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Abstract
The human malaria parasite Plasmodium falciparum utilizes a mechanism of antigenic variation to
avoid the antibody response of its human host and thereby generates a long-term, persistent infection.
This process predominantly results from systematic changes in expression of the primary erythrocyte
surface antigen, a parasite-produced protein called PfEMP1 that is encoded by a repertoire of over
60 var genes in the P. falciparum genome. var genes exhibit extensive sequence diversity, both within
a single parasite’s genome as well as between different parasite isolates, and thus provide a large
repertoire of antigenic determinants to be alternately displayed over the course of an infection. While
significant work has recently been published documenting the extreme level of diversity displayed
by var genes found in natural parasite populations, little work has been done regarding the
mechanisms that lead to sequence diversification and heterogeneity within var genes. In the course
of producing transgenic lines from the original NF54 parasite isolate, we cloned and characterized
a parasite line, termed E5, which is closely related to but distinct from 3D7, the parasite used for the
P. falciparum genome nucleotide sequencing project. Analysis of the E5 var gene repertoire, as well
as that of the surrounding rif and stevor multi-copy gene families, identified examples of frequent
recombination events within these gene families including an example of a duplicative transposition
indicating recombination events play a significant role in the generation of diversity within the
antigen encoding genes of P. falciparum.
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1. INTRODUCTION
The most severe form of human malaria is caused by the protozoan parasite Plasmodium
falciparum. This parasite is capable of inducing a persistent infection that is typified by
recurrent waves of parasitemia, with each wave representing the growth of a subpopulation of
parasites displaying distinct antigenic and cytoadherent characteristics(Miller et al., 1994). The
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waves of parasitemia are the result of a process of antigenic variation, through which the
parasite displays different variants of the primary immune antigen displayed on the infected
cell surface, a protein called PfEMP1. By generating subpopulations of parasites that vary the
form of PfEMP1 that is exposed to the immune system, the parasite is able to avoid complete
clearance from the circulation and thereby perpetuate a persistent infection that is difficult for
the infected individual to clear. In addition, each variant of PfEMP1 has distinct cytoadhesive
characteristics, thus switches in the form of PfEMP1 displayed on the infected cell surface also
result in changes in the pathogenicity of the infection, providing an explanation for the often
variable nature of malaria severity.

PfEMP1 is encoded by the multi-copy var gene family(Baruch et al., 1995; Smith et al.,
1995; Su et al., 1995). The genome of each parasite contains approximately 60 var genes
located either within the subtelomeric regions of most chromosomes or within clusters of
tandemly arranged genes in the more central chromosomal regions(Gardner et al., 2002).The
genes are expressed in a mutually exclusive manner, with the expressed copy determining the
form of PfEMP1 displayed on the infected cell surface and as a consequence, the cytoadhesive
and antigenic phenotype of the infected cell. There is also evidence of a link between expression
of particular var genes and the pathogenicity of the disease, with expression of certain var
subtypes associated with more severe disease outcomes(Jensen et al., 2004). In particular,
expression of a single, conserved var gene, called var2csa, has been associated with pregnancy
associated malaria(Salanti et al., 2003; Salanti et al., 2004), leading to the prospects of using
the PfEMP1 encoded by this gene as a vaccine specifically targeting malaria in pregnancy
(Smith and Deitsch, 2004). A number of recent studies have begun to shed light on the
regulation of var gene transcription, in particular how var gene silencing, mutually exclusive
expression and switching are controlled(Frank and Deitsch, 2006; Duraisingh et al., 2005;
Freitas-Junior et al., 2005; Voss et al., 2006; Dzikowski et al., 2006; Frank et al., 2006; Frank
et al., 2007; Voss et al., 2007; Dzikowski et al., 2007). However, little work has focused on
how diversity within the var gene family is generated. The complete sequencing and annotation
of the entire genome for the 3D7 isolate(Gardner et al., 2002), as well as additional sequencing
projects for several other isolates have shown that the var gene sequences possessed by any
given parasite are extremely diverse, although certain subfamilies of var genes can be identified
based on the structure of several domains within the encoded PfEMP1(Lavstsen et al., 2003;
Kraemer and Smith, 2003; Robinson et al., 2003; Kraemer et al., 2007). In addition, sampling
of var gene repertoires from parasites isolated from geographically distant regions has shown
that the diversity that exists when comparing the var gene complement between different field
isolates is immense, suggesting that var genes possess a mechanism for creating sequence
changes at an accelerated rate(Kyes et al., 1997; Fowler et al., 2002; Barry et al., 2007; Kraemer
et al., 2007). This is in contrast to housekeeping genes which have been shown to be highly
conserved between strains from different geographic regions(Mu et al., 2007; Volkman et al.,
2007; Jeffares et al., 2007). Analysis of genome sequences from various laboratory and wild
parasite lines have provided evidence that var genes may be subject to specific recombinational
processes that result in “shuffling” of different portions of the coding regions, leading to rapid
alterations in the encoded proteins(Taylor et al., 2000b; Tami et al., 2003; Ward et al., 1999).
Indeed, analysis of the progeny of an experimental genetic cross between two laboratory lines
identified an ectopic recombination event that resulted in the duplication of a specific region
of one var gene(Freitas-Junior et al., 2000).

