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Abstract

We investigated the genetic diversity and the population structure &&®@nodium falciparum blood sample isolates (25 from Dakar
city and suburbs and seven from other localities in Senegal) with two different types of molecular markers, 19 microsatellite and four
antigenic determinant loci. Under the same technical procedure, microsatellite loci showed a mean number of alleles greater than that of
antigenic loci. Both markers revealed that 15.6% of blood samples were multi-infected. Mean expected heterozygosity calculated from
microsatellites and antigens was similar, 0.74 and 0.70, respectively. Significant linkage disequilibrium was observed from microsatellite
loci and antigenic determinant loci. This suggests a non-panmictic structure for this sample that could be explained by two non-exclusive
hypotheses: (i) a particular mating system (i.e. clonality), and/or (ii) a population structBréalciparum (i.e. Wahlund effect). Urban
samples could have been drawn from a heterogeneous set of foci with different level of parasitic transmission. Moreover, no relationship
was found between multilocus genotypes and different parameters (i.e. age, sex and blood group of parasitized patients; number of
trophozoites per microliter of blood). The results are discussed taking into account recently published studies on malaria population biology.
© 2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction in sub-Saharan Africa. Mortality due to malaria is estimated
to be over one million persons per year. If young African
Malaria is the most prevalent parasitic disease world- children from rural areas are the principal victims, pregnant
wide. Among the four species which are causative agents inwomen, non-immune travelers, refugees and displaced per-
humans Plasmodium falciparum, P. vivax, P. malariae and sons also belong to high-risk groudg. In Africa, 550 mil-
P. ovale, the first accounts for the majority of infections and lion persons live in malaria-infested areas, and in West
is the most lethal. According to the World Health Organi- Africa, previous studief?] defined different epidemiologi-
zation (WHO) [1], 300-500 million clinical cases are diag- cal patterns. These patterns are related to climatic, phyto-
nosed each year and more than 90% of all cases are locatedeographic and transmission (entomological inoculation
rates (EIR) and periodicity of transmission) characteristics
and are as follows: (1) area of stable malaria (throughout the
year as in the equatorial area) with a high EIR (as much as
"< Corresponding author. 1000 infected bites/man/ye_ar), (2)_ area with a Ic_:ng seasonal
Tel.: +33-4-67-41-62-32; fax: +33-4-67-41-62-99. outbreak (6—8 months as in troplcal areas) with 100-400
E-mail address: leclerc@mpl.ird.fr (M.C. Leclerc). infected bites/man/year, (3) area with intermediary short
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seasonal outbreaks (<6 months as in the Sahelian area) with
2-20 infected bites'man/year, and (4) area of unstable
malaria with very short and uncertain outbreaks (as in
deserts or mountains). But in each of these main patterns,
variability of transmission rates can be observed, due to
different ecological parameters and human activities (i.e.
dams, agricultural structures). Concerning urban malaria,
transmission rates are weaker than in rural areas, because of
alower density of Anopheles vectors[3]. So, malaria can be
contracted all over the year with the same intensity or with
a seasonal outbreak, in relation with the climatic position of
the city. Variations from one part to another part of the same
city (i.e. city center and suburbs) are observed [3-5]. A great
percentage of severe malaria is diagnosed because inhabit-
ants have developed little immunity according to the low
malaria transmission, which occurred in urban zones. The
WHO [1] refers to “weekend malaria’ in Africa which
happens when inhabitants return to their rural settings, and
this phenomenon seems to be becoming an increasing
problem.

As reported by Babiker and Walliker [6], great genetic
diversity of P. falciparum is common in countries with a
wide range of transmission intensities; indeed, a correlation
has been observed between the extent of genetic polymor-
phism and the level of transmission intensity. Previous
studies [6,7] aso relate that multi-infection is relatively
frequent, and a positive relationship has been reported in
three African countries between EIR and the number of
Plasmodium genotypes in patients. Knowing that P. falci-
parum is a hermaphrodite parasite where both selfing and
outcrossing can occur, these population dynamic parameters
of malaria are crucia for the genetic structures and the
epidemiological characteristics of this disease (i.e. spread of
resistance, local adaptation to mosguitoes or humans and
morbidity). The debate on this topic is controversial and
remains very sharp, but it is evident that the knowledge of
population biology of malaria at different geographic scales
is essential to understand the boundaries and the functioning
of malaria foci.

