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community-wide efforts. The sterile insect technique (SIT), whose success hinges on having a good under-
standing of the biology and behaviour of the male mosquito, is an additional weapon in the limited arsenal
against mosquito vectors. The successful production and release of sterile males, which is the mechanism
of population suppression by SIT, relies on the release of mass-reared sterile males able to confer sterility
in the target population by mating with wild females. A five year Joint FAO/IAEA Coordinated Research
Project brought together researchers from around the world to investigate the pre-mating conditions

of male mosquitoes (physiology and behaviour, resource acquisition and allocation, and dispersal), the
mosquito mating systems and the contribution of molecular or chemical approaches to the understanding
of male mosquito mating behaviour. A summary of the existing knowledge and the main novel findings
of this group is reviewed here, and further presented in the reviews and research articles that form this

Acta Tropica special issue.

Copyright © International Atomic Energy Agency 2013. Published by Elsevier B.V. All rights reserved.

1. Introduction

Mosquito-borne diseases threaten the lives and livelihoods of
millions of people worldwide (Townson et al., 2005). Malaria
alone affects over 300 million Africans (World Health Organisation,
2012), disproportionately affects the poor (Barat et al., 2004), and
exerts such a huge public health burden that it has been blamed
for the continued underdevelopment of the continent as a whole
(Guinovartetal., 2006; Sachs and Malaney, 2002). Its burden is now
estimated at 45.6 million DALYs (disability-adjusted life years).
Malaria has been identified as a key contributor to weak economic
growth and investment in Africa because it experiences the most
intense malaria transmission in the world (Beier et al., 1999; Hay
etal., 2000). Most of sub-Saharan Africa suffers from stable endemic
malaria because climatic conditions ideal for transmission coincide
with the ranges of Anopheles gambiae s.s., the newly designated
Anopheles coluzzi, Anopheles arabiensis and Anopheles funestus, the
most efficient vector mosquitoes in the world (Beier et al., 1999;
Coetzee et al., 2000; Craig et al.,, 1999). In eastern and southern
Africa, the proportion of all deaths caused by malaria increased
from 18% in the 1980s to 37% in the 1990s (Korenromp et al., 2003).
It is commonplace in tropical Africa for more than half the popu-
lation to be infected with Plasmodium falciparum, by far the most
dangerous of the four Plasmodium species that infect humans (Beier
et al, 1999).

The dengue virus, causative agent of dengue fever (DF) and
dengue haemorrhagic fever (DHF) transmitted by Aedes vectors, is
probably the fastest spreading mosquito-borne disease agent with
an estimated 390 million (Bhatt et al., 2013) cases per year world-
wide. With no vaccine or efficient treatment, control of the disease
is dependent on the suppression of the vectors but until recently,
there has been no promising solution for their sustainable con-
trol. The trend for dengue vector control in most tropical regions
has shifted from relying solely on insecticides to an integrated
approach involving biological control, source reduction and envi-
ronmental management through community participation (Gubler,
2004; Tapia-Conyer et al., 2012). Several Southeast Asian countries
have recently carried out integration of vector control approaches
(e.g. Kittayapong et al., 2008; Nam et al., 2005; Therawiwat et al.,
2005; van den Berg et al., 2007). Similar moves towards integrated
vector management (IVM) have been made in Africa against malaria
vectors (e.g. Caldas de Castro et al., 2004; Chanda et al., 2008).

Indoor residual spraying (IRS) and insecticide-treated bednets
(ITNs) are currently advocated for reducing transmission of malaria
in Africa (World Health Organisation, 2008), each based on the
use of residual insecticides in the intra-domiciliary domain and
targeting mosquito vectors, before or after host-feeding, respec-
tively. However, both methods have limitations such as insecticide
resistance (Coetzee and Koekemoer, 2013; Roberts and Andre,
1994; Zaim and Guillet, 2002), environmental or human health
concerns (Liroff, 2000; Turusov et al.,, 2002) and difficulties in
achieving socio-economic or cultural acceptance by communities

