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Total genomic Plasmodiumfalciparum DNA, the plasmid clone pRepHind, and a 21-base-long synthetic DNA
probe (PFR1), the sequence of which was derived from pRepHind, were hybridized with DNA from various
species of the phylum Apicomplexa. The genomic probe hybridized with P. reichenowi and P. falciparum DNA
and significantly cross-hybridized with DNA of ail the other Plasmodium species tested. The synthetic and
plasmid probes hybridized to P. falciparum DNA and at reduced levels to P. reichenowi but did not hybridize
to P. vivax, P. malariae, P. ovale, P. fragile, P. inui, P. knowlesi, Babesia bovis, B. microti, B. bigemina,
Anopheles sp., Pan sp., Aotus sp., or human DNA. Southern blot analysis indicated that approximately 60
distinct restriction enzyme fragments from P.falciparum DNA were similarly detected by PFR1 and pRepHind.
A method was developed by using a second brief hybridization with synthetic DNA to amplify signals from
samples that were previously hybridized with plasmid-borne repetitive DNA. This amplification procedure was
shown to allow the detection of 0.005% P. falciparum parasitemias from 10-,ul samples of blood from patients
in Kenya.

With few exceptions, biological functions have not been
determined for the highly repetitive DNA sequences that
constitute a large percentage of eucaryotic genomes (1).
Such repetitive DNA, however, is an excellent target for
DNA-based diagnosis of infections caused by eucaryotic
pathogens, because its abundance and rapid evolution allow
sensitive and specific detection. Several plasmid clones have
been isolated that may be suitable as oligonucleotide-based
diagnostic probes for detection of Plasmodium falciparum
(3, 4, 7-9, 16). Several of these clones have been sequenced
and have been shown to contain a family of highly repetitive,
somewhat degenerate 21-base-long DNA sequences (3, 8,
16). These tandemly repeated sequences are estimated to be
present in about 104 to 105 copies per nucleus, or about 1 to
10% of the DNA of the P. falciparum genome (3), and
apparently are represented on all of the resolved P.
falciparum chromosomes (16). It is possible that this 21-
base-long repeat family represents the major group of spe-
cies-specific repetitive DNA in the P. falciparum genome.
We have demonstrated previously that a single-stranded

synthetic DNA oligomer derived from one of the sequences
from the plasmid pRepHind originally reported by Franzen
et al. (8) could also hybridize with and detect P. falciparum
DNA (14). No hybridization was detected with P. vivax,
host, or Babesia bovis or B. microti DNA. The synthetic
DNA probe displayed an unusually low background, allow-
ing exposures for at least 1 week without detection of
heterologous DNA. Also, hybridizations and washes could
be performed at convenient temperatures, such as 37°C or
room temperature.

In this study we compared the ability of genomic (19),
synthetic (14), and plasmid-borne (8) DNA probes to hybrid-
ize with DNA of 10 species of organisms in the phylum
Apicomplexa, 4 species of primates, and 1 species of insect.
We also describe the use of a combination of plasmid and
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synthetic DNA probes to detect low numbers of P.
falciparum parasites from field specimens.

MATERIALS AND METHODS
DNA isolation. Genomic DNA was isolated from leuko-

cytes of uninfected humans or nonhuman primates (Pan and
Aotus spp.) and from the mosquito host Anopheles gambiae
by proteinase K digestion and phenol extraction (14). DNA
was isolated from P. falciparum Honduras I/CDC clone B3,
which was grown in cultures (10) from which most of the
human leukocyte DNA was removed by three 10-min, 1,100
x g centrifugations and aspirations in which 70% of the
erythrocytes were also removed. DNA from other malaria
species was isolated from 3 to 50 ml of parasitized blood in
which parasitemias ranged between 0.1 and 40%. P.
reichenowi- and P. malariae-infected blood was placed in
short-term cultures and incubated until most of the parasites
matured to the schizont stage before DNA isolation. P. vivax
and P. ovale parasites were separated from the remaining
leukocytes by Percoll gradients (2). Infected erythrocytes of
other Plasmodium species were separated from leukocytes
by combinations of Percoll gradients, Whatman columns
(CF11; Whatman, Inc., Clifton, N.J.) (5), or alpha-cellulose
columns (C8002; Sigma Chemical Co., St. Louis, Mo.) (20).
DNA from B. bovis, B. bigemina, and B. microti was

