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SUMMARY

For the diagnosis of imported malaria, optical or immunochromatographic methods are known to be less sensitive and less

specific than PCR-based methods, which are conversely more complicated and time-consuming. An original strategy,

based upon the sequential use of a multiplex competitive real-time PCR detecting Plasmodium falciparum or Plasmodium

spp. infection, followed by, if necessary, a single real-time PCR for species identification, was therefore performed and

then tested versus conventional PCR in routine conditions. Conventional PCR has been used since October 1999 in the

Department of Parasitology, University Hospitals in Toulouse, as a 2nd line diagnostic method. Out of 183 patients

tested, 48 were found to be harbouring a falciparum infection by conventional microscopy, 60 by conventional PCR and 60

by multiplex competitive real-time PCR. Nine further patients had a non-falciparum infection, and concordant species

identifications were obtained by both conventional PCR and single real-time PCR. The major value of PCR-based

methods, when compared to microscopical techniques, was to ascertain the negativity of a suspect sample. Moreover, real-

time PCR allows simplification of the operating procedure, with a diagnosis being made within 2 h.
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INTRODUCTION

Imported malaria exerts a growing pressure on the

health system of developed countries. In France, as

reported by the National Reference Centre for Im-

ported Diseases (NRCID), 2927 cases were notified

in 1978, 4071 in 1999 and 4240 in 2000, with an es-

timated total which would be 2-fold higher (Danis

et al. 2002). Eighty-three percent of the infections

were due to Plasmodium falciparum. Among these

patients, 42% followed incorrect chemoprophylaxis

(regimen or drug), what can cause an uncommon

clinical picture (Klement et al. 2001), along with

very low falciparum parasitaemias.

For the laboratory diagnosis of imported malaria,

the PCR-based molecular methods have been found

to be more sensitive and specific than the con-

ventional optical (thin and thick blood smear exam-

ination, Quantitative Buffy CoatTM [QBCTM]) or

immunochromatographic techniques (Barker et al.

1989, 1992; Jaureguiberry et al. 1990; Brown et al.

1992; Snounou et al. 1993a, b ; Craig & Sharp, 1997;

Humar et al. 1997; Makler, Palmer & Ager, 1998;

Ciceron et al. 1999; Krudsood et al. 1999; Rubio

et al. 1999a, b, 2001; Tham et al. 1999; Zhong &

Kain, 1999).

In 1999, the Department of Parasitology of the

University Hospitals, in Toulouse, France,

consequently introduced a conventional PCR

method (c-PCR). Since then, this technique has been

routinely applied along with both thin blood smear

examination and QBCTM. A comparative assessment

of c-PCR and optical methods in a 529-patient set

confirmed and strengthened previously published

data from more limited samples (Morassin et al.

2002). Particularly, it was observed that conven-

tional methods for the diagnosis of imported malaria

missed 32 out of 136 cases found positive by c-PCR.

Low parasitaemias, often encountered among im-

ported malaria cases (immune immigrants, or trav-

ellers with partially efficient prophylaxis), explained

this high rate of false negative results as determined

by optical diagnostic techniques.

However, albeit the gold standard for both sen-

sitivity and specificity, c-PCR was found to be in-

convenient for the emergency diagnosis of malaria,

given the minimal time required (6 h). The so-called

real-time PCR, carried out with a LightCyclerTM ap-

paratus (Roche Diagnostics, Mannheim, Germany)

appeared likely to reduce this technical drawback

of c-PCR. In real-time PCR, the amplification step

is shortened since capillary tubes, which are better

for heat spreading, are used, and a final visualization

by electrophoresis or hybridization is not required.

Moreover, operating in sealed vials dramatically

limits the risk of contamination.

An original diagnostic strategy for imported ma-

laria, based upon the sequential use of a multiplex

competitive real-time PCR (mcrt-PCR), followed by
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a single real-time PCR (srt-PCR) was therefore set

up, and its results were compared to those from both

microscopical examination and c-PCR.

