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Heterogeneities of the malaria vectorial system
in tropical Africa and their significance in
malaria epidemiology and control

MARIO COLUZZ11

The most important units of the malaria vectorial system in tropical Africa are in-
cluded in the Linnaean taxon Anopheles gambiae, which has been split into six sibling
species recognized by the application of genetic techniques. More recent studies have
shown further complexities involving chromosomal inversion polymorphism in some
vector populations as well as incipient speciation processes. The significance for field
research in malaria of the splitting of a morphological taxon into genetically defined
units and subunits is discussed.

It has repeatedly been stressed that the malaria
problem in Africa south of the Sahara represents a
"peculiar case". Most of this peculiarity is attribut-
able to the mosquito vectors of tropical Africa, which
probably constitute the most powerful vectorial
system anywhere available to malaria parasites. This
system, which generally causes high inoculation rates,
is also remarkably stable in a wide range of geo-
graphic and seasonal ecological conditions and it ap-
pears to be very flexible, both in exploiting new man-
made environments and in its response to malaria
control activities.

Early entomological studies based on the classic
morphological approach led to the definition of two
main components in the vectorial system, namely
Anophelesfunestus Giles 1900 and A. gambiae Giles
1902, which came to be widely used as operational
taxonomic units by malariologists. Other units were
later added to the system, such as A. nili (Theobald)
1904 and A. moucheti Evans 1925, but these vectors
were shown to have only local importance.
Although useful in elucidating the fundamental

patterns of malaria transmission in tropical Africa,
the relatively simple gambiae-funestus model soon
showed its limitations. Epidemiologically significant
bionomical heterogeneities were revealed in each of
the two taxa, suggesting higher levels of complexity
in the system. The funestus component has since
been redefined by intensive bionomical and morpho-
logical analysis (1) but in the case of the gambiae
component, the most important of the system, this
approach was much less successful.
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It is now clear that at least six morphologically in-
distinguishable sibling species were combined under
the name gambiae. Their recognition and reliable
identification were made possible only by applying
the concepts and techniques of evolutionary system-
atics and genetics. More recent studies have shown
further complexities involving chromosomal poly-
morphism and incipient speciation processes, which
appear to be especially important in understanding
the stability and flexibility of the vectorial system.
The aim of this paper is to summarize present

knowledge regarding the gambiae complex and to
outline the significance to field research on malaria
of the division of the "morphological" taxon into
genetically defined units and subunits.

THE A. GAMBIAE COMPLEX

The six taxa produced by the division of
A. gambiae Giles are: A. gambiae s.s., A. arabiensis,
A. quadriannulatus, A. melas, A. merus, and lastly
species D, for which a non-Linnaean nomenclature is
still used. Although A. gambiae and A. arabiensis
could be subject to further division, as will be dis-
cussed later, the above breakdown of the gambiae
complex provides a reliable guide to the six main en-
tities, which can be considered as undoubtedly well-
defined species. The available data for thesei siblings
are briefly summarized below; the reviews by White
(2) and by Coluzzi et al. (3) should be consulted for
further details and references.

A. gambiae and A. arabiensis, which are the two
most anthropophilic members of the complex, have
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the widest distribution and can occur together over
extensive areas. Both are of primary malariological
importance but they show differences in behaviour,
seasonal prevalence, and levels of vectorial efficiency.
Marked zoophily has been documented in A. quadri-
annulatus and therefore this species has little or no
direct medical interest. It appears to have a relict dis-
tribution in south-east Africa and Ethiopia and it can
be sympatric with A. arabiensis and, in more limited
areas, with A. gambiae also.

A. gambiae, A. arabiensis, and A. quadriannu-
latus share fairly similar larval ecology, breeding
in shallow, open, sunlit freshwater pools, while the
three other species breed in non-freshwater pools.
A. melas and A. merus are saltwater breeders on the
West and East African coasts, respectively; species D
has so far been found to breed only in pools of min-
eral springs in the Semliki Forest in Uganda. Their
vectorial efficiency is considered to be much lower
than that of A. arabiensis and A. gambiae. Par-
tial zoophagy and exophily are well documented in
A. melas and probably occur even more regularly
in A. merus and species D. All these three taxa are
mutually allopatric but associated, at least in the
adult stage, with A. gambiae and/or A. arabiensis.

