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Targeted Terminal Deletions as a Tool
for Functional Genomics Studies in Plasmodium
Tomasino Pace,1 Raffaella Scotti,1 Chris J. Janse,2 Andrew P. Waters,2

Cecilia Birago,1 and Marta Ponzi1,3

1Laboratorio di Biologia Cellulare, Istituto Superiore di Sanitá, 00161 Rome, Italy, 2Department of Parasitology,
Leiden University Medical Centre, 2300 RC Leiden, The Netherlands

We describe a transfection system that induces terminal deletions at specific chromosome ends in malaria
parasites using a linear construct containing telomeric repeats at one end and plasmodial sequences able to drive
homologous recombination at the other. A site-specific deletion was generated at one extremity of chromosome
5 of Plasmodium berghei, which was stably maintained in the parasite population selected after transfection. The
telomeric repeat array introduced with the construct reached the average length observed in natural telomeres
of Plasmodium, indicating that in vivo telomere addition occurred at the newly formed extremity. The expression
of a mutant dhfr/ts gene conferring pyrimethamine resistance, used as a selectable marker, was not affected by
the proximity to the telomeric sequences, either in the presence or absence of drug pressure. In addition, no
transcriptional silencing was observed on insertion of the mutant dhfr/ts gene either in subtelomeric or internal
positions that are transcriptionally silent in blood-stage parasites. This suggests that the activity of its promoter
is not affected by the chromatin organization of the chromosomal context.

Telosomes, the protein–DNA complexes at the ends of
eukaryotic chromosomes, are essential for chromo-
some stability and replication (for review, see Muni-
yappa and Kironmai 1998). Adjacent to the terminal
repeats, shorter or longer arrays of repetitive noncod-
ing elements (telomere-associated sequences) are pre-
sent both in lower and higher eukaryotes. These sub-
telomeric elements are generally highly variable in lo-
cation and copy number, making the subtelomeric
region one of the most polymorphic genomic regions.

Plasmodium parasites, haploid during most of their
complex life cycle, harbor 14 linear chromosomes
bounded by arrays of telomeric tandem repeats of two
types (Ponzi et al. 1985; Vernick and McCutchan
1988). Subtelomeric regions containing families of
noncoding repetitive DNA have been characterized
both in human Plasmodium falciparum (Oquendo et al.
1986) and in rodent P. berghei (Pace et al. 1987) malar-
ias and have been shown to represent preferential sites
of chromosome rearrangements both in vivo and un-
der culture conditions (Corcoran et al. 1988; Ponzi et
al. 1990).

Gene families mapping to the terminal portion of
different P. falciparum chromosomes include the var
family encoding the variant surface antigen PfEMP1
involved in parasite cytoadherence (Smith et al.1995;
Chen et al. 1998), the rif and stevor multicopy gene
families, also believed to encode variant antigens

(Cheng et al. 1998; Kyes et al. 1999). Comparison of
the complete sequence of chromosomes 2 and 3 of P.
falciparum (Gardner et al. 1998; Bowman et al. 1999)
indicates that these genes are clustered and arranged in
a specific order (telomere: subtelomeric repeat: var: rif:
stevor: → centromere). The arrangement of subtelo-
meric genes is thought to facilitate recombination and
generation of genetic diversity.

In addition to rearrangements leading to en-
hanced genetic variability (Sinnis and Wellems 1988;
Hernandez-Rivas et al. 1996), spontaneous terminal
deletions can cause the loss of subtelomeric sequences
and genes during mitotic propagation in laboratory
animals or in in vitro cultures (Pologe and Ravetch
1986; Cappai et al. 1989; Scherf et al. 1992; Day et al.
1993; van Lin et al. 1997).

We report the development of a transfection sys-
tem designed for inducing and selecting controlled ter-
minal deletions, potentially at any chromosomal end.
Recombination in the Plasmodium genome occurs al-
most exclusively by mechanisms that rely on high ho-
mology between the parasite genome and the intro-
duced DNA. We were able, by this method, to repro-
ducibly induce, for the first time in Plasmodium, a
terminal deletion at a specific site of chromosome 5 of
P. berghei.