Similar to var genes, the rif and stevor genes are found as multiple copies located adjacent to
var gene clusters. The genes are also highly diverse and in the case of rif, the proteins they
encode have been suggested to be important antigens in the development of clinical immunity
(Abdel-Latif et al., 2002; Abdel-Latif et al., 2003). However, while PfEMP1 is known to be
placed on the infected cell surface and mediate cytoadherence, the functions of the proteins
encoded by rifs and stevors is unknown. Nonetheless, the chromosomal location of these gene
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families as well as their divergent genetic make up suggest a common mechanism for
recombination and the generation of diversity amongst these variant multi-copy gene families.

In the course of characterizing transformed clonal lines derived from the NF54 isolate, we
identified a parasite line that is closely related to, but genetically distinct from 3D7, the parasite
line that was isolated from NF54 and used in the original P. falciparum genome nucleotide
sequencing project. Here we describe an analysis of the var gene repertoire of this parasite line,
termed E5, which indicates that it shares more than half of its var genes with 3D7, while the
remainders are unique to the new clone. More detailed analysis of DBLα sequences of the
unique var genes identified examples of duplicative transpositions of sequence fragments from
3D7 var genes into the newly identified var genes. Such gene conversion events resulted in
“shuffling” of the amino acid sequences, leading to the production of hybrid sequences that
are presumably unique to the new clone. Similar “shuffling” between family members was
also found when analyzing sequences of the rif and stevor gene families. The data gathered
suggest that frequent recombination events, including gene conversions, represent a major
pathway for the generation of diversity within certain gene families of P. falciparum.

2. MATERIALS AND METHODS
Isolation of clonal P. falciparum cultures, extraction of genomic DNA and Southern

Clonal populations of cultured NF54 parasites were isolated by limiting dilution in 96 well
plates as described (Kirkman et al., 1996). The presence of parasites was determined using
blood smears during media changes on days 21, 25 and 30 and positive wells were expanded
to 20 ml cultures and used for gDNA isolation as described by Frank et al.(Frank et al.,
2006). Transformation of NF54 parasites, isolation and analysis of clonal lines that had
integrated the plasmid constructs into either the hrp2 or var locus is described in detailed by
Frank et al.(Frank et al., 2006). Southern blots were performed as described previously(Frank
et al., 2006; Dzikowski et al., 2006).

