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ABSTRACT The human malaria parasite Pkasmodiwn fal-
caruwn exhibits a high degree of chromosomal polymorphism,
which may contribute to its ability to evade host defenses. The
analysis of parasit chromosomes has revealed that these poly-
morphisms are confined to the subtelomeric regions, which are
transcriptionaly silent and contain repetitive sequence elements.
Several subtelomeric repetitive elements have been isolated and
mapped by using P. fal nrum yeast aral chromosome
(YAC) clones. Structural analysis of parasite telomeric and sub-
telomeric YAC clones demonstrated that these repetitive elements
are conserved between P. falciparum chromosome ends. We
suggest that these subtelomeric elements promote chromosome
pairing in P.fakiypamm and facilitate meiotic recombination and
gene conversion between telomere-proximal genes.

The malaria-causing organisms of the genus Plasmodium are
obligate intracellular protozoan parasites that require two
hosts, a mosquito and a vertebrate, for the completion oftheir
life cycle. In humans, the most severe form of malaria is
caused by Plasmodiumfalciparum. While in the human host,
the parasite is haploid and multiplies asexually within eryth-
rocytes. In the mosquito host, a diploid zygote is formed, in
which meiotic recombination occurs. Substantial genetic
diversity exists between different parasite isolates. Both
antigen genes and individual parasite chromosomes display
striking polymorphism. Large size polymorphisms, ranging
from 50 to over 300 kb, occur between homologous chromo-
somes of different geographical isolates and are observed
both in culture and in field isolates (1-3). Chromosomal
polymorphism can arise either during mitotic growth or
through meiotic recombination (4). The mechanisms respon-
sible for generating the mitotically arising polymorphic chro-
mosomes and the role these polymorphisms play in parasite
biology are not well understood.
The analysis of the strain-dependent chromosomal poly-

morphism associated with the P.falciparum chromosomes 1,
2, and 8 reveals that polymorphisms are restricted to chro-
mosome ends (5-7). Many polymorphisms result from large
subtelomeric deletions and are a consequence of chromo-
some breakage and telomere-healing events (6-8). However,
polymorphisms resulting from the possible insertion or am-
plification of DNA sequences within subtelomeric regions
have also been observed (5).

Previously, it was shown that wild-type chromosome ends
contain a conserved Apa I restriction endonuclease site
located =10-15 kb from the telomere (9). This terminal Apa
I fragment, designated the terminal complex, includes the
telomere repeats (9). In addition to the Apa I site, several
other restriction enzyme sites appear conserved within sub-
telomeric regions, suggesting an even higher degree of con-
servation (10). Approximately 10 kb from the chromosome
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end, telomere-distal to the Apa I site, a repetitive DNA
sequence present on all wild-type chromosome ends,
Pfrep20, has been described (11).

Transcription unit mapping of P. falciparum yeast artificial
chromosome (YAC) clones corresponding to the entire chro-
mosome 2 suggests that, unlike the transcriptionally active
central domains, subtelomeric regions are devoid of intraeryth-
rocytic stage genes (5). P.falciparum chromosomes seem to be
compartmentalized into transcribed, conserved internal do-
mains and transcriptionally silent, polymorphic ends. There-
fore, subtelomeric sequences may have a different structural
organization than the central domain of a chromosome.

This study provides a structural analysis of the polymor-
phic P. falciparum subtelomeric regions. These regions were
found to contain arrays of repetitive sequence elements,
which are common to wild-type chromosomes. This suggests
that these regions may be sites of preferential chromosome
pairing and formation of synaptonemal complexes and chi-
asmata during recombination. This preference would help
promote crossing-over and gene conversion between subte-
lomerically localized antigen loci and thus encourage the
emergence of genetically diverse recombinant parasites with
novel antigen complements. Preliminary analysis of P. fal-
ciparum genetic crosses supports this hypothesis (12).

MATERIALS AND METHODS
Parasite Culture and DNA Preparation. The in vitro culture

of P. falciparum and the preparation of parasite DNA have
previously been described (13, 14).

Analysis of YAC Clones. The cloning and analysis of P.
falciparum (FCR 3 strain) subtelomeric and telomeric YAC
clones have been described (5, 14).

