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Specific DNA Probe for the Diagnosis of
Plasmodium falciparum Malaria

ROBERT H. BARKER, JR., LAKSAMI SUEBSAENG, WILLIAM ROONEY,
GRraAcA C. ALECRIM, HEITOR V. DOURADO, DYANN F. WIRTH*

Malaria can be diagnosed cither by direct microscopic examination of blood smears,
which is time consuming and requires expertise, or by immunological techniques,
which are effective but do not distinguish between past and present infections. In this
study, a simple procedure was developed for spotting lysed blood from infected
patients directly onto nitrocellulose paper and identifying the malaria species on the
basis of hybridization of parasite DNA with a species-specific probe. A genomic DNA
library of Plasmodium falciparum was screened to detect clones containing DNA
sequences that are highly repeated within the parasite genome. Several such clones
were further analyzed to identify those that hybridize specifically with P. falciparum
DNA but not with DNA from humans, P. vivax, or P. cynomolgs. This technique
appears to be sensitive enough to detect 10 picograms of purified P. falciparum DNA
(equivalent to 100 parasites) and in field studies is able to detect approximately 40
parasites per microliter of blood.

PPROXIMATELY ONE THIRD OF THE
world’s population may be exposed
to the risk of malaria infection (1). It
is therefore not surprising that considerable
effort has been directed toward the control,

prophylaxis, ahd eventual eradication of this

Fig. 1. Specific hybridization of recombinant
plasmids with P. falciparum DNA but not with
human DNA. Erythrocytes infected with the
FCRa3 strain of P. falciparum were maintained in
vitro according to the method of Trager and
Jensen (12). Infected erythrocytes were concen-
trated by gelatin sedimentation, lysed with deter-
gent, treated with ribonuclease and proteinase K
(Boeringer), and extracted with phenol-chloro-
form according to standard methods (13). Plasmo-
dium falciparum DNA was then used to construct
a genomic library. DNA was partially digested
with Sau 3A (New England Biolabs) and was
cloned into the Bam HI site of pBR322 before
transformation of Escherichia coli strain HB 101.
Transformed colonies were identified by sensitiv-
ity to tetracycline and were then screened by
colony hybridization of duplicate nitrocellulose
filters (0.45 pwm, Schleicher & Schuell) using
radiolabeled (nick-translated) DNA from either
humans (placenta) or P. falciparum. Colonies
were selected that hybridized strongly with P.
falcsparum DNA. Plasmid DNA was isolated from
these colonies, digested, resolved, and transferred
to nitrocellulose as described in the text (14).
Filters were hybridized with either human (A) or
P. falciparum (B) nick-translated DNA to confirm
parasite specificity of cloned DNA. Numbers at
the side are base pairs x 1073,
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discase. Realization of these goals will ulti-
mately depend on the availability of sensi-
tive, simple, and inexpensive diagnostic
means of detecting parasites in order to
identify foci of infection and to evaluate the
effect of various control programs.
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Direct microscopic examination of blood
smears continues to be the method of choice
for diagnosing acute malaria. This method is
both sensitive and specific since malaria can
be differentiated from other potential infec-
tious agents, and the various Plasmodium
species can be readily distinguished. It is,
however, time consuming to examine each
slide, and a trained technician is required for
accurate identification when low numbers of
parasites are present. Immunodiagnostic
procedures such as the enzyme-linked im-
murioabsorbant assay (ELISA) for detecting
malaria antibodies are being developed and
tested (2). These methods provide impor-
tant information with regard to exposure to
malaria, but, owing to the persistence of
maldria antibodies after the disappearance of
malaria parasites from the blood, such tests
do not accurately discriminate between pres-
ent and past infections. Immunodiagnostic
methods for detecting antigen have also
been developed (3). These are useful for
detecting present infections, but antibody
for malaria antigen from a past infection
may interfere with this assay.

We report an alterriative approach based
on the use of cloned P. falciparum DNA for
the specific detection of parasites in infected
blood. This method detects current infec-
tions and should make it possible to measure
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parasite density in infected blood. This
method is readily adaptable to field use.
Blood obtained from a digital puncture is
lysed and applied directly to nitrocellulose,
so that there is no need for extraction with
phenol-chloroform or centrifugation of the
sample (4).