Real-time PCR amplification of 3D7 specific var and stevor genes
Real-time quantitative RT-PCR was used to detect the presence of all var genes found in the
3D7 genome using the primer set of Salanti et. al.(Salanti et al., 2003) with the modifications
described by Dzikowski et al.(Dzikowski et al., 2006). The primer set was supplemented with
an additional primer pair for PF08_0107 (5′ - CCTAAAAAGGACGCAGAAGG - 3′ and 5′ -
CCAGCAACACTACCACCAGT - 3′) and alternative primer pairs for PFD1005c (5′ -
ACGATTGGTGGGAAACAAAT - 3′ and 5′ - CCCCATTCTTTTATCCATCG - 3′) and
PFD1015c (5′ - AAAGGAATTGAGGGGGAAAT - 3′ and 5′ -
TAAACCACGAAACGGACTGA - 3′). Mal8P1.220 was not annotated at the time of analysis
and thus not included in the primer set used. The stevor primer set used was identical to that
published in Lavazec et al. (2007) and the specific rif primers are presented in Table 1 of the
Supplementary Data. All reactions included three control genes published by these authors;
namely, seryl-tRNA synthetase (PF07_0073), fructose biphsphate aldolase (PF14_0425) and
actin (PFL2215w); plus an additional two control sets, arginyl-tRNA synthetase (PFL0900c)
and glutaminyl-tRNA synthetase (PF13_0170) as described(Dzikowski et al., 2006; Lavazec
et al., 2007). Amplification efficiencies were verified by performing amplifications using
different concentrations of genomic DNA as template. Reactions were performed at a final
primer concentration of 0.5 μM using Biorad ITAQ SYBR green Supermix® in 20 μl reactions
on an ABI Prism® 7900HT. All runs were done in triplicate and yielded virtually identical Ct
values.
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Amplification and sequencing of var-DBLα, rif and stevor segments
Identification of new var gene sequences from the E5 genome was performed according to the
procedure described by Taylor et al.(Taylor et al., 2000a). Briefly, degenerate primers specific
to DBLα, called αAF (5′-GCACG(A/C)AGTTTTGC-3′) and αBR (5′-GCCCATTC(G/C)
TCGAACCA-3′), were used to amplify var sequences from genomic DNA extracted from E5.
The amplified products were then cloned into pGEM-T (Promega) or pCR-TOPO (Invitrogen)
using the manufacturer’s protocols and individual clones sequenced by the BioResource Center
of Cornell University. Additional sequences were generated using a degenerate primer
designed for the upstream sequence of B type var genes- (5′-
ATATAGATAGAGAGAAACGGAAGAA(G/C)ATATTT-3′) paired with αBR. The derived
sequences were compared to the known 3D7 genome sequence using BLAST program on
PlasmoDB (www.plasmodb.org), and unique sequences were translated to confirm that the
encoded amino acid sequences contained motifs typical of PfEMP1 DBLα. A similar strategy
was employed to identify new rif and stevor sequences, except the following primer sets were
used: universal stevor primers (5′-CAAAAGGAAGAGATAAGTAT-3′ and 5′-
GTTTCTTGCATTCATGTTTCC-3′); rif degenerate primer (5′-TTAAGCGAATG(C/T)GA
(A/C)(A/C/T)T-3′ and 5′-(A/C)TTCATTTT(C/T)TT(C/T)TTTCG(A/G/T)C(G/T)
ATAACG-3′). Genotyping with MSP1, MSP2 and GLURP was performed using published
primers(Snounou et al., 1999; Ranford-Cartwright et al., 1997). All PCR reactions were
performed on a BIORAD MyCycler® PCR machine using QuiagenTaq Polymerase® under
the following conditions: final primer concentration 0.5μM, 94°C for 5 minutes followed by
35 cycles of: melting temperature 94°C, annealing temperature 55°C, extension 60 °C and a
final extension step of 3 minutes. PCR fragments were visualized on a 1% agarose gel with
sybr green 1 nucleic acid gel stain® (Molecular Probes) as described by the manufacturer. The
var2csa upstream region (UpsE) was amplified using primers 5′-
GGTACCTGAACGCTTAAAGAAACAAGG-3′ and 5′-
CTGCAGCATTTTGTCCAACCATTTACA-3′.