MATERIALS AND METHODS

Patients

From mid-June 2001 to the end of October 2001,

183 patients attending the emergency and trop-

ical medicine units of the University Hospitals in

Toulouse were tested. Any patient undergoing a

malaria diagnostic test was included. All diagnostic

tests, including microscopy (thin blood smear exam-

ination and QBCTM) and molecular methods, were

performed daily.

For each patient, 5 ml of whole blood were col-

lected into an EDTAvial. The study used the routine

sample provided by the clinical units for microscopy,

so patients’ informed consent was not required, ac-

cording to the general position of the Board for

Clinical Research of the University Hospital.

Conventional microscopy and QBCTM

Thin smears were made using blood from the

EDTA vial, then stained with May-Grünwald-

Giemsa (MGG). MGG-coloured slides were exam-

ined for at least 20 min by a pool of 4 senior clinical

biologists from the malaria unit in the Department

of Parasitology. QBCTM (Becton-Dickinson, Le Pont

de Claix, France) was performed on the EDTA

tubes according to the manufacturer’s instructions.

QBCTM was read for at least 10 min by the members

of the above-cited pool of senior clinical biologists.

Regarding sensitivity, the combined use of thin

blood smear and QBCTM is considered as equivalent

to thick blood smear examination (Lowe et al. 1996).

DNA extraction

DNA extraction was carried out within 24 h from

200 ml of whole blood from the EDTA vial, stored at

4 xC. A commercial DNA extraction kit (High pure

PCRTM template preparation kit, Roche Diagnostics,

Neuilly-sur-Seine, France) was used according to

the manufacturer’s specifications. The volume of the

DNA template was 200 ml, and the DNA concen-

tration varied between 400 and 600 mg of DNA/ml,

depending roughly on the value of the white blood

cell count. The c-PCR and real-time PCR were then

performed on the same DNA extract.

c-PCR

The detailed process has been previously described

(Morassin et al. 2002). Briefly, this PCR procedure

was based upon an amplification in microtubes

performed in a DNA thermal cycler type 480

(Perkin-Elmer, Courtaboeuf, France), followed by

electrophoresis and ethidium bromide staining.

Routinely, 2 distinct PCR assays were performed

simultaneously, one that detected parasites belong-

ing to the genus Plasmodium (Pspp-PCR), and one

that specifically detected P. falciparum (Pf-PCR).

Both tests were coupled with an internal amplifi-

cation control of the human b-globin gene, to check

for the absence of inhibitors. For every sample dis-

playing a positive Pspp-PCR and/or Pf-PCR, a se-

cond set of 3PCRassayswas subsequently performed

1day later.These additional PCRassayswere specific

for P. malariae, P. ovale and P. vivax. Primers used

for c-PCR are displayed in Table 1.

Real-time PCR

Originally, the working hypothesis had been to per-

form amultiplex real-time PCR for the simultaneous

detection of any of the 4 Plasmodium species. Such

multiplex real-time PCR assays have been previously

proposed for diagnosis, e.g. bacterial (Corless et al.

2001; Sloan et al. 2002) and viral (Mackay, Arden

& Nitsche, 2002; Tucker et al. 2001) diseases, and

have been found to be efficient and fast. However, an

initial experimental investigation showed that the

technical constraints for amplification, which were

identical for the primer pairs used for the detection

of Plasmodium genus and Plasmodium falciparum

species, substantially differed when primer pairs for

the species diagnosis were employed. Consequently,

it was decided to use 2 designs of real-time PCR

sequentially, both of which included fluorescence

visualization using SYBR Green I (Roche Diagnos-

tics, Mannheim, Germany). The first step of the

diagnosis relied upon a multiplex competitive real-

time PCR (mcrt-PCR) detecting first a P. falciparum

infection, if present, and then an infection by Plas-

modium genus. Competitive real-time PCR has been

mostly applied as a quantitative method (Widada

et al. 2001). In the present study, the competition

effect was used in order to bias the PCR reaction

towards the exclusive detection of P. falciparum or of

Plasmodium genus, according to the type of infec-

tious species.

