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ABSTRACT Plasmodium falciparum malaria parasites
were transformed with plasmids containing P. falciparum or
Toxoplasma gondii dihydrofolate reductase-thymidylate syn-
thase (dhfr-ts) coding sequences that confer resistance to
pyrimethamine. Under pyrimethamine pressure, transformed
parasites were obtained that maintained the transfected plas-
mids as unrearranged episomes for several weeks. These
parasite populations were replaced after 2 to 3 months by
parasites that had incorporated the transfected DNA into
nuclear chromosomes. Depending upon the particular con-
struct used for transformation, homologous integration was
detected in the P. falciparum dhfr-ts locus (chromosome 4) or
in hrp3 and hrp2 sequences that were used in the plasmid
constructs as gene control regions (chromosomes 13 and 8,
respectively). Transformation by homologous integration sets
the stage for targeted gene alterations and knock-outs that
will advance understanding of P. falciparum.

Methods of incorporating genes into Plasmodium falciparum
will provide a foundation for genetically manipulating this
major human pathogen. Previous reports have shown that
transfected plasmids can be transiently expressed in this and
other parasites of the Apicomplexan group (1-4). In the case
of Toxoplasma gondii parasites, both homologous and random
integration of exogenous DNA have also been obtained (5-8).
These advances have pointed to the next steps for P. falciparum
transfection research: integration of exogenous DNA into the
parasite chromosomes and the development of targeting meth-
ods for functional studies of genes.

Transient expression of reporter constructs in P. falciparum
first required the identification of gene control regions that
could be cloned intact in Escherichia coli, as many of these
A+T-rich regions are unstable in bacterial plasmids (3). With
the isolation of suitable regions from two histidine-rich protein
genes (hrp2 and hrp3) and from a P. falciparum heat shock
protein 90 gene (hsp86), chloramphenicol acetyltransferase
(CAT) and luciferase were successfully expressed (3), suggest-
ing that constructs expressing selectable markers could suc-
ceed in stably transforming erythrocyte-stage parasites. Prime
selectable markers for this purpose include forms of P. falci-
parum dihydrofolate reductase-thymidylate synthase genes
(dhfr-ts) that produce pyrimethamine and cycloguanil resis-
tance (9-13). Forms of dhfr-ts that produce pyrimethamine
resistance are also available from the T. gondii sequence (14),
thus providing functionally similar markers with primary struc-
tures that are highly divergent from P. falciparum dhfr-ts. Here
we report the transformation of P. falciparum by constructs
that express these dhfr-ts markers under control of the P.
falciparum hrp2 and hrp3 flanking regions.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

1130

MATERIALS AND METHODS

DNA Constructs. PCR with the primer pair 5'-CCT-TTT-
TAT-GCA-TGA-ACA-AGT-CGT-CGA-C-3' and 5'-AAT-
TTC-AAG-CTT-AAG-CAG-CCA-TAT-CC-3' was used to
amplify the dhfr-ts coding sequences of three P. falciparum
lines (9): the wild-type, pyrimethamine-sensitive 3D7 se-
quence; the pyrimethamine-resistant HB3 sequence, which en-
codes a single mutation (S108N); and the highly pyrimethamine-
resistant Dd2 sequence, which encodes three mutations
(S108N, N51I, and C59R). The coding sequence of the T.
gondii dhfr-ts M2M3 sequence was amplified from pDHFR-
TS/M2M3 (14) by using the primers 5'-GGA-AGA-TGC-
ATA-AAC-CGG-TG-3' and 5'-GAC-GGG-AAG-CTT-
CTG-TAT-TTC-3'. Amplified inserts were digested with Nisi I
and HindIII restriction endonucleases and used to replace the
CAT-coding sequence in the pHRPCAT vector (3), yielding
constructs pDT.3D7, pDT.HB3, pDT.Dd2, and pDT.Tg23
(Fig. 1).