Sibling species identification
Morphological characters are available, although

not fully reliable, for distinguishing A. melas or
A. merus from the freshwater sibling species of the
complex (4), but no morphological difference has yet
been found that can be used reliably to distinguish
between A. gambiae and A. arabiensis or between
these species and A. quadriannulatus.

Various degrees of genetic incompatibility, typi-
cally expressed as hybrid male sterility, were shown to
exist between all six taxa, and hybridization tests have
been widely exploited in their identification (5).
However, there are important practical limitations to
this diagnostic approach, which depends on time-
consuming laboratory activity not compatible with
large-scale identification. Morever, while species dis-
tinctness is generally indicated by hybrid sterility, its
lack does not necessarily prove conspecificity.

Reliable characters for the practical identification
of each of the six taxa are revealed by analysis of the
banding pattern of the polytene chromosomes (6-9).
These characters, consisting of changes in band
sequences due to fixed paracentric inversions, have
been widely tested in recent years in field research.
Polytene chromosomes favourable for cytotaxo-
nomic identification are available in the ovarian
nurse cells of blood-fed adult females and in the
salivary glands of fourth-stage larvae.
Other possible means of species identification are

through electrophoretic analysis of gene-enzyme
systems, although very few alleles appear to be
species-specific in the gambiae complex (10). Gas
chromatographic profiles of the cuticular and in-
ternal lipids can provide further diagnostic characters
(11).

Biochemical identification has the advantage of
being applicable to adult females independently of
their gonotropic state, as well as to adult males and
to pupae. The identification of these forms might be
essential in certain field research. Cytotaxonomic
identification has the advantage of being less expen-
sive and based on laboratory facilities that are more
easily available; but, more importantly, chromo-
somal analysis provides unique additional infor-
mation on polymorphic chromosomal inversions,
which might constitute a very useful guide to epi-
demiologically important heterogeneities in vector
populations (see below).

Inversion polymorphisms

Polytene chromosome studies on the A. gambiae
complex show that the rearrangements of the banding
pattern are all based on paracentric inversions. These
occur in the homozygous state in different species
(the fixed inversions used for cytotaxonomic identi-
fication) or constitute intraspecific chromosomal
polymorphisms. Inversion polymorphisms have been
recorded in all the six species of the gambiae complex
except A. merus and have been found to be particu-
larly frequent in A. gambiae and A. arabiensis, the
two taxa showing the widest distribution and the
closest association with man and man-made breeding
places (3).
The adaptive significance of inversion polymorph-

ism in Anopheles mosquitos, its possible origin, and
its causal involvement in speciation have been dis-
cussed in a recent publication (12). The proposed
theory assumes that inversions act as chromosomal
mechanisms that preserve gene associations or super-
genes arising in temporary isolates subject to flush
and crush in geographically and/or ecologically mar-
ginal zones. Thus, inversions might express specific
adaptive values for the environmental conditions in
which they originated, and alternative arrangements
in a vector population might express ecotypic diver-
gences that can be of interest to the malariologist. In
other words, the polymorphic vector can be regarded
as an assemblage of chromosomal forms ecotypically
differentiated but tied by the heterokaryotype's
higher fitness, which is exploited particularly in the
central part of the species range. Lacking the hetero-
karyotype advantage, some of these chromosomal
forms might become candidates for the initiation
of speciation processes (see below, under Incipient
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speciation).
The available data on polymorphic populations of

A. gambiae and A. arabiensis support the theory
outlined above. Clinal geographic variations in in-
version frequencies, closely related to climatic and
ecological conditions, are observed in both vector
species. Moreover, the adaptive values indicated by
these geographic variations are consistent with the
evidence obtained from the studies of seasonal vari-
ations. These show that the arrangements that are
more frequent in humid areas increase in frequency
during the rainy season, as expected, while those that
increase during the dry season prevail in dry areas
(3, 13-15, 23). The inversion polymorphism appears
to be involved, on the one hand, in the expansion of
the species range towards marginal zones and, on the
other hand, in the more efficient utilization of the
spatial and seasonal heterogeneities of the environ-
ment in the central zone.

