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Abstract

Microsatellites were used as markers for a study of the population structdrepfieles funestus on Madagascar and Comoros.
Mosquitoes were collected in four different localities on Madagascar and one on Comoros. There was a significant genetic differer
tiation between all samples from Madagascar and that from ComBro8.05). With respect to the Madagascar mosquito samples,
it was found that there were no significant genetic differences between samples that were collected at the east coast, and in t
highlands, respectively. By contrast, the west coast sample exhibited significant genetic differences (with regard to all Madagasc
samples). The results are discussed with respect to population distribution and migratigimeftus from mainland Africa and
the islands east of the mainland.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction anthropophily and endophily&illies and De Meillon,
1968. This mosquito is widely distributed throughout
Malaria is one of the most important diseases that tropical Africa, and its activity extends even into the dry
affects humans, with more than one million deaths season where other malaria mosquito vectors, such as
and 300 to 500 million cases of acute illness per year Anopheles gambiae, are usually inactiveHontenille et
(Greenwood and Mutabingwa, 2002; Snow et al., 2005 al., 1997.
In sub-Saharan Africad. funestus Giles is one of the Studies on the population structure of malaria vec-
three most important malaria mosquito vectors, in terms tors have important implications for the prediction and
of human morbidity and mortality, due to its high sus- assessment of the effects of many vector control strate-
ceptibility to malaria parasites and its high degree of gies. For example, the suggestion to drive malaria-
parasite refractory genes into wild malaria mosquitoes
(Crampton et al., 1994; Aultman et al., 20@t the man-
" * Corresponding author. Tel.: +31 317 484652; fax: +31 317 484821. agement of insecticide resistance by studyir_lg thg spread
E-mail address: willem.takken@wur.nl (W. Ta;kken). of resistance genes through target populati@slins

L Present address: MNHN, USM-504, 61 rueButffon, 75231 Paris €t al., 2000 will be affected by the genetic composition
cedex 05, France. and gene flow of the target vector populations.
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Microsatellites have been extensively applied to Ouallah
detect gene flow or study population genetic structure (Moheli)
(Walton et al., 1998 These genetic markers offer many A -
advantages over conventional markers such as polytene - ‘\”?\

b

LA

banding patterns or allozymes. They seem apparently Mangarivotra- a,d
neutral, are distributed throughout the genome and are Mangatsa .
codominant. In addition, microsatellites exhibithighlev-  (\Mahajunga) A
els of length polymorphism and are relatively easy to &
score (Valton et al., 1998
During the anti-malarial campaigns of the 1940s and i
1950s, extensive household spraying was undertaken to

Andapa I1
(Fenerive-Est)

“.’

= = Andranonahoatra

maintain a low incidence of malaria in the Highlands § (Mahasolo)
of Madagascar. In the 1970s, household spraying ceased

and a slow but progressive resurgenca.gfinestus took y %

place followed by a reintroduction of malaria. Between i_ ¥ N .

1986 and 1990 malaria incidence was very high and over [= S ; foalainitanga

(Mahasolo)

=3 Dry

100,000 lives were lost. The Ministry of Health beganthe = siwi .
distribution of chloroquine at the community level, and . 4

in 1988 household spraying commenced again (Mada- o
gascar Malaria Map, Pasteur Institute of Madagascar, Fig. 1. Collection sites in Madagascar and Comoros. Source: Biocli-
2002). mate map of Madagascar and Comoréséchlin et al., 1974

The present study was undertaken to examine the cur-
rent distribution ofA. funestus on Madagascar and to  2-2. Mosquito collection and identification
investigate genetic associations between geographically
different populations as well as with that of the Comoros, ~ Adult mosquitoes were collected with the human

an island group some 400 km North of Madagascar. ~ bait method, Mbita trapsL@ganier et al., 2003and
pyrethrum spray catches. Mosquitoes were collected

from January to June 2003.

2. Materials and methods Morphological identification was performed to sep-
arate theA. funestus group from the rest of anopheline
2.1. Collection sites species Gillies and Coetzee, 1987For this purpose,