P. falciparum Transfection, Selection of Transformants, and
Drug Response Assays. P. falciparum parasites from the 3D7,
HB3, and Dd2 lines were cultivated as described (15). Clones
from transformed lines were obtained by limiting dilution (16).
Electroporation settings and parasite sample preparations
were as reported (3). Following transfection, the samples were
immediately mixed with 10 ml of culture medium and culti-
vated in 25-cm? culture flasks. Pyrimethamine responses of the
P. falciparum lines were determined in standard RPMI 1640
medium (GIBCO/BRL) as previously described (9, 12), ex-
cept that the parasites were maintained under drug pressure
for 5 days.

PCR Amplification of Integration Sites. Homologous inte-
gration at the dhfr-ts, hrp3, and hrp2 sites was detected by
amplification across insertion breakpoints with the following
oligonucleotide primer pairs: 5'-CCA-ACA-TTT-CAA-GAT-
TGA-TAC-ATA-AAG-G-3' (#1) and 5'-GGA-AAC-AGC-
ATA-GAC-CAT-G-3' (#2) at the dhfr-ts site; 5'-GTA-AAA-
CGA-CGG-CCA-GT-3' (#3) and 5'-GTA-CCG-AAG-CAA-
AAA-CGG-CAG-CGG-3' (#4) at the hrp3 site; and 5'-TCT-
TGA-CAT-ATT-GTG-TTC-ATG-TAT-3' (#5) and 5'-CAA-
TAC-AAA-ATT-ATG-TTC-ATC-ATG-3' (#6a, for trans-
formed lines 28a and 28b) or 5’-GCT-ACG-TCC-CGC-ACG-
GAC-3' (#6b, for transformed line 28c) at the hrp2 site. For quick
DNA preparations, erythrocytes from 0.1-0.2 ml of parasite
culture (0.2-1% parasitemia) were pelleted by centrifugation,
treated with 0.15% saponin in phosphate-buffered saline, washed
twice with phosphate-buffered saline, and lysed with a Triton/
sucrose solution (17). Ten microliters of the recovered DNA
lysate was placed in a PCR mixture of 30 ul and subjected to 45

Abbreviations: dhfr-ts, gene encoding dihydrofolate reductase-
thymidylate synthase (DHFR-TS); hrp2 and hrp3, genes encoding P.
falciparum histidine-rich proteins HRP2 and HRP3; CAT, chloram-
phenicol acetyltransferase; OFAGE, orthogonal-field alternation gel
electrophoresis.
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FiG. 1. Schematic depiction of plasmid constructs used for trans-
formation. Plasmids pDT.Dd2, pDT.HB3, pDT.3D7, and pDT.Tg23
contain dhfr-ts coding regions from the P. falciparum Dd2, HB3, and
3D7 cloned lines and from the T. gondii M2M3 mutant gene, respec-
tively. The dhfr-ts coding regions are flanked by hrp3 and hrp2 gene
control elements in the pBluescript vector. Sites of point mutations
conferring pyrimethamine resistance are marked with stars. Restric-
tion sites: A, Pac I; H, HindIIl; K, Kpn I; N, Nsi I; P, Pst 1.

cycles of amplification (each cycle consisted of 50 sec at 94°C, 50
sec at 53°C, and 120 sec at 65°C).

RESULTS

Transformation of P. falciparum with dhfr-ts Sequences.
Pyrimethamine-sensitive malaria parasites (P. falciparum line
3D7) were transfected and selected by the strategies indicated
in Fig. 2. Transfection with the plasmids encoding py-
rimethamine-resistant forms of P. falciparum or T. gondii
DHFR-TS (pDT.Dd2, pDT.HB3, and pDT.Tg23) yielded
drug-resistant parasites that were detectable by Giemsa-
stained thin films after 15-18 days. Control experiments in
which parasites were mock-transfected with no plasmid or
were transfected with the pDT.3D7 plasmid encoding py-
rimethamine-sensitive DHFR-TS did not produce drug-
resistant transformants.

