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ABSTRACT We studied the geographical distribution of species, chromosomal, and molecular forms
of the Anopheles gambiaeGiles (Diptera: Culicidae) complex in 23 sites in Cameroon, Central Africa.
Almost all the specimens collected in the four northern-most arid sites were Anopheles arabiensis.
Anopheles melaswas found in a rural locality surrounded by mangrove swamps, on the Atlantic Coast.
In total, 1,525 An. gambiae s.s. females were identiÞed down to their molecular form, and inversion
polymorphisms on polytene chromosomes were scored from 186 half-gravid females. The Forest
chromosomal form, with standard arrangements almost Þxed on both arms of chromosome-2, was the
only one observed in the southern, more humid localities. Karyotypes typical of Savanna and Mopti
were recorded northwards, in the humid savannas of the Adamawa Province. The molecular forms
M and S were widespread throughout Cameroon, and assort independently from the chromosomal
forms. S-form populations were characterized by karyotypes typical of Forest and Savanna chromo-
somal forms, and M-form populations were characterized by karyotypes typical of Forest, Savanna,
and Mopti. No M/S hybrid patterns were detected, although M and S mosquitoes were sympatric in
15 sites, providing further evidence for positive assortative mating within molecular forms. The
observed ecogeographical distribution of M and S was peculiar: the ecological parameters involved
in this distribution still need to be clariÞed as well as the possible role of competitive exclusion between
chromosomally homosequential molecular forms. No difference was observed in host preference or
in Plasmodium falciparum infection rates between sympatric M and S populations.
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THE MAJOR AFRICAN MALARIA vector,Anopheles gambiae
s.s., has been split into Þve chromosomal forms named
under a non-Linnaean nomenclature Forest, Savanna,
Mopti, Bamako, and Bissau. Each form has been de-
scribed by combinations of chromosomal inversions
observed on chromosome-2; their geographic distri-
bution was found to be tightly linked to ecological
parameters such as aridity and breeding sites patterns
(Coluzzi et al. 1985, Touré et al. 1998). The Forest
chromosomal form is characterized by the standard

arrangement on chromosome-2 or with some inver-
sions such as b and d at low frequencies. It occurs in
rain forest and humid savanna and intergrades with
the Savanna form known to carry inversions b, cu bcu,
and the standard arrangement. The Savanna form is
the most widespread form occurring in savanna areas
throughout Africa. The Mopti form carries the bc and
u inversions. It occurs in riverine or irrigated habi-
tats and is well adapted to artiÞcial sources of water,
even where these occur in arid zones. The Bissau form
occurs in coastal rice cultivated areas in The Gambia,
South Senegal, Guinea Bissau, and Guinea Conakry,
and it carries inversion d. The Bamako form carries the
j inversion, which may be associated with cu and bcu
inversions. This form occurs along the upper Niger
River and its tributaries in Mali and northern Guinea
Conakry.