3. RESULTS
3.1 Identification of a unique parasite clone distinct from 3D7

The parasite line NF54 was isolated from a malarial patient living near the Schipol Airport in
Amsterdam, The Netherlands (Ponnudurai et al., 1981), and from this source the clonal line
3D7 was isolated by limiting dilution (Walliker et al., 1987). Analysis of these two cultured
parasite lines indicated that they were isogenic, in particular with regard to their var gene
complements (Salanti et al., 2003). However here we provide evidence that the NF54 line is
in fact polyclonal, a conclusion that stems from observations of profound genetic differences
among clonal transgenic parasite lines that were created from transformations of an uncloned
culture of NF54 parasites. In the process of generating these transgenic lines, numerous clones
were isolated that had integrated the transfecting plasmid into the genome at either the hrp2
locus in the subtelomeric region of chromosome 8 or within the intron of var gene PFB1055c
in the subtelomeric region of chromosome 2 (Frank et al., 2006). As part of the analysis to
characterize these clones, genomic DNA was isolated and a complete set of var gene primer
pairs (derived by Salanti et al.(Salanti et al., 2003)) was used to amplify by quantitative realtime
PCR (Q-PCR) gene specific DNA fragments corresponding to each var gene in the 3D7
genome. Whereas this primer set amplified all genes as single copy equivalents from the DNA
of clonal lines that had integrated the construct at the hrp2 locus, as well as from DNA isolated
from the original uncloned NF54 culture, 23 of the primer pairs failed to amplify DNA
fragments from multiple clonal lines that had integrated the construct at the var locus (Table
1). This indicated that 23 var loci were either altered or missing from the genome of the latter
apparently isogenic clones, hereafter denoted “E5”, which otherwise had var gene
complements identical to 3D7. To determine if a large portion of the var gene repertoire had
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simply been deleted in E5, a Southern blot of genomic DNA from 3D7 and E5 was hybridized
to a probe corresponding to var gene exon 2. This probe recognizes a conserved region shared
by all var genes and thus displays a complex banding pattern on Southern blots that reflects
the number of genes in the parasite genome(Su et al., 1995). Changes were observed in the
position of several bands, consistent with these two parasites lines possessing slightly different
genotypes, whereas the total number of bands and thereby the completeness of the var gene
repertoire is similar in both lines (Figure 1). Thus the E5 line likely possesses a complete but
partially unique repertoire of var genes and the lack of amplification using 23 of the 3D7 var
specific primers was not due to chromosomal deletion. It is therefore likely that these two
parasites lines, E5 and 3D7, represent two distinct genotypes that exist within the original NF54
isolate.

Comparison of the “missing” var genes in the E5 genotype with the chromosomal location
within the known 3D7 genome nucleotide sequence determined that all of the missing var
genes were grouped into specific chromosomal clusters (Figure 2). In all cases, if a particular
var gene failed to be amplified using gene specific primers, all adjacent var genes within the
same chromosomal location also failed to be amplified, indicating that all of the genes within
these chromosomal regions were either missing or contained significantly different sequences.
Similarly, if a particular var gene was detected in the genome, all the adjacent var genes were
also detected, indicating that the two parasite genotypes shared some chromosomal regions
while differing at others.

To determine if the pattern of gene alteration or deletion extended to the neighboring gene
families that are typically localized adjacent to the var genes, a newly derived primer set to the
stevor family(Lavazec et al., 2007) as well as 6 different primers pairs for specific rif genes
were used to amplify PCR products from E5 genomic DNA. As expected, in most cases genes
located adjacent to var genes that were shared with 3D7 were efficiently amplified, whereas
those adjacent to “predicted E5 specific” var genes did not produce a diagnostic PCR product.
Primers designed to housekeeping genes around the “unique” var gene clusters on chromosome
4 amplified the same product in both parasite lines (data not shown). Other genes that have
been described as variable yet relatively more conserved than the var, rif or stevor families
include, var2csa, the type 3 var genes, as well as MSP1, MSP2 and GLURP, which are often
used for genotyping(Snounou et al., 1999; Ranford-Cartwright et al., 1997). MSP1 and MSP2
PCR products were the same size in both 3D7 and E5, whereas the GLURP products were
different (Supplemental Figure S1). var2csa (PFL0030c) did not amplify with the original
primer set of Salanti et al, however additional primers did identify the 5′ end of the coding
region and the unique, conserved upstream region (called UpsE, supplemental data), indicating
that this gene is present in the E5 genotype. The observed pattern of blocks of common versus
dissimilar inheritance is what would be expected from Mendelian inheritance, suggesting that
3D7 and E5 are two sibling parasites present in the NF54 isolate.

3.2 var, rif, and stevor gene sequences from the E5 genotype
Based on the real-time PCR data, E5 and 3D7 were predicted to share 36 identical var genes
and differ in 23. To identify var genes that are unique to E5, a sampling of var gene sequences
from both the 3D7 and E5 genotypes was performed using PCR amplification with degenerate
DBLα primers that are designed to amplify without gene-specific bias the first DBL region of
most var genes (Taylor et al., 2000a). The resulting PCR products were cloned and sequenced,
and the sequences compared to the previously annotated 3D7 genome sequence (see
Supplemental data). As expected, all of the sequences derived from the subcloned parasite lines
that displayed the 3D7-like amplification pattern by real-time PCR were identical to sequences
found in the genome database, confirming that these parasites are identical to 3D7. In contrast,
while approximately half of the sequences derived from the E5 parasite lines were identical to
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sequences found in the 3D7 genome, many sequences were unique and did not match any
sequences previously deposited in the non-redundant database. Translations to the predicted
amino acid sequences confirmed that they indeed encode PfEMP1 DBL regions and therefore
represented likely E5 var genes. The sequences amplified from E5 that were identical to genes
previously identified in 3D7 all corresponded to var genes that were successfully detected by
the real-time PCR assay, confirming that these genes are present in the E5 genome and
consistent with the schematic map shown in Figure 2.