A P. falciparum genomic DNA library was
screened by colony hybridization using nick-
translated P. falciparum DNA. From an
initial screening of approximately 1000 col-
onies, 7 were chosen on the basis of hybrid-
ization intensity for further analysis. Plasmid
was isolated by the alkaline miniprep proce-
dure (5) and was double digested with the
restriction enzymes Hind III and Sal I. The
DNA was then analyzed by agarose gel
electrophoresis and transferred to nitrocellu-
lose filters by the Southern blot technique
(6); the filters were probed with either
radiolabeled human or P. falciparum DNA.
In the experiment shown in Fig. 1, none of
the clones hybridized to human DNA,
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Fig. 2. Species specificity and the pPF14 DNA
probe. Genomic DNA from humans, Plasmodium
Sfalciparum, P. vivax, or P. cynomolgi (2 ng each)
was digested, resolved, and transferred to nitro-
cellulose all as described in the text. The filter was
hybridized with nick-translated pPF14 and then
exposed to x-ray film for 2 hours at —70°C using
an intensifying screen. Longer exposure (up to 30
hours) did not reveal hybridization of the probe
with either human, P. vivax, or P. cynomolgi DNA.
Numbers at the left are base pairs x 1072,
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whereas all clones hybridized with various
intensities to radiolabeled P. falciparum
DNA. In one case (pPF14), hybridization
was notably more intense, suggesting that
the cloned fragment is more highly repeated
within the parasite genome.

Plasmid pPF14 was tested for species
specificity. DNA from humans, P. falci-
parum, P. vivax, and P. cynomolgi was digest-
ed with Dra I, resolved by agarose gel
electrophoresis, and transferred to nitrocel-
lulose by Southern blotting. The filter was
then probed with radiolabeled pPF14
cloned DNA. The results showed that
pPF14 hybridizes only to P. falciparum ge-
nomic DNA (Fig. 2). This probe was also
able to detect 10 pg of purified P. falciparum
DNA spotted onto nitrocellulose (Fig. 3);
this amount corresponds to the DNA con-
tent of approximately 100 P. falciparum
parasites (7).

We then tested the ability of the clone
pPF14 to detect parasite DNA in infected
blood. Blood samples were obtained from
infected patients at the Instituto de Medi-
cina Tropical de Manaus in Brazil (Fig. 4B)
or at the Malaria Clinic in Bangnamron,
Thailand (Fig. 4A). Blood samples were
diluted five times in dilution buffer and
spotted directly on nitrocellulose paper as
described above. Filters were then hybrid-
ized with pPF14, and the filters were ex-
posed to x-ray film. This clone specifically
hybridized with blood from patients infect-
ed with P. falciparum but not with blood
from patients infected with P. vivax (Fig. 4
and Table 1). There was a correlation be-
tween parasite density and hybridization
intensity, indicating that this method can be
standardized, which would be useful in epi-
demiological and vaccine surveys.

These experiments suggest a general
method for the development of highly spe-
cific DNA probes for diagnosis. By screen-
ing a genomic DNA library with radiola-
beled genomic DNA and selecting the colo-
nies that show the highest hybridization
intensity, repetitive sequences can readily be
selected. These sequences should provide
the greatest sensitivity when used as probes
because there are multiple copies in the
genome. Clones containing repetitive DNA
can then be screened for hybridization with
DNA from other species or strains to identi-
fy clones of the desired specificity.

In the present experiments, we focused
our cfforts on developing a species-specific
DNA probe for P. falciparum. This ap-
proach should not only yield probes specific
for other malaria species but could also be
used to develop probes that recognize finer
distinctions, such as the difference between
drug-resistant and drug-sensitive strains.
DNA probes have been developed for the

detection of a number of infectious agents
(8, 9), and many of these will be developed
into diagnostic techniques (9, 10). Because
sample preparation and collection are espe-
cially important considerations for diagnos-
tic techniques that will be used under field
conditions in developing countries, our em-
phasis in this work has also been to devise a
technique that requires a minimum of
equipment and sample handling.

Like other workers (4, 11), we noted that
when untreated, uninfected blood was spot-
ted onto nitrocellulose there was nonspecific
binding of the radiolabeled probe to ele-
ments in the blood. Therefore, we experi-
mented with sample treatment and hybrid-
ization conditions to minimize nonspecific
background associated with such elements.
Four aspects of the protocol were found to
be of particular importance. Lysis of blood
(required for efficient use of the filtration
manifold apparatus), in conjunction with
proteinase K digestion, greatly reduced the
background. Addition of 0.1 percent sodi-
um dodecyl sulfate (SDS) to the prehybridi-
zation solution further reduced nonspecific
binding. Finally, the time and temperature
at which filters were baked was important.
Baking for 2 hours at 50°C produced less
nonspecific binding than did baking at 70°C
for longer periods. These relatively minor
changes in protocol made it possible to
eliminate the extraction step.