blood meal identification by direct use of enzyme-linked
The study was conducted on the islands of Mada- immunosorbent assays (ELISA) was performed accord-
gascar and Comoros in the Indian Ocean, off the ing to the protocol described Beier et al. (1988)This
coast of East Africa. Four of the five different popu- test was performed for those mosquitoes whose ‘vic-
lations ofA. funestus were distributed within Madagas- tim’ was unknown (spray catch method). Thus, only
car (Mahajunga 486E, 1540S 25malt.; Fenerive-  mosquitoes feeding on human blood were used. Subse-
Est 4924E, 1719S, O0malt.; Analamiranga 4&6E, qguently, extraction of DNA from single mosquitoes was
19°14'S 870 malt.; Andranonahoatra”®5'E, 1900'S performed according to a protocol based@allins et
930 m alt.) and one population was located on the island al. (1987)
of Mohéli in the Comoros (4310E, 1219'S, Omalt.) Species identification within tha. funestus group
(Fig. ). Two Malagasy localities were on the coast and was performed by polymerase chain reaction (PCR),
the other two in the highlands. One village (Andranona- according to a protocol based dfoekemoer et al.
hoatra) in the highlands was in an area treated with DDT (2002) Although in Madagascar, on}. funestus sensu
for malaria control, and the other highland village was stricto has been documented, an exhaustive analysis was
in an untreated area. performed to confirm that observation and to allow a
The study sites were, in general, small hamlets and correct interpretation of the microsatellite data. Five
located in different bioclimatic zones, with considerable species out of nine, which comprised the whole group,
differences in annual rainfall and temperatures caused bywere checked with PCR primer4: funestus, Anophe-
the specific geography of Madagascar and Comoros andles vaneedeni Gillies and Coetzeednopheles parensis
the proximity of the Indian OceamMadagascar Malaria  Gillies, Anopheles rivulorum Leeson, anddnopheles
Map, 2003. leesoni Evans Koekemoer et al., 2002
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(Stepwise Mutation Model) and TPM (Two Phase
Model).

Samples of 47A. funestus sensu stricto females from Wilcoxon signed-ranks tests and Sing-tests were per-
each population were analysed using 10 microsatel- formed to determine if there was a significant number
lite loci. From Sinkins et al. (2000)were chosen:  of loci in which Heq > He. Tests were performed using
AF2, AF3, AF19, AF20 and AF5. Subsequently, five BOTTLENECK 1.2.02 Cornuet and Luikart, 1996
additional microsatellites were selected frabohuet Isolation by distance was investigated by a simple
et al. (2002) FunR, FunF, FunG, FunL and FunO. Mantel test to study the correlation between pairwise
The forward primer of each locus was labelled with genetic differentiation and geographic distance. The sig-
a fluorescent dye (FAM, TET, or HEX) compatible nificance of the test statistic was assessed by random
with an ABI PRISM sequencer (GENOME Express, permutation of one of the matrices using Mantel V2.0
France). According to locus colour, a multiple mix (Liedloff, 1999.
was made. The multiple mixes consisted of the fol-
lowing loci: AF2, AF3 and FunO; AF19, AF20, FunR 3. Results
and FunF; AF5, FunG and FunL. Genotyping proce-
dures with fluorescence technology were performed 3.1. Species identification
using an ABI 377 automatic DNA sequencer using fil-
ter set C (GENOME Express, France). Results were A total of 2711 mosquitoes of th& funestus group
analysed with Genescan 3.1.2. software. All the settings were captured, of which 260 were identified to species
were according to a protocol based updohuet et al. level by PCR. OnlA. funestus sensu stricto was found.
(2002) However, 20 of the 260 mosquitoes showed band absence
in the agarose gel. To examine whether errors in morpho-
logical identification might have erroneously identified
A. gambiae (Which species was also present in the study
areas, albeit in much smaller numbers) Asfunes-
tus, we conducted am. gambiae specific PCR. Two
mosquitoes were identified ds gambiae sensu stricto.
The remaining 18 samples showed band absence in the
were performed using GENEPOP v.3RBafymond and agarose gel and this was ascribed to a failure of the
Rousset, 1995 DNA extraction. With exception of the highland village

Population differentiation was analysed using the of Andranonahoatra, 47 individuals (out of many more
allelic variation and based upon the null hypothesis that specimens) from each study site were used for genetic
the allelic distribution was identical across populations. analysis. In Andranonahoatra, where the population of

2.3. Microsatellite technique

2.4. Data analysis

Estimates of linkage disequilibrium were made using
GENEPOP v.3.3 Raymond and Rousset, 1998nd
FSTAT v.2.9.3 Goudet, 1995 Furthermore, tests of
deviation from Hardy—Weinberg equilibrium (HWE)

Unbiased estimates of the-value of the probability
test (Fisher exact test) were produc&hymond and
Rousset, 1995

Population genetic differentiation was assessed by the

fixationindexFst (Wright, 1979. Estimates of stwere
calculated according toVeir and Cockerham (1984)
using FSTAT v.2.9.3 Goudet, 1995 and GENEPOP
v.3.3 Raymond and Rousset, 199%he FSTAT v.2.9.3
program calculated unbiased estimateB-statistics. In
addition, it performed numerical re-sampling by boot-

strap and jacknife procedures in order to estimate confi-

dence intervals and the significance of values.
Estimates of expected heterozygositie) were pro-
duced using Nei's unbiased estimatde{, 1989 assum-
ing the mutation-drift-equilibriumHe is the expected
heterozygosity, based on allele frequenciée is the

A. funestus was low at the time of study, only 45 individ-
uals were available. These were all used in the genetic
analysis.

