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The use of DNA probes for malaria diagnosis:
Memorandum from a WHO Meeting*

Current progress in the development and potential application of DNA probes for
malaria diagnosis was reviewed at an informal WHO Consultation in Geneva in October
1985. The development and use of such probes for malaria diagnosis is based on the
premise that within any organism there are unique DNA sequences which differentiate that
organism from closely related organisms. DNA probes specific for Plasmodium
falciparum have been developed in several laboratories. Their major characteristic is that
they are highly repeated within the P. falciparum genome. Their reported sensitivity in
laboratory studies offrom 5-10 pg to I ng DNA, which is equivalent to 102_104 ring-stage
parasites in a single sample, appears to be well within the range of that obtained by
standard microscopical diagnosis. The technique, therefore, apparently has potentialfor
operational use. A test based on use of the complete genome of P. falciparum has also
been developed, and studies have recently been initiated on the diagnostic application of
RNA probes and DNA probes specific for the human malaria parasites.

Limited field evaluation of these probes indicates a sensitivity which compares well
with that of traditional microscopy. However, this is based on the use of 32p as a radio-
active marker so that the test cannot be used in situations where there is no well-equipped
laboratory. Attempts are, therefore, being made both to simplify the test and to develop
non-radioactive methodsfor labelling the probes. The application of these techniquesfor
malaria diagnosis within primary health care is discussed.

INTRODUCTION

Since Laveran's discovery of the malaria parasite
in 1881 the microscope has played a crucial role in the
diagnosis of malaria, particularly in individual cases
where species identification of the parasites and
assessment of their density constitute important
criteria for the selection of the appropriate treatment.
The appearance and spread of chloroquine- or multi-
drug-resistant Plasmodium fakciparum has height-
ened the importance of microscopical diagnosis

This Memorandum is based on the report of an informal WHO
consultation held in Geneva on 2-4 October 1985. The names of the
participants are given on pages 651-652. Requests for reprints should
be sent to Research and Technical Intelligence, Malaria Action
Programme, World Health Organization, 1211 Geneva 27, Switzer-
land. A French translation of this Memorandum will appear in a later
issue of the Bulletin.

because alternative drugs are expensive and their pre-
sumptive use is both uneconomical and unwise.
The present widespread practice of such presump-

tive treatment of malaria cases at the peripheral level
of the primary health care system, followed by exam-
ination of blood films at district or higher levels and
eventual curative treatment, entails a waste of
medicaments as well as the risk of promoting drug
resistance and, what is probably most serious, a life-
threatening delay in starting curative medication.
Apart from its use in the care of patients, micro-
scopical diagnosis of malaria also plays an important
part in epidemiological investigations. It has become
an indispensable tool in the study of the dynamics of
malaria and in the evaluation of malaria control
measures.

Microscopy has many advantages as a diagnostic
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test for malaria. It is sensitive (e.g., a good micros-
copist can detect one parasitized cell in 1 x 106 red
blood cells), and is species-specific and stage-specific.
It can also provide information about the viability of
any parasite present in peripheral blood and such
knowledge may be helpful when the response to treat-
ment is being assessed. The examination of blood
films can be quantified by counting the number of
high-power fields that contain one or more parasites
or by determining the ratio of parasites to white
blood cells in a thick blood film. Precise quantitation
is obtained by combining microscopical examination
of blood films with a red blood cell count.
The disadvantages of microscopy are that it re-

quires a skilled microscopist and a well-maintained
high-power microscope, facilities which are often
lacking at the peripheral levels of the primary health
care system. It is also slow, as routine examination of
a thick blood film takes 5-10 minutes or longer if low-
level parasitaemias are to be detected reliably.
For primary health care of patients in malarious

areas there is a need for simple, rapid diagnostic tests
which can be used at all levels of the system and which
can produce unambiguous results, particularly at the
field level when the patient is at the health clinic.
While microscopical diagnosis may be possible in
these circumstances, it will not be practicable in the
majority of malarious areas in the world, especially in
tropical Africa. Thus alternative methods to micros-
copy should be found. Techniques based on antigen
detection or deoxyribonucleic acid (DNA) probes
may offer suitable approaches.

This Memorandum describes the present state of
development and the potential application of DNA
probes for malaria diagnosis. Details on other
potential methods may be found in the report of a
WHO Scientific Group on the biology of malaria
parasites (11).