Although we have been able to detect 10
pg of purified P. falciparum DNA, or ap-
proximately 100 parasites (7), with probe
pPF14, in the present study we were able to

® 0 o

Fig. 3. Sensitivity of pPF14 for P. falciparum
DNA. Purified P. falciparum DNA (strain FCR-
3) was spotted onto nitrocellulose. The filter was
treated as described in the legend to Fig. 4 and
hybridized with radiolabeled pPF14 plasmid. The
spot in (C), lane 1, represents our estimate of the
limit of sensitivity; similar results have been ob-
tained with P. falciparum DNA isolated from the
Honduras strain. The amount of P. falciparum
DNA spotted in each position is as follows: (A)
lane 1, 6.25 ng; lane 2, 3.12 ng; lane 3, 1.56 ng;
lane 4, 780 pg; lane 5, 390 pg; (B) lane 1, 195 pg;
lane 2, 97 pg; lane 3, 48 pg; lane 4, 24 pg; lane 5,
12 pg; (C) lane 1, 6 pg; lane 2, 3 pg; lane 3, 1.5
pg; lane 4, 0.75 pg; lane 5, no DNA.
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Fig. 4. Use of DNA probe pPF14 in diagnosis of
malaria (see also Table 1). Blood from infected
patients was drawn into tubes containing antico-
agulant. Samples were raised to 5 volumes in
NET buffer [150 mM NaCl, 5 mM EDTA, and
50 mM tris-HCI (pH 7.5)], and blood was lysed
by incubation for 30 minutes at 37°C in the
presence of 0.2 percent Triton X-100 and protein-
ase K; (100 pg/ml). Samples were then applied to
nitrocellulose paper that had been wetted with
NET buffer using a Minifold vacuum filtration
apparatus (Schleicher & Schuell). Filters were air-
dried (approximately 20 minutes), and DNA was
denatured for 10 minutes by placing filters on a
piece of Whatman paper saturated with 0.5M
NaOH and 1.5M NaCl. The filters then were
neutralized twice (10 minutes each) by transfer-
ring them to Whatman paper saturated with 3M
tris-HCI (pH 8.0). After air drying, filters were
baked for 2 hours at 50°C, then hybridized for 2
hours at 42°C in a solution containing 5x Den-

(50)

hart’s solution (0.02 percent Ficoll, 0.02 percent
bovine serum albumin, and 0.02 percent polyvi-
nylpyrrolidone), 5x standard saline citrate (SSC,
0.56M NaCl, 75 mM sodium citrate, and 345
mM acetic acid), herring sperm DNA (100 pg/ml,
Boeringer), 50 percent formamide, and 0.1 per-
cent sodium dodecyl sulfate (SDS). Labeled
pPF14 DNA (specific activity, 7 x 10® count
min~' pg') was heated for 5 minutes at 100°C.
Filters were hybridized for approximately 12
hours and then washed three times (30 minutes
each) at 50°C in 0.1x SSC and 0.5 percent SDS
before exposure to x-ray film. (A) Samples from
35 patients in Thailand; (B) samples from 3
patients in Brazil (numbers at top indicate micro-
liters of blood).

Table 1. Use of DNA probe pPF14 in diagnosis of malaria (see also Fig. 4).

Parasites (number)

Origin Sam- ) per 200 white blood (ﬂﬁ:‘s&% Intensity
of ple Diag- cellst micro- of
sample e nosist : P‘:l;'to:r of hybrid-

ber* P. falci- P. blood§ ization||
parum vivax
Thailand a2 F 130 5200 +++
(Fig. 4A) a4 F 70 2800 +++
bl F+V 21 1 840 ++
b5 F 186 7440 +++
b6 F 23 920 +++
3 F 25 1000 ++
d2 \% 11 440 -
d3 F 161 6440 +++
ds F 142 5600 +++
dé F 53 2120 ++
d7 F <1 <40 +
el F <2 <80 -
€2 \% 216 8640 -
c4 F 34 1360 +
e5 F 210 8400 +++
Brazil 1 \% 2500 -
(Fig. 4B) 2 A% 1050 -
3 F 3450 ++
Normal blood 0 -
Controls
Purified P. falciparum DNA (10 pg) ++
Purified P. vivax (50 pg) -
Purified human DNA (50 pg) -
*Refers to grid position in Fig. 4A and row number in Fig. 4B.  tF, P. falciparum malaria; V, P. vivax
malaria. All godsm samplesgin Fig. 4 were negative as dc%crmincd by microscopy and probe hybridization.

§Values calculated on the assumption of 8000 white blood cells
||Du%licatc samples from Thai patients were prepared and probed on another filter;

in Manaus (Brazilian patients).

similar relative hybridization of the probe was observed

1436

per microliter (Thai patients) or supplied by the clinic

detect 40 parasites per microliter of blood
using a 50-pl sample (a total of 2000 para-
sites), corresponding to a parasitemia of
0.0009 percent. There are a number of
possible explanations for the discrepancy
between the sensitivity of the probe with
purified DNA and with patient samples.
Parasite DNA in lysed blood samples may
not adhere as efficiently to nitrocellulose, or
may be subject to degradation by nucleases.
Further examination of problems associated
with treatment and handling of samples may
reveal ways to improve sensitivity.

Even though the probe technology in its
current state of development may be less
than optimal for the most sensitive diagnosis
(12), its sensitivity compares favorably with
that of the standard used in epidemiological
surveys (13), and the method offers the
major advantage of batchwise analysis of
samples. As judged from earlier data (13),
one microscopist can read 60 samples per
day; for the probe technology, we estimate
that one technician can process 1000 sam-

ples per day.
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