3.2. Test for Hardy—Weinberg equilibrium and
linkage disequilibrium

Prior to microsatellite data analysis, locus AF3 was
rejected due to the lack of scorable genotypes in almost
all populations. Within each population, deviations from
Hardy—Weinberg expectation were found in four of nine
loci, showing a strong heterozygote deficit. This is gener-
ally resulting from the presencenil! alleles (Braginets
etal., 2003. Null alleles are alleles that were not ampli-
fied because of mutations at the primer binding sites.
Thus, to avoid the possibility that null alleles might

expected heterozygosity based on the number of allelesinfluence the analysis, the four microsatellites were
and sample size. Three possible models were assumedejected, pursuing the experiment with the five remain-
to estimateeq: |IAM (Infinitive Alleles Model), SMM ing markers. Linkage disequilibrium was not observed
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Table 1
Summary table of mosquito populations used in microsatellite analysis
Population Microsatellites  No.of No. of Date Collection method Remarks
females alleles collected
AF 2 44 10
FUNO 44 4 56J Indoor pyrethrum
Mahajunga FUNF 42 5 2803 une spra Py Hamlet
AF 5 38 2 pray Subhumid forest
FUN G 45 5
AF 2 44 10
FUN O 45 4 47 April Human landing
Fenerive-Est FUN F 42 5 2003 P catches Village
AF 5 45 2 Indoor pyrethrum Humid forest
FUN G 44 5 spray
AF 2 47 3
FUN O 47 4 .
Mohéli FUN E 43 4 ;gags February Hutmhan landing Hamlet
AF5 40 2 catches Subhumid forest
FUN G 39 5
AF 2 44 10 Mbita trap
FUN 0 46 5 ) Human landing
Analamiranga FUN F 42 4 gg(l)g April catches Village
AF 5 37 2 Indoor pyrethrum Savannah vegetation
FUN G 31 6 spray
AF 2 40 12 Mbita trap
FUN O 37 4 15 January— Human landing Village .
Andranonahoatra FUN F 39 6 11 May 2003 catches Savannah vegetation
AF 5 41 2 y Indoor pyrethrum
FUN G 33 6 spray

in any pair of loci. Consequently, the samples were 3.4. Bottleneck events
drawn from homogeneous and randomly mating pop-
ulations, and the microsatellites represent independent
markers.

Evidence for the absence of recent bottleneck events
was provided by the heterozygosity teStatfles 3 andy

Table 2

3.3. Genetic diversity and population differentiation
Allelic differentation

Overall, allele distribution was similar among local-  Population pairs Allelic differentiation
ities in Madagascar. The number of alleles per locus 2 df.

- ] o X P-value
varied from 2 to 12. However, in Mai (Comoros), the —
number of alleles per locus varied from 2 toTable ). mjg EAEONH I';‘ffi':i'tt;’ 118

Pppu_latlon c_ilfferentlatlpn was |n\{est|gated based on ;5 AMG 39 404 10 0.00002
allelic differentiation (allelic distribution across popula- miG ANH Infinity 10
tions). The results showed that both populations from the FEN MOH Infinity 10
highland of Madagascar (Analamiranga and Andranon- FEN AMG 17.481 10 0.06437
ahoatra) were closely related. In addition, these popula- ;%NH :’\'\A‘g Ii?:f; 1%)0 000511
tions were also reIaFed to the sample from Fenenve—Est MOH ANH Infinity 10
on the East coast (Fisher's exact td@sthle 2andFig. 1). AMG ANH 10.332 10 0.41189

By contrast, the west coast population (Mahajunga)
showed an allelic separation from them. Hhgunestus
population on MoBkli (Comoros) was not related to the
samples from Madagascarable 2.

MJG: Mahajunga; FEN: Fenerive-Est; MOH: Moheli; AMG: Analami-
ranga; ANH: Andranonahoatra. Alpha corrected by sequential Bonfer-
roni proceduref <0.001).