Various degrees of gene ßow restriction were dem-
onstrated between chromosomal forms, with strong
hybrid heterokaryotype deÞcits in areas of sympatry.
Analysis of the rDNA intergenic spacers, located on
the X-chromosome, revealed Þxed sequence differ-
ences between sympatric and synchronous Savanna/
Bamako and Mopti populations in Mali and Burkina
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Faso (Favia et al. 1997, 2001). A larger geographical
survey led to the designation of two nonpanmictic
molecular forms, which were named M and S (della
Torre et al. 2001). The association of M and S forms
with Mopti and Savanna/Bamako, respectively, ob-
served in northern savanna areas (i.e., Mali and
Burkina Faso) breaks down in other areas of Africa
(Gentile et al. 2002; della Torre et al. 2001, 2002;
Wondji et al. 2002). Meanwhile, evidence for incipient
speciation or even complete reproductive isolation
between molecular forms has accumulated: 1) M/S
hybrids are absent or very rare in areas of sympatry
(della Torre et al. 2001, Taylor et al. 2001, Wondji et
al. 2002). 2) Population genetic studies using micro-
satellite loci revealed genome-wide differentiation be-
tween sympatric M and S populations from the Forest
chromosomal form in Cameroon (Wondji et al. 2002)
or only a sex-linked differentiation in other studies
(Lehmann et al. 2003, Stump et al. 2005) with some
X-linked loci showing highly signiÞcant differences
in allele frequency distribution (Wang et al. 2001).
Short interspersed elements insertion polymorphism
on the X-chromosome also differentiates M and S
molecular forms (Barnes et al. 2005). 3) There is
evidence for a premating barrier to gene ßow between
Mopti-M and Savanna/Bamako-S in Mali (Tripet et al.
2001). 4) The kdr allele (conferring resistance to py-
rethroids) is found at high frequency in the S form
only, and not in sympatric M mosquitoes (Chandre et
al. 1999, Diabaté et al. 2003, Fanello et al. 2003), al-
though in Benin the kdr allele is present in both forms,
probably as a result of introgressive hybridization
(Weill et al. 2000). 5) Sequence analysis of the Intron
I upstream the kdr mutation shows two nucleotide
differences associated with M and S, respectively
(Weill et al. 2000, Gentile et al. 2003). Such level of
genetic and chromosomal heterogeneity within nat-
uralpopulationsofAn. gambiae is expected to translate
into biological, behavioral, and epidemiological het-
erogeneities within this major malaria vector.

Ecological and behavioral differences between M
and S molecular forms are actually the subject of
several investigations. Studies carried out so far have
shown that the M form is better adapted to permanent
breeding sites such rice Þelds, whereas the S form is
predominant in temporary habitats (Diabaté et al.
2005). The distribution of chromosomal or molecular
forms of An. gambiae in Cameroon has been so far
barely studied. Robert et al. (1993) indicated the pres-
ence of only two chromosomal forms, Forest in the
south and Savanna moving to the north. Both M and
S molecular forms belong to the Forest and Savanna
chromosomal forms and are also found in sympatry or
allopatry (della Torre et al. 2001, Wondji et al. 2002).

We have studied the distribution of species, chro-
mosomal, and molecular forms of the An. gambiae
complex at several sites in Cameroon, covering dif-
ferent ecoclimatic zones. We examined data on ma-
laria transmission dynamics in Simbock, a village
where M and S forms coexist, to assess temporal vari-
ation in the relative abundance of each molecular

form, and compare their feeding preferences and in-
fection rates for Plasmodium falciparum across 2 yr.

Materials and Methods

Study Sites. Mosquitoes were collected in 23 loca-
tions (Table 1; Fig. 1), covering six bioclimatic do-
mains, asdeÞned inOlivry(1986).Arid savannas in the
north gradually turn into rain forest in the south, and
highland areas contribute to increased diversity of
ecological settings.

Sites 1 and 2 (Simatou and Kaele) were sampled in
the dry-tropical climatic zone of northern Cameroon,
with �900 mm of annual rainfall and a dry season of
�7 mo. Mean annual temperature is 28�C, with large
daytime amplitude. Vegetation is typical of the SudanÐ
Sahelian domain, typical to steppe with thorny shrubs,
bushes, and grasses.

Sites 3 to 4 (Pitoa and Djalingo) were sampled in the
tropical basin of Benoue River. Mean annual rainfall is
900-1000 mm with a 6-mo dry season, and a mean
annual temperature of 26�C. It is the domain of Sudan
savanna with locally dense, dry, and open forests.
However, both sampling sites were located in the
vicinity of the town of Garoua, where forest is highly
degraded after intensive exploitation by humans.

Southward, the Adamawa Mountains extend trans-
versally with peak altitudes �2,000 m above sea level
(a.s.l.). Two sites, Banyo (5) and Tibati (6), were
sampled south of the mountains, within the highland
tropical climatic area of the Adamawa Plateau, char-
acterized by mean annual rainfall �1,500 mm, and
mean annual temperature �22�C. The dry season ex-
tends from November to March. Vegetation is of the
SudanÐGuinean type, with locally abundant shrubs
and bushes spread out over a savanna background.
The village of Tibati is located on the edge of a large
artiÞcial lake that provides year-round mosquito
breeding sites. Bankim (site 7) is in the lowlands
bordering the Adamawa foothills (see below).