isolated as described previously (15). The ratio of parasite
nuclei to leukocytes in the final preparations exceeded 100:1,
except for samples infected with P. ovale (20:1) and P.
malariae (50:1). After lysis of erythrocytes by treatment
with saponin, the parasites were digested with proteinase K
in the presence of 0.5% sodium dodecyl sulfate and ex-

tracted with phenol, phenol-chloroform, and chloroform;
and DNA was precipitated several times with ethanol. The
plasmid clone pRepHind was supplied by Ulf Pettersson and
Lena Franzen, University of Uppsala, Uppsala, Sweden (3,
8). The plasmid was propagated in Escherichia coli HB101 in
the presence of ampicillin, and plasmid DNA was isolated by
the alkaline lysis procedure (13).
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Species specificity. DNA preparations were dissolved in 10
mM Tris buffer (pH 8.0) containing 1 mM EDTA. Concen-
trations were adjusted to 10 ng/,ul by determining the A260
and UV fluorescence of gel-separated DNA after ethidium
bromide staining in comparison with known standards. In
the cases of P. ovale, P. malariae, and P. reichenowi, the
estimate of 0.05 pg per parasite nucleus (3) was used in the
purified infected erythrocyte preparations. For spot-blot
experiments, duplicate filters (pore size, 0.45 pim; Pall
Biodyne; ICN Pharmaceuticals Inc., Irvine, Calif.) were
each spotted with rows of i-pul fractions containing 10, 1.0,
0.1, and 0.01 ng of host or parasite DNA, as described
previously (15), and were processed in parallel.

Filter processing. Filters were incubated for 3 min over
blotting paper saturated with 1.5 M NaCi-0.5 M NaOH,
neutralized for 3 min over 3 M sodium acetate, (pH 5.2),
dried, baked for 1 h at 55°C under vacuum, and incubated for
2 h at 55°C in a modified blocking buffer (11) (0.5% nonfat
dry milk, 0.01% Merthiolate, 0.2 mg of sonicated calf thymus
DNA per ml, 2x SSPE [14], 0.05% sodium dodecyl sulfate)
before labeled probes were added.

Probe labeling and hybridization. The synthetic DNA
oligonucleotide PFR1 (5'-AGGTCTTAACTTGACTA
ACAT-3') (0.1 to 1.0 pug) was labeled by using T4 kinase
(New England Nuclear Corp., Boston, Mass., or New
England BioLabs, Inc., Beverly, Mass.) and 7,000 Ci of
[y-32P]ATP (New England Nuclear) per mM. After treatment
with kinase, the synthetic DNA was heated for 5 min in a
boiling water bath, cooled to room temperature, and proc-
essed through columns (Elutip-D; Schleicher & Schuell,
Inc., Keene, N.H.). Specific activities of kinase-labeled
probes ranged from 5 x 108 to 1 x 109 dpm/,ug. The probes
were hybridized to DNA on filters in blocking buffer for 1 h
at 37°C, and filters were rinsed at room temperature and
washed three times, 5 min per wash, with shaking in 300 ml
of 2x SSPE at 39°C before autoradiography was carried out
at -80°C with enhancer screens.
The genomic P. falciparum probe and the plasmid probe

pRepHind were labeled with a nick-translation kit (Wor-
thington Diagnostics, Freehold, N.J.) and [a-32P]ATP (3,000
Ci/mM). The specific activities of nick-translated probes
ranged from 6 x 107 to 1 x 108 dpm/pug. Samples were
processed through columns (Elutip-D), denatured in a boil-
ing water bath for 10 min, chilled on ice, added to blocking
buffer, and hybridized for 12 h at 58°C. After hybridization,
filters were rinsed at room temperature and washed three
times, 10 min per wash at 58°C in 300 ml of 2 x SSPE before
autoradiography was carried out at -80°C with enhancer
screens.
Southern blot analysis. Genomic P. falciparum DNA (1 ,ug)

digested with BglII, HindIII, or Sau3A was electrophoresed
in a 0.7% agarose gel. The gel was blotted to a filter (Pall
Biodyne), and the filter was hybridized for 1 h with PFR1.
After autoradiography, the PFR1 probe was removed by two
5-min incubations in distilled water at 80°C, and probe
removal was confirmed by autoradiography before hybrid-
ization with pRepHind and a second autoradiographic expo-
sure.