A clonal structure of P. falciparum populations was first
proposed [8], but other authors [6] argued that in highly
endemic areas outcrossing occurs frequently enough to lead
to panmictic structures, and to generate a great diversity of
molecular genotypes. For example, Day et a. [9] wrote that
if self-fertilization can be relatively frequent, then the
relatively infrequent outcrossing could be sufficient to
produce the apparent panmixia observed in different popu-
lations, and the authors proposed to investigate population
structure in smaller aress. In recent papers [10,11], the
authors raised the problem of malaria population biology in
the presence of the different population dynamics encoun-
tered in malariafoci. Thus, the problem is still under debate,
but we recommend reading Pollak [12] and Awadalla and
Ritland [13] for an understanding of the respective roles of
partia inbreeding and contrasting mating systems in popu-
lation genetics.

More and more studies were conducted to analyze the
genetic diversity, the dynamics and the population structure
of P.falciparum using different molecular tools, which
congtitute indirect markers sinceit isimpossible to study the
population biology of this parasite by the usual ecological
markers. But the mgjority of the molecular markers used in
the different analyses belong to genes determining antigens
[14-18], and multilocus enzyme electrophoresis [18]. Cur-
rently, few works refer to microsatellite loci [10,19,20].
Microsatellite loci present a high variability and are consid-
ered to be neutral Mendelian markers; they thus constitute
appropriate tools for population genetics investigations
when compared with the usual malaria markers such as
merozoite surface proteins (MSP1 and MSP2) or circum-
sporozoite surface proteins (CSPs). Indeed, these genes can
be under selection [21] and present less genetic variability
than microsatellite loci [10].

Senegal has high rates of malaria transmission in rural
areas, but a relatively low EIR occurs in Dakar [3,22].
Moreover, mixing of populations and mobility of persons
inside the town (i.e. center and suburbs) and movements
between all parts of the country are frequent. So, the
parasite population could be sub-structured and more het-
erogeneous than in rural areas. Thus, the goal of this study
is to investigate the genetic structure presented by infected
blood samples of P. falciparum collected mainly in Dakar
city and its suburbs. Moreover, in order to compare infor-
mation carried by putative neutral and non-neutral markers,
we analyzed 19 microsatellite loci and four antigenic
determinants. two merozoite surface proteins (MSP1,
MSP2), glutamate rich protein (GLURP) and CSP.

2. Materials and methods
2.1. Parasite samples and DNA preparations

Blood samples were collected in Senega from 32 pa
tients infected with P. falciparum; most of them (25) were
from Dakar. The seven other samples came from different
localities in Senegal, and served as outgroup for compari-
son. The samples were collected from September to Decem-
ber 1996. Patients did not receive any anti-malaria drug
treatment before the blood sampling. Origin, age, sex, blood
group and number of trophozoites per microliter of blood of
the different patients are given in Table 1.

Two-hundred microliters of red blood cell pellets were
suspended in 200l of sterile H,O, supplemented by
100 mM NaCl, 10 mM EDTA and 45 ul of 10% SDS and
8 ul of Rnase at 500 ug/ml. The mixture was incubated for
2hat 37 °C. Then 10 ul of proteinase K at 10 mg/ml was
added and the mixture was incubated for 2 h at 55 °C. Then
DNA was isolated using phenol—chloforoform extraction
and dissolved in 20 ul of sterile water.
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Table 1
Characteristics of the P. falciparum (Pf) samples collected from patients in Senegal
Sample code Locality Sampling date Age Sex Blood group Parasitemia**
Pf 1 Tambacounda 09/13/1996 36 M A 112,000
Pf 2 Dakar 09/24/1996 14 M A 97,360
Pf3 Dakar 09/25/1996 7 M (e} 60,560
Pf4 Dakar 09/26/1996 16 M (e} 18,400
Pf5 Dakar 10/01/1996 17 F B 111,760
Pf 6 Dakar 10/03/1996 15 F A 23,840
Pf 7 Dakar 10/07/1996 20 M A 7,040
Pf 8 Dakar 10/09/1996 20 M A 21,440
Pf9 Dakar 10/14/1996 23 M A 27,200
Pf 10 Casamance 10/14/1996 10 M (e} 12,240
Pf 11 Dakar 10/15/1996 20 M A 138,000
Pf 12 Dakar 10/16/1996 24 M (0] 23,200
Pf 13 Dakar 10/16/1996 34 M o 3,440
Pf 14 Dakar 10/21/1996 15 F O 75,360
Pf 15 Dakar 10/21/1996 13 M (¢} 36,400
Pf 16 Fatick 10/22/1996 45 M (e} 63,200
Pf 17 Dakar 10/23/1996 18 F A 44,640
Pf 18 Fatick 10/28/1996 8 F A 76,320
Pf 19 Dakar 10/28/1996 11 F O 37,600
Pf 20 Dakar 10/29/1996 30 F A 156,960
Pf 21 Linguéere 11/05/1996 25 M A 5,600
Pf 22 Dakar 11/05/1996 18 F (0] 37,040
Pf 23 Dakar 11/05/1996 10 F AB 49,920
Pf 24 Kaolak 11/06/1996 19 M O 9,600
Pf 25 Casamance 11/06/1996 20 M B 4,400
Pf 26 Dakar 11/07/1996 27 M B 92,160
Pf 27 Dakar 11/11/1996 26 M A 7,040
Pf 28 Dakar/Pikine * 11/14/1996 17 F ) 56,320
Pf 29 Dakar 12/03/1996 10 F A 33,600
Pf 30 Dakar 12/09/1996 28 M B 1,600
Pf 31 Dakar 12/09/1996 19 M B 60,000
Pf 32 Dakar 12/10/1996 26 M O 110,400
* Dakar suburb.

