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Abstract

Genetic diversity of malaria parasites represents a major issue in understanding several aspects of malaria
infection and disease. Genotyping of Plasmodium falciparum infections with polymerase chain reaction
(PCR)-based methods has therefore been introduced in epidemiological studies. Polymorphic regions of
the mspl, msp2 and glurp genes are the most frequently used markers for genotyping, but methods may
differ. A multicentre study was therefore conducted to evaluate the comparability of results from different
laboratories when the same samples were analysed. Analyses of laboratory-cloned lines revealed high
specificity but varying sensitivity. Detection of low-density clones was hampered in multiclonal infections.
Analyses of isolates from Tanzania and Papua New Guinea revealed similar positivity rates with the same
allelic types identified. The number of alleles detected per isolate, however, varied systematically between
the laboratories especially at high parasite densities. When the analyses were repeated within the
laboratories, high agreement was found in getting positive or negative results but with a random variation
in the number of alleles detected. The msp2 locus appeared to be the most informative single marker for
analyses of multiplicity of infection. Genotyping by PCR is a powerful tool for studies on genetic diversity of
P. falciparum but this study has revealed limitations in comparing results on multiplicity of infection derived
from different laboratories and emphasizes the need for highly standardized laboratory protocols.

Keywords: malaria, Plasmodium falciparum, genetic analysis, genotypes, polymerase chain reaction, mspl, msp2, glurp,

multicentre study, interlaboratory variation

Introduction

The Plasmodium falciparum parasite has shown exten-
sive polymorphism, and malaria infections consist
mostly of multiple clones in high- (NTOUMI er al.,
1995; BECK et al., 1997), medium- (KYES et al., 1993;
ZWETYENGA et al., 1998) and low-transmission areas
(BABIKER ez al., 1998; PAUL et al., 1998; HADDAD et al.,
1999). The issue of diversity of malaria parasites needs to
be addressed in different epidemiological settings in
relation to transmission levels and acquisition of immu-
nity, as well as control measures such as vaccine develop-
ment, drug-efficacy trials and exposure-reducing in-
terventions. Genotyping of P. falciparum infections has
therefore been introduced in many epidemiological
studies on malaria.

The most commonly used markers for the genotyping
of P. falciparum populations are regions of genes coding
for 3 surface antigens: the merozoite surface proteins 1
(MSP1) and 2 (MSP2) and glutamate-rich protein
(GLURP). These have been considered suitable markers
since they are unlinked single-locus genes which exhibit
great polymorphism, both in length and sequence. The
length variations of these genes are primarily due to
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tandemly repeated sequences, and alleles can be readily
distinguished following electrophoresis of polymerase
chain reaction (PCR)-amplified products. With regard
to mispl, such repeats occur in a region denoted ‘block 2°,
and alleles can be further differentiated into 3 groups by
sequence variations denoted K1-; MAD20- and RO33-
types (KIMURA et al., 1990). msp2 alleles are classified
similarly into 2 sequence groups denoted FC27- and IC/
3D7-types as well as by length polymorphisms (SMYTHE
et al., 1990). For glurp, no allelic groups based on
sequence have been identified, alleles being differen-
tiated by size polymorphisms alone (BORRE ez al., 1991).

The use of PCR to detect alleles of the above genes has
proven a powerful technique to characterize parasite
populations even in small volumes of blood with low
parasite densities. However, although the same marker
genes may be targeted, different protocols are used by
different research groups. To validate comparisons of
results from different epidemiological studies, there is a
need to estimate the comparability of results derived
from different laboratories. A comparative methodolo-
gical study was therefore conducted including labora-
tories which regularly perform genotyping on msp1 block
2, msp2 and/or glurp for studies of varying aspects of
diversity of P. falciparum. The study derived from the
Network on Molecular Epidemiology of Malaria in
which the application of the genotyping method had
been discussed (BJORKMAN er al., 1998). Blood samples
were aliquoted and sent for genotyping analyses accord-
ing to the protocols regularly used by the respective
laboratories. Laboratory-cloned parasite lines were first
analysed by 6 laboratories. Blood samples from field
surveys were then analysed by 8 laboratories. The study
included evaluations of both intra- and inter-laboratory
variation and the results represented what would have
been reported in a study on multiplicity of infection
within the respective laboratories.
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Methods
Laboratory-cloned parasite lines

Dilutions and mixtures of 3 cloned parasite lines, 3D7,
HB3, RO33 (from the WHO malaria parasite repository,
Edinburgh University), were aliquoted (20 pL)) and
distributed to 6 laboratories (Labs 1-3, 5, 6, 9). The
clones were diluted in whole blood in 10-fold dilutions to
final concentrations of 1000-0-1 parasites/pL. Mixtures
were made of 2 clones in different proportions (10:990,
500:500, 990:10 parasites/uL).