If the result of mcrt-PCR was positive, a second

diagnostic step was carried out, that comprised 3 dif-

ferent single real-time PCR (srt-PCR) for the detec-

tion of P. malariae (Pm) or P. ovale (Po) or P. vivax

(Pv), and of a mixed infection, if any.

mcrt-PCR

Table 1 displays the primers which were employed.

Five ml of extracted DNA were dropped in a capil-

lary tube for LightCyclerTM, along with 15 ml of

LC FastStart DNA Master SYBR Green I, 4 mM
MgCl2, 0.08 mM BG07 and BG08 primer, 0.3 mM
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SSU1/SSU2 primer, and 0.7 mM Pf1/Pf2 primer.

Samples were put in the LightCyclerTM apparatus

along with negative and positive controls in order to

undergo, first 8 min of denaturation at 95 xC, then

45 amplification cycles for 15 sec at 95 xC, followed

by 10 sec of hybridization at 62 xC and finally 24 sec

of elongation at 72 xC. Once the amplification step

had ended, the total amount of double-stranded

DNA was quantified by the LightCyclerTM software

that measured the fluorescence from SYBR Green I.

This reagent is fluorescent only when fixed onto

double-stranded DNA. For every sample, a curve

was plotted by the software, that had the number of

amplification cycles on the X-axis, and the intensity

of fluorescence, expressed as an index, on the Y-axis

(Fig. 1).

Table 1. Oligonucleotides used for conventional PCR or real-time PCR

Name Specificity Base pairs Sequence Reference

L1/L2 P. spp.* 595 5k-GAC CTG CATGAA AGA TG Tan et al. (1997)
5k-GTA TCG CTT TAA TAG GCG

SSU1/SSU2 P. spp.# 291 5k-AGT TAC GAT TAA TAG GAG TAG Rubio et al. (1999a)
5k-CCA AAG ACT TTG ATT TCT CAT

Pf1/Pf2 P. falciparum*# 422 5k-GGA ATG TTA TTG CTA ACA C Tan et al. (1997)
5k-AAT GAA GAG CTG TGT ATC

PLF/MAR P. malariae*$ 269 5k-AGT GTG TAT CAA TCG AGT TT Rubio et al. (1999a)
5k-GCC CTC CAA TTG CCT TCT

PLF/OVR P. ovale*$ 436 5k-AGT GTG TAT CAA TCG AGT TT Rubio et al. (1999a)
5k-GCA TAA GGA ATG CAA AGA ACA G

Pv1/Pv2 P. vivax*$ 871 5k-CAC CAT TAA GTA CAT CAC Tham et al. (1999)
5k-TGT TAA TAC AAC TCC AAT

BG07/BG08 b-globin*# 262 5k-GGT TGG CCA ATC TAC TCC CAG G Saiki et al. (1985)
5k-TGG TCT CCT TAA ACC TGT CTTG

* Conventional PCR.
# Multiplex competitive real-time PCR.
$ Single real-time PCR.

Fig. 1. Fluorescence curves in mcrt-PCR of a falciparum infection, or of a Plasmodium species infection (P. ovale) or from

a negative subject (amplification of the human b-globin gene).
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With the LightCyclerTM method, the specificity

of the reaction when a given primer was used was

assessed by a specific melting temperature (Tm),

which was correlated with the dissociation of double-

stranded DNA. Following the amplification step,

the temperature in the reaction tubes quickly drop-

ped off from 95 xC to 65 xC, then progressively in-

creased, thus eliciting DNA dissociation. Tm

corresponded on the fluorescence curve to 50% of

the initial fluorescence index. The LightCyclerTM

software analysed this dissociation reaction and

plotted a curve where fluorescence was on the Y-axis

and temperature on the X-axis. The software calcu-

lated the derived function of the initial sigmoid

curve, so the Tm was in fact a breakpoint, and corre-

sponded with the apex of a peak (Fig. 2). This peak,

which indicated the Tm, was different for every

Plasmodium species and for the b-globin gene. Dur-

ing the developmental stage of the tests, the speci-

ficity of each Tm was checked by the measurement

of the size of real-time PCR products by agar gel

electrophoresis (Fig. 3).

srt-PCR

The primers which were used for identification of

P. vivax, P. malariae, and P. ovale are shown in

Table 1. As for c-PCR, an additional set of 3 different

real-timePCRwas used to detect any non-falciparum

infection.