** Parasitemia. number of trophozoits/ul of blood.

2.2. Microsatellite loci

The 19 selected loci (Table 2) have al been described
[19]; one locus (GenBank accession number AL034558)
was described by Churcher et al., but is unpublished. PCR
conditions were as follows: the amplification was performed
in a reaction mixture of 20 ul containing around 20 ng of
genomic DNA, 1X reaction buffer, 2.5 mM MgCl,, 80 uM
of each deoxynucleoside triphosphate, 6 pmol of each
primer and 1.3 U of Taq polymerase (Promega). The ther-
mal profile involved one cycle with denaturation at 94 °C
for 2 min, followed by 30 cycles of 20s a 94 °C, 10s at
45°C, 10s at 40 °C and 30 s at 60 °C. After PCR amplifi-
cation, 8 pl aliquots of the reaction mixture were electro-
phoresed on 8% Long Ranger TM acrylamide gel with
Tris-borate buffer 1X. The DNA bands were visualized by
silver staining [23].

2.3. MSP1, MSP2, GLURP and CSP

For MSP1, MSP2 and GLURP, we used the primers and
the PCR conditions already described [24]. We did not

differentiate the three allelic families of MSP1 block 2 [25]
and the two allelic families of MSP2 block 2 [26]. We
analyzed only the size of MSP1 and MSP2 amplified
products in order to be in the same conditions of character-
ization as for microsatellite loci. For CSP, we amplified the
central region using CS3 and C4 primers already proposed
[27]. The amplification was performed in a PTC 100
thermocycler (MJ-Researcher). Twenty microliters of each
amplification were loaded on 1.6% agarose gels, separated
by electrophoresis in 1X TBE, stained with ethidium bro-
mide, and examined by illumination with UV.

2.4. Satistical analysis

Genetic polymorphism was measured by the number of
alleles per locus (A) and Nei's unbiased expected heterozy-
gosity [28] using F-STAT, v1.2 [29] adapted to haploid
data (unbiased expected heterozygosity corrected by
(2n- 1)/(2n - 2), where n is the sample size according to
GENETIX v. 4.01 [30]).

The genotypic linkage disequilibrium was tested by the
Fisher exact test performed by the GENEPOP package
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Table 2
Molecular marker characteristics

Locus name (present study)  Marker name [19]

dbSTS or GenBank access

Chromosome location Number of alleles per locus

PL TA35 (38826 4 10
P2 TA111 G38830 5 3
P3 P2 G37826 7 1
P4 TA80 (38857 10 4
P5 TA119 (38863 1 8
P6 TA31 (38864 1 7
P7 TA125 38868 1 10
P8 TA22 (38886 14 9
P11 MDR1 G42769 5 5
P14 ARA6 G37833 8 4
P15 ARA3 G37855 12 5
P17 ARP2 G37793 13 7
P24 PFPK 2 G37852 12 8
P26 TA109 G38842 6 8
P27 TA81 (38836 5 7
P28 TA42 (38832 5 5
P32 CIM25 G37999 1 5
P33 CimM8 G38013 1 12
P35 PEMAL3P2 AL034558 * 3 u
MSP1 - - 9 5
MSP2 - - 2 7
GLURP - - 10 8
CsP - - 3 4
* From Churcher et a. (1999), unpublished data.
version 3.2d [31]. The null hypothesis is that genotypes at 3. Results

one locus are independent of genotypes at the other locus. A
randomization procedure (4,000,000 iterations) using the
Markov chain methods [31] enabled estimation of the exact
probability of random association between all possible pairs
of loci. Using an exact binomial test [32] we tested if the
rate of associations at the 5% level of significance differed
from those expected under the null hypothesis (i.e. 0.05).
For comparison with other studies on the population genetic
structure of P. falciparum, linkage disequilibrium was also
estimated using the LIAN 3.0 software developed for
multilocus haploid data[33]. LIAN tests the null hypothesis
of linkage equilibrium for multilocus data. Linkage equilib-
rium is characterized by statistical independence of aleles
at al loci. LIAN tests for this independent assortment by
first computing the number of loci at which each pair of the
population differs. The main output file states a “standard-
ized index of association” (I,g), a measure of haplotype-
wide linkage. Associations between all pairs of loci were
also estimated by the method described in Garnier-Géré and
Dillmann [34] (computed by GENETIX v. 4.01 [30]).
Comparison of the values test obtained between microsat-
elite loci and antigenic markers was then undertaken by a
Wilkoxon rank-sum test [32].

