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A TagMan-based real-time PCR qualitative assay for the detection of three species of malaria parasites—
Plasmodium falciparum, P. ovale, and P. vivax—was devised and evaluated using 122 whole-blood samples from
patients who had traveled to areas where malaria is endemic and who presented with malaria-like symptoms
and fever. The assay was compared to conventional microscopy and to an established nested-PCR assay. The
specificity of the new assay was confirmed by sequencing the PCR products from all the positive samples and
by the lack of cross-reactivity with Toxoplasma gondii and Leishmania infantum DNA. Real-time PCR assay
showed a detection limit (analytical sensitivity) of 0.7, 4, and 1.5 parasites/pl for P. falciparum, P. vivax, and
P. ovale, respectively. Real-time PCR, like nested PCR, brought to light errors in the species identification by
microscopic examination and revealed the presence of mixed infections (P. falciparum plus P. ovale). Real-time
PCR can yield results within 2 h, does not require post-PCR processing, reduces sample handling, and
minimizes the risks of contamination. The assay can therefore be easily implemented in routine diagnostic
malaria tests. Future studies are warranted to investigate the clinical value of this technique.

Mortality from malaria is higher today than it was 30 years
ago (18). Malaria is a reemerging disease that is spreading to
areas where it had been eradicated, such as Eastern Europe
and Central Asia.

The recent increase in population movement to and from
areas of endemicity through tourism, as well as migration due
to wars and socioeconomic factors, has resulted in higher num-
bers of imported malaria cases, where a parallel increase of
mortality, from 3.8 to 20% (6, 20), has been mostly ascribed to
late or incorrect diagnosis.

Sensitive routine laboratory techniques for rapid and accu-
rate malaria diagnosis are therefore desirable: first for diagno-
sis on admission, so as to initiate adequate treatment (14), thus
avoiding unwarranted administration of antimalarial drugs,
and second during the follow-up period in order to assess
treatment efficacy.

For the last 100 years malaria has been diagnosed by micro-
scopic examination of Giemsa-stained thick and thin blood
films (2, 26). However, it is well documented that microscopy
has limitations: it is time-consuming, and misdiagnosis of the
infecting species is common if the microscopist lacks experi-
ence and/or when the parasitemia is low (6, 12, 22, 24).

Alternative techniques for laboratory diagnosis of malaria
have been developed for use both in areas where malaria is
endemic and in areas where it is not. Serological diagnostic
methods and new rapid diagnostic tests (RDT) for antigen
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detection include Parasight-F (Becton Dickinson) (1), ICT
Malaria Pf/Pv (ICT Diagnostic) (25), and OptiMAL (Flow
Inc.) (15). The advantages offered by these methods, such as
the fact that a result can be obtained within half an hour by
nonskilled technicians, are tempered by three limitations (re-
viewed by Moody [13]). RDT methods do not offer improved
sensitivity over microscopy; the sensitivity decreases as para-
sitemias fall below 100 parasites/wl (11). False positives are
observed, particularly after treatment, as the parasite antigens
detected can remain in the circulation following parasite clear-
ance. Finally, current RDT are either specific to Plasmodium
falciparum or they cannot distinguish between the parasite
species present.

Several PCR assays for malaria diagnosis have also been
developed, most often based on genus- or species-specific
sequences of the parasites’ 18S subunit rRNA gene, single-
stranded rRNA (3, 7, 21, 22, 23). PCR-based assays have var-
ious advantages over microscopy and RDT: they are highly
specific and are capable of high sensitivity (6, 20, 23, 27), and
as few as five parasites per microliter of blood can be detected
(13). They are thus ideal for revealing the presence of mixed
infections overlooked by conventional methods (20, 22, 24).

However, current PCR-based assays often require multiple
PCR assays to be performed on each sample and an analysis of
the different PCR products and, moreover, do not provide
quantification of the parasitemia.