Fig. 2. Melting curves in mcrt-PCR of a falciparum infection (left), or of a Plasmodium species infection (P. ovale, centre)

or from a negative subject (amplification of the b-globin gene, right).

Fig. 3. Electrophoresis gel of real-time PCR products.

Lanes 1 and 7, base pair markers; lane 2, sample positive

for a non-falciparum infection; lane 3, control sample

positive for a non-falciparum infection; lanes 4 and 5,

samples positive for falciparum infection; lane 6, control

sample positive for falciparum infection.
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Assessment of the sensitivity of the mcrt-PCR

Infected red blood cells from continuous cultures

of 2 P. falciparum strains (FCM 29, Cameroon, and

F32, Tanzania) were diluted in total human blood.

The initial parasitaemia was 35000 trophozoı̈tes/ml,
and the final concentration, after serial dilution using

an 1 : 10 ratio, was 0.00035 parasites/ml. The mcrt-

PCR was performed after DNA extraction of 200 ml
of each diluted sample.

Accession numbers to GenBank

The L1 L2 primers used for c-PCR for Plasmodium

spp. were targeted to regions of the mitochondrial

cox1 gene, according to Tan et al. (1997) and Tham

et al. (1999), but these authors did not give any

Accession number to GenBank. The GenBank refer-

ences of the nucleotide sequences of the other genes

used for the diagnosis were M76611, M54897,

L48986 and X13926 (real-time PCR for Plasmodium

spp./P. falciparum, P. malariae, P. ovale, and P.

vivax, respectively). The targeted loci were the

mitochondrion complete genome of P. falciparum

for M76611, the small subunit (SSU) ribosomal

RNA gene of P. malariae for M54897, the complete

sequence of the clone 26 SSU ribosomal RNA of

P. ovale for L48986, and the SSU ribosomal RNA

gene of P. vivax for X13926.

RESULTS

Features of positive samples

Using LightCyclerTM, the amplification of Plas-

modium DNA elicited an increase in fluorescence,

the position of which on the X-axis depended on the

level of parasitaemia (Fig. 1). The negative controls

indicated the background signal. Patient’s status was

yielded by the analysis of the corresponding Tm,

and by the comparison with those from positive and

negative control samples. That is, a negative sample

only peaked at 87 xC, which was specific for the am-

plification of b-globin gene, and indicated a lack of

PCR inhibitors. A patient with a P. falciparum in-

fection peaked at 78 xC. Since the molar ratio be-

tween the oligonucleotide pairs was calculated to

prioritize in this competitive amplification, first the

falciparum primers, then the Plasmodium genus

primers, and finally the b-globin primers, a patient

having a falciparum peak did not display any posi-

tivity for the b-globin gene, and only a moderate

peak for the Plasmodium genus. When an infection

by a Plasmodium species other than falciparum was

encountered, only a peak at 80.5 xC was observed.

Any sample exhibiting a positive result for P. fal-

ciparum or for Plasmodium genus was then tested by

3 specific srt-PCR. Typical Tm was 83.80 xC for a

malariae infection, 84.20 xC for an ovale infection,

and 77.30 xC for a vivax infection.

Detection of malaria infection

Whatever the P. falciparum strain used, FCM 29

or F32, the mcrt-PCR was found to have an exper-

imental sensitivity of 0.035 infected red blood

cells/ml, i.e. 35 P. falciparum trophozoites/ml. Out

of 183 patients, 48 were found to be harbouring a

falciparum infection by conventional microscopy,

60 by c-PCR and 60 by mcrt-PCR, respectively

(Table 2). Mc Nemar’s x2 result with Yates’s correc-

tion was 12.0 (P<0.001), thus indicating a sig-

nificantly improved sensitivity of both molecular

diagnostic methods. Moreover, c-PCR and mcrt-

PCR detected the same positive individuals. Re-

garding non-falciparum species, 9 patients were

found positive by QBCTM and thin blood smear

examination (1 P. malariae, 4 P. ovale and 4 P. vivax

infections). Concordant species identifications were

yielded by both c-PCR and srt-PCR.