Incipient speciation

The highest complexity of polytene chromosome
differentiation so far recorded has been in A. gam-
biae, which can be split into forest and savanna
chromosomal forms, the latter having in some cases
the status of incipient species (3, 13, 15 and Coluzzi
et al., unpublished data). The forest form is appar-
ently the same in all rain forest areas and intergrades
with different savanna forms. The chromosome 2
standard arrangement, perhaps the oldest in A. gam-
biae, is characteristic of the forest form. The savanna
forms all share one 2L inversion (2La) and are
further differentiated by one or more 2R inversions.
A unique savanna form, characterized by the 2Rb
inversion, seems to prevail in East Africa, while in
West Africa the same arrangement occurs together
with many other 2R inversions or inversion associ-
ations (most commonly d, bc, bcd, u, cu, bcu, j, jcu,
and jbcu). Data obtained from laboratory colonies
do not indicate the presence of mechanisms of re-
productive isolation among the carriers of these 2R
arrangements, all of which are potentially panmictic.
However, intergradation is incomplete or even miss-
ing between some of the karyotypes, so that various
chromosomically characterized savanna forms can
be recognized.
Two chromosomal forms were described in Sene-

gambia (13) in an area that includes the Gambia and
part of Saloum in the north, and Casamance in the
south. One of the two forms (population 1) is wide-
spread in freshwater inland zones, characterized by
the 2Rb inversion, and can be regarded as a typical
dry-savanna population of A. gambiae. The other
form (population 2) is prevalent in the more humid,
coastal, and southern zones and is characterized by

the 2Rd inversion. In the wide central zone, where
the two forms coexist, the hybridization frequency,
although much lower than expected, seems sufficient
to allow progressive introgression and complete
intergradation. However, the presence of temporally
stable departures from Hardy-Weinberg equilibrium,
with deficits of the heterokaryotypes, indicates that
the hybrid genotypes are unfavoured in nature in
spite of their normal fitness or heterosis in laboratory
colonies.
The situation is more complicated in Mali where

three chromosomal forms have been described and
designated by the names Mopti, Bamako, and
Savanna (15). The Mopti chromosomal form is
characterized by the 2R polymorphism bc/u and is
prevalent in the inner delta of the Niger river and in
other close riverine and/or irrigated areas that pro-
vide conditions for dry-season larval breeding, par-
ticularly exploited by the 2Rbc homozygotes. The
Bamako chromosomal form, characterized by the 2R
arrangements jcu and jbcu, is found along the course
of the upper Niger river and its tributaries in southern
Mali and northern Guinea. It appears to breed more
successfully during the late part of the rainy season.
The Savanna chromosomal form probably corres-
ponds to population 1 described in Senegambia, but
its 2R polymorphism, at least in southern Mali,
includes other arrangements, such as cu and bcu
(alternatives to the typical b arrangement). It is wide-
spread in the savannas of Guinea and the Sudan,
except for inundated or irrigated areas, and it appears
to be associated mainly with rain-dependent breeding
places. In Mali, a number of localities were studied
where two of the chromosomal forms or all three
of them coexist. Incomplete intergradation has been
documented between Savanna and Mopti and be-
tween Savanna and Bamako, but not a single hybrid
karyotype has been discovered so far between Mopti
and Bamako. Taken alone, Mopti and Bamako
should be regarded as reproductively isolated species,
but both show hybridization with intergrading
Forest-Savanna chromosomal forms acting, at least
potentially, as a bridge for gene flow. Data obtained
from studies still in progress (Toure et al., unpub-
lished data) indicate that, although each of the above
chromosomal forms is more favoured in certain en-
vironmental patches, competition phenomena play
an important role in affecting their relative frequency
and distribution.

Concerning A. arabiensis, all populations studied
so far (Coluzzi et al., unpublished data) suggest pan-
mictic conditions. However, differences also exist in
this species between northern and southern African
savanna populations, with the former displaying a
higher degree of inversion polymorphism, particu-
larly in West Africa.
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SIGNIFICANCE FOR MALARIA EPIDEMIOLOGY
AND CONTROL