Using this deletion mutant, which bears a select-
able drug resistance gene close to the telomere of the
truncated chromosome, we investigated the possible
influence of telosome proximity on the transcription
of this marker gene in the presence or in the absence of
selective pressure. Transcription levels for the same
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gene transfected in different chromosomal contexts
were determined for comparison. No telomeric silenc-
ing effect similar to that described for yeast (Gotta and
Gasser 1996) was observed.

RESULTS

Targeting a Terminal Deletion
Chromosome 5 of P. berghei, characterized in a pre-
vious work (van Lin et al. 1997), was chosen as a
target for transfection-induced deletion. A long-
range restriction map is available, along which genes
and sequences specific for internal or subtelomeric
regions are positioned. In addition, a natural gameto-
cyteless mutant bearing an 80-kb deletion at one
extremity of this chromosome (Janse et al. 1992) pro-
vides indirect evidence that the lack of this region
would not affect parasite mitotic multiplication, that
is, it does not contain essential genes or centromeric
sequences.

A map of the 100-kb ApaI terminal
fragment affected by the spontaneous dele-
tion is presented in Figure 1a. Two mem-
bers (orfA and orfB) of a family of three re-
lated genes map within this region,
whereas the third member (orfC) is located
at the other extremity of the same chromo-
some. The three genes, highly transcribed
during the blood stages, share the amino
portion and differ at the carboxyl terminus
of the predicted translation products (T.
Pace, C. Birago, E. Pizzi, L. Pizzi, and M.
Ponzi, in prep.). Probe A and Probe B, used
in this work, are PCR fragments specific for
orfA and orfB.

The deletion-inducing transfection
construct pTDEL-1, described in Methods,
contains the P. berghei dihydrofolate reduc-
tase–thymidylate synthetase mutant gene
(dhfr/tsR), conferring pyrimethamine resis-
tance to transfected parasites (van Dijk et
al. 1996), under its own promoter. The se-
lectable marker is flanked upstream by a
550-bp fragment containing exclusively
Plasmodium telomeric tandem repeats
(Ponzi et al. 1990) and downstream by a
2.4-kb fragment chosen to drive specific re-
combination. This genomic region in-
cludes the unique carboxy-terminal por-
tion of the coding region and the 3� UTR of
orfA, but lacks the promoter and 5� portion
of the open reading frame. This ORF, lost as
a consequence of the natural 80-kb dele-
tion, can be considered a “dispensable”
gene.

Once this construct is transfected, ho-
mologous recombination at the chosen site

should result in the concomitant loss of the telomere-
proximal portion of the target chromosome (Fig. 1a).

The presence of telomeric sequences at the free
extremity of the recombination event should favor in
vivo maintenance of the newly formed chromosome
end. A NotI site, placed at the 3� end of the telomeric
sequence, makes it possible to observe whether telo-
mere elongation occurs during mitotic multiplication
of the transfected parasites.

Analysis of Transfectants
Linear pTDEL-1 construct was used to transfect mature
schizonts from P. berghei clone 8417HP as detailed in
Methods. Successfully transfected parasites were se-
lected for their resistance to pyrimethamine. Karyo-
type analysis of the resistant parasite population
(HP�5) showed a shift of the band corresponding to
chromosome 5 to a molecular weight lower than in the
parental clone 8417HP (Fig. 1b). Chromosome attribu-

Figure 1 (a) Site-directed deletion strategy. A schematic map of the subtelo-
meric region of P. berghei chromosome 5 where the deletion is to occur is shown
and the homology region with the transfecting plasmid is indicated. (A) ApaI; (N)
NotI; (B) BamHI. (b) CHEF-separated chromosomes (left) of 8417HP and HP�5
(250 V, 55-sec pulse, 16 hr; 120 V, 270-sec pulse, 48 hr) blotted and hybridized
with dhfr/ts probe (right). (c) 8417HP and HP�5 total DNA blocks digested with
ApaI, electrophoresed by CHEF (250 V,12-sec pulse, 15 hr), blotted, and hybrid-
ized with the indicated probes. (d) Northern blot of total RNA from 8417HP (HP)
and HP�5-clone 1 (�5) hybridized with dhfr/ts, probe A, and probe B. The latter
has been used to normalize the blotted RNAs.
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tion was confirmed using specific internal probes (data
not shown).