Cavalli-Sforza and Edwards chord distance [35] was
used to build a tree reflecting the genetic relationships
which link the different P. falciparum isolates (see Takezaki
and Nei [36] for justifying the use of this distance). Genetic
distances were computed by GENETIX v. 4.01 [30] and the
tree was generated using the neighbor-joining method [37].

3.1. Genetic diversity

Five blood samples (2, 12, 17, 18 and 26) were found
multi-infected from both microsatellite and antigenic pat-
terns (Table 3); they were excluded from further analysis.
Nine more samples presented multi-infected patterns for
only one or two loci. We scored for them the predominant
band or no value when the bands were of equal intensity, as
suggested by previous studies [10]. Two samples (14 and
15) presented the same allelic patterns for all loci; these
samples were collected on the same day from one brother
and his sister living in the same house, sleeping in the same
bed, and presenting clinical symptoms for 3 and 4d,
respectively, strongly suggesting an interrupted feeding by a
unique infecting anopheline. The number of aleles ob-
served per locusis shown in Tables 2 and 4: it ranged from
3 (P2 locus) to 12 (P33 locus) for microsatellite loci, and
from 4 (CSP locus) to 8 (GLURP locus) for antigenic
markers. The unbiased expected heterozygosity was similar
for both markers (Table 4).

3.2. Linkage disequilibrium

Despite a dlight difference between the two statistical
procedures (i.e. Genepop vs LIAN for antigen loci—Table
5), linkage disequilibrium analysis evidenced a strongly
significant correlation between loci (Table 5). As the popu
lation structure could contribute to that result (i.e. Wahlund
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Table 3
Number of microsatellite and antigen loci presenting a multi-infected
pattern in five samples

Sample code Microsatellite loci Antigen loci
Pf 2 14 2
Pf 12 12 3
Pf 17 5 2
Pf 18 10 1
Pf 26 13 2

effect), the analysis was repeated on isolates from a single
location (Dakar) with similar results. The analysis was also
done separately on microsatellite and on antigenic data; if
linkage disequilibrium still exists between microsatellite
markers, no correlation was found between antigenic mark-
ers (Table 5). But when we compared microsatellite loci vs
antigenic markers there is no difference in the mean
correlation between pairs of loci from microsatellites (mean
r =0.20+ 0.05) and from antigenic markers
(mean =0.17 £ 0.02) (Wilkoxon rank-sum test, P = 0.27).
The most parsimonious explanation of this phenomenon
could be attributed to the low level of variability observed
for the antigenic determinants which lead to powerless
statistical tests for linkage disequilibrium. Linkage disequi-
librium cannot be attributed to physical links between
markers, because except for two associated pairs of micro-
satellite loci (i.e. P2 and P27, P5 and P6), al other
associated loci are located on distinct chromosomes.

3.3. Genetic relationships between samples

Fig. 1 shows the great heterogeneity observed in Plas-
modium genotypes which splits in several groups. In par-
ticular, we note that samples outside of the Dakar area are
randomly distributed among these different groups. More-
over, Fig. 1 shows no evident association between the

Table 4

different characters (i.e. sex, age, blood group and para
sitemia) and genotypes.

4. Discussion

The level of microsatellite variability observed (Table 4)
revedled the presence of a high genetic diversity in this
sample, but the values obtained are dlightly inferior to those
generally observed in African areas with a stable and long
season of malaria transmission. Indeed, the mean value
found for Congo isolates by Durand (unpublished data) is
7.75 + 2.62, and mean values published by previous studies
[10] from Uganda, Congo and Zimbabwe ranged from
10.00 to 10.67. However, our values are higher than those
found in South America (from 2.17 to 2.50), and in Thailand
(4.92 + 0.57) and they are similar to the values observed in
localities of Papua New Guinea (from 6.00 to 6.58) [10];
these areas present a low or intermediate level of malaria
transmission. Our observation agrees with the results pre-
sented by others [38] who found extensive genetic diversity
in isolates collected in Dakar with antigenic markers.
However, the genetic variability observed for the antigenic
markers is smaller than the values usually found in the
literature [39,40]. It is especially true for MSP1 and M SP2,
but the variability observed hereisonly based on alelic size
and not on variations in sequences which were generally
taken into account in previous studies. Nevertheless, with
the same kind of analysis (i.e. allelic size) the mean number
of alleles per locus is significantly smaller for antigenic
markers than for microsatellites (Table 4). This result could
reflect (i) differential mutation rates between microsatellite
and antigenic loci, and/or (ii) in accordance with the theory
on selected genes, that antigen determinants are under
selection and not microsatellites.