Real-time PCR—a new methodology that employs fluores-
cent labels to enable the continuous monitoring of amplicon
(PCR product) formation throughout the reaction—has re-
cently been adapted to detect all four human malaria parasites
indiscriminately and screen large numbers of samples (8),
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TABLE 1. Primers for nested PCR of 18S rRNA gene in malaria parasites

Species Primer Sequence (5'-3") Size of PCR product

Plasmodium sp. rPLUS CTTGTTGTTGCCTTAAACTTC 1.2 kb
rPLU6 TTAAAATTGTTGCAGTTAAAACG

P. falciparum rFALL TTAAACTGGTTTGGGAAAACCAAATATATT 205 bp
rFAL2 ACACAATGAACTCAATCATGACTACCCGTC

P. vivax rVIV1 CGCTTCTAGCTTAATCCACATAACTGATAC 120 bp
rVIV2 ACTTCCAAGCCGAAGCAAAGAAAGTCCTTA

P. ovale rOVALl ATCTCTTTTGCTATTTTTTAGTATTGGAGA 800 bp
rOVA2 GGAAAAGGACACATTAATTGTATCCTAATG

P. malariae rMAL1 ATAACATAGTTGTACGTTAAGAATAACCGC 144 bp
rMAL2 AAAATTCCCATGCATAAAAAATTATACAAA

while another real-time PCR-based method allows quantita-
tive detection of P. falciparum DNA in blood samples (4).

In this study a TagMan-based real-time PCR qualitative
assay for the rapid detection and identification in clinical spec-
imens of three malaria parasites (P. falciparum, P. vivax, and
P. ovale) is described and evaluated using whole-blood samples
obtained from patients admitted with suspected malaria. Re-
sults from the real-time PCR assay were compared to conven-
tional microscopy methods and to an established nested PCR
assay (23, 24).

MATERIALS AND METHODS

Blood samples. For this retrospective study, we tested 122 whole-blood sam-
ples collected at the Section of Microbiology of Parma Hospital and at the
Arcispedale of Reggio Emilia from patients returning from areas where malaria
is endemic and who presented with fever associated with symptoms that the
admitting physicians on duty considered indicative of a malaria infection (e.g.,
headache, abdominal pain, and diarrhea). The admission and clinical manage-
ment of the patients were undertaken independently of this study. Five milliliters
of blood was drawn into sterile tubes with EDTA, and thin blood films were
prepared at the time of sample collection. Aliquots (500 wl) of whole blood were
stored at 4°C or —20°C and used subsequently to purify templates for the PCR
assays.

Microscopy. The blood smears were stained with 1% Giemsa stain in phos-
phate-buffered saline (pH 7.0) (26) and examined under the microscope at a
magnification of X1,000 for the presence of malaria parasites. Blood films were
defined as negative if no parasites were observed in 300 oil immersion fields
(magnification, x1,000) on thin blood film by an experienced microscopist.
Parasite concentration was calculated as described previously for areas of non-
endemicity (13) by determining the number of parasitized red blood cells (not
individual parasites) seen in 10,000 red blood cells and expressing the number of
parasitized cells as a percentage (13). The approximate level of parasitemia
(number of parasites per microliter) was calculated; it was assumed that 1 wl of
blood contains 5 X 10° erythrocytes when the patient’s baseline erythrocyte
count was not available (13).

Preparation of DNA template. DNA was extracted from 200 pl of the blood
samples using the High Pure PCR template preparation kit (Roche, Indianap-
olis, Ind.) according to the manufacturer’s instructions.

Nested PCR. Purified DNA templates were used for amplification in a DNA
thermal cycler (GeneAmp 2400 PE) using a genus-specific primer set (Table 1)
as previously described (23, 24). In order to assess which of the parasite species
was present in each sample, four separate amplification reactions were per-
formed for the detection of each species (Table 1) (23, 24). All the oligonucle-
otides were synthesized by MWG Biotech S.r.l. (Ebersberg, Germany).

The PCR reagent mixture contained the following: a 250 nM concentration of
each oligonucleotide primer, 125 pM deoxynucleoside triphosphate (Boehr-
inger-Roche), 10X PCR buffer (500 mM KCI, 100 mM Tris-HCI [pH 8.3], 20 mM
MgCl,), and Tag DNA polymerase (2 U/100 pl; Boehringer-Roche). For each
PCR tube, 95 ul of PCR reagent mixture and 5 pl of DNA were used. The
reactions were subjected to 25 cycles (nest-1) under the following conditions:
initial denaturation at 95°C for 5 min, annealing at 58°C for 2 min, extension at
72°C for 2 min, denaturation at 94°C for 1 min, final annealing at 58°C for 2 min,
and final extension at 72°C for 5 min. Nest-2 was performed as nest-1, except that
30 cycles were performed.

Each experiment included four positive controls (consisting of P. falciparum, P.
vivax, P. ovale, and P. malariae genomic DNA, respectively, from positive blood
samples) and one negative control (consisting of sterile double-distilled water).