(Adongo et al., 2005; Noor et al., 2007). Effective as these tools
are, they are not sufficient on their own to eliminate the malaria
burden from the most intensely endemic regions, notably sub-
Saharan Africa (Molineaux and Gramiccia, 1980; Najera, 2001). An
expansion of this limited arsenal of vector control tools, with new
strategies that can reduce human exposure, the density of mosquito
populations, or transmissibility of infection, is therefore needed
(Hemingway, 2004), and should preferably be appropriate for use
in an integrated fashion with IRS/ITNs (Beier et al., 2008; Matthews
et al., 2009; Shiff, 2002). Recent developments include the genetic
sterilisation of Anopheles sp. (Catteruccia et al., 2009), repressible
dominant lethal systems in Aedes aegypti (Fu et al.,2010; Phucetal.,
2007) and Aedes albopictus (Labbé et al., 2012), and the utilisation
of Wolbachia infections (Lepage and Bordenstein, 2013).

These developments have led to renewed interest in the poten-
tial of the sterile insect technique (SIT) for suppressing mosquito
vectors (Oliva et al., 2014b). The remarkable success of area-wide
programmes integrating the SIT against screwworm (Wyss, 2000),
tsetse (OAU/BAR, 2000; PAAT, 2000), and fruit flies (Hendrichs et al.,
1983) provides a basis for contemplating the prospects for SIT inter-
ventions for suppressing mosquito vectors. It is envisaged that SIT
would be used under specific conditions as an adjunct to other tech-
nologies. This would conform to the World Health Organisation’s
current vector-borne disease control strategy, integrated vector
management (World Health Organisation, 2008), that emphasises
avoiding reliance on any single intervention approach (Koul et al.,
2008; Vreysen et al., 2007).

Unlike females, male mosquitoes are not blood feeders and
thus do not transmit disease, which makes them logical agents for
genetic control. Recent developments in the use of sterile male
releases has sparked greater interest (Calkins and Parker, 2005;
Ferguson et al., 2005), particularly in Anopheles sp. (Howell and
Knols, 2009). However, although female biology and behaviour
have been studied intensively, relatively little is known about
males, for example the specific factors that contribute to male
reproductive success are virtually unknown (Ferguson et al., 2005).
Nevertheless, the success of any genetic control programme will
hinge on the degree to which mass-reared released males are able
to confer sterility in the target population.

2. FAO/IAEA sponsored coordinated research project

A Coordinated Research Programme (CRP) was initiated by
the FAO/IAEA with the title “Increasing our knowledge of male
mosquito biology in relation to genetic control programmes”,
which comprised 21 researchers from 16 diverse countries
(Bangladesh, Benin, Burkina Faso, Cuba, Denmark, Ghana, Sudan,
Syrian Arab Republic, Trinidad and Tobago, France, French Polyne-
sia, Italy, Sweden, United Kingdom, United States of America and
South Africa) working to address key questions in relation to the
biology, physiology and behaviour of male mosquitoes, answers
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to which were expected to be crucial for the advancement of the
application of the sterile insect technique (SIT) (Robinson et al.,
2009) and other novel forms of mosquito control. The CRP served to
bring together a large research consortium that through collabora-
tive research and knowledge exchange (facilitated by international
Research Coordination Meetings or RCMs) aimed to significantly
enhance the development of successful mosquito control pro-
grammes. Participants met at four RCMs between 2008 and 2013
that were held in locations where active research into the SIT
is being conducted (two initial meetings at the IAEA in Vienna,
Austria) or applied (Bologna, Italy and Juazeiro, Brazil). These meet-
ings helped to foster collaborative relationships that informed and
enhanced the progress of the individual research efforts and of the
group as a whole. The results of this CRP are presented in brief in
this review, and the key findings and reviews resulting from the
participants’ efforts make up the remainder of this special issue.
Substantial advances have been made in understanding the nutri-
tion, courtship behaviour, mating biology and response to a range of
stimuli in laboratory, semi-field and various natural settings of sev-
eral key vector mosquito species, mainly Ae. aegypti, Ae. albopictus,
Aedes polynesiensis, An. gambiae s.s., An. arabiensis, and An. coluzzi
(Coetzee et al., 2013). It is hoped that this new information will
be of value to those scientists and vector control specialists aim-
ing to develop and apply a range of techniques to control mosquito
populations, efforts which are increasingly and urgently needed.