After 5 weeks of continuous pyrimethamine pressure (15
ng/ml), lines 28a, 28b, and 28c were recovered from parasites
transformed by pDT.Dd2, pDT.HB3, and pDT.Tg23, respec-
tively. Fingerprint typing with an interspersed repetitive se-
quence (18) confirmed that all transformants were derived
from 3D7 parasites and not from other contaminating para-
sites selected by drug pressure. Drug response assays indicated
that parasites in the 28a and 28b lines had levels of resistance
expected of forms carrying the Dd2 or HB3 mutations (16,000
or 1000 ng/ml; Table 1) whereas the 28c line contained
parasites with resistance levels of at least 16,000 ng/ml.

Replication of Transfected Plasmids as Episomes. Chromo-
somal DNA preparations from the 28a, 28b, and 28c lines were

3D7 parasites
Transfect
Incubate for 48 hrs w/o drug
100 ng/ml Py, 48 hrs
15 ng/ml Py, 5§ wks
28a, 28b, 28c -+ Plasmid rescue in E.coli

remove Py, 3 wks 128 ng/ml Py, 7 wks
512 ng/ml Py, 4 wks

28a/512, 28b/512, 28¢c/512 28a/128, Z?bﬂ 28, 28c/128

Clones Clones

FiG. 2. Strategies for the selection of P. falciparum parasites
transformed by plasmids that confer resistance to pyrimethamine. The
pyrimethamine (Py) concentration during the first 5 weeks was chosen
as a low level sufficient to select pyrimethamine-resistant lines.
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separated by orthogonal-field alternation gel electrophoresis
(OFAGE) and probed for the presence of pBluescript se-
quences. A band of hybridization was identified that exhibited
similar mobility over a wide range of pulse times and did not
track with any P. falciparum chromosome (data not shown).
This behavior was consistent with that expected of a circular
episome (19). The organization of this DNA was further
examined by restriction enzyme digestion and hybridization
with probes specific for the P. falciparum dhfr-ts, T. gondii
dhfr-ts, and pBluescript sequences. Results from all three
transformed lines showed a 7.5-kb Nisi I fragment that corre-
sponded to the transfected plasmid and was distinct from the
23-kb Nsi I fragment carrying the endogenous dhfr-ts gene
(data not shown).

To confirm that the transfected plasmids had indeed been
replicated by P. falciparum, we tested susceptibility of the
episomes to Dpn I, an enzyme that cleaves GATC sequences
only when the adenine is methylated. Since the necessary
methylation activity (Dam methylase) is absent from eu-
karyotes but present in E. coli, resistance of plasmid DNAs
replicated by P. falciparum was expected. The plasmid DNAs
from the transformed P. falciparum lines exhibited this ex-
pected resistance to Dpn I while control plasmids from E. coli
were efficiently cleaved (Fig. 3a). The structure of the repli-
cated circular forms was also examined by restriction of
plasmids recovered from E. coli that had been transfected with
genomic DNA from each of the P. falciparum transformants.
The recovered plasmids all showed restriction patterns that
were identical to those of the original plasmids used for
transfection (Fig. 3b).

Integration of Plasmids into P. falciparum Chromosomes.
Episome-containing transformants were slow to propagate in
culture and produced high numbers of pyknotic forms under
pyrimethamine pressure. These observations suggested that
the episomes were unstably maintained, perhaps because of
random segregation and losses during cell division. This hy-
pothesis was confirmed by experiments showing that drug-
sensitive parasites could be recovered from the transformants
after pyrimethamine pressure was removed (data not shown).
Such findings are reminiscent of transformation studies of
Plasmodium berghei rodent parasites, in which dhfr-ts plasmids
were maintained as episomes for >6 weeks under py-
rimethamine selection; these episomes were lost after removal
of drug pressure, and their chromosomal incorporation was
not detected (4).

The strategies outlined in Fig. 2 were therefore devised to
obtain transformants in which plasmid constructs were stably
incorporated into chromosomes. After the additional periods
of cultivation and selection (7 weeks), the transformed lines
had become devoid of pyknotic forms and showed propagation
rates comparable to that of the 3D7 clone without drug
pressure. Pyrimethamine concentrations of 16,000 ng/ml and
1000 ng/ml were required to kill the lines transformed by the

Table 1. Pyrimethamine susceptibilities of P. falciparum control
lines and transformants

Line dhfr-ts mutations present Sensitivity*

Control

3D7 None: drug-sensitive 10

Dd2 S108N, N51I, C59R 16,000

HB3 S108N 1,000
Transformant

28a/128 S108N, N51I, C59R (pDT.Dd2) 16,000

28b/128 S108N (pDT.HB3) 1,000

28c/128 T.g T83N, S36R (pDT.Tg23)" 16,000

*Lowest pyrimethamine concentration (ng/ml) at which parasites
were killed in a 5-day assay.