Real-time PCR. Primers (forward and reverse) and TaqMan fluorescence-
labeled probes for real-time PCR were designed using Primer Express software
(Applied Biosystems, Foster City, Calif.) to specifically amplify the P. falciparum,
P. vivax, and P. ovale 18S rRNA gene, in accordance with the sequences quoted
by Snounou et al. (23). The primers and/or probes of real-time PCR partly or
entirely overlapped with the species-specific nested-PCR oligonucleotides. The
forward and reverse primers (FAL-F-FAL-R, VIV-F-VIV-R, and OVA-F-
OVA-R) and probes (FAL probe, VIV probe, and OVA probe) employed are
shown in Table 2.

Purified DNA templates were amplified in an Applied Biosystems 7700 ana-
lytical PCR system (SDS version 1.7) with a species-specific primer set and with
the corresponding probe, synthesized by Applied Biosystems. Briefly, a 50-ul
PCR mixture was performed using 5 pl of template, 25 pl of TagMan 2X
(Applied Biosystems) universal PCR master mix, a 300 nM concentration of each
parasite species-specific primer set, and a 200 nM concentration of each corre-
sponding probe. Amplification and detection were performed under the follow-

TABLE 2. Primers and probes selected for TagMan PCR of 18S rRNA gene of malaria parasites

Species Primer or probe Sequence Nucleotide positions”

P. falciparum FAL-F 5'-CTTTTGAGAGGTTTTGTTACTTTGAGTAA 793-821
FAL-R S'-TATTCCATGCTGTAGTATTCAAACACAA 864-891
FAL probe (FAM) 5'-TGTTCATAACAGACGGGTAGTCATGATTGAGTTCA 829-863

P. vivax VIV-F 5'-ACGCTTCTAGCTTAATCCACATAACT 665-690
VIV-R 5'-ATTTACTCAAAGTAACAAGGACTTCCAAGC 777-806
VIV probe (TET) 5'-TTCGTATCGACTTTGTGCGCATTTTGC 695-722

P. ovale OVA-F 5'-TTTTGAAGAATACATTAGGATACAATTAATG 1515-1545
OVA-R 5'-CATCGTTCCTCTAAGAAGCTTTACAAT 1617-1643
OVA probe (VIC) 5'-CCTTTTCCCTATTCTACTTAATTCGCAATTCATG 1549-1582

“ The nucleotide positions are those reported in GenBank.
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ing conditions: 2 min at 50°C to achieve optimal AmpErase uracil-N-glycosylase
activity, 10 min at 95°C to activate the AmpliTaq Gold DNA polymerase, and 45
cycles of 15 s at 95°C and 1 min at 60°C. Each experiment included one reaction
mixture without DNA as a negative control, and each specimen was run in
duplicate.

During amplification, the ABI Prism sequence detector monitored real-time
PCR amplification by quantitatively analyzing fluorescence emissions. The re-
porter dye signal was measured against the internal reference dye signal to
normalize for non-PCR-related fluorescence well-to-well fluctuations. The
threshold cycle represented the refraction cycle number at which a positive
amplification reaction was measured and was set at 10 times the standard devi-
ation of the mean baseline emission calculated for PCR cycles 3 to 15.

(i) Analytical sensitivity. To establish the minimum number of parasites de-
tectable by the Plasmodium TaqMan assay (detection limit), blood samples from
four patients infected, respectively, with P. falciparum (two patients), P. ovale
(one patient), and P. vivax (one patient) were collected, and parasitemia was
calculated using patients’ baseline erythrocyte counts. The infected blood sam-
ples were diluted with uninfected erythrocytes from healthy individuals with
known baseline erythrocyte counts. Tenfold serial dilutions were made to obtain
a final parasitemia of 0% (0 parasite/ul of blood) for each sample.

All DNA aliquots purified from the dilutions were treated in duplicate for
real-time PCR assay (two for P. falciparum, one for P. ovale, and one for P. vivax)
in parallel to nested PCR.

(ii) Analytical specificity. To estimate the analytical specificity of the Plasmo-
dium TagMan assay, we obtained DNA from in vitro culture samples from other
protozoa, Toxoplasma gondii and Leishmania infantum.

(iii) Clinical sensitivity and specificity. The clinical sensitivity and specificity of
the Plasmodium TagqMan assay for detecting and identifying malaria parasites
were calculated on 122 whole-blood samples, using nested-PCR-based species
identification as the “gold standard” because of its superior performance over
microscopy (6, 12, 24, 27). Sensitivity was calculated as the (number of true
positives)/(number of true positives + number of false negatives), and specificity
was calculated as the (number of true negatives)/(number of true negatives +
number of false positives).