3. Specific objectives of the CRP

The Overall Objective of the CRP was to assist Member States
of the FAO/IAEA in achieving sustainable control of mosquito-
transmitted diseases through development and integration of the
SIT into area-wide programmes against major mosquito species,
though the programme also provided an increased knowledge base
also of value to those developing other methods of mosquito con-
trol. The specific objectives of the CRP (Table 1) were to advance the
understanding of critical behavioural and ecological components of
male mosquito biology so as to be capable of producing high qual-
ity and sexually competitive sterile males in mass-rearing facilities.
The proposed implementation of mosquito SIT is aided by basic and
applied research into field populations of adult male mosquitoes in
order to establish the specific biological and behavioural determi-
nants that contribute to their sexual competitiveness.

Any genetic control programme begins with the colonisation
and mass rearing of males, followed by sterilisation, shipping, and
finally release of these males into the target population. A previous
CRP focussed on developing methods of mosquito mass rearing,
leading to the point of release. As a logical extension, this CRP pro-
posed to study factors following release that may have an impact
on the success of a release programme by studying laboratory and
field populations of adult male mosquitoes to establish the spe-
cific biological and behavioural determinants that contribute to
male sexual competitiveness. We defined male competitiveness as
the degree to which a released male is able to copulate with wild
females in the field relative to the rate of wild males. The factors
that contribute to this competitiveness are myriad and are deter-
mined by natural selection and environmental factors. Accordingly
this CRP focussed on male physiology and sexual behaviour, male
bionomics, and male responses to external cues. Considering the
current absence of effective sampling methods for male mosquitoes
and appropriate marking methods to study the fate of released
males, research in these two areas was also included.

Publications resulting from investigations under each specific
objective of the CRP are listed in Table 1. Further publications
were produced by participants during the course of the CRP which
did not directly address the specific objectives but which were

nonetheless valuable contributions to the field, addressing ques-
tions about species distribution (Djogbénou et al.,2010; Guillaumot
et al,, 2012; Marie and Bossin, 2013) and population surveillance
(Albieri et al., 2010; Brown et al., 2011; Carrieri et al., 20114, 2012;
Hapairai et al., 2013a,b; Iyaloo et al., 2014; Mercer et al., 2012a,b).
Alternative methods of controlling mosquitoes were proposed by
de Oliveira Carvalho et al. (2014), and Bourtzis et al. (2014), and
the requirement for new sex separation techniques is reviewed by
Gilles et al. (2014).

4. Mosquito male pre-mating conditions

Data on mosquito male biology are a prerequisite for approaches
to mosquito control that incorporate large-scale releases of sterile
(or otherwise genetically modified) insects for population suppres-
sion or replacement. The ultimate objective of male mass-releases
is to produce males that mate competitively with wild males. In
order to determine the comparative biology and competitiveness of
mass-reared released males, detailed information is needed about
all events in the life of both wild and sterilised male mosquitoes
that impact their sexual competitiveness. For example, rearing con-
ditions will be important. To this end the group studied quality
control parameters such as development and survival of larvae,
adult longevity, flight ability and mating competitiveness. Stud-
ies examined the impact of larval feeding regimes (Damiens et al.,
2012; Yahouédo et al., 2014; Puggioli et al., 2013), mass rearing
systems (Balestrino et al., 2012), sex separation methods (Yamada
et al., 2013), and alternative sterilisation methods (Gato et al.,
2013, 2014) on laboratory-reared males compared to wild-caught
or recently colonised males.