When karyotypes from HP�5 population and from
8417HP parental clone were probed with the P. berghei
dhfr/ts gene, in addition to the resident copy located on
chromosome 7, a second copy of the gene could be
detected exclusively in the shortened chromosome 5 of
HP�5 parasites (Fig. 1b).

Identical results were obtained in six sibling clones
derived by limiting dilution from the HP�5 population
after a second round of selection and in two additional
independent transfection experiments using the
pTDEL-1 construct to promote site specific recombina-
tion.

To map the deletion produced by pTDEL-1 plas-
mid more precisely, hybridization experiments were
performed on ApaI-digested total DNA blocks from
8417HP and from the mutant HP�5-clone 1. Probe B,
which recognizes the target ApaI-terminal fragment
both in the intact and in the deleted version of chro-
mosome 5, confirmed the 50-kb shortening of the ter-
minal fragment in HP�5 parasites (Fig. 1c) that also con-
tains the dhfr/tsR gene.

BamHI digestion of purified chromosome 5 from
HP�5 provides further evidence that the deletion oc-
curred at the predicted site.

The two ends of the parental chromosome 5 share
common sequences and identical restriction pattern
within the 20-kb region delimited by the first BamHI
site, whereas probe A specifically recognizes the sec-
ond, 40-kb BamHI fragment of the targeted extremity
(see Figs. 1 and 2). Two distinct telomeric bands are
instead highlighted in HP�5 parasites (Fig. 2): the one
at 20 kb, coincident with the size of both parental telo-
meric fragments, and the other at 8 kb, which is the
size expected as the result of the induced deletion.
Both the selectable marker (dhfr/tsR gene) and the re-
maining portion of the target gene (orfA) mapped
within this smaller telomeric fragment.

Taking advantage of a NotI site artificially intro-
duced at the 3� end of the 550-bp telomeric region in
pTDEL-1 construct (and absent in the natural chromo-
some 5), it was observed that the length of the telo-
meric region at the newly generated extremity in-
creased in the course of mitotic propagation of the
HP�5 population, reaching an average length of 1–1.2
kb, the normal telomere length in P. berghei blood
stages (Dore et al. 1994), during three mechanical pas-
sages in laboratory animals (Fig. 2, lane a).

pTDEL-1 construct contains only part of the cod-
ing region of orfA, lacking the promoter and the 5�

portion of the gene. Hence, the recombination event
should truncate orfA leaving only the 3� portion of the
gene. As demonstrated by Northern blot hybridization
with probe A, the transcription of the target gene was
completely abolished in the HP�5 mutant. Conversely,

an increased amount of dhfr/ts transcript was observed
in Hp�5 when compared with the parental 8417HP
clone (Fig. 1d), as expected because of the presence of
two copies of dhfr/ts gene in the mutant parasites. Sig-
nals of comparable intensity between the two parasite
populations were observed using probe B as a control.

Transcription of the dhfr/tsR Gene Transfected
in Different Locations of P. berghei Genome
Several transfected clones of P. berghei 8417HP are pres-
ently available that contain dhfr/tsR gene integrated in
different genomic regions, always under the control of
its own promoter. This gave us the opportunity to ob-
serve whether chromosomal position effects might in-
fluence the transcription level of the reporter gene in
parasites grown in the presence or in the absence of
drug selective pressure.