Unbiased expected heterozygosities (He) corrected for haploid data (27), and number of alleles observed (A) 2

Statistical characteristic He antigens He microsatellites A antigens A microsatellites
Mean 0.702 0.745 5.440 6.439
LCL 0.701 0.745 5.433 6.435
UCL 0.703 0.745 5.446 6.443

2 ower confidence limit (LCL) and upper confidence limit (UCL) are estimated after 10,000 bootstrap simulations over loci.

Table 5
Genetic disequilibrium analysis®

Sample origin Sample size Microsatellite loci Antigen loci Microsatellite and antigen loci
Genepop Ias LIAN Genepop las LIAN Genepop Ias LIAN

Dakar 21 24x** 0.047+++ NS 0.083* 33xx* 0.050***

Senegal 27 27%** 0.036** NS 0.040NS 31*** 0.031+**

2 Number of significant pairs found for Dakar and Senegal (all) samples from 19 microsatellite loci (171 possible pairs), four antigen loci (six possible
pairs) and with both markers together (253 possible pairs) using Genepop and standardized index of association |5 using LIAN.

*** Test significant at P < 0.001, and NS non-significant test after an exact binomial test.

++* Test significant at P <0.001, * test significant at P <0.05 and NS non-significant test after a ssimulation test (10,000 iterations).



690 M.C. Leclerc et al. / Microbes and Infection 4 (2002) 685-692

Pf 4 (0, 1-20, M, Me)

Pf27 (0, 21-30, M, Me)

Pf8 (A, 1-20, M, Me)

Pf 29 (O, 1-20, F, Me)

Pf 30 (A, 1-20,F, Me)

Pf28 (A, 20-30,M, L)

Pf5 (B, 1-20,F, H)

Pf21(A21-30,M,L)

— =
B

Pf 24 (0,1-20,M, L)

Pf 10 (O, 16-20, M, Me)
Pf3 (O, 1-20, M, Me)

Pf 25 (B,21-30,M,L)

Pf7(A,1-20,M,L)

Pf 23 (AB, 1-20,F, Me)

Pf1 (A, 31-40, M, H)

—
Pf 14 (O, 1-20,F, Me)
Pf 15 (O, 1-20, M, Me)
——' [:: Pf6 (A, 1-20, F, Me)
—[,_I Pf31 (B,21-30,M,L)
B Pf32 (B, 1-20, M, Me)

Pf9 (A, 21-30, M, Me)

Pf33 (0,21-30, M, H)
Pf 13 (O, 31-40,M, L)
Pf 16 (O, 41-50, M, Me)

Pf11 (A, 1-20,M, H)

Pf 19 (O, 1-20,F, Me)

—_

H 0.046

Pf20 (A, 31-40,F, H)

Pf 34 (B, 31-40, M, Me)

Fig. 1. Neighbor-joining tree reflecting the genetic relationships between the P. falciparum isolates collected from Senegal. Samplesin bold characters were
collected outside Dakar. Blood groups (A, B, AB, O), age classes (1-20 years, 21-30 years, 3140 years, 41-50 years), sex (F, M) are given in parentheses.
For the parasitemia level (i.e. number of trophozoites per ul of blood), we refer to L (low, <10%ul), Me (medium, <10%ul) and H (high, >10%/ul).

The levels of unbiased expected heterozygosities found
in this study with both microsatellites and antigens are
comparable with other studies based on microsatellite loci:
(i) Congo (0.79+0.11) (Durand, unpublished data); (ii)
Uganda, Congo and Zimbabwe isolates (from 0.76 to 0.8)
[10]. But the heterozygosity observed in this Senegal
sample is higher than those found also with microsatellite
loci in South America (from 0.3 to 0.4), in Thailand
(0.51+0.08) and Papua New Guinea (from 0.62 to 0.65)
[10]. If we observe an inferior mean number of alleles per
locus compared to other areas, heterozygosity levels of this
sample present the same order of magnitude as observations
made in areas of high malaria transmission in which
outcrossing occurs frequently [6].

