounded
by seven genes coding for several CG proteins out of which six were reported to be responsible for providing drug resistance
to P. vivax. The intergenic regions, in this specified region were generally large in size, majority (73%) of them were of more
than 500 nucleotide bp length. We also designed primers for amplification of 21 noncoding DNA fragments in the whole
region for estimating genetic diversity and inferring the evolutionary history of this region of P. falciparum genome.

[Bajaj R., Mohanty S., Dash A. P. and Das A. 2008 Fine-scale genetic characterization of Plasmodium falciparum chromosome 7 encompass-
ing the antigenic var and the drug-resistant pfcrt genes. J. Genet. 87, 59–64]

Introduction

Malaria, one of the deadliest, infectious diseases is caused by
protozoan parasites of Plasmodium species, affecting about
300 million individuals around the globe, mainly tropical re-
gions of the world causing about one million deaths annually.
The parasites have two complex life cycles: one in the host
(human) and the other in the vector (mosquito), thus mak-
ing an excellent model to understand the host-parasite-vector
interactions. Since genes carry footprints of individual char-
acters and the whole-genome sequencing of all the three taxa
have been reported, research directing towards understanding
the above interactions is the need of an hour.

*For correspondence. E-mail: aparup@mrcindia.org.

Efforts of controlling malaria has been drastically af-
fected by two very important factors: (i) the development
and spread of drug resistant parasites, and (ii) wide vari-
ations in the antigenic genes, making the parasite able to
evade the host immune system fairly easily. Of the several
reported drug-resistant genes in the malarial parasite, Plas-
modium falciparum, the gene pfcrt, located in the middle part
of the chromosome 7 has been reported to be highly corre-
lated with the clinical episode of drug resistance (Sidhu et al.
2002). The gene product is a predicted transporter that local-
izes to the digestive vacuole membrane and may be involved
in drug flux and/or pH regulation (Wellems and Plowe 2001).
The red blood cell surface adhesive proteins (called pfemp1,
for P. falciparum erythrocyte membrane protein 1) encoded
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by the var genes are spread across the whole genome and
are exposed to the immune system. There are at least 60
variations of the protein within a single parasite and perhaps
unlimited versions within parasite populations. The parasite
switches between broad repertoires of pfemp1 surface pro-
teins, thus staying one step ahead of the pursuing immune
system (Chen et al. 2000). The Plasmodium is the first of
the kingdom Protista to be fully sequenced, the first of an ex-
traordinarily diverse kingdom of 30 phyla. Sequencing the
genome of P. falciparum is a major technical achievement
— not least because its assembly was so tough because the
genome is 80.6% A+T rich. The hope is that this sequence
will offer new targets for both anti-malarial drugs and vac-
cines (Ashburner 2002). The P. falciparum nuclear genome
comprises of 14 linear chromosomes ranging in size from
0.64 to 3.3 Mb. The genome of the 3D7 strain of P. falci-
parum was the first parasite genome to be sequenced com-
pletly (Taco et al. 2006). Almost 60% of the genes in P. fal-
ciparum have unknown functions which poses a great chal-
lenge in identifying the genes for drug resistance and vac-
cine targets in the genome. Thus the utilization of the whole
genome sequence information must be targeted towards iden-
tifying the hitherto-unknown vaccine and drug targets. Fur-
ther, considering the puzzling distribution of genetic diver-
sity in different genes spanning across the genome of this
species, a genomewide distribution of the genes which are
possible targets to drugs and vaccines should be character-
ized first by bioinformatics methods (Das et al. 2007).

Here we report the results from a fine-scale scan of the
DNA fragment of about 270 kb in chromosome 7 here after
called as the specified region (figure 1) of the published 3D7
culture isolate (http://www.plasmodb.org) encompassing the
centrally-located antigenic var genes and the drug-resistant
pfcrt gene. This initial study is to closely understand this
chromosomal fragment that might be a store house for very
important functions of the parasite in relation to the high
antigenic mimicry and evolution of drug resistance varieties.
This is especially important in the light of three recent find-
ings: (i) a strong genetic linkage between these two gene loci
(Fowler et al. 2006), (ii) elevated polymorphisms between
internal var locus, and the pfcrt gene extending over 200 kb
(Mu et al. 2007) and (iii) involvement of gene(s) other than
the pfcrt in providing drug resistance in Indian P. falciparum
(Das et al. 2007).