The HP�5 1–6 cloned lines, generated by transfec-
tion with the pTDEL-1 linear construct and bearing the
60-kb terminal deletion in chromosome 5, contain
dhfr/tsR gene with its 2.5-kb, 5� regulatory region adja-
cent to the telomere. The oligonucleotides chosen for
RT-PCR experiments allow the amplification of a 682-
bp fragment within the coding region, which includes
the single base substitution (G→A) conferring the py-
rimethamine resistance. Therefore, RT-PCR would
equally amplify transcripts originating from both the
resident dhfr/ts gene and the subtelomeric dhfr/tsR

gene. PCR products were blotted and hybridized with
oligonucleotides L41-SEN and L40-RES, which are able
to discriminate, at high stringency, between the “resis-
tant” and the “sensitive” transcripts (van Dijk et al.

Figure 2 Hybridization pattern of chromosome 5 purified from
HP�5 (clone 1) (lanes a,b,d,f) and from 8417HP parental clone
(lanes c,e,g) digested and separated in 1% agarose gel.

Pace et al.

1416 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 16, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


1996), as demonstrated by control PCR experiments
using the parental clone 8417HP (Fig. 3) and the dhfr/
tsR gene present in the original PMD204 plasmid (not
shown). Thus quantitation of the hybridization signals
should give an accurate measure of the relative steady
state level of the two mRNAs species.

Results for HP�5 clone 1 parasites either in the
presence or in the absence of drug selection (Fig. 3)
showed that both versions of the dhfr/ts transcript were
detected at comparable levels in the RT-PCR product,
indicating that neither transcriptional silencing nor
up-regulation of the telomeric copy occurred. These
results were reproducibly obtained in three indepen-
dent PCR experiments. The consistency of the results
confirmed the reliability of this approach. The pres-
ence in the RT-PCR products of both versions of the
dhfr/ts transcript was also confirmed by direct sequenc-
ing the amplified fragments.

Dhfr/ts transcription pattern was also analyzed in
transformants carrying the dhfr/tsR gene integrated
within the C-unit rRNA locus (R.M. van Spaendonk,
C.J. Janse, and A.P. Waters, unpubl.), which is located
in an internal region of chromosome 5 (van Lin et al.
1997) and is silent during the schizogonic cycle of the
parasite (Waters et al. 1997b). The two versions of the
dhfr/ts gene again appeared to be transcribed at the
same level in the presence or in the absence of pyri-
methamine selection (Fig. 3) in asynchronous asexual
populations.

Chromosome 5 lacks the subtelomeric 2.3-kb re-
peats that are present at the distal portion of most P.
berghei chromosomes (Ponzi et al. 1990) and bear in-
ternal telomeric motifs (Pace et al. 1987). To investi-
gate whether these telomere-associated, noncoding se-
quences might influence the expression of the dhfr/tsR

gene we analyzed RNA from transfected parasites hav-
ing the mutant copy integrated within a 2.3-kb unit in

chromosome 7 or 11 (van Dijk 1996). These regions
contain up to 200 tandemly arranged copies of the
2.3-kb repeat (Ponzi et al. 1990). As shown in Figure 3,
once more, the chromosome context did not appear to
influence the transcription of the transfected gene.

DISCUSSION
Genome plasticity in Plasmodium, extensively studied
during the past years (Lanzer et al. 1995), is mainly
confined to the highly recombinogenic subtelomeric
portions of the parasite’s chromosomes. Spontaneous
large terminal deletions, which involve in some cases
the loss of subtelomeric genes, occur frequently in P.
berghei and in P. falciparum laboratory strains. In a
number of cases, association between the loss of spe-
cific functions and the occurrence of spontaneous ter-
minal deletions at specific chromosomes, has been ob-
served. Terminal deletions of chromosome 9 in P. fal-
ciparum (Day et al. 1993) and of chromosome 5 in P.
berghei (van Lin et al. 1997) appear to be linked to the
loss of ability to produce gametocytes, the only forms
infective for mosquito vector. However, with the ex-
ception of some well-characterized cases (Pologe and
Ravetch 1986; Cappai et al. 1989; Scherf et al. 1992),
the large size of spontaneous deletions, along with the
possible presence of additional independent mutations
in the genome of these parasites, might complicate the
identification of gene(s) responsible for the phenotype
under study.

