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COMUNICAÇÃO

Genetic diversity and differentiation in natural Plasmodium falciparum
populations inferred by molecular typing of the

merozoite surface proteins 1 and 2

Diversidade genética e diferenciação em populações naturais de Plasmodium falciparum
inferidas pela tipagem molecular das proteínas de

superfície de merozoítos 1 e 2

Fabrício J.T. Pereira1, José A. Cordeiro2, Erika H.E. Hoffmann3 and Marcelo U. Ferreira1 3

Abstract  Genetic diversity and differentiation, inferred by typing the polymorphic genes coding for the merozoite
surface proteins 1 (Msp-1) and 2 (Msp-2), were compared for 345 isolates belonging to seven Plasmodium
falciparum populations from three continents. Both loci yielded similar estimates of genetic diversity for each
population, but rather different patterns of between-population differentiation, suggesting that natural selection
on these loci, rather than the transmission dynamics of P. falciparum, determines the variation in allele frequencies
among populations.
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Resumo  Estimativas de diversidade e diferenciação genética, obtidas com a tipagem dos genes polimórficos
que codificam as proteínas de superfície de merozoítos 1 (Msp-1) e 2 (Msp-2) foram comparadas em 345
isolados pertencentes a sete populações de Plasmodium falciparum de três continentes. Os dois loci produziram
estimativas semelhantes de diversidade genética para cada população, porém com padrões distintos de
diferenciação entre populações, sugerindo que a seleção natural nestes loci, em vez da dinâmica de transmissão
de P. falciparum, determina a variação de freqüências alélicas entre populações.
Palavras-chaves: Malária. Plasmodium falciparum. Msp-1. Msp-2. Genética de populações.
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The genes encoding the polymorphic merozoite
surface proteins 1 (Msp-1) and 2 (Msp-2) have been
extensively used as markers to investigate the genetic
diversity and population structure of Plasmodium
falciparum3. Here we examine how comparable are
estimates of genetic diversity and differentiation inferred
by Msp-1 and Msp-2 typing in the same P. falciparum
populations.

Polymorphism at the Msp-1 and Msp-2 loci was
examined in 345 isolates belonging to seven P.
falciparum populations. Five of them were from different
sites within the Brazilian Amazon Basin, one from

southern Vietnam and one from north-eastern Tanzania
(Table 1). Five variable domains or blocks (2, 4a, 4b, 6
and 10) of the Msp-1 gene were typed with PCR using
the allele-specific primers described elsewhere11. Msp-
1 alleles were defined as unique combinations of allelic
types in variable blocks11 Most typing results, except for
those for 34 additional isolates from Vietnam, had been
previously published7 8 14. The central region of Msp-2
(blocks 2 and 3) was amplified by PCR and typed by
hybridization with allele-specific probes9. Msp-2 alleles
were defined according to PCR fragment sizes and
hybridization patterns. Msp-2 typing results had been
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previously published for RO1, RO2, VN and TZ9; 60
additional Brazilian isolates, which constitute the
populations PA1, PA2 and AC, were analyzed for the
present comparison (Table 1).

Both loci yielded comparable estimates of genetic
diversity for each population, as judged by the number
of different alleles and the average diversity index H4,
defined as the probability of randomly drawing two
different alleles from the population sample (Table 1).
In other words, both typing systems seemed to be
equivalent in terms of their ability to discriminate
between unrelated parasite clones or strains within the
same population10.

Different results were obtained when we used allele
frequencies to assess the degree of genetic differentiation
among the seven P. falciparum populations. Fixation
indices (FST), which describe the proportion of overall

genetic diversity that is attributable to differences between
(instead of within) populations13, were calculated for pair-
wise comparisons of allele frequencies for both loci. AC
was the population associated with the highest fixation
indices for Msp-1 (Table 2), suggesting that gene flow
between AC and all other populations is relatively scant.
Fixation indices for Msp-1 suggest that more
differentiation (less genetic admixture) has occurred
between AC and RO2 (FST = 0.130), which were sampled
in the 1990s in two neighboring regions of Brazil (distance
between collection sites of about 600km), than between
parasites on different continents (FST 

values between
0.010 and 0.119 in pairwise comparisons). The overall
FST estimate for Msp-1 was 0.095. In contrast, less genetic
differentiation between populations was usually detected
by Msp-2 typing (Table 2), with an overall FST 

estimate of
0.072. No association between FST values and

Table 1 - Geographical origin and estimates of genetic diversity at the Msp-1 and Msp-2 loci for seven Plasmodium falciparum populations
          Msp-1                              Msp-2

Population (origin) Years of collection No. of isolates typed No. of alleles H*  No. of alleles  H*