Notwithstanding this great genetic diversity and frequent
multi-infections, significant linkage disequilibrium clearly
appeared in the present urban samples of malaria parasites.
Linkage disequilibrium was aso observed with microsatel-
lite loci by others [10] in areas of low level of genetic
diversity such as in some countries of South America
(Bolivia, Colombia, Brazil), in areas with intermediate
genetic diversity such as in Thailand or in one locality of
Papua New Guinea, and in Zimbabwe, which presents a
high genetic diversity. In other African countries with a high
genetic diversity (Uganda and Congo), the same authors
[10] did not observe linkage disequilibrium. Other authors
[11] showed, from different sets of multilocus markers,
strong linkage disequilibrium which could reflect a clonal

mode of propagation in Venezuela localities with low EIR.
Two non-exclusive hypotheses could explain the situation
observed in our Senegal sample: (i) a global non-panmictic
structure of the Dakar malaria population due to a high
predominance of selfing; (ii) a structuration in sub-
populations of several malaria foci in Dakar (i.e. Wahlund
effect). A similar situation is noticed by Durand et al.
(unpublished data) who observed significant linkage dis-
equilibrium in a sample set from Congo where malaria is
stable with ahigh EIR and ahigh genetic diversity. So, these
observations might underline the existence of different
structured foci displaying their own population dynamicsin
countries with inclusive high malaria transmission.

In a study conducted in two villages in Senegal 5km
from one another displaying different transmission condi-
tions, a study [15] showed the existence of a higher genetic
diversity of malaria in the village with stable or perennial
transmission (EIR: 89-350 infected bitesman/year) when
compared to the village with seasonal transmission (EIR:
7-63 infected bitessman/year). In Pikine (suburb of Dakar),
the transmission rate is comparable to the transmission rate
observed in proximal rural areas, but the authors underlined
that this site displayed many gardening areas with perennial
water pools [41]. Previous studies [3] in Dakar city inves-
tigated the vector density between an area bordering a
permanent marsh and an area located 600 m away. The
density of Anopheles arabiensis decreased from the marsh-
land to the farthest area. Children presented parasite rates
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three times higher in the vicinity of the marshland, which
was a main larval breeding site, than at some hundred
meters away. Thus, the urban transmission level of malaria
depends not only on the epidemiological pattern of the
geographic area where the town is located (i.e. stable,
unstable or intermediary malaria), but also on the human
structures located inside the town [5]. Consequently, urban
malaria displays a great heterogeneity of population struc-
tures which could explain the present results. The survey of
urban malaria, which seems to constitute the “tomorrow-
malaria’ [1,5], must be considered through a strict charac-
terization of the different sites of transmission, together with
a maximum of inquiries about the real origin and clinical
manifestations of patients. It is thus now necessary to
consider the respective population structures of vectors and
parasites in order to define who transmits what, where and
when in maaria foci, because each site could be very
delimited with its own type of transmission. However, it is
obvious that these kinds of studies are currently under-
represented in the literature on malaria.

Acknowledgements

This work was supported financially by the Centre
National de la Recherche Scientifigue (CNRS) and the
Institut de Recherche pour le Développement (IRD).

References

[1]  World Health Organization Maaria, Unpublished document. Avail-
able from <http://www.who.ch/>, 1998.

[2] J Mouchet, P. Carnevale, M. Coosemans, D. Fontenille, C. Rava-
onjanahary, A. Richard, V. Robert, Typologie du paludisme en
Afrique, Cahiers Santé 3 (1993) 220-238.

[3] JF Trape, E. Lefebvre-Zante, F. Legros, G. Ndiaye, H. Bouganali,
P. Druilhe, G. Salem, Vector density gradients and the epidemiology
of urban malaria in Dakar, Am. J. Trop. Med. Hyg. 4 (1992)
181-189.

[4] P Carnevae, V. Robert, G. Le Goff, E. Fondjo, L. Manga,
M. Akogbeto, J.P. Chippaux, J. Mouchet, Cahiers Santé 3 (1993)
239-245.

[5] D. Baudon, F.J. Louis, G. Martet, En Afrique, le paludisme urbain
est le paludisme de demain, Med. Trop. 56 (1996) 323-325.

[6] H.A.Babiker, D. Walliker, Current views on the population structure
of Plasmodium falciparum: implications for control, Parasitol.
Today 13 (1997) 262-267.

[7]  D. Walliker, H. Babiker, L.R. Cartwright, in: I.W. Sherman (Ed.),
Malaria: Parasite Biology, Pathogenesis and Protection, ASM Press,
Washington, 1998, pp. 235-252.