MALARIA DIAGNOSIS IN THE CONTEXT OF
PRIMARY HEALTH CARE

Diagnostic facilities are required at three levels of
the primary health care system:

-well-equipped central laboratories;
-peripheral health reference laboratories;
-appropriate facilities for primary health care field
conditions.
With the change of antimalaria strategy from

eradication to control and with the development of
control activities as an integral part of national
primary health care systems, emphasis is now placed
on malaria as a disease. Appropriate patient care has
therefore become fundamental to malaria control,

just as vector control had been to malaria eradication
in the past. Considering the problems of drug-
resistant falciparum malaria, the difficult economic
situation in the affected countries, and the limited
expectations of obtaining new antimalarials, rational
use must be made of the available drugs and every
malaria patient should receive effective treatment.
This can only be achieved by providing facilities that
ensure adequate and routine diagnosis of infections,
assessment of the response to treatment, follow-up of
individual cases, and quality control of routine
microscopical diagnosis.
Adequate microscopical facilities for diagnosis of

individual patients are available at the central
laboratories and, in general, at peripheral health
laboratory levels but rarely under field conditions. In
principle, the microscopical facilities at the central
laboratory level are also available for the epidemio-
logical studies required for adequate malaria control
operations such as epidemiological surveys, surveil-
lance of malaria foci, and monitoring of the malaria
situation. However, these studies involve the process-
ing of large numbers of blood samples which is a
time-consuming task entailing major logistic prob-
lems. Diagnostic methods which can be automated
would therefore have a major impact on malaria
control operations at this level.
As these diagnostic tests fulfil different functions,

they will require different specificities and sensitivi-
ties depending on the objective of the study and/or
the level of the health system at which they will be
used. For example, while high sensitivity will be
important for a test that is to be used for individual
diagnosis in areas with relatively low communal
immunity, it will be of little importance for individual
diagnosis in areas with intensive malaria trans-
mission, e.g., tropical Africa. In these areas, where
the majority of the population might have low-grade
parasitaemias without suffering from malaria, it
would be more appropriate to have tests with a
critical sensitivity of 1000 to 10 000 asexual parasites
per microlitre of blood. Such a semiquantitative test
providing a rough indication of the degree of para-
sitaemia would, in fact, be an advantage. The re-
quired characteristics for malaria diagnostic tests in
both clinical and epidemiological situations are sum-
marized in Table 1.

BASIC TECHNOLOGY FOR THE USE OF
DNA PROBES IN DIAGNOSIS

General principles ofDNA probes
The development and use of DNA probes for the

diagnosis of malaria is based on the premise that
within any organism there are unique DNA sequences
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Table 1. Relative value of various characteristics for malaria diagnostic tests in clinical and epidemiological situations

Characteristic Patient diagnosis Epidemiological studies

Sensitivity Immune population + + + + + + a
Non-immune population + + + +

Species specificity + + + + + + + + a

Quantitation of parasite density:
High parasitaemia Immune population + + + +

Non-immune population +

Low parasitaemia Immune population - + + +
Non-immune population + + +

Result available immediately + + + + +

Ability to process large number
of samples + + + + + + a

Stage specificity + + + + +

Use of radioisotope in test Not acceptable Acceptable

a Appropriate DNA techniques available.

which differentiate that organism from closely
related organisms. Thus the development of a DNA
probe demands that such sequences be identified and
isolated. This usually requires the use of recombinant
DNA (rDNA) techniques both in the identification of
potential probe and target sequences and in the
eventual production of DNA probes for use as
diagnostic tools. The DNA target sequences could
include highly repeated elements within the genome
of the malaria parasite or genes known to code for a
particular molecule, for example the genes coding for
ribosomal ribonucleic acid (rRNA). A future de-
velopment of DNA probes might include probes that
can differentiate between drug-resistant and drug-
sensitive parasites.
Once a DNA probe has been identified and iso-

lated, it can be used for diagnosis. The reaction on
which this diagnostic test is based is the denaturation
and renaturation of the complementary DNA
strands. Within any DNA probe or target sequence,
the nucleotide bases are arranged in a specific order.
Denatured DNA can only renature if the bases are in
the same order. Thus, two strands of DNA, one in the
target sequence and the complementary one in the
probe, must be identical in sequence for them to re-
nature or hybridize (see Fig. 1). The probe DNA will
not hybridize with other DNA sequences which do
not contain the same order of nucleotides. This prin-
ciple imparts the specificity to these tests.

Production of a labelled probe: labelling methods
In order to detect the hybridization reaction, the

probe must be labelled so that it can be visualized. At

present the most common method uses a radioactive
isotope which is detected on a photographic plate.
Other methods of detection, such as biotin labelling,
are under development. The following three ap-
proaches are available.