Whole blood from field surveys

Aliquots (25 pL) from 40 frozen venous-blood sam-
ples, obtained in epidemiological surveys in Tanzania
(30) and Papua New Guinea (10), were distributed to 8
laboratories (Labs 1-8). Parasite densities, estimated by
counting the number of parasites in 200 microscope
fields of Giemsa-stained thick films (assuming that 200
fields represented 0-2 pL of blood), ranged from
0 to 29571 parasites/pL.. Nine samples were parasite
negative by microscopy.

PCR genoryping

In both experiments the blood samples were coded.
The laboratories performed PCR-based genotyping of P.
falciparum populations according to their routine proto-
cols. Differences in DNA extraction, PCR methods
(genetic markers analysed, number of amplification
cycles, corresponding volume of whole blood analysed
by PCR), and PCR-product analyses (type of gel and
method of visualization) are shown in Table 1. Purifica-
tion of DNA was performed by phenol extraction,
Chelex-boiling or using QiaAmp Tissue Kits (Qiagen,
Santa Clarita, CA, USA).

All laboratories performed an outer PCR of the
respective markers. Different methods were then used
for the determination of allelic groups of msp! block 2
and/or msp2: (i) a second nested PCR with family-
specific primers, (ii) blotting of PCR products and
hybridization with allelic group-specific probes, and
(iii) analysis by restriction fragment length polymorph-
ism (RFLP). An additional analysis of msp2 hybrids
performed by Lab 6 was not included in comparison
since this is a different type of analysis. A nested or semi-
nested PCR was performed for analysis of the glurp gene.

Analyses of PCR products were performed after gel
electrophoresis in all laboratories. Mainly MetaPhor
Agarose (FMC Bioproducts, Rockland, USA), but also
regular agarose and polyacrylamide gels were used. The
enumeration of bands was generally done by eye, except
for 2 laboratories which analysed by software (BioRad
Gel Doc 1000 and Multi Analyst, BioRad, Hercules, CA,
USA).

The PCR analyses of field samples were performed on
2 different occasions, by 1 investigator per laboratory and
following the standard protocol of that laboratory. One
analysis was performed per laboratory on the samples
derived from the cloned lines.

Enumeration of alleles

The number of P. falciparum genotypes per isolate,
i.e., the minimum number of genetically diverse para-
sites, was defined as the highest number of bands
identified for either mspl, msp2 or glurp (depending on
what markers the respective laboratories analysed). The
number of mspl and msp2 alleles was the sum of alleles
detected within the K1-, MAD20- and RO33-, and
FC27- and IC/3D7-allelic groups, respectively.

The highest number of alleles detected in either of the
2 PCR analyses of 1 blood sample done in a single
laboratory was selected for the comparisons between
laboratories. This was believed to represent what each
laboratory would have described if an individual sample
had been analysed twice.
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Statistical methods

ANOVA repeated measures were used for compari-
sons of number of alleles detected between laboratories.
This was followed by pairwise comparisons by a Tukey
test (FLEISS, 1986) to analyse whether there were any
systematic differences between the laboratories. Co-
chran’s test (SIEGEL & CASTELLAN, 1988) was per-
formed to detect systematic differences between
laboratories with respect to positive or negative samples.

Variations between 2 repeated PCR analyses within
the respective laboratories were estimated by repeatabil-
ity coefficients (RC) calculated from ANOVA repeated
measures (BLAND, 1995) in which RC = 2 X 1-96SD,
using standard deviations (SD) within laboratories. The
RCs thus represent the limits within which 95% of the
differences between 2 measurements of number of alleles
are expected.

Spearman rank order correlation coefficients (SIEGEL
& CASTELLAN, 1988) were calculated to study the
relations between interlaboratory variation (SD) per
sample and mean number of alleles, and SD versus
parasite density per sample. The Spearman rank order
correlation coefficient was also used to estimate the
correlation between multiplicity and parasite density
for the respective laboratories.