The sequencing analysis performed for var genes was extended to the rif and stevor gene
families. For each of these gene families, a sampling of the gene sequences for both the E5 and
3D7 genotypes was generated by PCR amplification using conserved, degenerate primers that
specifically amplify hyper-variable regions found in the stevor(Lavazec et al., 2006) and rif
gene families. DNA fragments amplified from E5 and 3D7 genomic DNA were then cloned
and sequenced, and the sequences compared to the annotated 3D7 genome sequence. Similar
to the results obtained from the var gene analysis, all of the sequences derived from the 3D7-
type parasite clones exactly matched sequences found in the 3D7 nucleotide sequence database,
once again confirming that these parasites are isogenic with 3D7. For the E5 clone, as expected
approximately half of the sequences were exact matches with sequences in the 3D7 database,
while the remaining sequences were unique (see Supplemental data). All of the matching
sequences came from genes that were found in regions of the chromosomes that were predicted
to be identical to 3D7 based on the schematic diagram in Figure 2, again consistent with the
model of E5 and 3D7 sharing specific chromosomal regions.

3.3 Identification of potential gene conversion events within var and rif gene sequences
The unique var gene fragments amplified from E5 were not identical to any var genes found
in the 3D7 complete genome nucleotide sequence. Gene specific primers made to these unique
sequences amplified the correct DNA fragments when E5 genomic DNA was used as template
in a PCR reaction, but failed to amplify any sequences when applied to 3D7 genomic DNA,
confirming that these genes are indeed unique to the E5 genotype and are not found in 3D7
(Figure 3). Similarly, gene specific primers for var genes predicted to be missing in E5
amplified products from 3D7 gDNA but not from E5. All primer pairs specific to either E5 or
3D7 var genes successfully amplified products using genomic DNA from a cryo-preserved
early stock of NF54, indicating that both genotypes were present in the original isolated
population of parasites. Quantitative real-time PCR amplification however showed that not all
E5 sequences amplified with equal efficiency from NF54 gDNA, suggesting the possibility of
additional genotypes that share some of the E5 specific sequences (Table S2).

Closer examination of the var gene sequences unique to E5 verified that while none of the
DBLα fragments amplified from E5 were found in their entirety in the 3D7 genome, it was
possible to identify several relatively long stretches of sequence that were 100% identical with
3D7 var gene sequences, but inserted within the context of sequences unique to E5 (Figure 4).
For example, a 105 bp fragment of complete sequence identity to the var gene PFI1830c was
found inserted into a unique var gene in E5. The length and perfect identity of these stretches
of sequence strongly indicate that they represent recent transposition from one position in the
genome into another, either via reciprocal recombination between genes or through duplicative
transposition (also referred to as gene conversion) (Figure 5). In the case of the fragment from
PFI1830c, it is possible to distinguish whether the shared sequence is the likely result of
reciprocal exchange or gene conversion because both the original PFI1830c gene and the
unique var gene containing the identical 105 bp fragment are found in the E5 genome. A
reciprocal recombination event would have resulted in an exchange of sequences between
PFI1830c and the var gene unique to E5, thus altering both sequences and resulting in the 105
bp fragment remaining as a single copy in the genome. In contrast, a gene conversion event
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would leave PFI1830c intact and result in a duplication of the 105 bp fragment in the genome
of E5. PCR amplification using primers specific to the 105 bp fragment verified that this
sequence is in fact duplicated in E5. While this does not conclusively rule out other
recombination mechanisms (for instance a double cross over in a previous generation) it
provides strong support for a gene conversion mechanism in the production of new var genes
(Figure 5D).