TMutations in T. gondii (T.g.) dhfr-ts analogous to S108N and C59R in
P. falciparum pyrimethamine-resistant forms.
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FiG. 3. Detection of transfected DNA replicated as episomes in P.
falciparum. (a) Dpn 1 susceptibility analysis of plasmids replicated by
E. coli and P. falciparum. DNA from the 28c parasite line (lanes g) and
the pDT.Tg23 bacterial plasmid (lanes p) were digested with Pac I or
Pac 1/Dpn I and probed with the pBluescript sequence. Upper part of
the panel shows the 7.5-kb Pac I bands; bottom part of the panel shows
the fragments from Dpn 1 restriction (no hybridization signals were
present in the middle part of the panel removed from the display).
Similar results were obtained for episomes from the 28a and 28b lines
transformed by pDT.Dd2 and pDT.HB3 (data not shown). Pac I was
included in the digests to avoid plasmid trapping effects from genomic
DNA in the agarose gel. (b) Rsa I digestions of episomal forms
recovered from transformed P. falciparum lines. Plasmids were recov-
ered by transfecting E. coli with 100 ng of DNA prepared from the
parasite lines 28a, 28b, and 28c. Lanes: A3 and B4, plasmid DNAs
recovered from the 28a and 28b lines; Pf, original pDT.Dd2 plasmid
from E. coli; C4, plasmid DNA recovered from the 28c line; Tg,
original pDT.Tg23 plasmid from E. coli. Analysis of eight additional
recovered episomes and additional digestions with BamHI and Ssp 1
also showed no evidence of rearrangement.

pDT.Dd2 and pDT.HB3 plasmids, respectively (the same
concentrations as those required to kill native Dd2 and HB3
resistant parasites; Table 1). Pyrimethamine concentrations of
at least 16,000 ng/ml were also required to kill parasites
transformed by the pDT.Tg23 plasmid, which carries the 7.
gondii M2M3 dhfr-ts coding sequence.

To determine whether the transformed lines at the end of
the selection process had stably integrated plasmid DNA, we
separated their chromosomal DNAs by OFAGE and probed
for transfected sequences using probes from the pBluescript
vector and from the P. falciparum and T. gondii dhfr-ts coding
sequences. Hybridization results identified integration events
in three different chromosomes. Integration into chromosome
4 (which carries the dhfr-ts locus) was observed in the lines
transformed by pDT.Dd2 (Fig. 4) and by pDT.HB3 (data not
shown). By contrast, lines transformed with pDT.Tg23 showed
no signal from chromosome 4 but instead showed a strong
signal from chromosome 13, which carries the Arp3 locus, and
a relatively weaker signal from chromosome 8, which carries
the hrp2 locus (data not shown). Examination of cloned
parasites from these transformed lines showed that the hy-
bridization signals were the result of separate chromosomal
integration events in different parasite subpopulations (Fig. 4).
No parasite clones were identified in which plasmid DNA was
integrated into more than one chromosome.

We also explored the efficiency of transformations with
linear DNAs from all three plasmids (pDT.Dd2, pDT.HB3,
and pDT.Tg23) digested by BamHI, which cuts at a single site
16 bp downstream from the 3’ flanking region of hrp2 (3).
Pyrimethamine-resistant parasites from these transformations
were detected in Giemsa-stained smears after 4 weeks of drug
selection (about 2 weeks later than in transformation experi-
ments with circular DNA). The transfected DNAs in these
parasites were found to be episomes (probably recircularized),
as determined by Southern blot analysis and plasmid rescue
experiments (data not shown). These findings indicated that
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FiG. 4. Detection of integrated DNA in the chromosomes of
transformed P. falciparum parasites. Chromosomal DNAs of trans-
formed parasites were separated by OFAGE, transferred to nylon
membrane, and probed with a pBluescript sequence as described (20).
Hybridization signals identify chromosome 4 of the 28a/512.3 and
28a/512.11 parasite clones (lanes a.3 and a.11), chromosome 13 of the
28c/512.18 clone (lane c.18), and chromosome 8 of the 28¢/512.23
clone (lane c.23).

linearization of the plasmids had not resulted in an enhanced
rate of detectable integration events.