The splitting of the "morphological" gambiae
taxon into genetically defined species and intra-
specific variants has a direct significance for malaria
epidemiology and control (16, 17). Consider, for
example, A. arabiensis and A. quadriannulatus, two
main sibling taxa that have contrasting impacts on
malaria transmission, and that occur sympatrically in
various areas of south-east Africa. The operational
value of making this distinction is quite obvious in
relation to the evaluation of vectorial capacity, of
the effect of indoor insecticide spraying, and of
the spreading of insecticide resistance. I would not
hesitate to say that separating A. arabiensis from
A. quadriannulatus is more important in terms of
epidemiological entomology than separating A. ara-
biensis from A. funestus. In fact, the pooling of
A. arabiensis and A. funestus, two species that both
show a high vectorial capacity resulting from con-
vergence in biting and resting behaviour, would be in
many respects less misleading to the malariologist
than the pooling of arabiensis and quadriannulatus,
i.e., the pooling of a vector species with a non-vector
one.
On the other hand, a better understanding of the

ecotypic divergences between A. quadriannulatus
and A. arabiensis (or A. gambiae), particularly in
terms of larval breeding, is essential if the ecological
factors that might affect the relative frequency of the
vector taxon versus the non-vector are to be clarified.
To what extent do their larval ecological niches over-
lap? Does-competitive exclusion play any role in their
frequency and/or distribution? What is the fate of
A. quadriannulatus when released in areas where
A. arabiensis or A. gambiae is the prevalent species?
The answers to these questions are probably a matter
of a few properly planned field experiments that
could provide the basis for attempts to replace A. ara-
biensis or A. gambiae, in some of their border areas,
by A. quadriannulatus.

Equally important for field research in malaria is
the differentiation of the saltwater species A. merus
and A. melas from their freshwater counterparts
A. gambiae and/or A. arabiensis. In these cases, the
distinction is between vector taxa that generally show
markedly different bionomics and sporozoite indices.
The clarification of their distribution, their seasonal
activities, their biting and resting behaviour, and
their relative impact on malaria transmission, should
certainly improve not only the understanding of
malaria epidemiology in coastal areas but also the
choice and monitoring of vector control strategies.
Moreover, environmental management in coastal
areas, and particularly irrigation and desalinization
projects, are likely to have a marked effect on the

balance between saltwater and freshwater members
of the gambiae complex, and these phenomena
should be studied in detail in order to be able to pre-
dict and counteract any possible negative impact on
the malaria situation in Africa.

Less obvious is the relevance to malaria research
of the distinction between two sibling taxa that both
show high vectorial potential, such as A. gambiae
and A. arabiensis, or between certain chromosomal
variants and incipient species within these vector
taxa. However, the information provided by such
taxonomic refinements might be essential when deal-
ing with certain aspects of malaria epidemiology and
control, as considered in the following sections.

Entomological indices
The study of an entomological index, such as the

human blood index or the sporozoite index, and par-
ticularly its comparative analysis in different locali-
ties, in different seasons, or under different control
measures, is of epidemiological significance if the
results can be referred to single panmictic vector
populations. The collection of these indices from
samples that are mixtures of two or more populations
(e.g., from mixtures of A. gambiae and A. arabiensis
or of the incipient species Mopti and Bamako within
A. gambiae) is acceptable, from a practical point of
view, if the indices are not expected to be statistically
different in the two taxa and if their response to
vector control measures is also expected to be very
similar. However, the long-term coexistence of the
two taxa is already an indication that competition is
probably reduced by some degree of biological diver-
gence that is likely to be reflected in different levels
of vectorial capacity and/or in different responses
to vector control strategies.
The results obtained from the few comparative

studies carried out on sympatric populations of A.
gambiae and A. arabiensis (3, 18, 19) a indicate that
biological differences between these two sibling spe-
cies exist and cannot be ignored by the malariologist.
Although both species can reach very high vectorial
capacities for malaria, the host choice behaviour of
A. arabiensis is less rigidly directed to man so that a
considerable proportion of its bites can be diverted to
animals, particularly in places where cows outnumber
men. In these conditions A. gambiae tends to show
higher human blood indices and to develop higher
malaria sporozoite rates than A. arabiensis. Such
differences in vectorial capacity are of special interest
for the critical evaluation of seasonal patterns of
malaria transmission, since the gambiae/arabiensis

a See also: COLUZZI, M. ET AL. Chromosomal investigations on
species A and B of the Anopheles gambiae complex in the Garki
district (Kano State, Nigeria). Results ofspecies identificationsfrom
1971 to 1974. Unpublished WHO document MAP/TN/75.1 (1975),
pp. 16-25.
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ratio is subject to pronounced seasonal shifts in
certain localities (14).

Behavioural differences of the same kind as re-
ported above for A. gambiae and A. arabiensis may
also be found to exist between the incipient species of
A. gambiae. Moreover, while we may reasonably as-
sume that susceptibility to the various human malaria
parasites is the same for the different chromosomal
types, this hypothesis should be tested both by field
and laboratory observations.