There is great interest in resource acquisition, allocation and use
by males, and a need to identify ecologically relevant behavioural
and physiological traits that shape male fitness in the field. It is
important to know how to use this knowledge to improve compet-
itiveness of mass-reared mosquitoes for release. Male mosquitoes
feed on plant-derived substances rather than blood (Foster, 1995;
Gary and Foster, 2004; Impoinvil et al.,, 2004; Yuval, 1992).
Although the specific sources of these substances have been estab-
lished for several New World aedine and culicine mosquitoes in a
range of settings (de Meillon et al., 1967; Miiller et al., 2010, 2011;
Smith and Gadawski, 1994), where anophelines acquire their nutri-
ents remains largely unknown. Where sources of nutrition can be
identified in the field, release strategies can be tailored to optimise
male performance. Protocols were therefore developed by mem-
bers of the CRP to identify the main sources of energy for male
anophelines in the field. Males were found to be able to select
more nutritionally rewarding sugar sources, probably increasing
their mating success (Gouagna et al., 2010, 2014). Fitness of field
and laboratory reared An. gambiae, An. arabiensis and Ae. albopic-
tus was assessed when males were fed on various sugar sources
(Dabiré, personal observation).

Empirical studies have shown that frequent sugar meals are sig-
nificantly associated with reproductive success of male mosquitoes
(Gary et al., 2009; Stone et al., 2009), particularly in anopheline
species which mate in swarms, as one bout of swarming activity
consumes ~50% of the energetic reserves available (Maiga et al.,
2014; Yuval et al., 1994). The highly skewed sex ratio in swarms
results in intense competition for the relatively few females. Some
males mate several times, while most never mate at all (Bock et al.,
1983; Reisen et al., 1982; Slooten and Lambert, 1984; Yuval et al.,
1993). Participation in a swarm was shown to be predicated on a
successful foraging bout during the preceding night (Yuval et al.,
1994). Participants in the CRP also found that sugar feeding was
associated with greater insemination rates in Ae. aegypti (Chadee,
personal observation), and a large proportion of male Anophelines
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Specific objectives of the FAO/IAEA Coordinated Research Programme “Increasing our knowledge of male mosquito biology in relation to genetic control programmes”,
divided into three key areas, and the publications resulting from this programme.

Main areas of activity

Specific objectives

Papers published by CRP participants

Mosquito male
pre-mating conditions
Male physiology and
behaviour

Resource acquisition
and allocation

Male dispersal and
sampling tools

Mosquito mating
systems

Contribution of
molecular/chemical
approaches to the
understanding of male
mosquito mating
behaviour

How rearing conditions affect fitness of the males

Male nutrition in the field

Develop purpose-specific trapping systems

Develop appropriate olfactometers and related guidelines to
investigate species specific behaviours

Develop release device systems for adults and pupae
Determine the temporal and spatial characteristics of mating
encounter sites of Aedine and Anopheline mosquitoes
Investigate the behaviours involved in courtship

Copulation and insemination

Determine patterns of female remating, and how male
performance affects this behaviour
Assessment of relative mating capacity and competitiveness

Extract and identify potential swarming/aggregation volatiles from
mosquitoes

Extract and identify volatiles from release-site plants as potential
attractants for males

Extract and identify compounds in known feeding sources of
nectar, fruit and perhaps honeydew for male mosquitoes. Use as a
model for a dietary formulation for sterile males

Use olfactometers to test potential attractive volatile compounds
using wild males versus mass-reared, irradiated males

Use PCR-based analysis of Y chromosome markers in An. gambiae
to assess M and S molecular form distribution and male dispersal

Benedict et al. (2009), Hapairai et al. (2014), Maiga et al. (2014),
Medici et al. (2011), Papathanos et al. (2009)

Charlwood (2011), Charlwood et al. (2012), Gouagna et al. (2010),
Gouagna et al. (2014), Howell and Knols (2009), Maiga (2011),
Maiga et al. (2012), Ouedraogo (2008), Poueme (2008)

Carrieri et al. (2011b), Hapairai et al. (2013b), Mercer et al. (2012a)
None published to date

Bellini et al. (2014)

Chambers et al. (2013), Chadee and Gilles (2014), Manoukis et al.
(2014), Sawadogo et al. (2013b), Sawadogo et al. (2014)