Figure 1. The ∼270 kilobase specified region of Plasmodium falci-
parum chromosome 7.

Materials and methods
The DNA sequences of the specified region of P. falciparum
3D7 isolate were downloaded from the public domain (http:
//www.plasmodb.org) and scanning of the genes was per-
formed in its protein databases and the gene IDs of the genes
flanking var (central) and upto pfcrt on chromosome 7 were
noted. The gene boundaries (according to PlasmoDB) were
calculated manually after determining the order and location
of genes (as per the PlasmoDB data resources, available at
http://www.plasmodb.org). By this, the location of the in-
tergenic regions was determined and accordingly, sequences
retrieved from the sequence retrieval tool of PlasmoDB. Cod-
ing sequences (CDS) of each gene were retrieved with the
help of the gene IDs from nucleotide database (http://www.
plasmobd.org), through a method known as ‘mundane’. The
other properties of the specified region, viz. length of the in-
tergenic regions, length of introns and exons, and length of
each gene were determined manually with the help of the lo-
cation given for each in the CDS. Prediction of orthologs and
paralogs of genes were conducted using the database known
as orthoMCL, version 1.2 (http://orthomcl.cbil.upenn.edu).
The CDS of the orthologs and paralogs were retrieved with
the help of blast results (http://www.plasmodb.org/plasmo/
processQuestion.do). Finally, to have an inference on the
genetic diversity in the neutral genetic regions of this spec-
ified region by single nucleotide polymorphism (SNP) de-
tection through PCR amplifications and sequencing, differ-
ent primers (both forward and reverse) were designed with
the help of PrimerSelect, a computer software integrated as a
part of the DNAstar (DNA Star, Madison, USA) version 5.0.

Results and discussions
Scanning of the specified region of ∼270 kb revealed a to-
tal of 60 genes (figure 2) of which only 38.33% have been
assigned some function (either putative or known) and rest
61.6% are hypothetical, indicating that the function of a large
portion of this specified region is yet to be revealed. It may
harbour certain genes that might be playing a very important
role in the drug resistance or some other task. The prob-
ability of occurrence of genes that might be playing role in
microevolution of the parasite for overcoming the human im-
posed control measures (either drug or human immunity) is
high as the region has been shown to be probably under the
natural selection (Mu et al. 2007). We divided these genes
into eight classes based on their total length in nucleotide
base pairs (figures 3 and 4). It is evident that majority of
the genes within this specified region are relatively bigger in
size (52 out of 60 genes are of considerably longer in size
i.e., more than 500 base pairs). Further, more than 50%
of the small sized (less than 500 base pair) genes are of
known function and the function of the genes decreases as
the gene size increases. Hence, there seems to be a nega-
tive correlation between the gene size and function. Genes
responsible for translation, transcription and replication are
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Figure 2. Fine details of the specified region showing the genes, intergenic regions and
locations of the primers designed for amplification of different regions

Figure 3. Distribution of genes with known and unknown function in the spec-
ified region.
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Figure 4. Distribution of gene with and without introns in the specified region.

much more prevalent than the other types, and small genes
seem to be highly functional. This situation possibly pro-
vides the parasite to save energy being used in transcription
(splicing mechanisms) and utilizing in some other more im-
portant tasks such as high rate of reproduction, host immu-
nity evasion mechanisms and many more (Hilleman 2004).
This prediction is further substantiated by the finding of a
relatively high proportion (about 71.67%) of intronless genes
in the specified region (figure 5). It was also evident that
genes of relatively bigger size with introns and smaller genes
without introns seem to perform important functions in the
parasite. Parasites, in general are known to have reduced
genome size probably due to preferential loss of genes under-
lying the biosynthesis of compounds that can be easily taken
up from the host, such as amino acids, nucleotides and vita-
mins (Konstantinidis and Tiedje 2004). There is currently an

Figure 5. Percentage of genes with and without introns in the spec-
ified region.