Hybridization Probes. Probes were radiolabeled by random
priming as described (ref. 15, p. 10.13). R-FA3 and R-CG7
were previously designated as STS 1 and STS 31 (5). R-1A2
is the 5.5-kb Sac I/Sac II fragment recovered from the end
rescue of the parasite telomere YAC clone 1A2 (14). PfTEL
and REP 20 were subcloned from the P. falciparum chro-
mosome 2-specific telomere YAC clone GC6 (5). Briefly,
genomic yeast DNA containing the GC6 YAC was treated
with BAL-31 exonuclease, and recessed ends were repaired
by T4 DNA polymerase (ref. 15, p. F.4). Treated DNA was
digested with Rsa I and inserted into HincII-linearized
pUC19 plasmid (ref. 15, p. 1.70). A plasmid, PfTEL, con-
taining P. falciparum telomere repeat sequences was recov-
ered. In addition, the GC6 subclone library was screened
with the Pfrep 20 probe of Patarapotikul and Langsley (11).
A REP 20-containing plasmid was isolated.t

Abbreviations: PFG, pulsed-field gel; STS, sequence tag site; YAC,
yeast artificial chromosome.
*To whom reprint requests should be addressed.
tThe sequences discussed in this paper have been deposited in the
GenBank data base (accession nos. L22442-L22446 are, in order,
for R-CG7, R-1A2, REP 20, PffEL, and R-FA3).
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RESULTS
Subsets of Repetitive Elements Are Found in the Subtelom-

eric Regions of P. falciparum Chromosomes. We have de-
scribed the construction of a stable representative P. falci-
parum YAC library and the cloning of parasite telomeric
regions as YACs by complementation in yeast (14). Using
these clones, we recovered the 1.1-Mb chromosome 2 as a
telomere-to-telomere YAC contig (5). This contig revealed
that the conserved internal regions of the chromosome were
devoid of major repetitive DNA sequences (5). Of the 31
sequence tag site (STS) probes recovered across the chro-
mosome, only the two final ones, STS 1 (the end-rescued left
arm of the FA3 YAC) and STS 31 (the end-rescued left arm
of the CG7 YAC), located =%50 and 10 kb from the telomere,
respectively, were repetitive (5) (Fig. 1). Because STS 1 and
STS 31 do not refer to single-copy genetic loci, they are
renamed here and used in the following studies under the
designation STS 1 = R-FA3 and STS 31 = R-CG7. In addition
to R-FA3 and R-CG7, another repetitive DNA element,
R-1A2, was isolated. R-1A2 was recovered after the end
rescue of DNA sequences adjacent to the Nhe I cloning site
from a parasite telomere YAC clone as previously described
(14).
The repetitive DNA elements are unrelated to each other

as revealed by DNA sequence and Southern analysis (data
not shown). PfTel contains =800 bp of the malaria parasite
telomere sequence GGGTT(T/C)A (16). The REP 20 clone
shows the 21-bp degenerate tandem repeat expected in a
Pfrep 20 hybridizing sequence (11). Analysis of the R-FA3
clone revealed that 234 of the first 240 nucleotides were
identical to the P. falciparum a95 repetitive DNA sequence,

a random clone isolated from the Malaysian CAMP strain
(17). The R-CG7 and R-1A2 DNA sequences are unrelated to
previously described malaria sequences, and they do not
show either complex or simple sequence repeat patterns (data
not shown).
To determine the localization and distribution of the re-

petitive elements on a chromosome, members of an ordered
series of the chromosome 2 YAC contig clones were sepa-
rated by PFG electrophoresis and then transferred to nitro-
cellulose filters. Radiolabeled PfTEL, R-CG7, R-FA3,
R-1A2, and REP 20 probes were sequentially incubated with
the fiters. The patterns of hybridization across chromosome
2 are summarized in Fig. 1. No hybridization to the 800-kb
internal conserved domain of the chromosome is seen, and
each repetitive probe hybridizes only to the YAC clones
containing the polymorphic 100-kb subtelomeric regions
(Fig. 1).
The sequence elements R-CG7, R-FA3, R-1A2, and REP

20 are not chromosome specific. Instead, they hybridize to
chromosomes of all sizes as determined by Southern analysis
of PFG-separated chromosomes (Fig. 2). However, the in-
tensity of hybridization for an individual probe can vary
between chromosomes of the same strain and between chro-
mosomes of unrelated strains (Fig. 2, R-CG7 probe, compare
strains D10 and FVO-). The variation in hybridization in-
tensity could result from differences either in the DNA
element copy number or in the genetic drifting of the DNA
sequences. In addition, some parasite chromosomes, such as
chromosome 1 of strain D10 (Fig. 2, leftmost, ethidium
bromide-stained, gel, D10 lane, first band from the bottom of
gel), fail to hybridize to any of the sequences characterized.
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FIG. 1. Repetitive DNA sequences are localized to the subtelomeric regions of P. falciparum chromosome 2. The minimal number of YAC
clones representing P. falciparum chromosome 2 were separated by pulsed-field gel (PFG) electrophoresis, transferred to a nitrocellulose filter,
and then analyzed by sequential hybridizations with the indicated DNA probes (PfTEL, R-CG7, REP 20, R-1A2, and R-FA3). The locations
of chromosome 2-specific genes (KAHRP, knob-associated histidine-rich protein; MSA-2, merozoite surface antigen 2; SERA, serine-repeat
antigen) and one anonymous STS marker (Awt70) are indicated (5). The K3A and GLARP genes will be described elsewhere. -, No hybridization;
+, strong hybridization; +/-, weak hybridization. The left (yeast centromere-containing) arm of the YAC clone is indicated by the filled circle.
The differences in the intensity of hybridization of the R-FA3 probe between the CB4 and CG7 YAC clones were unpredicted, since preliminary
gross restriction enzyme mapping data indicated that the clones were 90% overlapping (5). End-rescued probes from these YAC clones hybridize
back to chromosome 2; however, the CB4 left end probe (indicated by the broken line) overlaps with the chromosome 2-specific AA9 YAC clone.
Further analysis revealed that the CB4 YAC most likely represents a distinct subpopulation within FCR3 parasites with a unique chromosome
2 that are present in the laboratory cultures (data not shown).
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FIG. 2. Southern analysis of PFG-separated parasite chromosomes identifies repetitive DNA elements. Parasite chromosomal DNA