Sequential hybridization. In preliminary experiments many
different mixtures and sequential hybridizations of the three
probes were tested. The highest sensitivity and specificity
were obtained with an initial plasmid hybridization and
wash, followed by a second hybridization with the synthetic
DNA probe. After the plasmid-hybridized filter was washed
twice at 58°C, the filter was incubated for 10 min in blocking
buffer at 58°C, hybridized for 1.5 h at 37°C with PFR1,
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FIG. 1. An autoradiogram of three filters that were processed in
parallel and separately hybridized with genomic, pRepHind, and
PFR1 probes, respectively. Four 10-fold dilutions of Plasmodium
(10, 1, 0.1, and 0.01 ng) were spotted for each filter in each row.
Rows labeled F, Fr, t, O, M, R, and V rows contain P. falciparum,
P. fragile, P. inui, P. ovale, P. malariae, P. reichenowi, and P. vivax
DNA, respectively. Row H contains 10-ng spots ofHomo sp., Aotus
sp., Pan sp., and Anopheles sp. DNA (left to right).

washed twice at 37°C in 2x SSPE, and exposed for autora-
diography. Results of this dual probe hybridization were
compared with those of single probe hybridizations using
duplicate filters containing dilutions of P. falciparum DNA.
The sequential hybridization procedure was also com-

pared with single hybridizations in a screen of 40 10-pi blood
samples from patients in Kenya. These blood samples were
processed by a procedure modified from that of Barker et al.
(4). Briefly, the infected blood cell pellet was digested in 200
pul of 50 mM Tris buffer (pH 10.0) containing 0.1 mg of
proteinase K per ml, 0.2% Triton X-100, and 10 mM EDTA.
After the addition of 200 pul of 0.6 M NaOH, samples were
filtered through a dot-blot apparatus (Bio-Rad Laboratories,
Richmond, Calif.), and the nylon filters were processed for
hybridization as described above. Blood samples (10, 50,
and 100 pul) from patients in Peru that lacked P. falciparum
but that contained P. vivax or other malaria parasites were
processed in parallel as negative controls; and 1.0-, 0.1-, and
0.01-ng amounts of P. falciparum DNA were spotted on
filters as positive controls.

RESULTS

Specificity and sensitivity. All three probes produced
strong autoradiographic signals when hybridized with P.
falciparum DNA, achieving detection of 0.1 ng ofDNA after
only a 4-h exposure (Fig. 1, row F). The genomic P.
falciparum probe also hybridized with the DNA of the other
Plasmodium species, although not with mosquito DNA or
human or nonhuman primate DNA (Fig. 1, row H). The
genomic probe hybridized equally well or slightly more to P.
reichenowi DNA than to P. falciparum DNA (cf. rows F and
R, Fig. 1). The plasmid and synthetic probes also detected P.
reichenowi DNA, but with about 10-fold less sensitivity than
they detected P. falciparum DNA (cf. rows R and F, Fig. 1).
None of the other six Plasmodium species was detected at
this level of sensitivity by either the synthetic or the plasmid
probes.
Except for P. reichenowi, both the synthetic and the

plasmid probes were specific for P. falciparum. The other
parasite and host DNAs tested were not detected. The ratios
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FIG. 2. Two 12-h autoradiograms of a Southern blot hybridized
either with pRepHind (A) or with PFR1 (B). P. falciparum DNA was
cut with BglII, HindIII, or Sau3A restriction enzymes or was left
untreated (lanes B, H, S, and U, respectively) before electrophore-
sis, transfer, and hybridization. Motility and molecular size (in
kilobases [kb]) of HindIII-digested lambda DNA is indicated to the
right of the autoradiograms.

of parasite to host nuclei obtained in the parasite prepara-
tions indicate that significant amounts of DNA from these
Plasmodium species were applied to these filters. Additional
evidence that significant amounts of heterologous parasite
DNA were contained on these filters is provided by the
cross-hybridization of the genomic P. falciparum probe with
malaria DNA preparations, but not with host DNA prepara-
tions.

Southern blot analysis. Two autoradiogram exposures of a
Southern blot of P. falciparum DNA that was undigested
(Fig. 2, lane U) or digested with BglII, HindIiI, or Sau3A
restriction enzymes (Fig. 2, lanes B, H, and S, respectively)
are shown. The filter was hybridized with PFR1 (Fig. 2B),
washed free of probe, and then hybridized with pRepHind
(Fig. 2A). At least 60 separate restriction fragments from the
P. falciparum genome were detectable in the BgIII, HindIII,
and Sau3A lanes by either the pRepHind or PFR1 probes.
The plasmid and synthetic probes detected DNA fragments
that were nearly identical both in mobility and relative
intensity of signal.