Confirmation of Homologous Integration Events by PCR.
Incorporation of pDT.Dd2 and pDT.HB3 into chromosome 4,
and of pDT.Tg23 into chromosomes 13 and 8, suggested that
the plasmids had undergone homologous integration at the
dhfr-ts, hrp3, and hrp2 loci. These observations also suggested
a recombination model involving a single-site crossover mech-
anism (Fig. 5a). To confirm homologous integration by this

a
dhfr-ts
# H
o b
dhfr-ts 4 dhfr-ts
b a.3 c.23 c.18
#1+#2 #3b+#4 #5+#6

kb

kb
2.6+
1.9+

0.76
S
0.71

U H U-H u A

FiG. 5. Schematic diagram of single-site crossover mechanism and
confirmation of homologous integration by PCR. (a) Crossover dia-
gram for the dhfr-ts site. Positions of PCR primers #1+#2 and the
diagnostic HindIII site are indicated on the chromosome line. Anal-
ogous models were constructed for the Arp2 and hrp3 loci (chromo-
somes 13 and 8) and tested with primers to the sites indicated in Fig.
6b. Note that for each model one primer is specific to the plasmid
construct (#2, #3, #6b) while the second is specific for chromosome
sequence flanking the integration site (#1, #4, #5). (b) Amplification
products obtained from integration events in the transformed lines.
Results are shown from clones having recombination events at the
dhfr-ts site (28a/512.3, panel a.3), hrp3 site (28¢/512.23, panel c.23),
and hrp2 site (28¢c/512.18, panel c.18). Sizes of the amplified products
and presence of the expected HindIIl and Pac I sites confirm the
single-site crossover models of homologous integration. U, unre-
stricted PCR product; H, HindIIl-digested PCR product; A, Pac
I-digested PCR product.
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model, we designed the specific primer pairs #1+#2, #3+#4,
and #5+#6a/b (Figs. 5a and 6b) and amplified fragments
expected from single-crossover integration events in the dif-
ferent transformants. Fig. 5b shows that parasites in which the
pDT.HB3 or pDT.Dd2 plasmid was integrated into the dhfr-ts
locus yielded a 2.6-kb product that was cut by HindIII into the
expected 1.9- and 0.7-kb fragments. Parasites in which
pDT.Tg23 was integrated into the hrp2 site yielded a 0.76-kb
product that was cut by HindIII into the expected 0.71- and
0.05-kb fragments. And parasites in which pDT.Tg23 was
integrated into the hrp3 site yielded a 1.8-kb product that was
cut by Pac I into the expected 1.2- and 0.6-kb fragments.
Control PCRs with DNA from untransformed parasites, from
early transformed lines containing episomes (lines 28a, 28b,
and 28c; Fig. 2), or from bacterial plasmid alone did not yield
any of these amplification products.

Since the PCR primers would not have detected residual
episomes or nonhomologous (random) integration events,
quick DNA preparations of 14 clones from the pDT.Dd2-
transformed lines (28a/512 and 28a/128) and 57 clones from
the pDT.Tg23-transformed lines (28c/512 and 28c/128) were
also examined for amplification products. Eleven of the 14
pDT.Dd2-transformed clones and 53 of the 57 pDT.Tg23-
transformed clones gave DNA preparations that yielded PCR
products indicating homologous integration events. Repeat
DNA preparations, PCR, and chromosome mapping analysis
remain to determine whether the 7 samples that did not yield
amplification products represented failed PCRs, residual ep-
isome-containing transformants, or clones with different re-
combination events. The conclusion from the results is nev-
ertheless clear—homologous integration was the predominant
mode of DNA incorporation in the stable transformants.