embedded in agarose blocks was size fractionated by PFG electrophoresis [Bio-Rad CHEF-DR II, 0.8% SeaKem LE agarose (FMC) in 45 mM
Tris borate, pH 8.3/1 mM EDTA, 14WC, pulse time from 60 to 300 sec over 48 hr at 180 V]. The ethidium bromide-stained gel is shown on the
left. The DNA was capillary transferred to a nitrocellulose filter, and the filter was hybridized, under stringent conditions, sequentially, with
the indicated radiolabeled DNA probes (R-CG7, REP 20, R-1A2, and R-FA3). The geographical origins of the parasites are as follows: FCR3,
Gambia; HB2, Honduras; D10, New Guinea; FVO-, Vietnam; Dd2, Indochina. Size markers are in megabases.

Cross-species homologies to P.falciparum repetitive DNA
were examined by Southern analysis. All probes failed to
hybridize to DNA from humans, mice, Giardia lamblia,
Trypanosoma brucei, Crithidia fasciculata, Candida albi-
cans, Schizosaccharomycespombe, Plasmodium berghei, or
Plasmodium yoelii. However, R-CG7 showed faint hybrid-
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ization to Saccharomyces cerevisiae chromosomes, and the
P. falciparum telomere clone (PfTEL) hybridizes to the
chromosomes of both P. berghei and P. yoelii (data not
shown).
The Organization of P. falckarum Subtelomeric Regions Is

Conserved. Restriction enzyme mapping and Southern anal-
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FIG. 3. Mapping of repetitive
DNA elements on Plasmodium telo-
meric YAC clones. Agarose plugs

-indill containing chromosomal DNA from
Hindil the GC6 (chromosome 2 "left arm"),

CG7 (chromosome 2 "right arm"),
CB4 (chromosome 2 "right arm"),
1A3 (chromosome 3), and 2H1 (chro-

elM O < I mosome 9) plasmodial telomere YAC0o 0 - c'N clones were prepared and digested
with the indicated restriction en-
zymes. The digested YAC clone
DNA was size fractionated by PFG
electrophoresis and then analyzed for
hybridization to radiolabeled R-CG7,
REP 20, R-1A2, and R-FA3. A DNA
size standard is indicated in kb. Hy-
bridization of R-FA3 to the telomere
YAC clone 1A3 is evident only after
prolonged exposure. The presence of
the R-FA3 element on this YAC clone
has been independently confirmed by
PCR analysis (data not shown). Fur-
ther hybridization analysis was per-
formed with PfTel and YAC4 vector
left and right arm probes (data not

Hind III shown). These data are summarized
in Fig. 4.
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ysis were carried out to localize the repetitive DNA elements
on the chromosome 2 telomere and subtelomere YAC clones,
GC6, CB4, and CG7, and on two additional, random telomere
YAC clones, 1A3 and 2H1 (Fig. 3). The 60-kb telomere YAC
clone 1A3 corresponds to either chromosome 3 or 4, whereas
the 100-kb telomere YAC clone 2H1 is derived from either
chromosome 8 or 9. A schematic summary of these data is
presented in Fig. 4. This analysis revealed that the order of
the subtelomeric elements, PfTEL-R-CG7-REP 20-R-1A2-
R-FA3, is common to all the chromosome ends investigated.