Site 8 (Dschang) is at an altitude of 1,400 m a.s.l., on
the western highlands, and is characterized by a much
lower mean annual temperature (18�C) and high an-
nual rainfall (�1,900 mm) spread over 9 mo. The
evergreen highland forest is locally degraded for ag-
ricultural use. A few kilometers southeast, Santchou
(site 9), is only 750 m a.s.l., separated from Dschang by
a high cliff. Mean annual temperature can reach 25�C.

Sites 14, 16 (Douala, the major economic center of
Cameroon), and 23 belong to the coastal belt with hot
and humid equatorial climate. Annual rainfall is
�2,500 mm spread over the year, and mean annual
temperature is 26�C. Along the Atlantic shore, the
vegetation is locally highly degraded by human activ-
ities (industry, urbanization, and agriculture). Site 23
lies within the delta of Ntem River and is surrounded
by mangrove swamps.

The remaining 11 sites experience a typical four-
season equatorial climate, with mean annual rainfall
of �1,500 mm and mean temperature of 24�C. Except
site 22, all were clustered �150 km from the capital
city, Yaoundé (site 17). Although rain is recorded
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every month, the long dry season extends from late
November to early March (with 10Ð30 mm rainfall/
mo), and the shortdry season includes JulyandAugust
(80Ð100 mm rainfall/mo). Rainfall peaks in October at
250Ð350 mm. However, vegetation is very different on
both sides of a line that approximately follows the
fourth north parallel. South of this limit (sites 17Ð22),
there is the continental, humid Congolese forest.
North of Yaoundé (10Ð13 and 15) up to Bankim (7),
the forest is highly degraded and intertwines with
humid savannas in a complex mosaic, shaped by hu-
man activities. This is a transition zone between the
Congolese forest domain and the Adamawa savannas.
Relict gallery forests are present up to Tibati.

Mosquito Sampling. Female anophelines were cap-
tured by night landing catches (NLC) on volunteersÕ
legs, and in the afternoon by pyrethrum spray collec-
tions (PSC) inside bedrooms. Five samples consisted
of collections of larvae (LC) subsequently reared to
adults in the insectary. Anophelines were identiÞed
using the morphological identiÞcation keys of Gillies
and de Meillon (1968) and Gillies and Coetzee (1987).
Field specimens were stored individually in tubes
with desiccant and kept at �20�C until processed in
the laboratory. Half-gravid mosquito ovaries were
dissected in the Þeld and Þxed in CarnoyÕs solution
(3 parts pure ethanol:1 part glacial acetic acid) for
subsequent cytogenetic analysis.

Fig. 1. Relative frequencies of An. gambiaeM form (black), An. gambiae S form (white), An. arabiensis (gray), and An.
melas (hatched) at sites of Cameroon. Numbered sites are listed in Table 1. Isohyets (in millimeters of rainfall per year) are
shown as gray lines. Dotted areas: altitude �1000 m a.s.l. showing the Mount Cameroon (MC), Western highlands (WH),
and the Adamawa Mountains (AD).

November 2005 WONDJI ET AL.: An. gambiae IN CAMEROON 1001



Cytogenetic Analysis. All the mosquitoes analyzed
for cytogenetic characterization consisted of indoor
resting, half-gravid females, collected in the after-
noon. Ovaries were processed for chromosomal prep-
arations following della Torre (1997). Paracentric
inversion karyotypes were scored according to the
nomenclature of Coluzzi et al. (1979) and Petrarca et
al. (2000).
Species and Molecular Form Identification. DNA