(a) Direct labelling ofDNA sequences. To obtain a
labelled probe, the DNA fragment is first artificially
nicked by appropriate enzymes and then DNA poly-
merase I is added together with deoxyribonucleotide
triphosphates which the enzyme polymerizes into the
new strand. If one of the triphosphates is labelled, for
example, with 32p or biotin, the probe is produced
with a detectable marker. This method is called nick
translation.
The advantages of this method, combined with the

isolation of the DNA probe in a suitable plasmid, are
that it is easy to perform, it amplifies the signal from
the marker, and it can be used for labelling with both
radioactive and biotin labels. The disadvantages are
that unspecific hybridization may occur owing to the
presence of sequences from the plasmid and that
reannealing may occur, thereby reducing the affinity
of the probe for the target DNA.
The bacteriophage M13 can also serve as a vector

for the construction of DNA probes. This phage is
unusual since its DNA can exist in the single-stranded
state. It can be labelled by partial synthesis of a
second strand. Alternatively, the double-stranded
form of theM 13 vector itself can be labelled and used
as a "secondary probe" making it unnecessary to
label each individual probe. The advantage of using
M13 is that a high specific activity can be achieved
with 32P-labelling and that biotin-labelling is also
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Fig. 1. Method used for filter hybridization of DNA probes to P. fakiperum DNA.
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possible. As the DNA ofM13 is single-stranded, com-
petition between reannealing and hybridization with
the target DNA is not a problem. One disadvantage
of the M13 technique is that non-specific hybrid-
ization with human DNA may occur owing to the
presence of sequences from the bacteriophage.

(b) RNA copies of cloned DNA sequences. RNA
copies of specific DNA sequences can be produced
using RNA polymerase whose function in nature is to
copy genes for translation into protein. The product
of RNA polymerase is a RNA copy of DNA which
still contains the base sequence of the DNA and can
hybridize with it. A label can be incorporated into
the RNA copy by using radioactive ribonucleotide
triphosphates.

Tests based on this approach are also easy to
perform and labelling of the probe with 32p can be
achieved at high specific activity similar to that of
DNA probes produced in the bacteriophage M13.
These also are single-stranded, and therefore no
competition exists between reannealing and the target
DNA. Moreover, these probes do not contain
plasmid sequences, and, as RNA-DNA hybrids are
more stable than DNA-DNA hybrids, a higher
stringency in carrying out the hybridization reaction
can be used, thereby reducing unspecific back-
ground.

Preliminary studies have been carried out on the
application of RNA probes for malaria diagnosis (6).
Such a probe labelled with 32p was obtained by in
vitro transcription, using RNA polymerase, of the
linearized recombinant produced by cloning the Rep2
DNA into the Hind III site of a pSP64 plasmid
vector. As it is possible to obtain a higher specific
activity using radiolabelled RNA probes, the SP6-
RepHind RNA was found to be more sensitive than
the Rep2 DNA probe in detecting DNA from
P. falciparum, parasitaemias of 0.0001% being
detected in 100 1u of packed infected red cells (i.e.,
approximately 1000 P. falciparum parasites).
Furthermore, weak background signals sometimes
observed with the use of DNA probes were not
observed with this RNA probe.

(c) Alternative approaches. Although DNA has
mostly been used as the target molecule for the
development of diagnostic tests based on hybrid-
ization technology, any unique sequence from the
parasite genome could be used as a target for a
hybridization probe. However, as sequences present
in a single copy render the assay insensitive, it is desir-
able to choose, as the target, sequences that are
repeated many times in the genome.

Parasite RNA can be used instead of parasite DNA
as a target for hybridization. The advantage is that
transcription leads to amplification of the sequence,
an interesting choice being ribosomal RNA which is

present in more than a million copies per cell. The
disadvantage of this approach is that ribosomal RNA
genes are conserved between related species and this
could render the assay less specific. RNA is, more-
over, less stable than DNA and the assay would
require more careful handling of samples than for
tests using a DNA target. Labelling with non-radio-
active markers, such as biotin, has so far not been
very successful. Cloned rDNA genes are available
from P. falciparum and their use as diagnostic tools
should be investigated.
A further advantage of developing probes for such

RNA targets is that they should, at least in theory,
allow discrimination between different parasite
stages since different RNA sequences are likely to be
expressed during each stage of the parasite life-
cycle.

Chemical synthesis
An alternative to using cloned DNA probes derived

from bacteria is the chemical synthesis of the
oligonucleotides. This approach relies on a prior
knowledge of the base sequences of the target DNA.
Large amounts of such "tailor-made" probes can
be produced in a short time by chemical synthesis
of oligonucleotides based on the DNA sequence
of specific probes. At present, however, labelling
with 32p leads to a probe with low specific activity and
successful hybridization depends on accurate match-
ing of the base sequences of the chemical probe with
the target DNA. This may be a problem when dealing
with high repeated sequences that vary slightly in the
sequence of each repeat.