Variations in entomological indices between inver-
sion karyotypes can be expected even at the intra-
population level. One interesting example of these
variations has been found in A. melas (20). In the
Gambia and surrounding zones this species shows a
2R inversion polymorphism with frequencies of the
inverted arrangement (2Rn) reaching 0.40 in many
localities. Samples of A. melas collected in the morn-
ing inside houses near Farafenni were examined. The
origin of the blood meal and the karyotype were
determined in each mosquito. In a total of 311 speci-
mens processed in this way, the human blood index
was found to be 0.58 in the +n/+" homozygotes,
0.49 in the +'/n heterozygotes, and 0.31 in the n/n
homozygotes. Such different human blood indices
evidently result from behavioural differences between
the inversion karyotypes, involving biting and/or
resting habits.

Eco-epidemiological strata

With regard to the vector system represented by
A. gambiae and/or A. arabiensis, a measure of its
diversity based on the total number (i) and relative
abundance (pi) of chromosomal variants in the two
taxa (1 /Epi2) could be a useful guide for eco-epi-
demiological stratifications. This index of diversity of
the vectorial system might range from values near to
1, in situations where only one chromosomally mono-
morphic taxon exists (e.g., A. gambiae in some rain
forest areas or A. arabiensis in Mauritius), to values
of more than 20 in zones where highly polymorphic
populations of A. gambiae and A. arabiensis coexist
(e.g., in some savanna areas of West Africa).

Ecological and climatic differences account in part
for the variations in the index, but very different
index values are also found between zones classified
in the same ecological stratum. As already pointed
out, a remarkable general difference appears to exist
between West and East African savannas, the former
showing an overall higher diversity of the vectorial
system. Further differences might be observed,
particularly in West Africa, on a smaller scale and
even between contiguous zones. Such differences
appear to result from historical factors (e.g., climatic
changes in the Pleistocene) and from the present
environmental heterogeneities.

The available data indicate that the diversity of the
vectorial system might also be affected by man-made
environmental changes with relevant effects on eco-
epidemiological stratification. Studies carried out in
southern Nigeria (3) show that deforestation and
urbanization favour the penetration of A. arabiensis
into rain forest zones originally occupied only by
A. gambiae monomorphic for the standard chromo-
some-2 arrangement (forest chromosomal form).
Irrigation and especially rice cultivation, in dry
savanna zones of Mali and Upper Volta, tend to
favour the spreading of the chromosomal form of
A. gambiae indicated as Mopti (15). As already
noted, this form is characterized by the 2Rbc and
2Ru arrangements, the former being particularly
associated with dry season (not rain-dependent)
breeding places. This man-made spreading of Mopti
generally occurs in areas originally occupied by other
savanna chromosomal forms of A. gambiae and/or
A. arabiensis.
What needs to be understood is the impact on

malaria epidemiology and control of the different
degrees of vectorial system diversity. On theoretical
grounds, increasing diversity is expected to involve
some degree of niche compression, which generally
results in a more efficient exploitation of the spatial
and seasonal heterogeneities of the environment, with
probably positive side-effects on epidemiologically
important parameters such as vector longevity and
stability of total vector density. The main working
hypothesis is that, in a given ecological stratum, the
stability of malaria transmission increases with the
increasing diversity of the vectorial system. More-
over, the use of insecticides is likely to have a non-
uniform effect on the various components of a highly
diverse vectorial system, while situations where the
system comprises only one chromosomally mono-
morphic taxon should be less difficult for a malaria
control strategy based on the attack on the vector.
This expectation appears to be confirmed by the
available data (see below, under Vector control).
The impact of vector diversity on malaria epi-

demiology and control is probably best analysed by
considering the gambiae/arabiensis component of
the vectorial system on its own. However, a more
complete analysis should also be attempted, taking
all vector taxa and particularly A. funestus into
consideration.

