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Abstract
Background: Members of the Anopheles gambiae complex are amongst the best malaria vectors
in the world, but their vectorial capacities vary between species and populations. A large-scale
sampling of An. gambiae sensu lato was carried out in various bioclimatic domains of Madagascar.
Local abundance of an unexpected member of this complex raised questions regarding its role in
malaria transmission.
Methods: Sampling took place at 38 sites and 2,067 females were collected. Species assessment
was performed using a PCR targeting a sequence in the IGS of the rDNA. Analysis focused on the
relative prevalence of the species per site, bioclimatic domain and altitude. Infectivity of Anopheles
merus was assessed using an ELISA to detect the presence of malarial circumsporozoite protein in
the head-thorax.
Results: Three species were identified: An. gambiae, Anopheles arabiensis and An. merus. The
distribution of each species is mainly a function of bioclimatic domains and, to a lesser extent,
altitude. An. arabiensis is present in all bioclimatic domains with highest prevalence in sub-humid,
dry and sub-arid domains. An. gambiae has its highest prevalence in the humid domain, is in the
minority in dry areas, rare in sub-humid and absent in sub-arid domains. An. merus is restricted to
the coastal fringe in the south and west; it was in the majority in one southern village. The majority
of sites were sympatric for at least two of the species (21/38) and two sites harboured all three
species.
The role of An. merus as malaria vector was confirmed in the case of two human-biting females,
which were ELISA-positive for Plasmodium falciparum.
Conclusion: Despite the huge environmental (mainly man-made) changes in Madagascar, the
distribution of An. gambiae and An. arabiensis appears unchanged for the past 35 years. The
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distribution of An. merus is wider than was previously known, and its effectiveness as a malaria
vector has been shown for the first time; this species is now on the list of Malagasy malaria vectors.

Background
The Anopheles gambiae complex plays a central role in
malaria transmission. Numbers of studies have been conducted to draw the picture of its distribution in Africa
south of the Sahara, Madagascar and small, related
islands. Distribution maps have been made based on
thousands of observations [1–3].
Madagascar is an area of special interest for such studies
because it concentrates in a relatively small area most of
the habitats colonised by members of this complex. In the
available literature on the distribution of An. gambiae
complex in Madagascar three contributions are
prominent.
• Grjebine [4] studied the relative abundance of An. gambiae sensu lato as compared to other anopheline species,
without making any distinction between the "freshwater
species A and B". He demonstrated a continuous distribution at altitude < 1400 m. No saltwater species was identified but Anopheles merus was raised from larvae found in
crab-holes in the Betsiboka estuary (near Mahajanga) with
0.7 g NaCl / l.

chromosomes in the ovarian nurse cells of half gravid
females [10]. Overall 25 sites were visited and 3,625
females were examined. A large amount of information
was obtained on chromosomal inversions. Distribution
and relative abundance of An. gambiae and An. arabiensis
were strictly concordant with Chauvet's findings.
Numerous methods are now available to enable the distinction of various species of this complex. Apart from the
methods previously mentioned (cross-mating, cytogenetics), isoenzymatic analysis [11], cuticular hydrocarbon
analysis [12] and the use of DNA probes [13] present
some interest. The advent of molecular biology tools,
especially the PCR multiplex technique, opens new avenues of research: this method enables easy determination
of sex, stage and physiological status using only a fragment of a mosquito morphologically assigned to An. gambiae s.l. [14]. This method was used to update the
distribution of the An. gambiae in Madagascar and to
determine the ecological factors that influence the
observed distribution of each species on the basis of bioclimatic domains and altitudes.

Materials and Methods
• Chauvet [5] distinguished the two freshwater species An.
gambiae A (An. gambiae sensu stricto) and An. gambiae B
(Anopheles arabiensis). Specific determination was performed in London using cross-mating protocols with reference strains, a method judged incontestable [6]; it was
also performed in Madagascar using morphometric examination of the mesothoracic seta No.1 of the 4th larval
stage, a method judged acceptable if at least 25 larvae are
examined from the same progeny [7,8]. Overall, 1,481
specific identifications were performed from females collected between 1964 and 1969 in 133 sites distributed in
the whole Madagascar. An. gambiae represented 46% and
An. arabiensis 54% of the total. 47% of sites were sympatric for these two species. An. arabiensis was observed everywhere and was the main species in western and
highland regions. An. gambiae was absent from the southern region and was the main species in the eastern region.
The presence of An. merus was established in only one
place, a salt marsh near Toliara (=Tuléar), using the crossmating method, with a solution of 18.4 g NaCl / l as the
breeding water, and using a physiological survival test
which involved placing first instar larvae in a solution of
75% sea water for 6 hours.