Genomic sequence analysis. All PCR amplification products obtained by both
nested and real-time PCR were sequenced with a Big Dye terminator sequencing
kit (Applied Biosystems) on an ABI Prism 310 sequencer (Applied Biosystems)
following the manufacturer’s instructions. Alignment of the sequences obtained
was performed using the following single-stranded rRNA sequences deposited in
GenBank (P. falciparum C-type, accession number M19173; P. vivax A-type,
accession number U03079; P. malariae A-type, accession number M54897; P.
ovale A-type, accession number 1.48987).

RESULTS

Real-time PCR: analytical sensitivity and specificity. Typical
displays (amplification plots) of the Plasmodium TaqMan assay
provided by ABI Prism 7700 for P. falciparum, P. ovale, and P.
vivax are shown in Fig. 1A, C, and E, respectively. Positive
signals (cycle threshold [Cy] value, value indicative of the tar-
get gene amount at which fluorescence exceeds a preset thresh-
old) were found for all dilutions, with a detection limit of 2.9
(not shown) and 0.7 parasite/ul for P. falciparum, 4 parasites/pl
for P. ovale, and 1.5 parasites/pl for P. vivax. The mean C.
values for P. falciparum (four replicates) ranged from 35.5
(0.016% parasitemia) to 37.6 (0.00001% parasitemia), those
for P. ovale (four replicates) ranged from 29.2 (0.14% para-
sitemia) to 39.1 (0.0001% parasitemia), and those for P. vivax
(five replicates) ranged from 24.3 (0.3% parasitemia) to 36.8
(0.00003% parasitemia). The C;. values showed reproducible
linearity over a 10,000-fold range. A significant correlation
coefficient was found for the mean C; values and value of
parasitemia (P. falciparum, R* = —0.952; P. ovale, R* =
—0.952; P. vivax, R* = —0.969) (Fig. 1B, D, and F).

No signal was detected by real-time PCR when DNA ob-
tained from non-Plasmodium protozoa species (7. gondii and
L. infantum) or from humans was used (data not shown).

J. CLIN. MICROBIOL.

Real-time PCR results compared to microscopy, nested
PCR, and genomic sequence analysis: clinical sensitivity and
specificity. The results of microscopy, real-time and nested
PCR, and genomic sequence analysis are given in Table 3.
Among the 122 subjects (50 Italians and 72 non-Italians) with
a suspected clinical diagnosis of imported malaria, 61 (50%)
were positive by microscopy. Of these, 43 (70%) were diag-
nosed with P. falciparum infection (parasitemia range, 20 to
10° parasites/ul), 11 were diagnosed with P. vivax infection
(parasitemia range, 300 to 15,000 parasites/ul), 2 were diag-
nosed with P. malariae infection (parasitemia, 3,000 and 5,000
parasites/pl), 3 were diagnosed with P. ovale infection (para-
sitemia range, 360 to 25,000 parasites/ul), 1 was diagnosed with
P. falciparum or P. vivax infection (parasitemia, 2,000 parasites/
wl), and finally 1 was diagnosed with Plasmodium sp. infection
(parasitemia, <500 parasites/pl). The remaining 61 samples
were negative.

Real-time PCR and nested PCR yielded identical results.
There was broad agreement with microscopy, except as fol-
lows: one P. falciparum infection diagnosed by microscopy was
shown to be a P. ovale infection in the other tests; one P. fal-
ciparum infection diagnosed by microscopy was shown to be
P. falciparum plus P. ovale infection in the other tests; one P.
falciparum or P. vivax infection diagnosed by microscopy was
shown to be a P. ovale infection in the other tests; one Plas-
modium sp. infection diagnosed by microscopy was shown to
be P. falciparum plus P. ovale plus P. malariae infection by
nested PCR and P. falciparum plus P. ovale infection by real-
time PCR; four P. vivax infections diagnosed by microscopy
were shown to be P. ovale infections in the other tests; one
P. ovale infection diagnosed by microscopy was shown to be a
P. vivax infection in the other tests; and one negative sample was
shown to harbor P. falciparum, by real-time PCR and nested
PCR. The remaining 60 samples negative by microscopy were
also negative in the other tests (Table 3). Two P. malariae-pos-
itive samples identified by microscopy were confirmed by
nested PCR but tested negative by real-time PCR amplifica-
tion where only the P. falciparum-, P. vivax-, and P. ovale-
specific primers/probes were used; these samples were there-
fore excluded from further analysis. Genomic sequence
analysis of both nested-PCR and real-time amplification prod-
ucts confirmed the presence of the same Plasmodium species
identified by the two PCR-based methods (Table 3).