™ Highly significant.
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Table 3
Base-line data of heterozygosity tesBo(nuet and Luikart, 1998or A. funestus populations in the five study villages, using IAM, TPM and SMM
models (see Sectidhfor description)

Mahajunga Fenerive-Est Méh Analamiranga Andranonahoatra
HelHeq Prob HelHeq Prob HelHeq Prob HelHeq Prob HelHeq Prob
AF 2 He (Nei's)  0.808 0.771 0.652 0.780 0.734
IAM 0.747 0.273 0.745 0.477 0.328 0.011 0.751 0.458 0.797 0.154
TPM 70% 0.802 0.457 0.801 0.236 0.399 0.035 0.803 0.265 0.843 0.022
TPM 80% 0.809 0.399 0.813 0.158 0.405 0.023 0.811 0.220 0.849 0.015
TPM 90% 0.823 0.317 0.825 0.105 0.425 0.031 0.821 0.160 0.858 0.007
SMM 0.846 0.113 0.846 0.200 0.457 0.019 0.847 0.038 0.877 0.000
FUN O He (Nei's)  0.641 0.648 0.560 0.630 0.625
IAM 0.438 0.095 0.440 0.112 0.430 0.273 0.526 0.311 0.447 0.151
TPM 70% 0.513 0.206 0.510 0.176 0.520 0.455 0.592 0.481 0.531 0.286
TPM 80% 0.527 0.227 0.530 0.192 0.524 0.478 0.614 0.477 0.542 0.323
TPM 90% 0.641 0.283 0.558 0.240 0.557 0.436 0.631 0.401 0.563 0.371
SMM 0.590 0.387 0.594 0.359 0.591 0.299 0.669 0.254 0.598 0.479
FUN F He (Nei's)  0.654 0.618 0.579 0.448 0.560
IAM 0.579 0.371 0.522 0.345 0.447 0.254 0.445 0.449 0.596 0.333
TPM 70% 0.666 0.383 0.608 0.454 0.508 0.380 0.516 0.274 0.664 0.153
TPM 80% 0.682 0.289 0.612 0.460 0.529 0.438 0.528 0.244 0.677 0.115
TPM 90% 0.695 0.259 0.646 0.310 0.560 0.470 0.552 0.192 0.701 0.058
SMM 0.733 0.105 0.672 0.212 0.590 0.377 0.586 0.111 0.735 0.021
AF5 He (Nei's)  0.489 0.457 0.491 0.373 0.270
IAM 0.203 0.077 0.194 0.111 0.190 0.072 0.199 0.224 0.193 0.334
TPM 70% 0.218 0.083 0.216 0.151 0.220 0.074 0.223 0.271 0.215 0.372
TPM 80% 0.232 0.090 0.229 0.154 0.226 0.097 0.222 0.261 0.227 0.402
TPM 90% 0.234 0.097 0.224 0.153 0.230 0.099 0.226 0.276 0.236 0.427
SMM 0.243 0.114 0.243 0.188 0.233 0.084 0.236 0.303 0.240 0.426
FUN G He (Nei's)  0.708 0.668 0.714 0.633 0.610
IAM 0.580 0,194 0.521 0.181 0.535 0.092 0.613 0.476 0.606 0.434
TPM 70% 0.661 0.398 0,594 0.315 0.605 0.175 0.681 0.247 0.682 0.193
TPM 80% 0.673 0.461 0.617 0.396 0.622 0.214 0.692 0.2070 0.694 0.149
TPM 90% 0.695 0.474 0.635 0.470 0.650 0.266 0.709 0.148 0.705 0.117
SMM 0.728 0.308 0.667 0.403 0.674 0.370 0.736 0.069 0.736 0.045

He values are expressed in boldkq values in regular print.

Deviations (0.01 ¥ <0.05) from mutation-drift equilib-  the strict SMM or a TPM model with 5-10% multi step
rium, as a result of heterozygote excess, were found changes with such data.

in all populations except in Andranonahoatra under

the less realistic (IAM) model. These deviations were 3.5. Genetic differentiation