Genomic Organization of the Integrated DNA. Southern
hybridization analysis of DNA from lines 28a/512 (Fig. 6a) and
28b/512 (data not shown) showed that the 23-kb Nsi I band
carrying the endogenous dhfr-ts gene was replaced by two
major bands (18 and 13 kb) upon integration of the plasmid
DNA. Major bands obtained with Bcl/ I (18 kb) and EcoRYV (15
kb) indicated the presence of predominant population of
“pseudodiploid” forms containing the native and integrated
dhfr-ts coding regions, separated by the pBluescript and the hrp
gene control sequences. Relatively weak bands of hybridiza-
tion in these digests (7.5-kb Nsi I, 25-kb Bgl 1, and 22-kb EcoRV
fragments) reflected subpopulations of parasites having addi-
tional copies of integrated DNA. Cloned parasites from these
subpopulations have recently been isolated and have been
found to have two copies of plasmid DNA in the dhfr-ts locus
(data not shown).

Restriction analysis of cloned parasites from the 28c/512
line showed that the integration events involving pDT.Tg23
resulted in incorporation of two copies of plasmid DNA at the
chromosome 13 hrp3 site or at the chromosome 8 hrp2 site
(Fig. 6). Exclusive integration of pDT.Tg23 into these sites
reflects the efficiency of homologous targeting and the inabil-
ity of the divergent T. gondii dhfr-ts sequence to recombine
with P. falciparum dhfr-ts on chromosome 4. In the case of the
3’-flanking region of hrp2, this targeting efficiency directed
homologous integration to a chromosome segment of 0.57 kb.

DISCUSSION

Stably transformed parasites that had incorporated exogenous
DNA into their nuclear chromosomes were obtained 2-3
months after transfection, a period that corresponds to 30-50
generations of erythrocyte-stage parasites. This period evi-
dently provided the opportunity for some parasites to undergo
integration events and replace unstable populations contain-
ing episomes. Though the chromosomal integration events
have yet to be understood in detail, it is likely that persistent
episome contact with the chromosomes, the activity of the P.
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FIG. 6. Restriction analysis of chromosomally integrated plasmid
sequences in the transformed P. falciparum lines. (@) Some represen-
tative hybridization signals from restricted DNAs of the transformed
28a/512 line and of clones 28¢/512.23 (c.23) and 28c/512.18 (c.18)
from the 28c/512 line. Probes used for hybridization: dt(Pf), P.
falciparum dhfr-ts coding region; pBS, pBluescript sequence; Sh3, 5'
hrp3 flanking sequence. Restriction enzymes: B, Bcl I; E, EcoRV; N,
Nsi I; N/E, Nsi 1/EcoRV; N/B, Nsi 1/Bcl 1. The relatively weak 7.5-kb
Nsi 1, 25-kb Bgl 1, and 22-kb EcoRV bands in the 28a/512 DNA
restriction digests are from a subpopulation of parasites having two
copies of integrated DNA (see text). (b) Restriction maps showing the
organization of integrated DNA at the dhfr-ts, hrp2, and hrp3 sites of
parasites from line 28a/512, clone 28¢/512.23 (c.23), and clone
28c/512.18 (c.18), respectively. Patterns within the boxes correspond
to construct sequences as indicated in Fig. 1. Letters B, E, and N mark
the Bcl 1, EcoRV, and Nsi I sites used in developing the restriction
maps; H and A mark HindIII and Pac I sites in the regions between the
PCR primers used to confirm homologous integration. Sequences
detected by hybridization probes: dt, dhfr-ts coding region; pBS,
pBluescript; 543, 5’ hrp3 flanking region; F/S, 544-bp coding sequence
from hrp2 exon II that cross-hybridizes with Arp3 (21).

falciparum DNA recombination and repair systems, the inva-
sion efficiency of transformed merozoites, and the 2-day
parasite generation cycle are important factors that affect the
time required for the appearance of stably transformed par-
asites.