In this work we describe a transfection system de-
signed to induce subtelomeric deletions at specific sites
in the Plasmodium genome. The linear construct
(pTDEL-1) used in these experiments has been de-
signed to induce a 60-kb deletion at one extremity of P.
berghei chromosome 5. The construct contains the P.
berghei dihydrofolate reductase–thymidylate synthe-
tase mutant gene, conferring pyrimethamine resis-
tance (dhfr/tsR), a properly oriented array of telomeric
repeats at one end, and the target parasite sequence for
recombination at the other end. Results show that the
intended deletion of the telomere-proximal portion of
chromosome 5 did in fact readily occur, as a conse-
quence of the expected recombination event, in three
independent transfection experiments.

This approach opens the possibility to obtain, in a
single selection step, parasites bearing terminal dele-
tions with well-defined breakpoints and to compare
the resulting parasite phenotype directly with that of
the isogenic parental clone. This provides an impor-
tant tool for the functional genomics studies that are
necessary to interpret the rapidly accumulating data
from genomic sequencing projects. The approach may
have interesting applications; for instance, by using
suitable combinations of selectable markers that are
being developed (Fidock and Wellems 1997; Mamoun

Figure 3 RT-PCR amplifications of dhfr/ts mRNAs from trans-
fected clones harboring the dhfr/tsR gene in different chromo-
some locations—near the telomere in HP�5 parasites (�5); within
C-type rRNA locus (Rib); and within the subtelomeric regions of
chromosomes 7 and 11. Parasites were grown in the presence (+)
or in the absence (�) of pyrimethamine selection. Hybridizations
were performed with end-labeled oligonucleotides L41-SEN and
L40-RES able to distinguish between the two versions of the dhfr/
ts gene, as shown using the parental 8417HP as a control (HP),
and probe SQ, which recognizes both transcripts, to normalize
blotted DNA.
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et al. 1999; de Konig-Ward et al. 2000), the sequential
and systematic deletion might be attempted of the sub-
telomeric multigene families that are thought to be
associated with blood-stage antigenic variation in P.
falciparum. This could provide a simplified model to
study mechanisms of switching of gene expression
within these families. There are some hints that sug-
gest that plasmodial genes are clustered according to
the stage of their expression in the life cycle (L. van
Lin, T. Pace, C.J. Janse, C. Birago, J. Ramesar, L. Picci,
M. Ponzi, and A.P. Waters, in prep.); the type of vector
described here might be applied to investigate such
clustering, should it occur on a scale that occupies sig-
nificant chromosomal regions. One current limitation
of this approach is the fact that no large-scale deletion
can be attempted that involves the centromere of the
target chromosome. The recent description of candi-
date centromeres may allow the design of vectors that
could eliminate larger regions of a chosen chromo-
some. A second constraint is that the deleted region
must not contain a gene essential for blood-stage para-
site survival. Centromere-containing vectors would al-
low the direct demonstration of the presence of essen-
tial genes on chromosome fragments that are candi-
dates for deletion.

Cases have been described in P. falciparum where a
terminal deletion is accompanied by the formation of
a new functional telomere (Pologe and Ravetch 1988;
Mattei and Scherf 1994). In P. berghei blood stages the
array of telomeric repeats is maintained at an average
length of ∼ 1–1.2 kb (Dore et al. 1994), most probably
by a mechanism involving telomere turnover deter-
mined by shortening events and telomerase-mediated
distributive addition of the two types of telomeric re-
peats (Ponzi et al. 1992). Consistent with this was the
recent demonstration of telomerase activity in P. falci-
parum (Bottius et al. 1998). The telomeric tract present
in the transfection construct (pTDEL-1) consists of a
550-bp array of telomeric repeats marked by a rare-
cutting NotI site at the inner extremity. This allowed us
to show de novo addition of telomeric repeats at the
newly formed extremity, up to 1.2 kb length as an av-
erage. This demonstration will provide the basis for an
in vivo investigation of telomerase activity and sub-
strate specificity.