was extracted from two or three legs according to
Cornel and Collins (1996) and was resuspended in
100 �l of Tris-EDTA buffer. Specimens were identi-
Þed to species following the technique of Scott et al.
(1993), and allAn. gambiae s.s. were further processed
to attribute them to either the M or S molecular form.
At Þrst, the polymerase chain reaction (PCR)-restric-
tion fragment-length polymorphism method by Favia
et al. (1997) was used, and then the direct PCR iden-
tiÞcation method by Favia et al. (2001) was imple-
mented. A set of 161 specimens were processed with
both techniques and provided identical results (68 M
and 93 S mosquitoes were successfully and consis-
tently identiÞed).
Plasmodium Infection Rates and Bloodmeal Iden-
tification. Protocols for P. falciparum circumsporozo-
ite protein (Pf-CSP) detection and bloodmeal source
identiÞcation were given in detail in Antonio-Nkond-
jio et al. (2002). Our results refer to 546 An. gambiae
collected in Simbock. Bloodmeal source was deter-
mined from 25 blood smears collected from resting
females captured by PSC.

Results

In total, 1,992 An. gambiae s.l. specimens were col-
lected in 23 sampling sites: 203 were An. melas, 264
An. arabiensis, and 1,525 An. gambiae s.s. (Table 1).
An. melas was observed only in the coastal locality of

Ipono (site 23). Virtually all An. arabiensis were col-
lected in the northernmost, more arid sites (1Ð4),
whereas An. gambiaewas sampled southward in more
humid areas (Fig. 1).
Distribution of the M and S Molecular Forms. The

1,525 An. gambiae females collected in 20 sites were
identiÞed to the molecular form (Table 1). M and S
forms seemed widespread in the 19 sites south of the
Adamawa Mountains (Fig. 1). The S form was the only
form present in four locations, whereas both molec-
ular forms were sympatric in 15 locations. In 12 of
these locations, the frequency of the dominant form
was �88%. The M form was predominant in seven
sites, and the S form was predominant in 12 sites. No
M/S hybrid pattern was observed.

In the village of Simbock (site 18), where both
forms were sympatric, temporal variation in M and S
relative abundance was evaluated in subsamples col-
lected from October 1998 to March 2001 (Fig. 2).
Excluding the April 2000 sample (n� 4), the relative
frequency of the M form ranged from 70 to 100%.
Cytogenetics. Nurse cell polytene chromosomes

were scored for 186 half-gravid An. gambiae females
collected in nine sites (Table 1, 5Ð8, 10Ð13, and 18).

In the southern sites (10Ð13 and 18), the majority
of females were represented by standard chromo-
some-2 homokaryotypes (2R�/�-2L�/�), typical
of the Forest chromosomal form. Few inversions
were scored at the heterozygous state in samples from
Nkoteng (site 19), Obala (site 13), Ebebda (site 11),
and Dschang (site 8), mostly as 2Rb/� (7/63) and
2La/� (5/63) single heterokaryotypes, with the fre-
quency of 2Rb and 2La arrangements being 6.0% for
both heterokaryotypes.

In Bankim (site 7), karyotypes were still to be as-
cribed mostly to the Forest chromosomal form, with
low frequencies of inverted arrangements (2Rb,
16.7%; 2La, 19.1%). In Banyo (site 5), typical Savanna

Fig. 2. Proportion of M (black) and S (white) molecular forms inAn. gambiae samples collected in Simbock from October
1998 to March 2001. Monthly rainfall (in millimeters) for each collection date is given on the right y-axis. No meteorological
data were available from November 2000 to March 2001.
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form karyotypes were scored, with inversions 2Rb and
2La ßoating at high frequencies (�65%) and arrange-
ments 2Rbc and 2Rd at lower frequencies (�13%). In
both villages, only the S form was found.

In Tibati (site 6), we observed the highest degree of
chromosomal heterogeneity. We recorded karyotypes
with combinations of inversion arrangements typical
of Mopti (six 2Rbc/� and one 2Rbc/u), Savanna
(eight specimens: 2Rb/�, 2Rb/b, 2Rcu/�, and 2Rd-
carriers), Forest (10 2R�/�), and six Forest/Savanna
intermediate karyotypes (mainly single 2Rb/� or
2La/� heterokaryotypes). Overall, the frequency of
the 2La arrangement was 42.0%, with a signiÞcant (P�
0.01) heterozygote deÞciency. All Mopti specimens
were identiÞed as M, whereas carriers of Forest and
Savanna karyotypes were identiÞed either as M or S.
P. falciparum Infection Rates and Host Preference

in Simbock. In Simbock, 26/502 M (5.2%, conÞdence
interval [CI] � 3.2Ð7.1) and 3/44 S (6.8%, CI � 0.64Ð
14.2) specimens were found positive for Pf-CSP.
Twenty-Þve bloodmeals of 19 M and six S indoor
resting females were analyzed: all had fed on humans.
One M specimen had fed on both human and cattle.