Integration of plasmid DNA into the chromosomes evi-
dently involved single-site crossover events between homolo-
gous regions. Interestingly, transformations with plasmids
containing the P. falciparum dhfr-ts coding region (pDT.HB3
and pDT.Dd2) strongly favored integration at the dhfr-ts site
(chromosome 4), whereas transformation with a plasmid con-
taining the 7. gondii dhfr-ts sequence (pDT.Tg23) forced
integration to the chromosome 13 hrp3 site or to the chromo-
some 8 hrp2 site. The frequent finding of two copies of plasmid
DNA at these sites may reflect a compensation for hrp gene
flanking regions in the control of dhfr-ts expression. No
individual parasites identified in this work were found to have
integration events in more than one chromosome.

It was important to confirm that the pyrimethamine-
resistant transformants had not developed spontaneous dhfr-ts
mutations under drug pressure, as studies have shown that the
S108N point mutation can arise in P. falciparum parasites
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cultivated in pyrimethamine (22). Several observations indi-
cate that such spontaneous mutations did not arise in the
transformed parasite lines: (i) pyrimethamine-sensitive para-
sites that were not transfected or were transfected with plas-
mids lacking mutant dhfr-ts sequences did not yield drug-
resistant parasites; (if) in transformed parasites the episomes
were maintained by pyrimethamine pressure, but when this
pressure was removed the episomes were lost and the parasites
reverted to a drug-sensitive state; (iii) determination of the
codon 108 type by PCR methods (23) showed that parasites
transformed with T. gondii dhfr-ts contained no S108N muta-
tion in the endogenous P. falciparum dhfr-ts gene (data not
shown); and (iv) parasites transformed with the different T.
gondii and P. falciparum genes exhibited pyrimethamine resis-
tance levels that correlated with those expected of the different
mutant forms. In addition to providing evidence against
spontaneous mutations, these results formally demonstrate the
role of dhfr-ts point mutations in pyrimethamine resistance and
provide a basis for further exploration of dhfr-ts mutations in
resistance to other antimalarial compounds (e.g., cycloguanil).

Relative rates of homologous and nonhomologous integra-
tion vary widely among protozoan parasites. Kinetoplastids
such as Trypanosoma and Leishmania show complete domi-
nance of homologous integration in transformations, with the
integration efficiency being much better for linear than for
circular constructs (24-29). Rates of incorporation in these
parasites generally decrease when the lengths of matching
DNA sequence are <2 kb, although sequences of a few
hundred nucleotides do support homologous integration (28).
By contrast, the integration of circular and linear DNAs in
Toxoplasma gondii has been reported to occur at similar rates
(6, 7) and relative frequencies of homologous and nonhomolo-
gous integration can be manipulated by the choice of plasmid
construct. Homologous integration of a T. gondii dhfr-ts con-
struct, for example, was favored over nonhomologous recom-
bination by longer segments of genomic DNA, occurring in
50% of transformants with an 8-kb segment and >80% of
transformants with a 16-kb segment (7). By contrast, a cDNA-
derived dhfr-ts construct containing no introns produced ran-
dom integration at rates high enough for gene identification in
T. gondii by insertional mutagenesis (8). P. falciparum and T.
gondii, both parasites of the Apicomplexan group, appear to be
alike in that the integration efficiency of linear constructs has
not been found to be enhanced over that of circular constructs.
However, in P. falciparum, homologous integration has thus far
shown itself to be strongly favored over nonhomologous
integration. The detection in this work of homologous recom-
bination within a region of <0.6 kb demonstrates the speci-
ficity with which targeted integration can be achieved in P.
falciparum. This specificity will provide an effective basis for
knocking out and modifying genes that are of interest in
malaria research.

Note Added in Proof. In further development of their work, M. R. van
Dijk, C.J. Janse, and A.P. Waters recently targeted subtelomeric
repetitive sequences of the rodent malaria parasite Plasmodium
berghei and obtained integration of dhfr-ts constructs into three
different chromosomes (30).
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We thank David Roos for the M2M3 coding sequence of T. gondii
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