Five bioclimatic domains and their limits have been
defined by Cornet [15], briefly as follows:
• the humid domain on the east coast, where precipitation
is higher than 2,000 mm and observed throughout the
year, together with high mean temperatures and
hygrometry;
• the sub-humid domain includes the highland areas and
Sambirano (in the north-west) where precipitation ranges
between 800 and 1500 mm with a dry season of 5–6
months;
• the mountain domain at altitudes > 2000 m, where precipitation is above 2,000 mm and observed throughout
the year; this domain is least common and constitutes
only 0.35% of the surface area of Madagascar; furthermore the presence of An. gambiae s.l. has never been documented or suspected (for which is why this domain is
not mentioned in the results of this study);
• the dry domain in the west and north where precipitation ranges between 800 and 1500 mm with a dry season
> 7 months;

• Ralisoa [9] separated species of the An. gambiae complex
using differences in the banding patterns of polytene
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• and the sub-arid domain in the south, comparable to
the Sahel in mainland Africa, where precipitation ranges
between 300 and 600 mm with rains for only two
months.
The sampling of mosquitoes was performed between
March 1996 and March 2003 by various means: human
landing collection outdoors and indoors, pyrethrum
spray catches, Muirhead-Thomson's artificial pit shelters
[16], and larval collections. Overall, 38 sites distributed
throughout Madagascar and belonging to 4 bioclimatic
domains were investigated. Most of the collections were
unique events but few of them came from longitudinal
survey constituted by repeated observations with a
monthly periodicity. Specimens of female mosquitoes
were preserved at +4°C, dry in silica gel or in 95% ethanol. The Ministry of Health of Madagascar approved the
protocol. While the used method of mosquitoes favoured
the collection of An. gambiae s.l., other mosquitoes among
which number of anophelines were obtained; one of
these, namely An. funestus, is a major malaria vector
throughout Madagascar and will be considered in other
forthcoming paper. Water quality measurements for Na+,
K+, Ca++ and Mg++ of larval breeding places were performed with emitting photometry using a flame photometer Ciba-Corning 400 without internal calibration.
Mosquito DNA was obtained in two ways: 1) after crushing one leg, the DNA was extracted [17] then resuspended
in distilled water 100 µl, or 2) one leg was put directly in
the reaction master mix [18]. 25 µl of this latter were composed of buffer 10X (100 mM tris pH 8.3, KCl 500 mM,
MgCl2 15 mM, 0.1% (w/v) gelatin) 2.5 µl, dNTP (solution
at 10 mM for each nucleotide) 0.5 µl, primers (20 ng/µl)
1 µl, Taq polymerase (Amersham™) 1 unit, DNA extract 5
µl (or whole leg) and sterile distilled water 13.8 µl. Five
primers of 20 nucleotides were used, of which 4 were specific to An. gambiae, An. arabiensis, An. merus, Anopheles
quadriannulatus and one was common to all species of the
An. gambiae complex [19]. These primers distinguish specific differences in IGS of rDNA in the heterochromatin of
the X chromosome. Amplification has been performed
with the following programme : initial denaturation at
94°C for 5 mn, 30 cycles with denaturation at 94°C for 30
s, annealing at 55°C for 30 s and elongation at 72°C for
1 mn, and final elongation at 72°C for 10 mn. Amplification fragments were separated by electrophoresis in an
agarose gel (1.5%) containing ethidium bromide revealing PCR products of 153 pb for An. quadriannulatus B, 315
pb for An. arabiensis, 390 pb for An. gambiae, 466 pb for