Results from mcrt-PCR and srt-PCR were avail-

able within 2 h every working day. The cost of a di-

agnosis including reagents and technicians’ labour

was estimated at approximately 4.8E for a negative

sample, and 12.7E when positive. The depreciation

of the equipment accounted for a 17.0E extra charge,

on the basis of approximately 700 tests a year.

The most important technical failure was en-

countered with mcrt-PCR, given the competition

between the 3 pairs of primers. It looked like an

increase in the height of the b-globin peak, coupled

with a simultaneous decrease in that of both P.

falciparum and Plasmodium spp. peaks. Such a prob-

lem occurred when a newly synthesized batch of

primers was used for the first time, and was fixed by

a strict checking of mcrt-PCR’s efficacy, followed by

an adjustment of molar proportions, if needed.

DISCUSSION

Since 1903, the year when Ronald Ross introduced

the thick smear method, the laboratory diagnosis of

malaria has not basically changed. During roughly

Table 2. Comparative results from microscopy

(QBCTM and thin smear) and from multiplex

competitive real-time PCR for the diagnosis of

falciparum infection

Microscopy

Positive Negative Total

mcrt-PCR*
Positive 48 12 60
Negative 0 123 123
Total 48 135 183

Mc Nemar’s x2 : 12.0, P<0.0001.

* Multiplex competitive real-time PCR.
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the last decade, several major improvements have

arisen, namely the report of a PCR-based method

in 1989 (Barker et al. 1989), the introduction of

the QBCTM also in 1989 (Levine, Warldaw & Patton,

1989), and finally the so-called dip-stick technique

in 1993 (Shiff, Premji & Minjas, 1993). The value

of PCR for malaria diagnosis was recently reviewed

(Hänscheid & Grobusch, 2002). The authors

stressed that the benefits from PCR would be (a) to

confirm the diagnosis of malaria in patients with

symptoms, but having repeatedly negative mi-

croscopy examinations, (b) to confirm species identi-

fication, (c) to detect mixed infections, and (d) to

monitor the response to treatment. However, the

availability of a PCR result in a clinically useful time-

frame was stressed, a requirement notmet by c-PCR.

Currently, there is a single report on real-time PCR,

concerning simply the quantification of the para-

sitaemia during falciparum infection (Hermsen

et al. 2001). Hänscheid & Grobusch (2002) con-

cluded therefore that real-time PCR remained only

a potentially interesting method.

The present study, which reports the first com-

parative assessment of real-time PCR for the routine

diagnosis of imported malaria, addresses the above

concerns. Since October 1999, c-PCR has been used

in the Department of Parasitology of the Toulouse

University Hospitals, and has become the reference

method (Morassin et al. 2002). Tested versus c-PCR

in parallel on any patient for whom a malaria diag-

nostic was required, namely in the same routine con-

dition of laboratory testing, real-time PCR displayed

comparable sensitivity (mcrt-PCR) and specificity

(mcrt and srt-PCR). When the operating procedures

were compared, real-time PCR exhibited a decisive

advantage: from the beginning of DNA extraction to

the result on the LightCycler apparatus, the elapsed

time was 2 h vs 6 h for c-PCR. Moreover, real-time

PCR appeared to be less complicated to use rou-

tinely than c-PCR, since thewhole diagnostic process

was done in a single run and in a single tube. The

electrophoresis step was suppressed, and the raw

results were stocked as computer files, instead of

PolaroidTM pictures. Discarding electrophoresis im-

proved safety, since contamination hazards were

avoided.