Using nested-PCR results as the gold standard, real-time
PCR detected malaria parasites in all 60 positive samples
(100% sensitivity), with no detection of Plasmodium in the
remaining 60 negative blood samples (100% specificity).

DISCUSSION

The use of microscopy to detect malaria parasites in stained
blood smears remains to date the most practical and reliable
means for detecting parasites in blood samples (12, 26). This
technique is cheap and easy to perform, allows quantification,
and when performed by a skilled microscopist distinguishes
among the different stages of the four Plasmodium species
causing malaria in humans. However, it is well documented
that microscopy has limitations: for example, its sensitivity
decreases with the malaria parasite density in blood (5, 12).
When parasitemia is low, during mixed infections, after drug
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FIG. 1. Sensitivity of P. falciparum, P. ovale, and P. vivax real-time assay. (A) Amplification (as duplicate) of P. falciparum sample dilutions
containing 704 (Toto), 70 (1), 7 (2), and 0.7 (3) parasites/u.l. (B) Plot of mean C; values from four replicates tested against the P. falciparum DNA
inputs. The plot of C. values and DNA input fits a linear function (R* = 0.952). (C) Amplification (as duplicate) of P. ovale sample dilutions
containing 4620 (Toto), 462 (1), 46 (2), and 4 (3) parasites/ul. (D) Plot of mean C; values from four replicates tested against the P. ovale DNA
inputs. The plot of the Cy values and DNA input fits a linear function (R* = 0.952). (E) Amplification (as duplicate) of P. vivax sample dilutions
containing 15,000 (Toto), 1,500 (1), 150 (2), 15 (3), and 1.5 (4) parasites/pl. (F) Plot of mean Cy values from five replicates tested against P. vivax
DNA inputs. The plot of C. values and DNA input fits a linear function (R* = 0.969).

treatment, or during the chronic phase of the infection, very
long observation times and considerable expertise are required
for correct diagnosis, and these are not always available at local
medical centers in countries where the disease is not endemic
(6).

In Italy, although for 80% of the cases less than 1 week
elapses from the onset of malaria symptoms to microscopic
diagnosis, the average time is 8.5 days, with a range of 1 to 28
days (19). As shown by various studies, PCR-based assays are
more specific and sensitive than microscopy for detecting and

identifying malaria parasites (10, 16, 17, 22, 23, 24, 27). It is
vital to distinguish between the different Plasmodium species in
order to administer the adequate antimalarial treatment. For
instance, widespread resistance of P. falciparum to first-line
and second-line antimalarial drugs such as chloroquine and
pyrimethamine-sulfadoxine (Fansidar) in some countries ne-
cessitates the use of quinine or artemisin derivatives for rapid
resolution of the parasitemia in vulnerable nonimmune pa-
tients (14). Several PCR assays based on the 18S rRNA genes
have thus been developed for the diagnosis of malaria (7, 21,
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TABLE 3. Detection of malaria parasites by various methods

Malaria-causing

Organism(s) detected by each method (no. of samples)

species’ Microscopy Real-time PCR

Nested PCR Genomic sequence analysis”

P. falciparum P. falciparum (43) P. falciparum (41)

P. ovale (1)

P. falciparum + P. ovale (1)

Non-P. falciparum  P. falciparum or P. vivax (1)

Plasmodium spp. (1)

P. ovale (1)

P. vivax (11) P. vivax (7)
P. ovale (4)
P. malariae (2) Negative (2)
P. ovale (3) P. ovale (2)
P. vivax (1)
Negative Negative (61) P. falciparum (1)
Negative (60)
Total 122 122

P. falciparum + P. ovale (1)

P. falciparum (41)
P. ovale (1)
P. falciparum + P. ovale (1)

P. falciparum (41)
P. ovale (1)
P. falciparum + P. ovale (1)

P. ovale (1) P. ovale (1)

P. falciparum + P. ovale + P. malariae (1)  P. falciparum + P. ovale® (1)
P. vivax (7) P. vivax (7)

P. ovale (4) P. ovale (4)

P. malariae (2) P. malariae? (2)

P. ovale (2) P. ovale (2)

P. vivax (1) P. vivax (1)

P. falciparum (1)
Negative (60)

P. falciparum (1)
Negative (60)

122 122

“ Malaria species are classified according to the diagnosis obtained from the blood slide examination.
b Sequences were obtained for all the PCR products resulting from both amplification methods, except for the two P. malariae-positive samples. The sequences were

the same in all cases and confirmed the species diagnosis.
¢ Genomic sequence analysis was not carried out.