An. merus. Mosquitoes that remained "PCR negative" (i.e.
without any band on the gel) were all tested three times,
in independent manners. Negative controls have been systematically realised during PCR and electrophoresis using
DNA negative mix.
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Results
After a first PCR on 2,067 females of the An. gambiae complex, 397 mosquitoes were "PCR negative", and the
number decreased to 75, then 45, after a second and a
third PCR runs.
Mosquitoes (Tables 1 and additional file 1) were collected
at 38 sites distributed within 4 bioclimatic domains (Figure 1 and additional file 1). The number of mosquitoes
per site averaged 54.4 and ranged between 7 and 184.
2,022 Two thousand twenty two mosquitoes (98%) were
assigned to one of the 3 species: An. gambiae, An. arabiensis
and An. merus that represented 37%, 59% and 4% of the
determined mosquitoes, respectively. No hybrids were
observed. Most of the sampled sites (21/38 = 55%) were
sympatric areas for ≥ 2 species. Two sites harboured all 3
species (No.16 Ankiliefatra and No.38 Mangatsa). An.
merus was always observed in sympatry with An.
arabiensis.
An. gambiae represented 93% of the species in the humid
domain. It was more common in dry than in sub-humid
domains, and more frequently found in the latter than in
sub-arid domains. With the exception of a unique specimen (at site No.16 Ankiliefatra), it was absent from the
sub-arid domain. It was present in the sub-humid domain
at altitude ≤ 900 (site No.33 Saharevo, at 900 m and site
N°36 Manjakavaradrano at 800 m). Altitude was clearly a
limiting factor: at ≥ 700 m this species represented 4% of
the determinations and was absent at ≥ 1000 m with the
exception of 2 specimens (site No.32 Ankazobe, altitude
1.300 m).
An. arabiensis was prevalent in sub-humid, sub-arid and
dry domains. It was rare in humid domain but observed
at most sites (10/13). Altitudes of up to 1,515 m (in site
No.26 Tsarazaza) did not limit its distribution. The ratio
gambiae/gambiae+arabiensis was tested with indoor(41.2%) and outdoor-landing collections (35.6%); the
difference was significant (p = 0.03 by Fisher's exact test).
An. merus presented a restricted distribution area. It was
observed only in the extreme south, in the driest part of
the sub-arid domain and in one site (No.38 Mangatsa) in
the dry domain. It was always observed at ≤ 20 km from
the seashore. It was observed to be the main species at one
site (69% of identified mosquitoes in March 2003 at site
No.16 Ankiliefatra). It was collected at the adult stage
using various methods (indoor and outdoor human landing, indoor resting, indoor and outdoor miniature lighttrap) and at the larval stage in water that was analyzed (in
mM/l) as follows: Na+ 13, K+ 0.3, Ca++ 0.62, Mg++ 1.1. An.
merus did not seem to depend on mangrove swamps,
since there are no mangrove in the extreme south, or near
site No.38 (Mangatsa) where it has been observed;
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Figure 1 of the species of the Anopheles gambiae complex in Madagascar
Distribution
Distribution of the species of the Anopheles gambiae complex in Madagascar. Bioclimatic domains, their definitions
and limits are as described by Cornet 1974. The names of precise localisation of the 38 sampled sites are in additional file 1.
Black squares represent the 6 main towns with, from the North to South, Antsiranana, Mahajanga, Toamasina, Antananarivo,
Fianarantsoa and Toliara.
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Table 1: Repartition per bioclimatic domain of the species of the Anopheles gambiae complex in Madagascar.
Number of mosquitoes