Collection of blood sample for analysis

A measured volume of blood should be obtained to
allow comparability between samples and to facilitate
quantitation of the assay. To this purpose, the easiest
method is the direct collection of blood from a finger-
prick into a capillary tube of known volume. A less
satisfactory alternative is to allow blood to soak into
filter-paper which has been singed or marked in some
way so that a sample covering the designated area has
an approximately determined volume.
At present, blood samples for analysis with DNA

probes are collected in heparinized capillary tubes,
after which the sample (100 d1 or less) is dispensed
into a small vial. This procedure is not difficult to
perform, is relatively inexpensive, and is feasible pro-
vided that facilities are available for processing the
samples. However, this method could present
problems when large numbers of samples are
involved or when transport of samples over long dis-
tances to a central laboratory may be necessary. A
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simplified method needs to be developed like, for
example, direct application of the sample onto nitro-
cellulose paper although the problem of handling the
paper in the field would have to be overcome. Such
samples in a dried form could be kept easily or sent
through the mail to the laboratory for testing. A
variation of filter-paper collection, if possible, would
be an ideal solution.

CURRENT STATUS OF DEVELOPMENT OF
DNA PROBES FOR MALARIA DIAGNOSIS

The identification of probes specific to each
malaria parasite species and with a practical degree of
sensitivity is essential to the development of DNA
techniques for diagnosis. Such probes must recognize
all strains of a particular species and not just those
from which they were derived. In addition, they must
not react with human DNA or the DNA from other
organisms likely to be present in the samples to be
tested.
The potential use of DNA probes as an alternative

to blood film examination for diagnosis would offer
several advantages provided the technical difficulties
for the field application of a test based on these
principles can be overcome. The most important and
immediate advantage is that such a test could be
automated, thereby reducing the time required to
carry out a single diagnosis. This would be especially
useful in large surveys of malarious populations in
which thousands of samples may have to be screened.
At the present stage of development, the sensitivity
and specificity of tests based on DNA probes com-
pare favourably with those obtained by light micros-
copy. However, the current requirement to use radio-
actively-labelled DNA as the probe precludes its use
for individual diagnosis at any level of the health care
system except that of the well-equipped central
laboratory. Alternative methods of labelling DNA
are therefore being developed.
DNA probes shown to be specific for P. falciparum

have been developed in several laboratories (2, 5, 7).
Their major characteristic is that they are highly
repeated within the P. falciparum genome. Their
reported sensitivity of from 5-10 pg to 1 ng DNA,
which is equivalent to 102-104 ring-stage parasites in
a single sample, appears to be well within the range of
that obtained by standard microscopical diagnosis.
The technique, therefore, apparently has potential
for operational use. A test based on use of the
complete genome of P.falciparum has also been
developed (8), and recently studies have been
initiated on the application of RNA probes and syn-
thetic DNA probes for malaria diagnosis.
DNA probes may also be capable of detecting

differences within a species using methods of

Southern blot hybridization and chromosome
analysis.

Laboratory studies

Franzen et al. (5) isolated clones containing highly
repeated DNA sequences from a genomic library
produced from the F32 P. falciparum isolate from
the United Republic of Tanzania. One clone, Rep2,
was selected for further characterization by nucleo-
tide sequence analysis. The results revealed that the
insert of this clone was composed of tandemly
arranged imperfect repeats of 21 base pairs. These
repeats were estimated to comprise approximately
1 O7o of the P. falciparum genome in which there were
from 104 to 2 x 105 copies, depending on the genome
size estimate used for the calculation. The repeats
were moreover organized in clusters and did not
appear to be transcribed in non-synchronized P. fal-
ciparum cultures (1). This probe did not cross-react
with the human malaria parasites P. vivax,
P. malariae, and P. ovale or with the rodent species,
P. chabaudi and P. yoelii; neither did it cross-react
with the protozoan parasites Trypanosoma cruzi,
Leishmania donovani and Entamoeba histolytica.
This nick-translated DNA probe was capable of
detecting 25 pg of purified DNA from P. fakciparum
and parasitaemia levels of 0.001 %o. This was achieved
with the probe labelled with 32P at a moderately high
specific activity.
A partial genomic library from the FCR-3

Gambian isolate of P. falciparum was screened by
Barker et al. (2) and at least 30 highly repeated
P. falciparum sequences were isolated. All of the
cloned fragments hybridized with P. falciparum
DNA but did not cross-react with human DNA. The
most highly repeated sequence, clone pPF14, was
chosen for further study, and was found to be specific
for P. falciparum since it did not react with purified
DNA from P. vivax, P. cynomolgi, P. gallinaceum
or P. lophurae, or with P. malariae- or P. ovale-
infected cells. Using nick-translated pPF14, 5 pg of
purified P. falciparum DNA and as few as 200 para-
sites in blood samples could be detected.