Brazil

RO1 (Rondônia) 1985-86 49 10 0.822 12 0.889

PA1 (Pará and Amapá) 1985-86 17 6 0.785 7 0.797

PA2 (Pará and Amapá) 1992-95 17 8 0.768 8 0.938

RO2 (Rondônia) 1995-98 46 9 0.786 16 0.896

AC (Acre) 1999 26 5 0.566 9 0.818

Vietnam

VN (Bao Loc) 1996-97 126 19 0.884 32 0.942

Tanzania

TZ (Tanga) 1996 64 13 0.855 35 0.953

*The average gene diversity index H is calculated as H = [n/ (n – 1)] [1 - Σpi
2], where n is the number of isolates sampled and pi is the frequency of each allele

at a given locus4.

Table 2 - Matrix of pair-wise FST values* for Msp-1 (above diagonal) and Msp-2 (below diagonal) in comparisons of seven Plasmodium
falciparum populations.

RO1 PA1 PA2 RO2 AC VN TZ

RO1 - 0.013 0.052 0.015 0.088 0.060 0.055

PA1 0.069 - 0.038 0.016 0.093 0.079 0.058

PA2 0.025 0.046 - 0.035 0.193 0.064 0.039

RO2 0.024 0.069 0.029 - 0.130 0.055 0.010

AC 0.068 0.073 0.046 0.062 - 0.119 0.092

VN 0.028 0.033 0.014 0.031 0.041 - 0.031

TZ 0.024 0.041 0.016 0.027 0.042 0.004 -

*The fixation index (F
ST

), ranging between 0 and 1, estimates the proportion of the overall variation in allele frequencies that is due to variation
between (instead of within) populations; high FST values indicate high levels of genetic differentiation (i. e., low levels of gene flow and genetic
admixture) between pairs of populations4.

geographical distance was apparent for either locus.
These findings suggest that natural selection on these
loci, rather than the transmission dynamics of P.
falciparum, determines the observed patterns of
between-population variation in allele frequencies. Thus,
they argue against the use of non-neutral polymorphic
markers (i. e., markers potentially under selection
pressure, such as those encoding antigens) in studies
of population genetics of malaria parasites.

An alternative way of looking at these data was based
on analysis of dependence (ANADEP)6. ANADEP is a
geometrical method of analysis. Allele frequencies of each
population are represented as a point in the real space
whose dimension is the total number of alleles detectable
by the typing procedure12. ANADEP may be thus regarded
as an equivalent to principal component analysis, a
method of multivariate analysis that is extensively used
in Biology and Epidemiology. In contrast with principal
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component analysis, however, ANADEP is suitable for
use with categorical variables. The first two factors of
dependence, which together explain nearly two-thirds
of the overall dependence among populations, were
considered to describe the dispersion of populations,
according to allele frequencies, in a two-dimensional
space (Figure 1). Msp-1 (but not Msp-2) allele
frequencies clearly differentiated AC, VN and PA2 from
all other populations. Conversely, RO1 and RO2 were
well differentiated from all other populations by
considering Msp-2 (but not Msp-1) allele frequencies
(Figure 1). A quite similar overall pattern emerged when
the three first factors of ANADEP, which together explain
between 74% and 77% of the overall dependence,
where taken into account (data not shown). The overall
ability to detect genetic differentiation among
populations, as shown by their dispersion in Figure 1,
was considerably higher for Msp-1 than for Msp-2.

Describing the patterns of genetic differentiation
among parasite populations is of considerable interest
for population geneticists1 5. Here we illustrate some
limitations that are inherent to studies of genetic
relationships of malaria parasite populations based on
non-neutral markers, such as the widely used Msp-1
and Msp-2 antigenic loci. In short, these markers may
differ in their ability to discriminate between populations,
even when they are equivalent in their ability to
discriminate between clones and strains within the same
population, especially when natural selection is a major
source of variation in allele frequencies. Putatively
neutral markers (i. e., polymorphisms located in non-
coding DNA sequences, that are not under selection),
such as most hypervariable microsatellite loci, however,
provide geneticists with excellent tools to overcome
these limitations2.
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Figure 1 - Patterns of differentiation of seven Plasmodium
falciparum populations, as estimated by analysis of
dependence of allele frequencies of Msp-1 (a) and Msp-2
(b). The first two dependence factors, which together
explain about two thirds of the overall dependence, are
considered in this analysis; the percentage of overall
dependence explained by each factor is given in
parentheses. Symbols for populations are as follows: RO1
!; PA1 "; PA2 !; RO2 #; AC "; VN !, and TZ #. Populations
are described in Table 1.
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