Results
Cloned parasite lines

In an initial analysis of single cloned laboratory lines,
determination of the allelic types of the msp1 block 2 and
msp2 regions revealed a high specificity of detection, i.e.,
all laboratories detected the same allelic types (Table 2).
However, the level of detection varied for the different
parasite lines and laboratories (0-1-100 parasites/pL).
Alllaboratories generated positive results with the single-
clone samples with 100 parasites/puL, and the majority
(67-80%) also with the samples with 10 parasites/pL.
In the investigation of mixed clones, all laboratories
detected both genotypes of mixtures of 500:500 para-
sites/uL. The uneven mixtures (990:10 parasites/uL)
were found to be mostly positive for the high-concentra-
tion clone only. At low parasite densities, parasites were
thus more often detected in single compared to mixed
infections. For example, the Kl-type of mspl was
detected by 5 of 6 laboratories in single 3D7 infections
(10 parasites/pL) but only by 1 laboratory when mixed
with high numbers of HB3 or RO33.

Blood samples from field surveys

Variation within laboratories. After DNA extraction, all
PCR analyses of the 40 field samples were performed
twice in the respective laboratories. A high degree of
agreement (75-100%) in getting positive or negative
results in both analyses was generally found within each
laboratory (Table 3). One laboratory (Lab 4) was less
consistent.

Repeatability coefficients (RC) were calculated to
estimate to what extent the number of alleles detected
varied within a laboratory when a sample was analysed
twice (Table 4). This variation was not systematic, i.e.,
more bands were not detected more often in the first or
the second analysis, indicating that it was randomly
spread in all samples. The high RCs in some laboratories
were not dependent on a few extreme values.

To assess variation in the interpretation of gels, a
blinded repeat reading of gel photographs was performed
in 1 laboratory (Lab 3) by the same worker on 3 different
occasions. Out of 200 readings (40 samples analysed by 3
mspl and 2 msp2 allelic types), 22% showed different
results on 1 of the 3 occasions and 1-5% showed different
results in all 3 readings.

Variation berween laboratories. The total numbers of
samples positive for the different markers are presented
in Table 3. The laboratories detected parasites in 32-37
samples. All 40 samples were, however, found to be
positive by at least 1 laboratory. In 5 samples, parasites
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Table 2, Analyses of laboratory-cloned P. falciparum lines in different dilutions and mixtures: number of
laboratories with positive PCR results

mspl (n = 6) msp2 (n=5)

glurp
Clone Parasites/uL. Kl MAD20 RO33 FC27 IC/3D7 (n=4)

3D7 1000
100
10
1
01
HB3 1000
100
10
1
01
RO33 1000
100
10
1
0-1
3D7/HB3 990/10
500/500
10/990
3D7/RO33 990/10
500/500
10/990
HB3/RO33 990/10
500/500
10/990

Six laboratories analysed the msp! block 2, 5 the msp2 and 4 the glurp regions.

OO UMUNEFEFARNOODOOOOODODOCOOONUNAN
QL NOOOVMNOOODOODODOOWARNDSDOOOO
NMNoOhNO QOO UAIANDODTCTOODODODOOO
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AW RANAEASNDLDANAORWONMUNOOODOONWWNWN
SR AEANANPARPAPOO=RARLAH=WRALRO~WRAR

Table 3. Intra-laboratory agreement (% of samples) between positive or negative results in two repeated
PCR analyses of 40 field isolates for P. falciparum and the total number of samples positive in the first and/or
second analysis

mspl msp2 glurp No.

positive

No. No. No. by any

Lab. K1 MAD20 RO33 positive FC27 IC/3D7 positive positive marker
1 95 90 100 32 93 83 34 75 35 37
2 95 93 100 34 95 100 32 100 31 34
3 88 93 98 35 90 88 35 ND ND 37
42 ND ND ND ND 58 55 33 71 34 36
5 90 83 93 32 93 83 31 ND ND 32
6 100 100 98 32 85 88 37 ND ND 37
7 ND ND ND ND 90 88 33 ND ND 33
8 95 83 100 31 ND ND ND 90 14 33

2Only 38 samples were analysed. ND, not done.