Quantitative analysis indicated that pPF14 was
repeated between 104 and 105 times per genome
depending on the calculation of genome size. It was
present in dispersed, non-identical clusters through-
out the genome and appeared to be present on all
chromosomes. It is composed of a short repeat which
has a common core sequence and a variable flanking
sequence.
A repetitive DNA fragment, Rep2O, from an

African isolate, HG-13, of P. falciparum was cloned
and analysed by Oquendo et al. (7). Like the previous
two probes, this fragment also contained a 21 base-
pair sequence which occurred in multiple tandem
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repeats. Two clusters of the same repeat were found
in an opposite orientation on the same DNA
fragment. The evidence to date suggests that Rep20 is
species-specific. It reacted with DNA from the blood
stages of P. falciparum isolates from Thailand and
Papua New Guinea and with red cells parasitized by
various genetically pure clones of P. falciparum from
Thailand. It did not react with purified DNA from
P. chabaudi and P. berghei or with P. vivax-infected
cells.
A further repeated fragment, pBRKI-14, of DNA

from the K 1 isolate of P. falciparum has been cloned
and analysed (Sakol Panyim, personal communi-
cation, 1985). It contained a 746 base-pair insert and
detected pure P. falciparum DNA at a level of 1 ng. It
did not cross-react with DNA from the malaria para-
sites P. vivax, P. cynomolgi, P. knowlesi and
P. chabaudi, or with DNA from humans or from the
mosquito Anopheles dirus. The pBRKI-14 probe,
because of its comparatively lower sensitivity, might
be more useful for specific detection of relatively high
P. falciparum parasitaemias although its ability to
detect differences in parasite isolates and clones
requires further study.

This probe, as well as repetitive DNA produced
from DNA libraries of the Honduras I/CDC and
FCR-3/Gambian isolates of P. falciparum (3) and of
the E12 clone of a Papua New Guinea isolate of
P. falciparum (4), has been used to show variations
between parasite clones. The arrangement of the
repetitive DNA from clones of the Honduras I/CDC
isolate appeared to be unstable since variations in it
were detected after cultivation for six months in
vitro.
The pBRKI-14 probe gave a different Southern

hybridization pattern with the GI 12 isolate of
P. falciparum from Africa and the clones T9/94,
T9/96, T9/98 and T9/106 of P. falciparum from Tak
province in Thailand. These clones differed in drug
sensitivity, isoenzyme patterns, and surface proteins
detected by monoclonal antibodies (9). However,
pBRKl-14 failed to differentiate between the clones
T9/96 and T9/98 which differed only in one
characteristic, i.e., that of sensitivity to standard
antimalarial drugs.

Pollack et al. (8) developed a rapid and simple
assay for detecting P. falciparum in human blood.
The assay is based on DNA-RNA hybridization,
utilizing radiolabelled whole DNA as the probe and
finger-prick blood as the assay sample. The technique
has been reported to detect parasitaemia levels of
0.0001% in 10 Al of blood.
Coppel et al. (4) used three complementary DNA

probes derived from cloned antigen genes to
distinguish between P. falciparum isolates. Two of
the probes coded for S antigens, thereby suggesting
that the variations detected by these probes reflect

changes in the relative molecular mass (Mr) of these
proteins whereas the third coded for a protein of Mr
250 000. It would seem that variations detected by
this third probe reflect changes in the size and number
of the repeated peptide.
A further technique based on DNA analysis with

potential for distinguishing between P. falciparum
isolates was described by Van der Ploeg et al. (10).
The method is based on the separation of chromo-
some-sized DNA molecules of at least 2000 kilobases
in length by using pulsed-field gradient gel electro-
phoresis following gentle lysis of the infected red
cells. By applying this technique, it was shown that
the asexual and sexual blood stages of the same para-
site line had identical karyotypes, whereas the length
of these chromosome-sized DNA molecules differed
among different geographical isolates and among
several clones derived from the same P. falciparum
population. While this technique has application for
distinguishing between parasite populations in the
laboratory, it does not appear to have application for
field use.