More sensitive than optical methods, certainly

more specific than dip-stick assays, faster and easier

to use than c-PCR and straightforwardly quantifi-

able, mcrt-PCR and/or srt-PCR currently appears to

be a useful 2-line test in specialized laboratories,

being particularly useful to quickly rule out any ma-

laria infection in a patient found negative by classical

investigation methods.

The authors gratefully acknowledge Joëlle Beaudou,
Sandra Bernadets, Françoise Bertin, Annie Monier,
Catherine Proheze and Jean-Louis Duclos for their tech-
nical assistance.
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HÄNSCHEID, T. & GROBUSCH, M. P. (2002). How useful is

PCR in diagnosis of malaria? Trends in Parasitology

18, 395–398.

HERMSEN, C. C., TELGT, D. S., LINDERS, E. H., VAN DE LOCHT,

L. A., ELING, W. M., MENSINK, E. J. & SAUERWEIN, R. W.

(2001). Detection of Plasmodium falciparum

malaria parasites in vivo by real-time quantitative

PCR. Molecular and Biochemical Parasitology 118,

247–251.

HUMAR, A., OHRT, C., HARRINGTON, M. A., PILLAI, D. &

KAIN, K. C. (1997). Parasight F test compared with the

polymerase chain reaction and microscopy for the

diagnosis of Plasmodium falciparum malaria in travelers.

American Journal of Tropical Medicine and Hygiene 56,

44–48.

JAUREGUIBERRY, G., HATIN, I., D’AURIOL, L. & GALIBERT, G.

(1990). PCR detection of Plasmodium falciparum by

oligonucleotide probes. Molecular and Cellular Probes

4, 409–414.

KLEMENT, E., CHAUVEHEID, M.-P., THELLIER, M.,

BRICAIRE, F., DANIS, M. & CAUMES, M. (2001). Subacute

clinical forms of Plasmodium falciparum malaria in

travelers receiving chloroquine-proguanil prophylaxis.

Clinical Infectious Diseases 33, 1–2.

KRUDSOOD, S., WILAIRATANA, P., MASON, D. P.,

TREEPRASERTSUK, S., SINGHASIVANON, P. &

LOOAREESUWAN, S. (1999). Hidden Plasmodium

falciparum infections. The Southeast Asian Journal of

Tropical Medicine and Public Health 30, 623–624.

R. Fabre and others 20

https://doi.org/10.1017/S0031182003004219 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182003004219


LEVINE, R., WARLDAW, S. & PATTON, C. (1989). Detection of

haematoparasites using Quantitative Buffy Coat

analysis. Parasitology Today 5, 132–134.

LOWE, B. S., JEFFA, N. K., NEW, L., PEDERSEN, C., ENGBAEK, K.

& MARSH, K. (1996). Acridine orange fluorescence

techniques as alternatives to traditional Giemsa staining

for the diagnosis of malaria in developing countries.

Transactions of the Royal Society of Tropical Medicine

and Hygiene 90, 34–36.

MACKAY, I. M., ARDEN, K. E. & NITSCHE, A. 2002. Real-time

PCR in virology. Nucleic Acids Research 30, 1292–1305.

MAKLER, M., PALMER, C. J. & AGER, A. L. (1998). A review of

practical techniques for the diagnosis of malaria. Annals

of Tropical Medicine and Parasitology 92, 419–433.

MORASSIN, B., FABRE, R., BERRY, A. & MAGNAVAL, J. F. (2002).

One year’s experience of PCR as a routine method for

the diagnosis of imported malaria. American Journal of

Tropical Medicine and Hygiene 66, 503–508.

RUBIO, J. M., BENITO, A., BERZOSA, P. J., ROCHE, J., PUENTE, S.,

SUBIRATS, M., LOPEZ-VALEZ, R., GARCIA, L. & ALVAR, J.

(1999a). Usefulness of semi-nested multiplex PCR in

surveillance of imported malaria in Spain. Journal of

Clinical Microbiology 37, 3260–3264.