Table 4. Repeatability coefficients (RC) of P. falciparum gene analysis in eight laboratories: 95% of all
differences are expected to be less than the RC level when a sample is analysed on two different occasions
within the same laboratory

mspl msp2
Lab. K1 MAD20 RO33 Total FC27 IC/3D7  Total glurp Total
1 1-6° 1-4° 0-7 1-7° 2-1 27 21 23 2-0
2 0-7 0- <0-01 0-7 1-3 0-3 0-8 06 0-6
3 1-8 1-0 0-6 1-6 1-8 23 2:0 ND 1-8
4 ND ND ND ND 4-0 52 55 3-1# 55
5 1-4 1-0 0-6 1-4 1-0 1-7 1-6 ND 1-7
6 1-3 1-6 06 1-3 2-1 1-7 1-3 ND 1-4
7 ND ND ND ND 1-3 1-8 1-8 ND 1-8
8 1-3 1-6 <0-01 1-4 ND N ND 0-7 07

*Differences between the first and second analyses were systematic. ND, not done.
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were detected by only 1 or 2 laboratories. The same
allelic types were generally detected within msp! and
msp2 for the different samples. Discrepancies between
laboratories were found mainly in samples with low
parasite densities but they also occurred sporadically at
higher parasite densities. In these samples, 1 allelic type
was regularly found by all laboratories but additional
types were found by only some.

The number of identified alleles differed systemati-
cally between the laboratories (P <0-001). The mean
total number of alleles, i.e., multiplicity of infection,
detected per laboratory ranged from 2+6 to 4-7 (Fig. 1).
The differences were significant also within the respec-
tive markers (P <<0-001). Even when the 5 most dis-
crepant samples, i.e., with the highest SDs, were
excluded, the variation between laboratories remained
significant for all markers (P <0-001). Pairwise com-
parisons between laboratories showed that no single
laboratory was responsible for the overall inter-labora-
tory differences. Moreover, results from laboratories
using the same method (Labs 1, 2 and 3) generally
differed as much as results from laboratories using dif-
ferent methods.

The distribution of observed number of alleles of the 3
markers showed somewhat different patterns, as illu-
strated for the msp2 analysis in Figure 2. Some labora-
tories detected a greater number of alleles than others.
One laboratory detected up to 13 msp2 alleles in a single
sample whereas other laboratories identified no more
than 7 alleles in any sample.

Analysis of laboratory differences in relation to multi-
plicity of infection revealed that the variation (SD)
increased with the number of alleles (s = 0.56,
P <0-001) (Fig. 3). This increase reflected what could
be expected from a normal distribution, i.e., larger
variation was found in higher numbers. The correlations
between number of alleles and parasite density for the
respective laboratories were estimated as ry = 0:48-0-70
(P <0-001), indicating a positive correlation between
multiplicity and parasite density. A positive correlation
was also found between parasite density and variation
(SD) between laboratories (rg = 049, P = 0-001).

Analysis of the msp2 or the mspl markers revealed
higher numbers of alleles than analysis of the glurp
markers (Fig. 1). Inclusion of several markers generated
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Fig. 1. PCR-genotyping analysis, by 8 laboratories, of 40 blood
samples from field surveys. Results on mean number of alleles of
the P. falciparum msp1block 2, msp2 and/or glurpregions and the
total number defined as the highest number in all markers used
by the respective laboratories.
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higher total numbers since the highest number of alleles
within any of the markers was chosen as the total number
in a sample analysed. An analysis of how the total number
was affected if 1 marker was removed from the multi-
locus analyses revealed that msp2 generally contributed
most, except for 2 laboratories in which mspl was the
most informative marker. The glurp gene did not con-
tribute to the total mean allele value, except in 1
laboratory.

Discussion

PCR is a sensitive method for studying polymorphic
genes of malaria parasites in field samples. However,
there are many variables involved in its use, such as the
design of oligonucleotide primers, PCR conditions
(master mix, cycle temperatures and time), and analysis
of PCR products (gel type, detection method). The use
of different protocols can therefore affect the level of
sensitivity of the genotyping analysis, and is the most
probable explanation of the differences in the results
reported here. Since many methodological components
differed among the laboratories, it was difficult to specify
which factors were the most important in the respective
protocols.

The specificity and sensitivity of detecting specific
allelic types of msp1 block 2 and msp2 were generally high
in all laboratories for both the clones and field samples
analysed. The main discrepancy was in the number of
alleles detected in the field samples, which varied
randomly within and systematically between labora-
tories. These differences were difficult to evaluate fully
since the exact compositions of parasite alleles in these
samples were not known. Most samples were found to
have mixed infections with multiple parasite clones. In
these samples, the same 1 allelic type was regularly found
by all laboratories whereas additional types were found
by only some. The analyses of known parasite mixtures of
laboratory-cloned lines revealed that clones at low con-
centration were more difficult to detect in mixed infec-
tions than as single~-clone infections. This observation
confirms a previous report by CONTAMIN ez al. {1695},
and a possible reason is assay-dependent competition.
The findings indicate that genetic diversity is probably
often underestimated in such field samples.