DISCUSSION
Previous data have suggested that P. falciparum chromo-
somes are functionally compartmentalized into conserved
transcribed central domains and polymorphic transcription-
ally silent subtelomeric ends (5) (Fig. 5). A preliminary
analysis suggested that the subtelomeric regions may have a
different structural organization than the conserved central
regions (5). Here, we have examined the structural organi-
zation of the subtelomeric regions from P. falciparum chro-
mosomes, using parasite telomere YAC clones from four
different chromosome ends. Subtelomeric regions were
found to contain repetitive sequence elements, extending
over 60 kb from the telomere end. In addition to the previ-
ously characterized telomere (PfTEL) and REP 20 se-
quences, three additional repetitive elements, R-CG7,
R-FA3, and R-1A2, were isolated from parasite telomere
YAC clones. The order of these repetitive elements within a
subtelomeric region, telomere-PfTEIR-CG7-REP 20-R-
lA2-R-FA3-centromere, was found to be common to several
chromosome ends. We postulate that this organization is
likely to be common to all parasite wild-type chromosome
ends (Fig. 5).

In other organisms, subtelomeric regions are also orga-
nized as an array of repetitive elements (18-20). In yeast,
subtelomeric regions function as origins of replication and as
buffers between the telomeres and transcribed regions,
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thereby preventing the silencing of transcriptional activity
(21-24). While the effect of P. falciparum subtelomeric
sequences on either chromosome maintenance or transcrip-
tional activity remains unclear, we propose a model whereby
these sequences are preferential sites of chromosome pairing
and thus help promote recombination and gene conversion
events.
The analysis of chiasmata distribution between human

chromosomes has shown that the chiasmata are preferen-
tially located near telomeres (25, 26). This suggests that the
telomeres are the sites of chromosome pairing and synap-
tonemal complex formation. Chiasma formation in the un-
transcribed repetitive subtelomeric regions could lead to
branch migrations into the nonrepetitive, transcriptionally
active domains of the chromosomes. This could result in a
high frequency of crossing-over or gene conversion events
near chromosome ends. Of the antigen genes mapped at low
resolution on parasite chromosomes a majority appear to
cluster within 100-200 kb of the telomeres (5, 27-29). Thus,
if recombination and gene conversion are preferentially ini-
tiated within subtelomeric regions, this may enhance the
emergence of parasites with new antigenic combinations.
The limited existing genetic data on P. falciparum chro-

mosomal recombinants suggest that there is indeed some bias
towards either crossing-over or gene conversion events in-
volving chromosome ends (12, 29). When two different
parasite strains were crossed, Vernick et al. (12) observed
that the cross-fertilized progeny displayed nonparental re-
striction fragment patterns in their subtelomeric DNA, a
likely result of either gene conversion or recombination
events. However, sequences internal to these telomeric
regions remained stable.
Recombination and gene conversion between short (2-kb)

repetitive DNA sequences, either on the same chromosome
or on nonhomologous chromosomes, frequently occur in
yeast (30). Such ectopic events can lead to homogeneity
between repeated sequences, and they may explain the
conserved P.falciparum subtelomeric sequence organization
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contains -60-80 kb of repetitive DNA se-
quences (R-CG7, REP 20, R-1A2, and R-FA3).
These sequences display a conserved order
between all chromosome ends examined.
Transcription units flanking the KAHRP locus
[the poly(A)+ transcribed K3A and GLARP

KA- and the poly(A)- transcribed KA-] are indi-
cated (5). The approximate size range of the

100 120 repetitive domains is illustrated. (B) Organi-zation of P. falciparum chromosome 2. The
I...............I chromosomal polymorphisms are restricted to

within 100 kb at either end ofthe chromosome.
The polymorphic ends are composed of con-

* POLYMORPHIC served arrays of repetitive DNA sequences
that are not transcribed during intraerythro-

IREPeTsrvE~ E cytic stages of the life cycle. In contrast, the
I800kb central domain of the chromosome
contains transcribed unique-sequence DNA

SILENT that is conserved between parasite isolates.
This model is applicable to otherP.falciparum

- 100 Kb -i chromosomes.

(31). The recombination between dispersed repeats can also
generate such chromosomal aberrations as translocations,
inversions, deletions, and duplications (30). Some of the
additional P. falciparum chromosomal polymorphism not
associated with chromosome breakage and healing type
deletions can be explained by intrachromosomal or hetero-
chromosomal crossing-over and gene conversion events be-
tween subtelomeric sequences (5, 9). Ectopic recombination
events resulting from pairing of chromosomes through sub-
telomeric repetitive sequences may explain the emergence of
several P. falciparum gene families such as HRPH and HRP
III, RESA-1 and RESA-2, and GBP130 and GBPH (27, 32,
33). Some of these genes, such as HRP-II and HRP-III,
located on chromosomes 8 and 13, respectively, are found
near chromosome ends and are thought to have arisen from
the duplication and translocation of an ancestral gene (27).
Hence, preferential chromosome pairing between dispersed
subtelomeric repeats could provide the parasite with an
effective means ofgenerating novel phenotypes by promoting
recombination and gene conversion events. Such events
would subsequently lead to increased diversity amongst a
subset of genes located near chromosome ends; however,
those genes in the conserved internal domains of the chro-
mosomes would be more stable (12).
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