Vector control

The experience from various antimalaria cam-
paigns carried out in Africa generally supports the
hypothesis outlined above of an inverse relationship
between success of the vector control approach and
diversity of the vectorial system. The most successful
results obtained against A. gambiae or A. arabiensis
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involved isolated populations of these species, which
we now know to be monomorphic or nearly so
(Mauritius and forested areas of Cameroon). On the
other hand, non-uniform exposure to indoor residual
spraying has been documented in the Garki project
(northern Nigeria) where the use of propoxur was
attempted against highly polymorphic sympatric
populations of A. gambiae and A. arabiensis (21).
The importance of the inversion polymorphism is
indicated by field investigations based on parallel
indoor and outdoor sampling of these populations
(3, 23). In both species, the chromosome-2 poly-
morphism appears to be associated with variations in
endophily and endophagy. The chromosome arrange-
ments that are more frequent in outdoor collections
are those associated with more humid environments,
while the arrangements more frequent in indoor
collections are those favoured in drier environments.
This implies that different climatic adaptations,
coded for by the inversions, result in differences in
house-resting behaviour and, consequently, in non-
random exposure of the vector population to insecti-
cide-sprayed surfaces indoors. This phenomenon
might explain the failure to reduce the malaria vec-
torial capacity below the critical level by house spray-
ing (see Molineaux et al. (22) for a mathematical
analysis of the effect of non-uniform exposure of the
vector population to an insecticide).

In the study of insecticide resistance, chromosomal
polymorphism is probably of little or no importance,
except for the possible vigour tolerance of some
inversion heterozygotes or for the incidental linkage
of a resistance gene with an inversion. However,
susceptibility tests carried out on samples that are
mixtures of A. gambiae and A. arabiensis, or of
different incipient species within the former taxon,
can only indicate the presence or absence of insecti-
cide resistance in that sample. Where genetic factors
for resistance are present, any further attempt to

analyse their distribution or to monitor their spread
will be meaningless if it does not take into account
the existence of different reproductive units in the
sample.
As regards biological control, the separation of the

target species into reproductively isolated panmictic
units is of special importance in genetic control. Any
attempt to introduce sterility, lethal factors, or geno-
types selected for refractoriness to the parasite into
a natural vector population should be based on evi-
dence that the released males are fully compatible
with the mating recognition system of the target
population. Thus, incipient speciation processes of
the kind described in Senegambia (13) and in Mali
(15), or even less obvious phenomena of assortative
mating, make genetic control extremely complex. In-
cidentally, the hope of using a heterotic hybrid male
in these situations is not supported by theoretical
expectations, which predict high mating competitive-
ness for such material in laboratory cages but not in
natural conditions.
The development of alternative strategies of

genetic control, based on the replacement of vector
populations by non-vector strains, should be greatly
helped by analysis of the vectorial system diversity
and particularly by evaluation of the role of com-
petitive exclusion in the distribution of various units
and subunits of the system. The replacement method,
if feasible, should have the great advantage of not
being dependent on the mating competitiveness of the
released strain since its partial reproductive isolation
could even favour the installation of the non-vector
genotypes in nature. The growing evidence that
natural phenomena of replacement do occur under
the influence of man-made ecological changes offers
a very promising prospect for the introduction of
genetic manipulations of the gambiae larabiensis
component of the vectorial system.
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RItSUMI

HETEROGENEITE DU SYSTEME DES VECTEURS DU PALUDISME EN AFRIQUE TROPICALE
ET IMPLICATIONS POUR L'EPIDEMIOLOGIE DU PALUDISME ET LA LUTTE ANTIPALUDIQUE

Les membres les plus importants du systeme des vecteurs taxonomique Anopheles gambiae (selon la classification
du paludisme en Afrique tropicale appartiennent i l'unit6 de Linne) qui a e subdivisee en six especes jumelles dont
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la distinction repose sur l'application de techniques gene-
tiques. Des etudes plus recentes ont fait apparaltre, dans
certaines populations vectrices, de nouvelles complications
tenant au polymorphisme des inversions chromosomiques
et au debut de l'apparition de nouvelles especes. Le present

article etudie les consequences qui decoulent, pour la
recherche antipaludique de terrain, de la subdivision d'un
taxon morphologique en unites et sous-unites d6finies sur
la base de considerations genetiques.

REFERENCES

1. GILLIES, M. T. & DE MEILLON, B. The Anophelinae of
Africa south of the Sahara. Johannesburg, The South
African Institute for Medical Research, 1968.

2. WHITE, G. B. Anophelesgambiae complex and disease
transmission in Africa. Transactions of the Royal
Society of Tropical Medicine and Hygiene, 68: 278-
301 (1974).

3. COLUZZI, M. ET AL. Chromosomal differentiation and
adaptation to human environments in the Anopheles
gambiae complex. Transactions ofthe Royal Society of
Tropical Medicine and Hygiene, 73: 483-497 (1979).