also observed in the same populations but only with

the Wilcoxon signed-ranks test when analysis was per-  Estimates of"'st showed noteworthy patterns of pop-
formed under TPM 70%. All populations except that ulation differentiation. The Comoros population showed
of Mohéli did not show any significant deviations from  significantFst values P values~0.0001) when com-
mutation drift equilibrium when the studies were per- pared with the populations from Madagascar (pairwise
formed under TPM 80%, TPM 90% and the SMM comparisonsTable 4. Genetic divergence was almost
model, in both the Wilcoxon signed-ranks test and the non-existent in highland populationBst values sup-
Sign test.Luikart and Cornuet (1998nentioned that  ported the data from allelic analysis already mentioned.
these tests, the Wilcoxon test and the Sign test, underThe west coast population was defined as an isolated
the IAM model could erroneously detect heterozygosity subpopulation within Madagascar, showing a significant
excess in non-bottleneck populations, when microsatel- genetic difference with respect to the other localities on
lite data were used. Then, those authors suggested usinghe island. Based oifrst values the population from
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Table 4
Estimates ofP-value for the heterozygosity tests at each population
IAM TPM SMM
70% 80% 90%
Mahajunga Sign test 0.04989 0.26748 0.64005 0.59884 0.36752
Wilcoxon test 0.01563 0.04688 0.07813 0.31250 0.59375
Fenerive-Est Sign test 0.04775 0.27389 0.27002 0.62266 0.63301
Wilcoxon test 0.01563 0.04688 0.07813 0.31250 0.59375
Moheéli Sign test 0.03701 0.05228 0.05234 0.05131 0.62858
Wilcoxon test 0.01563 0.01563 0.01563 0.01563 0.07813
Analamiranga Sign test 0.04809 0.37732 0.39820 0.11495 0.11024
Wilcoxon test 0.01563 0.68750 0.68750 0.95313 0.96875
Andranonahoatra Sign test 0.59357 0.37853 0.37315 0.37336 0.38800
Wilcoxon test 0.40625 0.95313 0.95313 0.95313 0.95313

In bold P-values <0.05. Alpha corrected by sequential Bonferroni procedtxé(001) SMM: stepwise mutation model; IAM: infinitive alleles
model; TPM: two-phase mutation model.

Table 5
Estimates of'st values and their statistical significance (asterisks)
Mahajunga Fenerive-Est Méh Analamiranga
Mahajunga
Fenerive-Est 0.0162
Moheéli 0.1240" 0.1043"
Analamiranga 0.0306 0.0053 0.118%4
Andranonahoatra 0.0488 0.0100 0.1323 —0.0017

P-values obtained after 10,000 permutations; Indicative adjusted nominal level (5%) for multiple (10) comparisons is 0.005.
* P<0.005.
™ P<0.001.

Fenerive-Est was genetically related to those of Andra- distribution of these populations might have occurred.
nonahoatra and Analamiranga, most notably the last one.Our data furthermore show a weak positive correlation
A positive and significantf < 0.01) correlation was  between genetic differentiation with distance on Mada-
found betweerFst/(1— Fst) and geographic distance gascar, suggesting that the population on the west coast
(Mantel test) when the five samples were compared. was furthest removed from the highland populations.
However, pairwise estimates é&1/(1 — Fst) without This would agree with the topographical features of the
the Comoros individuals showed a positive correlation island, preventing a direct connection between these geo-

but this was not significaniTable 5. graphic locationsKig. 1).
At present, only one study on the population gene-
4. Discussion tics of A. funestus on Madagascar has been performed