Field evaluation

To date only the pPF14 and the Rep2 probes of
P.falciparum have undergone limited evaluation
under field conditions. The former was used to test
632 blood samples in Thailand and 570 samples in
Kenya and the latter was used to test 28 blood samples
in Liberia.
The basic methodology used in the Thailand and

Kenya studies was as follows: 50 ,d of blood were
collected from the finger in a heparinized capillary;
the blood was then lysed and applied to a nitro-
cellulose filter using a "dot-blot" apparatus; the
DNA was denatured in situ on the filter and affixed to
the filter by heating; the filters were then hybridized
with the radioactive probe DNA, washed and
exposed to X-ray film (see Fig. 1). Two modifications
of this technique were used in the Liberian study, that
is to say, the DNA was first extracted with phenol
after lysis and denatured before application to the
nitrocellulose filter.
The Thai study was conducted in the eastern border

province of Chantaburi according to a protocol
which allowed a detailed comparison to be made
between routine microscopical blood film exam-
ination, a more comprehensive microscopical exam-
ination, and the DNA probe technique. The Kenyan
study, carried out in cooperation with the Kenya
Medical Council and the Wellcome Laboratories,
was conducted in a similar manner. The methodology
was as follows:

(a) Routine examination was made of stained
thick blood smears from subjects presenting them-
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Table 2. Preliminary results of a comparative study in
Thailand and Kenya of malaria (Plasmodium falciparum)
diagnosis by microscopical examination' and by DNA
probe (pPF14)

Thailand study:
Total patients:
Total positives (Smear+; DNA+)
False negatives (Smear+; DNA-)
Total negatives (Smear -; DNA -)
False positives (Smear -; DNA+)

577
151

36
426
13

Kenya study:
Total patients:
Total positives (Smear+; DNA+)
False negatives (Smear +; DNA-)
Total negatives (Smear -; DNA-)
False positives (Smear -; DNA+)

:)0
E
z

509
188

37b
321
34c

° Microscopical diagnosis was carried out by an experienced
microscopist who examined 200 fields of a thick blood film.

b Subsequently, 19 of these were shown to be negative on a
second reading of the film.

c Subsequently, 1 1 of these were shown to be truly positive on
a second reading of the film.

50[

Thailand

Parasites / 200 white blood cells

Kenya

50

eo
c 40

0

I
s -Ya

selves at a malaria clinic with either fever, a history of
fever, or for follow-up of a previously diagnosed case
of malaria. This examination comprised a rapid
screen of 50-100 microscopical fields of the blood
films.

(b) A more detailed examination was also made by
an experienced malaria technician who examined 200
microscopical fields of a thick blood film stained in
Giemsa solution. Species, parasite stage, and parasite
counts per 200 white blood cells were recorded.

(c) The presence of parasites in the blood samples
was determined using the DNA probe as described
above. Such determinations were carried out at the
field laboratory in Chantaburi and at a well-equipped
central laboratory in the USA.
A summary of the results obtained in the Thai and

Kenyan studies is given in Table 2 and Fig. 2 and 3.
Further analysis of these data must still be carried
out, particularly of cases in which the results of two
tests do not agree. Nevertheless, it is interesting to
note that 7107 of the false negatives, i.e., a positive
microscopical examination of blood smear and a
negative DNA probe test, were observed in those
patients exhibiting very low parasitaemias of less than
10 parasites per 200 white blood cells, corresponding
to less than 400 parasites per ul of blood.
A limited field evaluation of the Rep2 DNA probe

was carried out on finger-prick blood samples from

<10 C20 50 C100 <500 <1000- <2000 >2000
Parasites / 200 white blood cells

E_ Smear + DNA -

Smear + DNA +

Fig. 2. Comparison of results of parasitological diagnosis
and of the DNA probe test for P. falciparum in 577
patients in Thailand and in 509 patients in Kenya,
according to parasite density.

28 asymptomatic males living in a holoendemic area
in Liberia. It was found that 17 of them were positive
in the DNA probe test compared with 21 in a 40-
minute microscopical examination of a Giemsa-
stained thick blood smear (6). If each blood film was
examined for only 10 minutes, then only 15 positives
were diagnosed. Parasite densities varied between 2
and 4500 P. falciparum4ld with a median value of
2041d. Six of the patients had mixed P. falciparum
and P. malariae infections and one patient had a
single infection with P. malariae. The latter was not
detected by the DNA probe test. The detection limit
under field conditions was approximately 10 P. falci-
parum parasites/4l in 35 pi samples.
Of the four P. falciparum-infected samples which

did not react in the hybridization assay, one had 10
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Fig. 3. Comparison of results of parasitological diagnosis
and of the DNA probe test for P. falciparum in 577
patients in Thailand and in 509 patients in Kenya,
according to age group.

asexual parasites and 30 gametocytes/4l, one had 15
asexual parasites/Al, and two had 2 asexual parasites/
Al. All samples without P. falciparum parasitaemia,

as determined by microscopical examination for 40
minutes, were also negative in the hybridization test.