4 Genomic sequence analysis was only performed for the nested PCR amplification product.

22, 23). These assays are, however, not adequate for use in a
clinical setting, since the turnaround time from admission to
diagnosis is incompatible with the urgency to initiate treat-
ment. Recently developed RDT provide the necessary speed
but perform poorly when parasite loads are low and are inad-
equate in cases where identification of the parasite species is
desirable.

In this study we evaluated a real-time PCR qualitative assay
for the detection of P. falciparum, P. vivax, and P. ovale in clin-
ical specimens. Parasites were detected in 62 out of 122 blood
samples collected on admission from patients with suspected
malaria infection and who had traveled to areas where malaria
is endemic.

All samples were tested by real-time PCR using the three
species-specific primer sets and probes. The specificity of the
assay and the absence of contamination were confirmed. The
two P. malariae samples positive by microscopy and by nested
PCR were negative by real-time PCR that detects only P.
falciparum, P. vivax, and P. ovale species. In addition, genomic
sequence analysis of the PCR products amplified by both
methods confirmed specificity. We are now searching for a
specific DNA target for the detection of P. malariae. As re-
ported by Liu et al. (9), the rRNA gene of P. malariae has
variant sequences; thus, sequencing of the gene from different
isolates would be required to find universally conserved re-
gions. In addition, real-time PCR requires the use of oligonu-
cleotide sets with a low amount of CG, and this has also
hampered the design of P. malariae-specific primers. Though
the distribution of P. malariae is global and the infection can
last for many years, infection due to P. malariae is relatively
rarely observed in imported malaria.

The real-time PCR described here equaled the very high
sensitivity of the established nested-PCR assays (13, 22) and
showed a detection limit (analytical sensitivity) of 0.7, 4, and
1.5 parasites/pl for P. falciparum, P. ovale, and P. vivax, respec-
tively. It is noteworthy that in our study where an experienced
microscopist scored the stained blood smears, missed infec-

tions as well as misdiagnoses were common (9 out of 61, or
14.7%). Nonetheless, the clinical sensitivity of microscopy was
high at 98% (61 of 62), even though the accuracy of identifi-
cation was only 86% (53 of 61; the one Plasmodium sp. was
not included). Malaria parasites were detected in one sample
found negative by microscopy, two mixed infections (with P.
falciparum plus P. ovale) were brought to light by both PCR
assays, and finally in seven cases the correct species of parasite
was misdiagnosed by microscopy. In the third of these
groups, P. ovale was the species most frequently misdiagnosed
(mistaken for P. falciparum once and for P. vivax four times).
Thus, compared to the gold standard nested-PCR assay (23,
24), real-time PCR is highly sensitive (100%) and specific
(100%) for the simultaneous detection of three Plasmodium
species.

The main advantages of real-time PCR over nested-PCR
assays are that (i) it is far less labor-intensive (only one PCR
step, compared to at least two in nested PCR); (ii) it is per-
formed in a closed system where post-PCR handling is not
required (i.e., transfer of amplified template from the primary
to the secondary amplification reaction and agarose gel elec-
trophoresis for the detection of PCR products; this constitutes
a major advantage since the risks of contamination are mini-
mal); and finally (iii) the result of the assay can be obtained in
only 2 h, versus a minimum of 8 h with nested PCR. The
real-time PCR assay offers a practical and clinically acceptable
alternative to rapid and accurate diagnosis of malaria infec-
tions in patients presenting with symptoms indicative of this
disease.

To the best of our knowledge, two real-time PCR-based
methods have already been described, one for quantitative
detection of P. falciparum and the other for the qualitative
detection of Plasmodium spp. in blood samples (4, 8). The
real-time PCR developed in this study allows the simultaneous
detection and quantification of P. falciparum, P. vivax, and P.
ovale, the three parasite species responsible for most malaria
admissions in areas of endemicity as well as areas of nonen-
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demicity. It will be especially useful in countries where malaria
is not endemic, where there is often a lack of microscopists
experienced in malaria diagnosis. The assay is suitable for
routine screening of Plasmodium sp. infections in clinical lab-
oratories as an adjunct to other diagnostic methods such as
blood film examination. The assay would be useful for in vivo
drug efficacy studies, where it is important to detect resistant
parasites before they reach high levels and result in a clinical
recrudescent episode.
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