4. COLUZZI, M. Morphological divergences in the Ano-
pheles gambiae complex. Rivista malariologia, 43:
197-232 (1964).

5. DAVIDSON, G. The five mating types of the Anopheles
gambiae complex. Rivista malariologia, 13: 167-183
(1964).

6. COLUZZI, M. & SABATINI, A. Cytogenetic observations
on species A and B of the Anopheles gambiae complex.
Parassitologia, 9: 73-88 (1967).

7. COLUZZI, M. & SABATINI, A. Cytogenetic observation
on species C of the Anopheles gambiae complex.
Parassitologia, 10: 155-165 (1968).

8. COLUZZI, M. & SABATINI, A. Cytogenetic observations
on the saltwater species, Anopheles merus and Ano-
pheles melas, of the gambiae complex. Parassitologia,
11: 177-187 (1969).

9. DAVIDSON, G. & HUNT, R. H. The crossing and
chromosome characteristics of a new, sixth species in
the Anopheles gambiae complex. Parassitologia, 15:
121-128 (1973).

10. MILES, S. J. A biochemical key to adult members of
the Anopheles gambiae group of species (Diptera: Culi-
cidae). Journal of medical entomology, 15: 297-299
(1979).

11. HAMILTON, R. J. & SERVICE, M. W. Value of cuticular
and internal hydrocarbons for the identification of lar-
vae of Anopheles gambiae Giles, Anopheles arabiensis
Patton and Anopheles melas Theobald. Annals of
tropical medicine and parasitology, 77: 203-210
(1983).

12. COLUZZI, M. Spatial distribution of chromosomal in-
versions and speciation in anopheline mosquitoes. In:
Barigozzi, C., ed. Mechanisms of speciation. New
York, Alan R. Liss, 1982, pp. 143-153.

13. BRYAN, J. H. ET AL. Inversion polymorphism and
incipient speciation in Anopheles gambiae s. str. in the
Gambia, West Africa. Genetica, 59: 167-176 (1982).

14. Di DECO, M. A. ET AL. Variazioni stagionali in Ano-
pheles gambiae e Anopheles arabiensis a Kaduna,
Nigeria. Parassitologia, 23: 169-172 (1981).

15. TOURS, J. T. ET AL. Repartition geographique et poly-
morphisme chromosomique des membres du complexe
Anopheles gambiae au Mali (abstract). 2nd Inter-
national Conference on Malaria and Babesiosis, 19-22
September 1983, Annecy, France. Lyon, Edition
Fondation Marcel Merieux, [1983], p. 198.

16. PATERSON, H. E. The species, species control and anti-
malarial spraying campaigns. Implications of recent
work on the Anopheles gambiae complex. South
African journal ofmedical sciences, 28: 33-44 (1963).

17. COLUZZI, M. Sibling species in Anopheles and their
malariological importance. Miscellaneous publications
of the Entomological Society of America, 7: 63-77
(1970).

18. WHITE, G. B. ET AL. Comparative studies on sibling
species of the Anopheles gambiae Giles complex
(Diptera, Culicidae): bionomics and vectorial activity
of species A and species B at Segera, Tanzania. Bulletin
of entomological research, 62: 295-3 17 (1972).

19. HIGHTON, R. B. ET AL. Studies on the sibling species
Anopheles gambiae Giles and Anopheles arabiensis
Patton (Diptera: Culicidae) in the Kisumu area, Kenya.
Bulletin of entomological research, 69: 43-53 (1979).

20. BRYAN, J. H. ET AL. Mosquito behaviour studies in the
Gambia, West Africa. Proc. Sydney Mal. Conf. (1984)
in press.

21. MOLINEAUX, L. & GRAMICCIA, G. The Garki project:
research on the epidemiology and control ofmalaria in
the Sudan savanna of West Africa. Geneva, World
Health Organization, 1980.

22. MOLINEAUX, L. ET AL. Assessment of insecticidal
impact on the malaria mosquito's vectorial capacity,
from data on the man-biting rate and age composition.
Bulletin of the World Health Organization, 57: 265-
274 (1979).

23. COLUZZI, ET AL. Behavioural divergences between
mosquitoes with different inversion karyotypes in poly-
morphic populations of the Anopheles gambiae com-
plex. Nature (London), 266: 832-833 (1977).