RUBIO, J. M., BENITO, A., ROCHE, J., BERZOSA, P. J.,

GARCIA, M. L., MICO, M., EDU, M. & ALVAR, J. (1999b).

Semi-nested, multiplex polymerase chain reaction

for detection of human malaria parasites and evidence

of Plasmodium vivax infection in Equatorial Guinea.

American Journal of Tropical Medicine and Hygiene 60,

183–187.

RUBIO, J. M., BUHIGAS, L., SUBIRATS, M., BAQUERO, M.,

PUENTE, S. & BENITO, A. (2001). Limited level of accuracy

provided by available rapid diagnosis tests for malaria

enhances the need for PCR-based reference

laboratories. Journal of Clinical Microbiology 39,

2736–2737.

SAIKI, R. K., SCHARF, S., FALOONA, F., MULLIS, K. B.,

HORN, G. T., ERLICH, H. A. & ARNHEIM, N. (1985).

Enzymatic amplification of beta-globin genomic

sequences and restriction site analysis for the diagnosis

of sickle-cell anemia. Biotechnology 24, 476–480.

SHIFF, C. J., PREMJI, Z. & MINJAS, J. N. (1993). The rapid

manual ParaSight-F test. A new diagnostic tool for

Plasmodium falciparum infection. Transactions of the

Royal Society of Tropical Medicine and Hygiene 87,

646–648.

SLOAN, L. M., HOPKINS, M. K., MITCHELL, P. S., VETTER, E. A.,

ROSENBLATT, J. E., HARMSEN, W. S., COCKERILL, F. R. &

PATEL, R. (2002). Multiplex LightCycler PCR assay for

detection and differentiation of Bordetella pertussis and

Bordetella parapertussis in nasopharyngeal specimens.

Journal of Clinical Microbiology 40, 96–100.

SNOUNOU, G., VIRIYAKOSOL, S., JARRA, W., THAITHONG, S.

& BROWN, K. N. (1993a). Identification of the four

human malaria parasite species in field samples by

the polymerase chain reaction and detection of a high

prevalence of mixed infections. Molecular and

Biochemical Parasitology 58, 283–292.

SNOUNOU, G., VIRIYAKOSOL, S., ZHU, X. P., JARRA, W.,

PINHEIRO, L., ROSARIO, V. E., THAITONG, S. & BROWN, K. N.

(1993b). High sensitivity of detection of human malaria

parasites by the use of nested polymerase chain reaction.

Molecular and Biochemical Parasitology 61, 315–320.

TAN, T. M. C., NELSON, J. S., NG, H. C., TING, R. C. Y. &

KARA, U. A. K. (1997). Direct PCR amplification and

sequence analysis of extrachromosomal Plasmodium

DNA from dried blood spots.Acta Tropica 68, 105–114.

THAM, J. M., LEE, S. H., TAN, T. M., TING, R. C. & KARA, U. A.

(1999). Detection and species determination of malaria

parasites by PCR: comparison with microscopy and

with ParaSight-F and ICT Malaria Pf tests in a clinical

environment. Journal of Clinical Microbiology 37,

1269–1273.

TUCKER, R. A., UNGER, E. R., HOLLOWAY, B. P. & SWAN, D. C.

(2001). Real-time PCR-based fluorescent assay for

quantitation of human papillomavirus types 6, 11, 16,

and 18. Molecular Diagnosis 6, 39–47.

WIDADA, J., NOJIRI, H., KASUGA, K., YOSHIDA, T., HABE, H.

& OMORI, T. (2001). Quantification of the carbazole

1,9a-dioxygenase gene by real-time competitive PCR

combined with co-extraction of internal standards.

FEMS Microbiology Letters 20, 51–57.

ZHONG, K. J. & KAIN, K. C. (1999). Evaluation of a

colorimetric PCR-based assay to diagnose Plasmodium

falciparum malaria in travelers. Journal of Clinical

Microbiology 37, 339–341.

Multiplex real-time PCR for imported malaria diagnosis 21

https://doi.org/10.1017/S0031182003004219 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182003004219