Synthetic DNA amplification. An autoradiogram exposure
of three small filters containing duplicate dilutions of P.
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FIG. 3. Duplicate dilutions (10, 1, 0.1, and 0.01 ng) of P.
falciparum DNA on three separate filters were hybridized either
with pRepHind alone (plasmid), PFR1 alone (synthetic), or with
both probes in sequence (dual) and were exposed for 12 h.
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FIG. 4. Three 12-h autoradiogram exposures are shown of the

same filter containing 40 10-pul blood samples from patients in the
Uriri village, Kenya. (A) PFR1. (B) pRepHind. (C) pRepHind
followed by a second hybridization with PFR1. Mixed infections had
P. falciparum and P. malariae. The number of infected erythrocytes
per cubic millimeter in samples that contained P. falciparum are as
follows: Ai, 3,300 (mixed); A2, 0; A3, 11,000; A4, 100; AS, 0; A6,
90; A7, 13,500; A8, 50 (mixed); A9, 5,700 (mixed); A10, 600 (mixed);
A 1, 120; A12, 0; B1, 2,400; B2, 819; B3, 200; B4, 4,500 (mixed); BS,
28,000; B6, 3,200; B7, B8, 0; B9, 800; B10, 2,300; B1, 300; B12,
400; Cl, 100; C2, 60; C3, 500; C4, 16,000 (mixed); C5, 120; C6,
1,400; C7, 300; C8, 1400; El, 3,400; E2, 150; E3, 640; E4, 1,250
(mixed); ES, 1,000; E6, 150; E7, 870; E8, 1,800. Samples that
contained only P. malariae had 1,600 (A2), 800 (AS), 2,260 (A12),
3,600 (B7), 5,500 (B8), 1,250 (E4) infected erythrocytes per mm3.
Also included were identically processed 10- to 100-,ul blood sam-
ples from patients in Peru infected with P. malariae or P. vivax but
not P. falciparum (C9 to D3; D7 to D12) and 1-pi aliquots containing
1, 0.1, and 0.01 ng of P. falciparum DNA (D4 to D6) that were
directly spotted without processing.

falciparum DNA is shown (Fig. 3). The plasmid (middle) and
dual (lower) filters were hybridized with pRepHind and
washed together; and then the lower filter was removed,
briefly blocked, and hybridized with labeled PFR1. The
synthetic (top) filter was hybridized with PFR1 during the
second hybridization of the dual filter. The filters were
exposed together for 14 h. As shown in the exposures from
the top and middle filters (Fig. 3), the plasmid and synthetic
DNA probes strongly detected 0.1 ng ofP. falciparum DNA.
The dual hybridization with plasmid and synthetic DNA
probes detected 0.01 ng of P. falciparum DNA, and we
estimate that signals were amplified about five times com-
pared with those from the single probes.
Three 12-h exposures of a filter containing 40 10-pul blood

specimens from patients in Kenya are also shown (Fig. 4). In
Fig. 4A the filter was hybridized with kinase-labeled PFR1.
After removal of the PFR1 probe, the filter was hybridized
with pRepHind (Fig. 4B). In Fig. 4C the filter used for Fig.
4B was additionally hybridized for 1.5 h with the same PFR1
probe that was used for the top exposure and was re-exposed
for 12 h. With 12-h exposure times the synthetic and plasmid
DNA probes detected 22 and 26 samples, respectively, that
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were scored as positive by microscopic examination of thick
smears. By using sequential probes 32 of the 34 samples
scored as positive for P. falciparum by microscopic exami-
nation were detected. No false signals were obtained from
blood samples without P. falciparum. Also, as described in
the legend to Fig. 4, several samples containing high parasite
counts with P. malaria infections were not detected (e.g.,
samples A2 and B7). Ten-microliter samples with as few as

90 parasites per mm3 (Fig. 4C, sample A6) or 0.003%
infected erythrocytes were detected in a 12-h exposure by
using the sequential probe hybridization, although the reli-
able sensitivity limit was probably about 0.005% infected
erythrocytes (150 parasites per mm3; Fig. 4, samples E2 and
E6).