(LeGoff, unpublished data). It means that until now there
This study shows significant population structure of was no published reference for the genetic distribution
A. funestus from Comoros and Madagascar, as well as of that vector on Madagascar, and no expectations about
distinct differences between populations on Madagascar. possible gene flow barriers nor about connections across
Assuming thadl. funestus originated on mainland Africa populations were available. A recent study on genetic
(Sharakhov et al., 2004; Temu et al., 2D0the data differentiation ofA. funestus from East and Southern
suggest thatl. funestus might have arrived separately Africa (Temu etal., 2004showed that significant genetic
on Comoros and Madagascar. A phylogenetic analysis differentiation exists between populations from Uganda
with A. funestus samples from East Africa, Comorosand and Kenya (west of the Rift valley) on the one hand
Madagascar would be required to examine with which and those from Malawi, Mozambique and South Africa.
mainland population the island populations could be The populations from around Lake Victoria were more
related, and also to obtain insight along which route the related than the other populations. The study clearly
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demonstrates genetic differentiation with distance, and Mohéli
we might extrapolate that a similar situation applies to
the populations from Madagascar. — Mahajunga
The ecological relevance of significant genetic differ-
ences f'st values) between. funestus populations of Fenerive-Est
Madagascar provides a new concept of vector population
distribution on this island. Our data suggest that genetic Andranonahoatra
exchange between populations has occurred between the
east coast of Madagascar and the highlands, but not, .. ... gistance Analamiranga
or at least less, between the central highlands and the 55—
west coast. Geographic barriers may be the reason for
this situation, and limited genetic exchange betwéen
funestus populations appears to occur along the coast.
Madagascar has dramatically different geographical fea-
tures, and mountains as well as semi-deserts can provideover distances of 1-2 knDpnnelly et al., 199pand
formidable barriers to gene flow, as evidenced from our this was not readily reconciled with the high levels of
results. Perhaps the most interesting, though not surpris-gene flow (lowFst values) observed in this study. Of
ing, result from this study is the genetic separation of course, this could be attributable to either constraints on
the Comoros population from those on Madagascar. The microsatellite loci or a large amount of human-mediated
archipelago of the Comoros is 400 km north of Mada- transport Lehmann et al., 1996 However, the last
gascar, the Indian Ocean providing a strong geographic hypothesis is not likely to be true, as no large human
barrier between the two islands. It would be interesting movements have been reported between both locations.
to study the genetic relationship &f funestus popula- It is likely that this species has extended its range rela-
tions from other islands of the Comoros archipelago, as tively recently, aided by new settlements on the plateau
at present the data are limited to those of Mibh andthe intensive agriculture, especially rice fields, which
With respect to the Madagascar subpopulations from are ideal habitats fof. funestus larvae.
the east coast and the highlands, it appearsithyaties- Analyses of samples from the central area of Mada-
tus is not affected much by differences in bioclimate and gascar showed that Analamiranga and Andranonahoatra
altitude or that it can readily adapt to a wide array of cli- had the highest degree of genetic similarity, as both the
mates. The evidence that the population of Fenerive-Est Fst values and the other genetic analyses revealed (see
(East coast) is closely related to that of the highland loca- Tables 2 and ¥ This was not unexpected, as both sites
tions Analamiranga and Andranonahoatra suggests thatwere 25km apart, situated at similar altitudes and in
these populations are in frequent genetic exchange witha similar bio climate. As intensive DDT indoor spray-
each other, in spite of a physical distance of 400 km. In ing had occurred in only one of the two sites, we might
the highlandsA. funestus is strongly seasonal, depend- have expected some genetic differences. Since this was
ing on rain and temperaturBguma, 2003 Onthe east  not the case, we propose that reinvasion of Andranona-
coast, however, the population is continuous, and per- hoatra has occurred from the population present in the
haps the exchange between populations occurs moreunsprayed site of Analamiranga and environs and that
from the east into the highlands than vice versa. As the frequent exposure to DDT did not affect the genetic com-
anti-malaria campaigns of the seventies effectively erad- position of the residem. funestus population.
icatedA. funestus from the highlands Kontenille and The significance of the genetic difference betwaen
Rakotoarivony, 1988 reinvasion of these areas follow- funestus from the west coast and the other populations
ing termination of indoor residual insecticidal spraying on Madagascar suggests a clear distinction of two sub-
may therefore have occurred from the east coast. Ourpopulations on the island: a central-east population and a
results suggest that, once eradicated, the vector speciesvestern populationHig. 2). Mahajunga remained as an
that provoked the huge epidemics of malaria in the 1980s isolated subpopulation, with negligible genetic exchange
arrived from the East coast. The East coast of Madagas-with the highland populations and limited exchange with
car experiences a tropical lowland climate; therefore, the eastern population. There appear to be no relevant
there is no limiting effect of temperature or humid- geographic barriers between the west coast and central
ity on the vector development and parasite cycle and highlands, and rice fields (the ideal habitat foyfunes-
mosquitoes develop throughout the year. Furthermore, tus) are distributed widely across the island. However,
appetitive flights in anopheline species occur usually Mahajunga is situated in a dry and hot climate where the

Fig. 2. Unrooted neighbour-joining population tree based on rigan
values across five loci for the five funestus populations.
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temperature during some parts of the year should makeBeier, J.C., Perkins, P.V., Wirtz, R.A., Koros, J., Diggs, D., Gar-
the reproduction and spread of the vector more difficult. ~ gan II, T.P., Koech, D.K., 1988. Bloodmeal identification by

This StUdy has several consequences for malaria vec- Direct Enzyme-Linked Inmunosorbent Assay (ELISA), tested on
tor control in Madaaascar. First. neiahbourin opula- Anopheles (Diptera: Culicidae) in Kenya. J. Med. Entomol. 25,
( Madag . » Neigho 'g pop 9-16.
tions can rapidly invade control areas, hindering control goyma, M.J., 2003. Methodological problems and amendments to
methods based on indoor residual spraying. Secénd, demonstrate effects of temperature on the epidemiology of malaria.
funestus populations are in genetic exchange over afairly =~ A new perspective on the highland epidemics in Madagascar,
wide area of the island, highland populations being in _ 1972-1989.Trans. R. Soc. Trop. Med. Hyg. 97, 133-139.

tact with tal lati th t ide of th Braginets, O.P., Minakawa, N., Mbogo, C.M., Yan, G., 2003. Popula-
,Con ac W'_ coastal popuiations or_1 e easlernsiaeortne tion genetic structure of the African malaria mosquitapheles
island. This suggests that populations further south may  fesus in Kenya. Am. J. Trop. Med. Hyg. 69, 303-308.
also be in exchange with the eastern population. When Cohuet, A., Simard, F., Berthomieu, A., Raymond, M., Fontenille, D.,
bio climates are radica”y different, genetic exchange Weill, M., 200?. Isolation‘and characterization of microsatellite
seems more limited. and vector control can have a Ionger DNA markers in the malaria vectadnopheles funestus. Mol. Ecol.