By analogy with the case of yeast, one might ex-
pect that telosome proximity and propagation of a
modified chromatin structure would influence tran-
scription of subtelomeric Plasmodium genes. Some
similarity exists between three P. falciparum deduced
proteins (A.P. Waters, unpubl.) and Sir 2 and Sir3, two
telomere-binding proteins of S. cerevisiae that are
known to mediate the establishment of the hetero-
chromatin typical of telosomes (Grunstein 1997; Haber
1999) and to be involved in the telomere position ef-
fect that modulates and represses transcription of sub-

telomeric genes in direct proportion to the proximity
to the telomere (Gotta et al. 1997).

Taking advantage of the deletion construct de-
scribed in the present work, we studied the transcrip-
tion pattern of the P. berghei dhfr/tsR mutant gene used
as a selectable reporter gene in differently transfected
parasite lines. The transfected copy, integrated in dif-
ferent genomic positions, is in all cases under the con-
trol of a regulatory region identical to that of the resi-
dent gene (located on chromosome 7). No transcrip-
tional silencing is observed when the regulatory region
of the selectable reporter gene is adjacent to the telo-
meric repeats of chromosome 5. Both versions of the
dhfr/ts gene are, in fact, transcribed at comparable lev-
els in parasites grown either in the presence or in the
absence of selective pressure. Similar results have been
obtained when the mutant copy of the gene is inte-
grated (A.P. Waters, unpubl.) in an internal position of
chromosome 5, within the C-unit rRNA locus repressed
during asexual growth or within the transcriptionally
inactive 2.3-kb subtelomeric tandem repeats (van Dijk
et al. 1996) present at many chromosomal ends.

Expression of the selectable marker is driven by
the 2.5-kb regulatory region normally present up-
stream of the P. berghei dhfr/ts gene on chromosome 7.
Regions < 2.5 kb have proven unable to drive adequate
expression of the selectable marker. It might be sug-
gested that, along the 2.5 kb, a region of chromatin
organization is established that is independent of chro-
mosome position and immune to possible position ef-
fects. Furthermore, the data presented here suggest
that simple proximity to the telomere is insufficient to
mediate inactivation through Sir protein-mediated
mechanisms.

METHODS

Construction of pTDEL-1 Transfection Vector
orfA, a member of a three-gene family (orfA, orfB, and orfC)
located at the terminal portions of P. berghei chromosome 5
and abundantly transcribed in asexual stages, was chosen as a
target sequence for transfection-mediated terminal deletion
of chromosome 5. The complete coding region of orfA and its
flanking sequences are contained in the 4.2-kb insert of clone
Z11 isolated from a P. berghei genomic library in �-ZAP (Birago
et al. 1996). pMD204, used as a transfection vector (Waters et
al. 1997a), contains the P. berghei dhfr/tsR gene including the
2.5 kb of the upstream regulatory region and 0.5 kb of the
downstream region. A point mutation within the coding re-
gion confers pyrimethamine resistance to the parasites (van
Dijk et al. 1995). A 2.35-kb BalI–NotI fragment, containing the
terminal portion of the coding region of orfA and its 3� UTR,
was cloned into the SmaI–NotI sites of the pMD204 vector,
downstream of the dhfr/tsR gene (pMD204–orfA). A previously
cloned 550 bp of Plasmodium-specific telomeric repeats (Ponzi
et al. 1990) was recloned in the TA vector (Invitrogen), recov-
ered through Kpn–XhoI double digestion, and finally cloned
in the same sites of the PMD204–orfA construct, upstream of
the dhfr/tsR gene, thus obtaining the final transfection con-
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struct pTDEL-1. The dhfr/tsR flanked by the telomeric repeats
at one side and by the target sequence (orfA) at the other side,
was recovered as an 8-kb SacI fragment.