increasing number of evidence that favours the existence
of universal trends between functional gene content and
genome size. Jordan et al. (2001) analysed 21 genomes and
showed that lineage specific gene expansion is positively cor-
related with genome size and may account for up to 33%
of the coding capacities in the genome. In a comparative
genomic study involving a larger number of species, Kon-
stantinidis and Tiedje (2004) found in Psuedomonas aerug-
inosa and Streptomyces coelicolor, that a disproportionate
increase in regulatory and transport genes involved in sec-
ondary metabolism relative to other smaller genome-sized
species (Jordan et al. 2001; Konstantinidis and Tiedje 2004).
The same criteria are observed in P. falciparum genome,
as seen that a large number of genes are involved in host
immunity evasion and in drug resistance. The Plasmod-
ium genome, being relatively small in size than the two
above taxa, should be disproportionately enriched in pro-
tein translation, DNA replication, cell division, nucleotide
metabolism genes and depleted in regulation and secondary
metabolism genes (Konstantinidis and Tiedje 2004). Ac-
cordingly, the fine scale scanning of the specified region
in P. falciparum reported here reveale that 43.47% of the
known functional genes are involved in one of the pro-
cess: transcription, translation or replication. Since charac-
terization of orthologs and paralogs is critical for the con-
struction of a robust evolutionary classification and reliable
functional annotation of newly sequenced genomes (Koonin
2005), we determined both orthologs and paralogs of all the
genes in the specified region across four other species of
Plasmodium. Only two genes (Pf07 0036 and Mal7p1.12),
were found to have paralogs and almost all the other genes
have orthologs across all the four species (detail data not
shown). In general, the genes in the specified region of

62 Journal of Genetics, Vol. 87, No. 1, April 2008



Genetic characterization of Plasmodium falciparum

Figure 6. Number of genes in the specified region that are ortholo-
gous to other species of the genus Plasmodium.

P. falciparum shows more homology with P. chabaudi (fig-
ure 6). Such a clear and wide distinction between the num-
ber of orthologs and paralogs gives an insight of Plasmod-
ium evolution, showing that the Plasmodium ancestors were
highly evolved at the specified region under scan. A large
number of orthologs in comparison to paralogs signifies that
the specified region is fairly old and evolves in different lin-
eages. From the study it also became clear that P. chabaudi
might have shared a common ancestor with P. falciparum,
at least at the specified region. This conclusion, however,
cannot be made general because of two reasons: firstly, the
P. reichenowi (otherwise closely related to P. falciparum ge-
netically) data was not available for homology analysis and
secondly, the present work involves only the specified region
of about 270 kb of P. falciparum. The four genes coding
for tRNAs in the specified region do not have any homologs,
hence they can be called as unique genes. These are homolo-

gous sequences that diverge beyond recognition such that the
similarity between two orthologs is not higher to be called as
orthologs (Koonin 2005).

Most of the intergenic regions in the specified region
spacing two genes are considerably larger, only 27% are less
than 500 nucleotide base pair length and the rest are from
500–4000 base pair length (figure 2). Considering most of
the intergenic regions are fairly large, and the exact roles of
these regions are still unknown, it might be predicted that cer-
tain portions might be playing some important roles. More-
over, the probability of occurrence of genes that might be
playing role in microevolution of the parasite for overcoming
the human imposed control measures (either drug or human
immunity) is high as the specified region has been shown to
be probably under natural selection (Mu et al. 2007). An-
other interesting finding is the occurrence of seven mem-
brane transporters in the vicinity of pfcrt gene (figure 2).
These transporters are called as CG proteins and are en-
coded by cg1, cg2, cg3, cg4, cg6, cg7 and cg8 genes. It
is interesting to note that six out of seven CG protein ho-
mologs are identified to be involved in providing drug re-
sistance in P. vivax (http://orthomcl.cbil.upenn.edu). More-
over, Wellems et al. (1971) showed experimentally that all
these proteins (except cg6) are transcribed in erythrocytic
stages, suggesting their role in erythrocytic stage. The au-
thors also surveyed parasites from Indochina and found a
strong pattern of linkage disequilibrium for cg1 and cg2 in
the chloroquine-resistant parasites. Thus, as predicted, the
specified region, especially surrounding the drug-resistant
gene, pfcrt is of great interest for understanding the ge-
netic basis of drug resistance in Plasmodium. To estimate

Table 1. List of primers designed for amplification of different DNA fragments (spacing every ∼10
Kb) of specified region of Plasmodium falciparum.