Discussion

Three species of the An. gambiae complex were
recorded in our collection sites: An. melas, An. ara-
biensis, and An. gambiae s.s.
An. melas is widespread along the Atlantic Coast of

Africa where its larvae develop in brackish water
(Gillies and de Meillon 1968, Gillies and Coetzee 1987,
Coetzee et al. 2000). We found this species only at
Ipono (site 23), a rural locality surrounded by man-
grove swamps, typical breeding sites for An. melas. In
this locality, this species accounted for 87.5% of the
specimens of the An. gambiae complex caught by
NLC, conÞrming its partial anthropophilic behavior,
as observed previously in other coastal sites of West
Africa (Bryan et al. 1987, Akogbeto and Romano 1999,
Diop et al. 2002) and on the nearby island of Bioko,
Equatorial Guinea (Berzosa et al. 2002). The exact role
An.melas plays in human malaria transmission dynam-
ics in this area needs to be further evaluated.
An. arabiensis occurred almost exclusively in the

SudanÐSavanna areas of the north (sites 1Ð4), char-
acterized by a long dry season and a mean annual
rainfall �1000 mm, in agreement with literature data
for whole sub-Saharan Africa (Gillies and Coetzee
1987, Coetzee et al. 2002) and northern Cameroon
(Robert et al. 1992). The Þnding of few An. arabiensis
in the northernmost sampling sites of the Yaoundé
area (site 6 and 10), characterized by mean annual
rainfall �1,500 mm, could suggest an increasing cline
in frequency toward the more arid northern localities.
Detailed geographical/seasonal sampling along a
southÐnorth transect would clarify this point.
An. gambiae s.s. occurred virtually only in localities

south of the Adamawa Mountains, characterized by
humid savanna and forested areas and mean annual
rainfall �1,500 mm (sites 5Ð23). The single An. gam-
biae specimen (M form) found in one northern local-

ity (site 3) represents the Þrst record of this species
in the area, where only An. arabiensis was reported
previously (Robert et al. 1992). In the localities south
of latitude 5� N (sites 10Ð13 and 18), An. gambiae
samples showed a low degree of chromosomal di-
versity and could be all assigned to the Forest chro-
mosomal form, as reported previously (Awahmukalah
et al. 1992, Robert et al. 1993). However, in the area
extending roughly between latitude 5� and 7� N (sites
5Ð8), which is characterized by a mosaic of degraded
forest islands within a savanna background, An. gam-
biae showed increasing frequencies of 2R and 2L in-
versions, typical of intergrading ForestÐSavanna pop-
ulations. In Tibati (site 6), karyotypes typical of the
Mopti chromosomal form were found together with
ForestÐSavanna karyotypes; the observed signiÞcant
2La heterokaryotype deÞciency also supports the co-
existence of different chromosomal forms. It is worth
noting that Tibati is situated on the edge of a large
artiÞcial lake that may provide permanent breeding
opportunities for the Mopti form (Coluzzi et al. 1985).
In summary, 1) chromosomal diversity in An. gambiae
increases northward; and 2) the observed pattern of
distribution of the chromosomal forms and of their
chromosomal variants is consistent with the ability of
these forms in exploiting different habitats, as hypoth-
esized by Coluzzi et al. (1985), Touré et al. (1994,
1998), and Powell et al. (1999).