FUTURE STUDIES ON PROBES
FOR DIAGNOSIS

DNA probes

Several clones of P. falciparum DNA containing
repetitive sequences have been identified and shown
to detect parasites in blood. They appear to be
species-specific and to recognize isolates from widely
different geographical areas. Other probes which
detect clonal variation have also been identified.
The structures of two independently cloned

repetitive fragments have been elucidated and de-
scribed in detail (1, 7). Both consist of imperfect
tandem repeats of a 21 base-pair sequence. These
clones, despite their independent origin (one clone
was from a Tanzanian and the other from a Gambian
parasite), have the same tandem repeat patterns.
Although other clones are less well characterized to
date, restriction analysis and some nucleotide sequen-
cing suggest that they are all internally repetitious.
There is clearly a need, therefore, to compare these
clones to determine whether or not they are
identical.

In practice, the potential value of repetitive DNA
clones in diagnosis depends as much on their
sensitivity as on their specificity. Tests of varying
sensitivities will be required according to their
possible use. At present, the theoretical limit of
sensitivity of a single 32P-labelled probe with the
highest feasible activity is estimated to be in the range
of 100-1000 parasites per 50 Al of blood, i.e., 2-20
parasites per Al corresponding to a parasitaemia of
0.00004-0.0004% (assuming a red blood count of
5 x 109/ml of blood). However, this is based on the
use of 32P as the marker, for which high levels of
radioactivity will be required. While the sensitivity
compares well with that of traditional microscopy, it
must be increased for situations in which even the
lowest parasite densities need to be detected. The level
of detection of the base sequences in the target DNA
would be increased by combining several different
probes for detection of the same parasite or by using
four labelled deoxyribonucleotide triphosphates.
Techniques with a lower sensitivity limited to at least
1000 parasites/Al would facilitate diagnosis of clinical
malaria in areas of high endemicity. This could easily
be achieved with the currently available probes.
So far, efforts to develop probes for diagnosis have

concentrated on P. falciparum although genomic
libraries for P. vivax and P. malariae also are now
beginning to be built up. The development of probes
for these species appears probable in the near future.
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Genomic libraries for the other human malaria para-
site, P. ovale, do not exist and the development of
probes for the diagnosis of P. ovale would not, at
present, be of the highest priority. Probes for the
identification of P. malariae would have operational
importance in the context of malaria control in
Africa.
A general probe that could recognize all types of

malaria without species identification would also
have operational value. Such a probe would have
application at the primary health care level where
there is a need to diagnose malaria as a cause of
clinical symptoms and where subsequent testing
could then be made to identify the species if this
information was required for the treatment of the
patient. Two approaches for the development of such
a general probe are possible: either (a) probes specific
to each species could be combined into a single probe
preparation or (b) a DNA base sequence common to
all malaria species could be identified and isolated.
The former approach requires the availability of
probes specific to all human species. At present these
do not exist. The latter approach seems to be the most
feasible at the moment since a repeated gene sequence
which appears to be common to malaria parasites but
not to DNA from other organisms has been identified
in P. gallinaceum (D. Wirth, personal communi-
cation, 1985).

Simplification of the hybridization assay

Labelling of the probe. 32P-labelled probes are
currently used since they render the test very sensitive.
The disadvantage of this isotope is that it has a short
half-life and, in addition, owing to the difficulties
associated with the handling of radioactive sub-
stances it cannot be used in situations apart from a
well-equipped laboratory. It is clearly desirable,
therefore, that non-radioactive methods should be
devised for labelling the probes. The development of
alternative procedures has in general been slow and,
at present, biotin-labelled nucleotides, such as
uridine triphosphate (UTP), offer the only alterna-
tive that has been used to any significant extent. The
disadvantage with biotinylated DNA is that the probe
preparation is rather cumbersome and the sensitivity
at least ten times less than that achieved with the best
radioactive methods. Moreover, the application of
this method for the detection of parasites in blood is
compromised to some extent by the fact that biotin is
a naturally occurring substance in humans.

Other methods for labelling DNA are currently
being developed in other fields of diagnosis and their
application to malaria diagnosis should be assessed.
These methods include the following:

(a) Chemical modification of the DNA followed
by detection using specific antibodies. This is a field

which is progressing rapidly and should yield practi-
cal information in the near future. An example of this
type of approach is the labelling of DNA by the
insertion of an antigenic sulfone group into the cyto-
sine residues of the probes, detection of hybridization
being achieved by an enzymatic immune reaction. A
commercial kit based on this principle is available but
its applicability to malaria diagnosis must still be
ascertained.