Primer no. Forward primer Reverse primer

P1 5′ATTTTGTTTGATTTGTTCTTAT3′ 5′TTGATTTCCCCCTTTTT3′

P2 5′ATAGGTAATGATAACAATAAAC3′ 5′ATAAAAAGGGATAAAGTAGA3′

P3 5′TCAATTTATTCCCATCCAT3′ 5′ATTTGTATTTTTAAGGTGTTGT3′

P4 5′TTGCCATCATAAGAATAAT3′ 5′ATAATAAAATGATAACTA3′

P5 5′ACGGGCTTCATACATTACAA3′ 5′GGGAAGAAGCAAAAGGAA3′

P6 5′CAGAATGAAACCAACAAGA3′ 5′GACAATTTTAAGAGAACACATAC3′

P7 5′TGCGTTTCTTTCTTTTTAC3′ 5′TTTGGTTTTTATTTTGTTTTAGT3′

P8 5′TATGAGATGCCCTAAAT3′ 5′AAAAATCAGAAATAAGAGG3′

P9 5′AGCTTCTGTTCCACCTG3′ 5′AATATTAATTTATCCAACTTTT3′

P10 5′GAACACAAATGGAAGAATAAA3′ 5′CAAAACATAAAGGAGCACAAT3′

P11 5′TACGGAGTTGAAAAAGAATC3′ 5′TAGTAACGTAAATGAAAAACAAA3′

P12 5′ATCAATAAATATCTACCGTCTG3′ 5′AAAATAATAAAAATAAAATACAAG3′

P13 5′AAAAACTTATTCATCATT3′ 5′TATTTTATTATTTTCATTTTA3′

P14 5′GTGTACTACCGATGAAGG3′ 5′ATATAACGGTTGTGATGAG3′

P15 5′TCCGCCCTATTCTCATT3′ 5′TTGCTTCTCCCACATTCT3′

P16 5′GGCGCTCTACCAACTGA3′ 5′TATTATTTATTTTTCCTTATCTTC3′

P17 5′CCGCTATGACTGCTGAAG3′ 5′AGGGTGACCATAAGGAATACT3′

P18 5′AAAAGAGGATTAGCCAAAAC3′ 5′TACAAAAGCCATACAAATCAC3′

P19 5′GAAAAGTTATATGGGCAAAAT3′ 5′TACGAGCAGGAAGTGACC3′

P20 5′GTTAAACAAAGGGGAAG3′ 5′ATATATCAAGGCAACATT3′

P21 5′ACCCTCCTTGCGTAAAT3′ 5′TAAGGGAAATGAATAAGGAA3′
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genetic diversity in the specified region, 21 primer pairs were
designed for the amplification of 21 different fragments of
noncoding DNA. The primer sequences (both forward and
reverse) have been presented in table 1 and figure 2. Since
it is apparent that the specified region is of high importance
as far as the essential functions of the parasite P. falciparum
is concerned, the genetic diversity estimates would provide
an evolutionary perspective of the region which ultimately
would specify the role of natural selection on the mainte-
nance of unusual amount of genome diversity that P. falci-
parum possesses.

The specified region is important for bearing the two
most important genetic components by the most lethal
form of human malarial parasite P. falciparum: (i) the
chloroquine-resistance gene, and (ii) the antigenic gene.
Most of the genes in this region were found to be of unknown
function and small genes were found to be highly functional.
Most of the genes are relatively bigger in size and major-
ity were without introns. Interestingly, almost all the genes
have orthologs across other Plasmodium species but only two
genes have paralogs. P. chabaudi seems to be the most clos-
est among all, although very marginally higher than others.
The intergenic regions were found to cover large stretches of
DNA and seven CG proteins are found to be flanked with the
chloroquine–resistance gene, pfcrt. The present study thus
would open up the field to further evolutionary understand-
ing of the specified region, as a recent study indicated a high
linkage disequilibrium between the var and the pfcrt genes
(Fowler et al. 2006).
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