The volume of blood analysed could not explain the
reported differences in mean number of alleles. Impor-
tantly, different protocols could not alone explain the
differences, since laboratories following the same proto-
col also generated different results. Repeated thawing of
frozen blood samples may also affect the detection of
malaria parasites by PCR (FARNERT ez al., 1999), but we
do not think this played any significant role in this study
since the samples were sent uniformly frozen to all
laboratories.

Parasite density clearly affected the detection rate.
Below densities of 100 parasites/ul, the reliability of
getting positive results decreased, and at high parasite
densities discrepancies were found in the number of
alleles detected. The highest multiplicity, however, may
not necessarily be the most correct result since, especially
at high concentrations of DNA, the PCR might generate
artefacts such as non-specific products that can be
difficult to differentiate from ‘true’ products. The rela-
tively higher number of alleles detected at high parasite
densities might also mean that more diverse parasite
populations per se are present in such infections. This
view is partly supported by the finding that all the
different allelic types were more often concurrently
detected in the high-density samples. Increased variation
in results among laboratories was seen with increasing
level of multiplicity of the samples, i.e., the laboratories
differed more in samples with high multiplicity. This was
to be expected but it also reflects the relationship to high
parasite densities.

Repeated analyses of the same samples often generated
different results within a given laboratory, although this
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Fig. 2. Distribution of number of P. falciparum isolates (y-axis) in which a specific number of alleles of the msp2 gene (x-axis) were

detected when 40 field isolates were analysed by 7 laboratories.
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Fig. 3. Mean and variation (SD) of number of P. falciparum
alleles in 40 field isolates analysed by 8 laboratories.

variation was mostly of the order of 1 genotype more or
less. These differences were not found to be systematic
and can therefore be considered as random assay varia-
tion without any specific explanation. One source of
intra-laboratory variation was represented by differences
in the interpretation of the number of PCR fragments on
gels, as was found here and by others (K. P. Day,
unpublished data). The reproducibility of the PCR
assays needs to be related to the level of detection, i.e.,
high reproducibility may be counteracted by low sensi-
tivity. When reproducibility is low, at least 2 PCR
analyses per sample are needed for analyses of individual
samples. In epidemiological studies for estimating the
mean number of alleles in a population, 1 analysis per
sample may be sufficiently informative. However, re-
peated analyses should, of course, provide a truer
estimate.

The choice of marker genes for genotyping of P.
falciparum infections will obviously depend on the spe-
cific research questions asked. For estimation of multi-
plicity of P. falciparum infection, the msp2 locus was
generally found to be more informative than msp1 block
2, and glurp showed least diversity. However, multi-locus
analysis inevitably improves the estimated multiplicity of

infection. The use of several markers has proven parti-
cularly useful for detailed studies on complex parasite-
population structures and dynamics (VIRIYAKOSOL
et al., 1994; HILL & BABIKER, 1995; CONTAMIN et al.,
1996; DAUBERSIES et al., 1996; FARNERT ez al., 1997) as
well as to assess the clonality of a P. falciparum population
in a malaria outbreak (AREZ et al., 1999).

There are 2 principal outcomes of our work. First,
PCR methodology has been validated as the most
important current method for typing polymorphic genes
of P. falciparum. The results obtained in each laboratory
were broadly similar in their sensitivity when the labora-
tory clones were examined, all detecting parasites at
100/uL, and most at 10/pL. With regard to specificity,
all laboratories detected the major allele of each gene
present in the field samples, together with a varying
number of other alleles. Second, our results have shown
that reports from different laboratories of variations in
parasite-population structure in diverse geographical
areas, or even over periods of time, might actually be
due to technical differences between the laboratories
rather than true epidemiological differences. No specific
methodological reasons could be identified for these
discrepancies, but they appeared to be mainly labora-
tory-dependent. We recommend, therefore, that stan-
dardized procedures should be used in such work, even
though in practice this is probably difficult to achieve
because of the large number of variables involved in PCR
technology. It is quite clear, however, that for optimal
comparisons of samples from different regions, analysis
should preferably be carried out within a single labora-
tory (e.g. BABIKER et al., 1997; KONATE ¢z al., 1999).
Our overall findings do not detract from the undoubted
importance and practical value of PCR methodology in
epidemiological studies on malaria.
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