Both M and S seemed widespread south of the
Adamawa Mountains and are sympatric in most local-
ities (Fig. 1); nevertheless, no M/S hybrids were ob-
served throughout Cameroon, providing strong sup-
port for reproductive isolation between molecular
forms, as suggested by a number of recent studies
(della Torre et al. 2002, and references therein). It is
particularly noteworthy that, in most instances, where
both molecular forms were found in sympatry, one of
them outnumbers the other (in a ratio 7Ð9:1). This is
true even where all specimens can be assigned to a
single, chromosomally homogenous population. In-
deed, in such an area, all M and S populations sampled
were characterized by karyotypes typical either of the
Forest form or of intergrading ForestÐSavanna popu-
lations. The only exception to this pattern came from
the M-form population from Tibati, where karyotypes
typical of the Mopti chromosomal form were found.
The role of environmental selection pressure acting
differentially on alternative chromosomal arrange-
ments could not explain uneven distribution of mo-
lecular forms, as is the case in Mali and Burkina Faso
(Touré et al. 1998, Powell et al. 1999). Indeed, the
pattern observed in southern Cameroon would sug-
gest that geographical distribution of molecular forms
is associated more with local (microgeographical)
than with regional environmental conditions. There is,
however, a trend for the M form to be prevalent in the
southern part of the area, where vegetation cover is
deeper, whereas the S form seems to predominate in
the northern part, where the Congolese forest is
highly degraded. It should be noted that in Nyabessan
(site 22), where only S-form mosquitoes were found,
deforestation is currently taking place as a result of
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intensive wood exploitation. Alternatively, the M form
seems to be predominant in urban or peri-urban set-
tings (e.g., sites 14, 16, 17, 18, and 20), whereas the S
form is usually more abundant in rural settings (e.g.,
sites 8Ð13, 19, and 22), as observed in Nigeria (Kristan
et al. 2003) and in Angola (V.P., unpublished data).
Furthermore, competitive exclusion between molec-
ular forms with identical chromosomal constitution,
thus a priori exposed to similar environmental pres-
sure, could well be the key factor shaping composition
of localAn. gambiae populations in terms of molecular
forms. The mechanism by which this exclusive com-
petition is acting is not yet known but this probably
happens at the larval level (Diabaté et al. 2005). A
difference in preference for breeding sites between
these molecular forms (Diabaté et al. 2005) also may
explain this pattern of distribution. The longitudinal
follow-up showed temporal stability of the imbalance
between M and S molecular forms in Simbock, where
both forms were sympatric and synchronous year-
round, with few exceptions probably because of sam-
ple size constraints, rather than seasonal variation in
the S-form prevalence.

The results obtained during this study are in accor-
dance with the general pattern of relation between
molecular and chromosomal forms of An. gambiae as
observed throughout Africa (della Torre et al. 2001).
All Mopti specimens belong to the M form, whereas
the Forest and Savanna chromosomal forms both com-
prise M and S molecular forms. But because of the
tight link between the environment and the distribu-
tion of An. gambiae, these results cannot be general-
ized throughout Africa, especially in some countries
such as Mali where M and S forms always belong to
different chromosomal forms. Nevertheless, we think
that this study constitutes a good basis to understand
the pattern of geographical repartition of molecular
forms ofAn. gambiae in an environment similar to that
of Cameroon.

Regarding vectorial ability, our results, although
very preliminary with relatively small sample sizes,
seem to suggest similar feeding preferences and sus-
ceptibility to P. falciparum infection in the molecular
forms of An. gambiae, at least in Simbock, where both
forms present homosequential standard chromosome
arrangements. Overall, the Pf-CSP index was not sig-
niÞcantly different from that recorded in previous
observations, i.e., �7% in the southwestern provinces
(Awahmukalah et al. 1992).

In conclusion, the pattern of distribution of
An. gambiae molecular forms observed in Cameroon
suggests that these may have different abilities in ex-
ploiting differentiated habitats, independently from
their chromosomal inversion patterns. A deeper scale
assessment of biological, ecological, and behavioral
traits of both molecular forms is being conducted to
identify factors shaping their geographical distribu-
tion within the forest block and to monitor and better
understand their interactions as well as their contri-
bution to the vector system.
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