DISCUSSION
We directly compared three types of P. falciparum oligo-

nucleotide probes: genomic, plasmid, and synthetic DNA.
Within certain limits, all of these types of probes may prove

useful in the diagnosis of Plasmodium infection. Although
the genomic probe hybridized with heterologous Plasmo-
dium DNA, at least a 10-fold signal differential was observed
for other malaria species, with the notable exception of the
closely related and rare chimpanzee and gorilla parasite P.
reichenowi (6). Because the genomic probe hybridized al-
most identically with P. falciparum and P. reichenowi, it
appears that many of the DNA sequences of these species
are closely related. Unlike the genomic probe from our

previous P. falciparum DNA preparation (14), the genomic
probe used here did not detect 10-ng amounts of host DNA,
although it did detect 1-,ug amounts of human DNA (data not
shown). This reflects the importance of the purity of the
parasite preparation with respect to contaminating host
DNA.
The crucial advantage of plasmid and synthetic DNA

probes is that they are specific for the most pathogenic
malaria species P. falciparum, except for a minimal hybrid-
ization with the rare P. reichenowi species. Unlike the
genomic probe, plasmid and synthetic DNA hybridized at
least 10-fold less with P. reichenowi DNA compared with P.
falciparum DNA. Also, for PFR1 this cross-hybridization
could be eliminated by using 43°C washes, which had little
effect on the hybridization signals from P. falciparum (data
not shown). It therefore appears that the 21-base-long family
of repetitive sequences has changed much more rapidly
between P. falciparum and P. reichenowi than have most of
the genomic sequences. Such rapid evolution is frequently
reported for highly repetitive DNA (17). It appears, how-
ever, that the PFR1 family of sequences remains sufficiently
conserved within the species to detect P. falciparum from at
least three continents (3, 14, 16).

Results of Southern blot analysis suggest that the family of
repetitive DNA detected by PFR1 represents the dominant,
highly repeated sequence family in the P. falciparum
genome that is contained in the pRepHind clone. If the
pRepHind probe hybridized with abundant classes of P.
falciparum repeats not found by the synthetic PFR1 probe, it
is likely that additional repetitive bands would be detected or

that the relative intensity of some of the restriction frag-
ments detected would be significantly different between the
two probes. The Southern blot results suggest that PFR1 is
able to recognize similarly the repetitive DNA sequences of
P. falciparum. Because many of the 21-base-long repeats of
P. falciparum are slightly degenerate (3, 8, 16), many of the
oligomers probably remain hybridized with less than 21
hydrogen-bonded nucleotide pairs.

It also appears that plasmid probes are more sensitive than
synthetic probes. The synthetic probes had the highest
specific activity (about 109 dpmJug), but equal or slightly
stronger signals were usually obtained from plasmid probes
with specific activities of about 101 dpm/,ug. Because results
of the Southern blot analysis indicated that the plasmid and
synthetic probes are able to detect similarly the same regions
of the P. falciparum genome, the comparable sensitivity of
the plasmid probe of lower specific activity may be due to
the tailing or networking effect of long oligonucleotide
probes (21). Tails of long DNA probes represent sequences
that are not directly hybridized but that are labeled during
nick translation, and therefore, they contribute to the signal
obtained from adjacent covalently bound hybridized regions
of the probe DNA. If plasmid probes were labeled with
comparable specific activities, they may achieve about 10-
fold-greater sensitivity than corresponding synthetic probes
alone.
For obtaining acceptable specificity for plasmid-borne

DNA probes, results of preliminary experiments indicated
that filters must be washed at stringencies that significantly
decreased the hybridization efficiency of the complex and
variable-length probes, as has been observed by others (12).
Synthetic DNA probes are characterized by a rapid hybrid-
ization speed and high specificity (18); these are factors that
help to make the sequential hybridization procedure practi-
cal. The signal amplification may occur both because the
labeled synthetic DNA hybridizes with target P. falciparum
sequences that have lost plasmid sequences during washing
and because the synthetic DNA probe hybridizes to the
many PFR1 sequences that are found on tails of the long
hybridized plasmid DNA probe (3). Consistent with the
latter interpretation, pBR322 DNA fixed to filters is detected
after sequential hybridizations with unlabeled pRepHind and
32P-labeled PFR1, but not after sequential hybridizations
with unlabeled pBR322 and 32P-labeled PFR1 (data not
shown). At the reduced temperature of the synthetic DNA
hybridization and wash, few additional plasmid sequences
would be removed due to the mass contributed by the
synthetic DNA that hybridized to plasmid tails. As demon-
strated in the comparative hybridizations with field samples,
the enhanced signals obtained by the synthetic DNA ampli-
fication procedure may be useful in rapidly detecting low P.
falciparum parasitemias.
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