Examination of rif and stevor sequences also identified similar stretches as evidence for
recombination within these sequences, including 341 bp of sequence from PFB0055c adjoined
to a unique sequence (Figure 4D). In this case, only one end of the recombination event was
recovered in our sampling of DNA sequences, suggesting that it could also represent the site
of a single recombination cross over. Examination of genes surrounding PFB0055c in 3D7
determined that in E5, genes on the centromeric side of this gene are present, while those toward
the telomere are all undetectable, suggesting that this sequence represents the site of a single
cross over within this particular rif gene.

4. DISCUSSION
The cloning and identification of E5, a sibling parasite line to 3D7, provides valuable
opportunities for comparative analysis of recombination events, particularly within the var,
rif and stevor gene families. E5 might also be useful in studies investigating phenotypic
differences, and it might be possible to isolate additional closely related parasites from the
original, uncloned NF54 population, greatly increasing the power of such analyses.
Interestingly, while E5 was a rather minor portion of the NF54 parasite population grown in
the lab, it was nonetheless isolated relatively frequently in the process of isolating clonal, stably
transformed lines of transgenic parasites (Frank et al., 2006). This implies that parasites with
the E5 genotype must have possessed a growth advantage when selecting for plasmid
integration in this particular study, although the nature of this advantage remains unknown. In
addition, integration events in the E5 genetic background all happened at a var locus, while
integration into the genome of 3D7 occurred within the hrp2 gene, suggesting that these two
closely related parasite lines might have different recombination propensities.

The generation of gene conversion events within var genes described here is consistent with a
previous report of a similar gene conversion event that included var gene sequences (Freitas-
Junior et al., 2000). The length and perfect identity recombinant segments imply that they are
the result of relatively recent events, perhaps occurring at some point within the last
transmission cycle of the parasites. Whether such events occur primarily in meiosis during
sexual development or in mitosis during asexual replication is not yet clear, although the event
described by Junior et al. as well as similar events described by Taylor et al. occurred during
an experimental cross, implicating meiosis in those cases(Taylor et al., 2000b; Freitas-Junior
et al., 2000).

Mu et al. identified major recombination hotspots in subtelomeric and central parts of P.
falciparum chromosomes in parasite isolates from different geographic regions, chromosomal
areas that also harbor the var, rif and stevor gene families(Mu et al., 2005). Whether these
recombination hotspots are a result of high cross over rates at these positions or rather a
reflection of immune-mediated diversifying selection remains to be established (Volkman et
al., 2002). However, there are reports that P. falciparum infections can last as long as 480 days,
a length of time that would seem to require an antigenic repertoire larger than the ∼60 var
genes thought to be found in most parasite genomes. The potential ability for parasites to
generate new var genes over the course of an individual infection might therefore contribute
to long-term persistent infections, and would have implications for understanding the dynamics
of host-parasite interactions. Future studies using progeny from the different genetic crosses
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and from patient isolates of long-term chronic infections are necessary to determine the relative
contribution of meiosis vs mitosis to the genetic diversity observed within the multi-copy
variant antigen families of P. falciparum. Additionally, more comprehensive analysis using
pulse-field gel electrophoresis to examine chromosomal alterations would be useful.

Gene conversions as a mechanism for generating diversity within gene families encoding the
antigenic determinants of pathogenic organisms has been demonstrated for a number of other
infectious agents including the protozoan parasites Trypanosoma brucei (Borst et al., 1997),
and Babesia bovis (al Khedery and Allred, 2006), as well as bacteria of the genera Neisseria
(Criss et al., 2005) and Treponema (Centurion-Lara et al., 2004). The molecular mechanisms
underlying gene conversions are thought to involve the homologous repair pathway used by
organisms to repair double strand breaks in chromosomal DNA. This pathway relies on
sequence similarity in choosing a template for the conversion event, and thus can result in
shuffling of similar sequences between different gene copies. Preferential choice of template
for gene conversions between var genes may explain why the three main var gene types have
diverged from one another into separate subgroups (Kraemer and Smith, 2003; Lavstsen et al.,
2003). Also the propensity of certain regions of the chromosomes to selectively pair with one
another, for instance in telomere clusters or “bouquets”, might also influence template choice
for gene conversions and result in the generation of subgroups based on chromosomal location
(Figueiredo et al., 2002; Figueiredo et al., 2002; O’Donnell et al., 2002; Marty et al., 2006).
Such a mechanism has been previously proposed for increasing the probability of
recombination within subtelomeric regions. If gene conversion events play a significant role
in generating diversity within the var gene family, one question that remains is why conserved
var gene like var2csa and the so called “type 3” vars are not subject to this process and remain
relatively conserved between isolates. Future work into the frequency of gene conversions and
the parameters that determine template choice will likely shed light on how these genes remain
conserved throughout wild parasite isolates.