Transfection and Parasite Selection
SacI-digested pTDEL-1 (50 µg) was used to transfect 2.108 ma-
ture schizonts from P. berghei clone 8417HP as described (Wa-
ters et al. 1997a). Electroporated parasites were injected into
the tail vein of two mice. Pyrimethamine selection (10 mg/kg)
was applied 48 hr post infection and maintained during 4
days. Resistant parasites (HP�5), harvested 6 days later, were
mechanically passaged into 4 mice and maintained under
drug pressure until bleeding for further analysis. Individual
clones (HP�5 1–6) were obtained by end dilution.

Karyotype Analysis of Transfected Parasites
Blocks containing intact total DNA, obtained by incubating
agarose-embedded parasites with proteinase K (2 mg/ml) for
48 hr were used for chromosome separation. Karyotypes of
parental (8417HP) parasites and of transfected (HP�5) line
and clones (HP�5 1–6) were obtained using a CHEF (LKB 2015
Pulsaphor apparatus), 1% agarose gel, 0.5� TBE buffer, at
10°C. Seakem–GTG agarose (FMC Bio-Products) was used
when chromosomes had to be recovered from the gel and
digested with restriction enzymes. Electrophoretic conditions
are specified in the figure legends.

Primers
Primers used in this work are as follows: orfa1, 5�-
CTCAGCATCAGATAATGACA-3�]; orfa2, 5�-TCTGCTTCAAT-
GTAACATAG-3�; orfb1, 5�-ACCAATAAGACGACAATG-3�;,
orfb2, 5�-TAGTTTATTATAATGTTACA-3�; dhfr1, 5�-ATT-
AGGTACTTCCTCATTTGGA-3�;, dhfr2, 5�-TGATGAAAAGGT-
TAGATGCT-3�; dhfrSQ, 5�-AGATTGAAATGGAAAAGAG-3�;
L41-SEN, 5�-GAATACTTTCCCAACTTTTTTTTC-3�; L40-RES,
5�-GAATACTTTCCCAATTTTTTTTTC-3�.

Probes
The DNA fragment containing telomeric repeats used as a
probe in this work was recovered by EcoRI–HindIII restriction
of the original pTb4.1 plasmid (Ponzi et al. 1990). The 5-kb
insert corresponding to P. berghei dhfr/tsR gene was obtained
from the pMD204 vector (Waters et al. 1997a) by double di-
gestion with HincII–SmaI. Probe A, a 432-bp PCR fragment
amplified with primers orfa1 and orfa2, contains the 3� end of
the orfA gene present in the pTDEL-1 construct. Probe B, a
565-bp PCR fragment amplified with primers orfb1 and orfb2,
contains the 3� end of the orfB gene. PCR amplifications were
performed for 1 min at 90°C, 1 min at 55°C, and 2 min at 68°C
for 35 cycles. End-labeled oligonucleotides L41-SEN and L40-
RES differing for a single base-pair substitution (C→T) were
used as probes either selective for sensitive or resistant version
of dhfr/ts transcript (van Dijk et al. 1995). Oligonucleotide SQ
recognizing both versions of dhfr/ts was used to normalize
blotted DNA.

Detection of P. berghei dhfr/ts transcript
Total RNA from P. berghei parasites was extracted using RNe-
asy kit (Promega). Samples used for RT-PCR experiments were
treated previously with DNaseI (RNase free, Promega). Ab-
sence of residual DNA fragments still able to function as tem-
plates was checked by direct PCR using the same primers as
for RT-PCR. RT-PCR amplification of dhfr/ts transcript was per-

formed on transfected parasites and on parental clone starting
from 0.5 µg of total RNA. cDNA synthesis for 45 min at 45°C
was followed by 40 cycles of PCR amplification (45 sec at
94°C, 1 min at 55°C, 90 sec at 68°C). Primers dhfr1 and dhfr2
amplify a 682-bp fragment encompassing the single base sub-
stitution (G→A) that confers the pyrimethamine resistance.
The relative amount of each transcript was measured by the
use of a PhosphorImager after hybridization, at high strin-
gency (van Dijk et al. 1995), with oligonucleotides L40-SEN
and L41-RES, which are able to distinguish between the two
transcripts.
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