. ' . ) - Notes 2, 498-500.
lasting effect. As an alternative to insecticidal control,

; ) . Collins, F.H., Mendez, M.A., Rasmussen, M.O., Mehaffey, P.C.,
malaria control by the release of genetically modified Besansky, N.J., Finnerty, V., 1987. A ribosomal RNA gene probe

mosquitoes has been proposétblfins et al., 200Q differentiates member species of theopheles gambiae complex.
Although it is generally accepted that such strategies ~ Am.J. Trop. Med. Hyg. 37, 37-40.
should be tested on small islancRirfto et al., 2008 Collins, F.H., Kamau, L., Ranson, H.A., Vulule, J.M., 2000. Molecular

. entomology and prospects for malaria control. Bull. World Health
eventually larger areas need to be included, and Mada- Organ. 78, 1412-1423.

gascar might be the ideal site for this strategy. Given cormuet, J.M., Luikart, G., 1996. Description and power analysis of

the different environs and subpopulations of vectors as  two tests for detecting recent population bottlenecks from allele

reported in this study, GMM strategies must consider  frequency data. Genetics 144, 2001-2014.

these genetic variations in vector species. The distribu- Campton, J.M., Warren, A, Lycett, G.J., Hughes, M.A., Comley, L.L.,

tion and genetic composition of the vectors seems an Eggleston, P., 1994. Genetic manipulation of insect vectors as a
. g . p . ) strategy for control of vector-borne disease. Ann. Trop. Med. Par-

essential requirement in this concept of malaria control.  sitol. 88, 3-12.

In conclusion, the study demonstrates the existence Donnelly, M.J., Cuamba, N., Charlwood, J.D., Collins, F.H., Townson,
of genetically different subpopulations &f funestus on H., 1999. Population structure in the malaria vectbfopheles
Madagascar, with genetic exchange between populations_/@biensis Patton, in East Africa. Heredity 83, 408-417.

hen aeoaraphic features allow for such exchanaes Fontenille, D., Lochouarn, L., Diagne, N., Sokhna, C., Lemasson, J.J.,
w . geograp o g_ ) Diatta, M., Konate, L., Faye, F., Rogier, C., Trape, J.F., 1997. High
Altitude does not seemto be a I|m_|t|ng factor for genetic annual and seasonal variations in malaria transmission by anophe-
exchange. Thd. funestus population on the island of lines and vector species composition in Dielmo, a holoendemic
Mohéli, Comoros, is not related to those on Madagas-  areain Senegal. Am. J. Trop. Med. Hyg. 56, 247-253.
car and may have arrived independently. For an effective Fontenille, D., Rakotoarivony, 1., 1988. Reappearanca/afpheles
control of malaria on Madagascar, the distribution of funestus as a malaria vector in the Antananarivo region, Madagas-

. ; ’ car. Trans. R. Soc. Trop. Med. Hyg. 82, 644—645.
subpopulations of the main malaria vector should be con- gijiies, M.T., De Meillon, B., 1968. The Anophelinae of Africa south

sidered. of the Sahara (Ethiopian Zoogeographical Region), 2nd ed. The
South African Institute for Medical Research, Johannesburg.
Acknowledgements Gillies, M.T., Coetzee, M., 1987. A Supplement to the Anophelinae of

Africa South of the Sahara. The South African Institute for Medical
Research, Johannesburg.

,We are gratefql to the members Qf the wit Goudet, J., 1995. Fstat (Version 1.2): a computer software to calculate
d’Entomologie Medical at the Pasteur Institute of Mada- F-statistics. J. Hered. 86, 485-486.

gascar for assistance. We thank Drs. Frederic Simard Greenwood, B., Mutabingwa, T., 2002. Malaria in 2002. Nature 415,
and Tovi Lehmann for useful comments and sugges-  670-672.
tions that improved the manuscript. This research was Koechlin, J., Guillaumet, J.L., Morat, P., 1974. Flore égetation de

. N Madagascar. J. Cramer, Vaduz.
+ )
funded by the Programme Pal+via the Reseau aﬂeﬁh Koekemoer, L.L., Kamau, L., Hunt, R.H., Coetzee, M., 2002. A cock-

d'Afr'que' Institut de Recherche pour IeeDeIoppement tail polymerase chain reaction assay to identify members of the

and Institut Pasteur de Madagascar. Anopheles funestus (Diptera: Culicidae) group. Am. J. Trop. Med.
Hyg. 66, 804—811.