The NF54 isolate is frequently used in laboratory studies because of its robust ability to produce
gametocytes and mediate transmission to mosquitoes. This study should serve as caution that
NF54 is not clonal and harbors at least one sibling parasite, E5, in addition to the predominant
population that is isogenic with 3D7. Moreover, it is known from other studies that the
chromosome ends of cultured parasites are fragile and deletions of up to 100 kb or more are
common(Ribacke et al., 2007; Lavazec et al., 2007; Pologe and Ravetch, 1988). Because
parasite transformation methodologies routinely incorporate a cloning step, it must be born in
mind for NF54 and all laboratory adapted parasite lines that the observed phenotypes of such
resulting clones may not be due to the genetic manipulations intended by the investigator, but
by the inadvertent isolation of a rare genotypically variant parasite that was present in the source
culture. For this reason it is prudent to assess phenotypes of multiple, independently isolated
clones representing separate genetic events.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Southern blot showing that E5 possesses an essentially complete repertoire of var genes.
Genomic DNA from E5 and 3D7 was digested with different restriction enzymes, blotted and
hybridized with a conserved var exon 2 probe to detect DNA fragments harboring var genes.
The source of the genomic DNA and the restriction enzyme used in each digestion are shown
at the top of each lane. The complex banding pattern indicates that the number of var genes is
similar between E5 and 3D7. Unique bands are marked with arrows.
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Figure 2.
A. Schematic of the 3D7 genome structure showing the chromosomal locations of var genes
that are missing or intact in the E5 genome. The 14 chromosomes of P. falciparum are
represented by numbered black lines, while the blue lines represent clusters of var, rif, and
stevor genes. Red circles denote clusters of genes that could not be detected by PCR using gene
specific PCR primers designed to amplify sequences specific to 3D7. B. Expanded view
showing the arrangement of var, rif and stevor genes from the chromosomal clusters circled
in red in A.
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Figure 3.
Detection of var genes that are specific to 3D7, E5, or are shared by both clones. PCR reactions
designed to specifically amplify from genomic DNA a var gene shared in both clones
(PFF1580c, also called MAL6P1.4); a var gene only found in 3D7 (PF08_140); and a var gene
only found in E5 (E5dbl63a, see Supplemental data). It was possible to amplify products for
all three genes using genomic DNA extracted from an early isolate of NF54, indicating that
this isolate contains parasites with both genotypes.
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Figure 4.
Evidence for recombination events in var and rif genes. The sequences of var genes (A-C) and
a rif gene (D) from the E5 clone are shown. The red letters show stretches that are 100%
identical to sequences found within the 3D7 genome recombined with sequences unique to the
E5 genotype (black letters). In A, 105 bp of PFI1830c is inserted within the E5 specific
sequence E5dbl10. The partial amino acid sequence of the translated PFEMP1s are shown in
B. In C, a stretch of sequence identical to PF10_0406 is shown inserted into the E5 specific
sequence E5DBL35. In D, an E5 specific rif gene (E5rif3) is shown that contains 341 bp of
sequence identical to the rif gene PFB0055c from 3D7 (red letters).
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Figure 5.
Schematic showing the results of reciprocal exchange or gene conversion. The genes shown
display the two exon structure typical of var genes, with the promoter denoted by a bent arrow.
A. Reciprocal exchange results in changes in both genes, but does not lead to either duplication
or deletion of any sequences. B. Gene conversions, also referred to as duplicative
transpositions, result in the duplication of a stretch of sequence, which then replaces a similar
sequence in a related gene, leading to a corresponding deletion. C. Schematic of the duplication
of a segment of the var gene PfI1830c into a different var gene within the genome of E5. The
positions of gene specific primers that can be used to detect the duplication event are shown
and numbered 1-3. Primer 1f and primer 1r are reverse complements and thus function as
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primers in opposite orientations. D. Ethidium bromide stained agarose gel showing PCR
detection of the duplicated segment of PfI1830c. Primer pair 1/3 detects the original PfI1830c
gene in NF54, 3D7 and E5 while primer pair 1/2 detects the duplicated segment in NF54 and
E5, but not in 3D7.
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