Results of PCR tests

Bioclimatic
domains

Number of
localities

Ind1

Out2

IR3

Larva4

LiTrap5

MTPS6

An. gambiae

An. arabiensis

An. merus

Neg7

Total

Humid
Subhumid
Dry
Suharid

13
14
4
7

387
550
82
115

137
200
57
73

28
77
79
127

0
0
0
24

91
0
0
19

0
21
0
0

598 (93%)
77 (9%)
74 (34%)
1 (0.3%)

17 (3%)
762 (90%)
135 (62%)
278 (78%)

0
0
1 (0.5%)
79 (22%)

28 (4%)
9 (1%)
8 (4%)
0

643
848
218
358

Total

38

1134

467

311

24

110

21

750 (36.3%)

1192 (57.7%)

80 (3.9%)

45 (2.1%)

2067

1 Ind

: indoor man biting mosquitoes 2 Out : outdoor man biting mosquitoes 3 IR : indoor resting mosquitoes 4 Larva : aquatic stages of
mosquitoes 5 LiTrap : mosquitoes collected in Miniature CDC light trap 6MTPS : resting mosquitoes in Muirhead-Thomson's pit shelter 5Neg :
PCR negative

furthermore, a large mangrove exists in one site (No.28
Kimony) but no An. merus was observed there.
During the whole longitudinal survey, performed in 1995
in a village of the sub-arid domain (site No.16 Ankiliefatra) 275 An. gambiae s.l. collected by human landing
were tested by ELISA [20] to detect the presence of circumsporozoite protein in the head-thorax. Two females, one
indoor in January and one outdoor in August, were positive for P. falciparum; both were An. merus. The unique An.
merus collected by indoor-resting near Mahajanga (in site
No.38 Mangatsa) was freshly-fed with human blood.

highlands (site N°32 Ankazobe, and also N°25 Fenoarivo
with 1 An. gambiae caught in March 1997). A recent study
performed in Kenya [21] presents two interesting findings: as in Madagascar the moisture index was the most
important variable explaining the distribution of An. gambiae, but unlike Madagascar An. arabiensis was not
observed in areas above 1400 m in western Kenya.

The relative prevalence and distribution limits of the two
main species An. gambiae and An. arabiensis have
remained extremely stable since the first available data
[5], more than 35 years ago. Attentive examination did
not reveal notable differences. However, huge environmental modifications have occurred, mainly due to
demographic increase and human activity resulting in
dramatic deforestation and an increase in the areas given
over to rice-fields. This did not obviously affect the distribution of the members of the An. gambiae complex.

An. merus was collected from 3 different areas: in the
extreme south and a site near Mahajanga in these studies
and had been previously collected by Chauvet in a salt
swamp near Toliara [5]. It is possible that all the western
and southern coasts have suitable habitats but the observation that An. merus is not closely associated with mangroves (in line with Chauvet's findings [5]) does not
support this assumption. Why is this species not observed
on the west coast? This is surprising in view of the climatic
conditions that prevail, which resemble those observed
on the east coast of Kenya where An. merus is found [2].
The different nature of the soils between west and east
coast in Madagascar may explain this: mainly sedimentary
rocks (alluvial and lake deposits, unconsolidated sands)
in the west and metamorphic rocks (basement rocks, lava)
in the east [22].

Because An. arabiensis is present in all regions, the question of understanding the limiting factors of distribution
is only of concern in the case of An. gambiae. Bioclimatic
domain and altitude appear to be two key variables. An.
gambiae is limited in its habitat in Madagascar by only two
factors: aridity in the south and south-west and altitude >
1000 m. This picture is perfectly concordant with the findings of this study, except at site No.1 Ampasimajina), perhaps due to the small sample size, near a place in which
Chauvet [5] had identified 3 An. gambiae s.l. in December
1966. The moisture that favours An. gambiae may explain
why some individuals have been observed at low prevalence (always <5%) during the period of maximum rainfall in the northern and western margins of the central

It is likely that the collection methods influenced the
observed distributions, but this influence is not considered to lead to a major bias. The ratio gambiae/gambiae+arabiensis
indoorversus
outdoor-landing
collections was significantly different, with a higher
exophily for An. arabiensis as classically observed in continental Africa, but the percentages were rather similar
(41.2% indoor and 35.6% outdoor). Furthermore, each
of the 3 species was collected using indoor-landing, outdoor-landing and pyrethrum spray collections. Considering the large variations in zoophilic behaviour of
populations of the An. gambiae complex only tens of kilometres apart [23], an ideal sampling would involve at
least 3 different collection methods in each prospected

Discussion
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site, which was only achieved in 10 of the 38 sites
sampled.
Another point that merits discussion is that of the 45
"PCR negative" mosquitoes. It is conceivable that PCR
sometimes fails: this is supported by the decreasing
number of "PCR negative" mosquitoes after second then
third attempt. Poor DNA is also a possibility. The
eventuality of a fourth and unknown species of the An.
gambiae complex present in Madagascar, is an unlikely
hypothesis but one which cannot be ruled out. Overall,
the PCR multiplex method gave reliable results for 98% of
tested mosquitoes, which is considered an acceptable
result.
An. merus is confirmed as having a role as a malaria vector
in Madagascar, which had not previously been recorded.
These observations are compatible with those performed
in Tanzania where, in places, it is the main vector [24]. A
fifth species can now be added to the list of anopheline
vectors of human malaria in Madagascar: An. gambiae, An.
arabiensis, An. funestus, An. mascarensis and now An. merus.
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