[8] M. Tibayrenc, F. Kjellberg, F.J. Ayala, A clonal theory of parasitic
protozoa: the population structures of Entomoeba, Giardia, Leish-
mania, Plasmodium, Trichonomas and Trypanosoma and their
medical and taxonomic conseguences, Proc. Nat. Acad. Sci. USA 87
(1990) 2414-2418.

[9] K.P. Day, JC. Koella, S. Nee, S. Gupta, A.F. Read, Population
genetics and dynamics of Plasmodium falciparum: an ecological
view, Parasitology 104 (1992) S35-S52.

(10

(11]

(12]

(13]

[14]

(19]

[16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

[29]

T.J.C. Anderson, B. Haubold, J.T. Williams, J.G. Estrada-Franco,
L. Richardson, R. Mollinedo, M. Bockarie, J. Mokili, S. Mhara-
kurwa, N. French, J. Whitworth, 1.D. Velez, A.H. Brockman,
F. Nosten, M.U. Ferreira, K.P. Day, Microsatellite markers reveal a
spectrum of population structures in the malaria parasite Plasmo-
dium falciparum, Mol. Biol. Evol. 17 (2000) 1467-1482.

L. Urdaneta, A. Lal, C. Barnabé, B. Oury, |I. Goldman, F. Ayala,
M. Tibayrenc, Evidence for clonal propagation in natural isolates of
Plasmodium fal ciparum from Venezuela, Proc. Nat. Acad. Sci. USA
98 (2001) 6725-6729.

E. Pollak, On the theory of partially inbreeding finite populations. 1.
Partial selfing, Genetics 117 (1987) 353-360.

P. Awadalla, K. Ritland, Microsatellite variation in Mimulus species
of contrasting mating systems, Mol. Biol. Evol. 14 (1997)
1023-1034.

H.A. Babiker, G. Satti, D. Walliker, Genetic changes in the popula-
tion of Plasmodium falciparum in a Sudanese village over a
three-year period, Am. J. Trop. Med. Hyg. 53 (1995) 7-15.

L. Konaté, J. Zwetyenga, C. Rogier, E. Bischoff, D. Fontenille,
A. Tal, A. Spiegel, J.F. Trape, O. Mercereau-Puijalon, The epide-
miology of multiple Plasmodium falciparum infections. 5. Variation
of Plasmodium falciparum mspl block 2 and msp2 allele prevalence
and of infection complexity in two neighbouring Senegalese villages
with different transmission conditions, Trans. R. Soc. Trop. Med.
Hyg. 93 (1999) S1/21-S1/28.

J. Zwetyenga, C. Rogier, A. Spiegel, D. Fontenille, JF. Trape,
O. Mercereau-Puijalon, A cohort study of Plasmodium falciparum
diversity during the dry season in Ndiop, a Senegalese village with
seasonal, mesoendemic malaria, Trans. R. Soc. Trop. Med. Hyg. 93
(1999) 375-380.

K. Maitland, S. Kyes, T.N. Williams, C.I. Newbold, Genetic
restriction of Plasmodium falciparum in an area of stable transmis-
sion; an example of idand evolution? Parasitology 120 (2000)
335-343.

S.B. Abderrazak, B. Oury, A.A. Lal, M.F. Bosseno, P. Force-Barge,
J.P. Dujardin, T. Fandeur, JF. Molez, JF. Kjellberg, F.J. Ayaa,
M. Tibayrenc, Plasmodium falciparum: population genetic analysis
by multilocus enzyme electrophoresis and other molecular markers,
Exp. Parasitol. 92 (1999) 232-238.

X.Z. Su, T.E. Wellems, Towards a high-resolution Plasmodium
falciparum linkage map: polymorphic markers from hundreds of
simple sequence repeats, Genomics 33 (1996) 430-444.

T.J.C. Anderson, X.Z. Su, M. Bockarie, M. Lagog, K.P. Day, Twelve
microsatellite markers for characterization of Plasmodium falci-
parum from finger prick blood samples, Parasitology 119 (1999)
113-126.

M.K. Hughes, A.L. Hughes, Natural selection on Plasmodium
surface proteins, Mol. Biochem. Parasitol. 71 (1995) 99-113.

JF. Trape, E. Lefebvre-Zante, F. Legros, P. Druilhe, C. Rogier,
H. Bouganali, G. Salem, Malariamorbidity among children exposed
to low seasonal transmission in Dakar, Senegal and its implications
for malaria control in tropical Africa, Am. J. Trop. Med. Hyg. 48
(1993) 748-756.

W. Wray, T. Boulikas, W.P. Wray, R. Hancock, Silver staining of
proteins in polyacrylamide gels, Ana. Biochem. 118 (1981)
197-203.