(b) Labelling of DNA either directly or indirectly
with the rare metal, europium. Diagnostic kits based
on this principle are under development.

(c) Fluoroimmunoassays for the detection of
nucleic acids similar to those developed for antigen
detection.

Filter hybridization method. Currently used
methods for spot hybridization include many steps
which make them rather cumbersome. It should
therefore be determined whether some of the steps
could be shortened or possibly omitted. For
example:

(a) The blood sample: could this be applied
directly on the filter-paper using, for instance, large
and thick Whatman filters instead of transferring the
sample from a capillary tube to a vial and finally to a
nitrocellular filter?

(b) The baking of the filter: is this essential or
could it be replaced by other procedures not requiring
high temperatures?

(c) The prehybridization step: is this absolutely
necessary and, if so, could the time required for its
completion be reduced?

(d) The duration of the hybridization reaction:
could this time-consuming step be reduced by altering
the reaction conditions? In addition, high tempera-
tures may not be required if formamide is included in
the buffer.

It may be possible to simplify the standard filter
hybridization method in other ways, as, for instance,
by carrying out the hybridization in the liquid phase,
which is much faster than doing it through a
membrane. In addition, simple methods of detection
could be based on hydroxyapatite chromatography
which has been shown to discriminate efficiently
between a single-stranded DNA fragment and a
fragment that is hybridized with DNA or RNA.
Other alternatives include the use of probes which

are bound to a solid matrix, i.e., a stick coated with
an appropriate matrix. For instance, DNA or RNA in
the sample could be detected by hybridization
utilizing a competition reaction with a second labelled
probe that would recognize the sequence on the solid
phase. Further development of these methods is
clearly required before they can be used in
operationally applicable tests.
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Design of test kit. All techniques must be
thoroughly evaluated at the field level before any
attempt is made at producing standardized test
procedures. However, once a uniform protocol and
test system have been developed, it will be important
to design a test kit suitable for field use. Experience
with other systems has shown the need to include in
each kit all materials, supplies and equipment for the
successful completion of the test. In addition, the kit
design should include both positive and negative
controls for all aspects of the test, and quality control
of results should be part of any test protocol. It may
be necessary to produce reagents that can be stored
over considerable periods of time since practical
experience has shown that, if any of the test com-
ponents kept at ambient or normal refrigeration
temperatures have shelf-lives of less than one year,
this constitutes a serious limitation. A test kit which
requires storage of test samples or reagents at
temperatures below + 4 °C is unlikely to be useful at
the field level.
Once a new technique has been shown to be both

feasible and adaptable to field operational con-
ditions, the test system must be standardized to the
maximum extent possible. In any future test kit each
component should be exhaustively examined and
evaluated to determine the presentation (e.g., formu-
lations, packaging, etc.) that will give the best con-
sistent results at the operational level and is the most
cost-effective. Additionally, wherever possible, only
items that are routinely used and readily available
should be selected.
When the components of a test system are finally

selected these specifications should be assiduously
adhered to and substitutes made only after careful
and comprehensive evaluation of the substitute com-
ponent both in itself and in its relation to the other
standard items of the test system.

Field evaluation

Further validation studies of the currently avail-
able DNA probes and of those under development are
required. This validation should be initially con-
ducted as inter-laboratory studies using different
techniques on samples from clinical and epidemio-
logical studies. The most promising techniques
should then be reselected for field trials using a
double-blind method to compare results from the
probe and standard microscopical techniques. Such
studies might include:

(a) Specificity tests of the probes developed. These
studies should be conducted for different species of
human malaria parasites in a variety of geographical
areas of the world as well as a variety of localities
within a single country to determine the strain
specificity.

(b) Sensitivity tests of the probes developed. Such
studies, which should be carried out on blood
samples, especially from patients with extremely low
parasitaemias, could be conducted in immune or
semi-immune populations from hyperendemic areas.

(c) Investigations of the sensitivity of the test in
detecting actual parasite clearance following radical
treatment as well as any residual presence of parasite
DNA in the blood after parasite clearance. These
studies could be easily implemented at malaria clinics
where patients are followed after radical treatment.

Other applications

Besides being standardized for use in diagnosing
blood infections, the DNA probes could be useful in
other areas, for example:

-screening of blood in blood banks;
-detection of parasites in the mosquito;
-detection of drug-resistant parasite isolates (if
probes specific to such isolates can be developed).

DNA probes have already been shown to be
capable of detecting sporozoites in mosquitos, and
work towards the development of test kits for species-
specific antigen detection of these stages is well
advanced.
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