References Laganier, R., Randimby, F.M., Rajaonarivelo, V., Robert, V., 2003. Is
the Mbita trap a reliable tool for evaluating the density of anophe-

Aultman, K.S., Beaty, B.J., Walker, E.D., 2001. Genetically mani- line vectors in the highlands of Madagascar? Malaria J. 2, 42.

pulated vectors of human disease: a practical overview. Trends Lehmann, T., Hawley, W.A., Kamau, L., Fontenille, D., Simard, F.,
Parasitol. 17, 507—5009. Collins, F.H., 1996. Genetic differentiation &fiopheles gambiae



300 D. Ayala et al. / Acta Tropica 97 (2006) 292-300

populations from East and West Africa: comparison of microsatel- nille, D., Yan, G., Besansky, N.J., 2004. A microsatellite map of
lite and allozyme loci. Heredity 77, 192—-208. the African human malaria vecta@mopheles funestus. J. Hered.
Liedloff, A., 1999. MANTEL, Version 2.0: The Nonparametric Test 95, 29-34.
Calculator. School of Natural Resource Sciences, Queensland, Sinkins, S.P., Hackett, B.J., Costantini, C., Vulule, J., Ling, Y.Y.,
Australia. Collins, F.H., Besansky, N.J., 2000. Isolation of polymorphic
Luikart, G., Cornuet, J.M., 1998. Estimating the effective number microsatellite loci from the malaria vectetnopheles funestus.
of breeders from heterozygote excess in progeny. Genetics 151, Mol. Ecol. 9, 490-492.
1211-1216. Snow, R.W., Guerra, C.A., Noor, A.M., Myint, H.Y., Hay, S.I., 2005.
Madagascar Malaria Map, 2002. Malaria Research Unit; Pasteur Insti- The global distribution of clinical episodes Bfasmodium falci-
tute of Madagascar; Roll Back Malaria. parum malaria. Nature 434, 214-217.
Nei, M., 1988. Relative roles of mutation and selection in the mainte- Temu, E.A., Hunt, R.H., Coetzee, M., 2004. Microsatellite DNA
nance of genetic variability. Philos. Trans. R. Soc. Lond. B, Biol. polymorphism and heterozygosity in the malaria vector mosquito
Sci. 319, 615-629. Anopheles funestus (Diptera: Culicidae) in east and southern

Pinto, J., Donnelly, M.J., Sousa, C.A., Malta-Vacas, J., Gil, V., Ferreira, Africa. Acta Trop. 90, 39—-49.
C., Petrarca, V., do Rosario, V.E., Charlwood, J.D., 2003. Anisland Walton, C., Thelwell, T.J., Priestman, A., Butlin, R.K., 1998. The use of

within an island: genetic differentiation éfiopheles gambiae in microsatellites to study gene flow in natural populations&ofphe-
Sao Tome, West Africa, and its relevance to malaria vector control. les malaria vectors in Africa: potential and pitfalls. J. Am. Mosq.
Heredity 91, 407-414. Control Assoc. 14, 266-272.

Raymond, M., Rousset, F., 1995. GENEPOP (version 1.2): population Weir, B.S., Cockerham, C.C., 1984. Estimatingtatistics for the anal-
genetics software for exact tests and ecumenicism. J. Hered. 86,  ysis of population structure. Evolution 38, 1358-1370.
248-249. Wright, S., 1978. Evolution and the genetics of populations. Variabil-
Sharakhov, |., Braginets, O., Grushko, O., Cohuet, A., Guelbeogo, ity Among and Within Populations, vol. 1., 2nd ed. University of
W.M., Boccolini, D., Weill, M., Costantini, C., Sagnon, N., Fonte- Chicago Press, Chicago.



	Population structure of the malaria vector Anopheles funestus (Diptera: Culicidae) in Madagascar and Comoros
	Introduction
	Materials and methods
	Collection sites
	Mosquito collection and identification
	Microsatellite technique
	Data analysis

	Results
	Species identification
	Test for Hardy-Weinberg equilibrium and linkage disequilibrium
	Genetic diversity and population differentiation
	Bottleneck events
	Genetic differentiation

	Discussion
	Acknowledgements
	References