L.C. Ranford-Cartwright, J. Taylor, T. Umasunthar, L.H. Taylor,
H.A. Babiker, B. Lell, JR. Schmidt-Ott, L.G. Lehman, D. Walliker,
PG. Kremsner, Molecular analysis of recrudescent parasites in a
Plasmodium falciparum drug efficacy trial in Gabon, Trans. R. Soc.
Trop. Med. Hyg. 91 (1997) 719-734.

K. Tanabe, M. Mackay, M. Goman, J.G. Scaife, Allelic dimorphism
in a surface antigen gene of the malaria parasite Plasmodium
falciparum, J. Mol. Biol. 195 (1987) 273-287.



692

[26]

[27]

(28]
[29]

(30]

(31]

(32]
(33]

(34]

M.C. Leclerc et al. / Microbes and Infection 4 (2002) 685-692

B. Fenton, J.T. Clark, C.M. Anjan Khan, J.V. Robinson, D. Walliker,
R. Ridley, J.G. Scaife, JS. Mc Bride, Structural and antigenic
polymorphism of the 35- to 48-kilodalton merozoite surface antigen
(MSA2) of the malaria parasite Plasmodium falciparum, Mol. Cell.
Biol. 11 (1991) 963-971.

H. Contamin, T. Fandeur, S. Bonnefoy, F. Skouki, F. Ntoumi,
O. Mercereau-Puijalon, PCR typing of field isolates of Plasmodium
falciparum, J. Clin. Microbiol. 33 (1995) 944-951.

M. Nei, Estimation of average heterozygosity and genetic distance
from a small number of individuals, Genetics 89 (1978) 583-590.
J. Goudet, FSTAT (vers. 1.2): a computer program to calculate
F-statistics, J. Hered. 86 (1995) 485-486.

K. Belkhir, GENETIX v 4.01, logiciel sous WindowsTM pour la
génétique des populations. Laboratoire Génome et Populations,
CNRS UPR 9060, Université de Montpellier 11, Montpellier
(France), 2000.

M. Raymond, F. Rousset, GENEPOP (version 1.2): population
genetics software for exact tests and ecumenicism, J. Hered. 86
(1995) 248-249.

S-PLUS Professional release 1 copyright (c) 1988-1999 MacthSoft,
Inc., 2000.

B. Haubold, R.R. Hudson, LIAN 3.0, detecting linkage disequilib-
rium in multilocus data, Bioinformatics 16 (2000) 847-848.

P. Garnier-Géré, C. Dillmann, A computer program for testing
pairwise linkage disequilibria in subdivided populations, J. Hered.
83 (1992) 239.

(39]

(36]

(37

(38]

(39]

(40]

(41]

L.L. Cavalli-Sforza, A.W.F. Edwards, Phylogenetic analysis: model
and estimation procedures, Am. J. Hum. Genet. 19 (1967) 233-257.

N. Takezaki, M. Nei, Genetic distances and reconstruction of
phylogenetic trees from microsatellite DNA, Genetics 144 (1996)
389-399.

N. Saitou, M. Nei, The neighbor-joining method: a new method for
reconstructing phylogenetic trees, Mol. Biol. Evol. 4 (1987)
406-425.

F. Robert, F. Ntoumi, G. Angel, D. Candito, C. Rogier, T. Fandeur,
J.L. Sarthou, O. Mercereau-Puijalon, Extensive genetic diversity of
Plasmodium fal ciparum isolates collected from patients with severe
malaria in Dakar, Senegal, Trans. R. Soc. Med. Hyg. 90 (1996)
704-711.

H.A. Babiker, L.C. Ranford-Cartwright, D. Currie, J.D. Charlwood,
P. Billingsley, T. Teuscher, D. Walliker, Random mating in a natural
population of the malaria parasite Plasmodium falciparum, Parasi-
tology 109 (1994) 413-421.

O. Mercereau-Puijalon, Revisiting host/parasite interactions: mo-
lecular analysis of parasites collected during longitudinal and
cross-sectional surveys in humans, Parasite Immunol. 18 (1996)
173-180.

J. Vercruysse, M. Jancloes, Etude entomologique sur latransmission
du paludisme humain dans la zone urbaine de Pikine (Sénégal).
Cahiers ORSTOM, sér. Ent. Méd. Parasitol. 19 (1981) 165-178.



	Genetic diversity and population structure of Plasmodium falciparum isolates from Dakar, Senegal, investigated from microsatellite and antigen determinant loci
	Introduction
	Materials and methods
	Parasite samples and DNA preparations
	Microsatellite loci
	MSP1, MSP2, GLURP and CSP
	Statistical analysis

	Results
	Genetic diversity
	Linkage disequilibrium
	Genetic relationships between samples

	Discussion
	Acknowledgmements
	References