Assogba et al. (2014), Bellini et al. (2010b), Butail et al. (2012),
Charlwood et al. (2011), Dabiré et al. (2013), Dabiré et al. (2014),
Hassan et al. (2014), Manoukis et al. (2009), Sawadogo et al., 2013a
Dahan and Koekemoer (2014), Oliva et al. (2014a), Sawadogo et al.
(2013a)

None published to date

Bellini et al. (2013a), Bellini et al. (2013b), Chambers et al. (2011),
Gato et al. (2013, 2014), Hassan et al., 2010, Kerampran (2012),
Madakacherry et al. (2014), Munhenga et al. (2011), O’Connor et al.
(2012), Sawadogo et al. (2013a)

None published to date, though Pennetier et al. (2010) address
auditory cues for species recognition and Pitts et al. (2014) review
chemically-mediated behaviour of male mosquitoes

Eriksoon (2012)

None published to date

Bernard (2012)

None published to date

characteristics in Ghana

collected in swarms in Burkina Faso had taken a sugar meal before
swarming (Gouagna, personal observation). The nature of the avail-
able sugar source was found to affect survival, flight ability and
mating competitiveness in An. gambiae s.s. (Maiga et al., 2012).
A pupal release device providing access to sugar post-emergence
was developed and tested in Italy (Bellini et al., 2014). Feeding
increased mating competitiveness in both irradiated and fertile
males released from this device.

It is imperative to know the size of natural target populations
and the dispersal and survival of wild males prior to any release.
This depends on the availability of efficient sampling tools, sev-
eral of which were tested by CRP participants. Concrete block
piles and tent traps were shown to catch male mosquitoes in
Ghana (Egyir-Yawson, personal observation), and large pit resting
shelters were found to be most effective in Sudan (Benedict, per-
sonal observation). Ovitrap surveillance data correlated well with
other calculated indices when used to estimate seasonal population
dynamics of Ae. albopictus in Italy (Bellini, personal observation),
as did the use of BG-sentinel (BGS) and BG-mosquitito (BGM) traps
(with BG-lure or carbon dioxide plus octenol) for Ae. polynesiensis in
French Polynesia (Mercer et al., 2012a,b). These traps are therefore
suitable replacements for human landing catches, the technique
currently employed in French Polynesia.

Active dispersal, restricted in mosquitoes to the adult stage, is
a critical issue for all living organisms, ensuring optimal genetic
interchange and exploitation of habitat (Kennedy, 1975). Deliv-
ery of sterile males into the environment should be designed
to ensure maximal interaction of the treated insects with the
wild population, relying on fundamental knowledge of the natu-
ral dispersal dynamics and dispersal capability of released males.
In addition, knowledge of dispersal of females will be required

to assess the significance of immigration of fertile insects from
untreated areas. Information on dispersal capabilities will enable
the programme to define the area to be treated with sterile males
and to establish effective barriers against immigration of fertile
males or females. Mark-recapture studies of several species have
demonstrated movement ranging from a few hundred meters to
90 kilometres (Service, 1997), but nearly all previous studies have
focused on female dispersal (Takken et al., 1998). During the course
of this CRP, isotope marking was used to demonstrate disper-
sal of up to 1.5km in An. gambiae and Anopheles melas males in
Benin (Djogbenou, personal observation), but was considerably less
among male An. funestus from Mozambique (Charlwood, 2011).
Average dispersal of male An. polynesiensis was shown by MRR
studies to be over 100 meters, depending on elevation (Mercer
etal., 2012a,b). Marking methods based on Wolbachia were used to
study the dispersal capacity of reared Ae. albopictus males in urban
areas of Italy showing mean distance travelled was in the range of
97-212 m (Bellini et al., 2010a).

5. Mosquito mating systems

Mating systems encompass all of the ecological, behavioural
and physiological attributes that lead to mate encounter, copu-
lation, insemination and fertilisation. Many gaps remain in our
understanding of mosquito mating systems. The research under-
taken within the CRP aimed to better clarify these mating systems
with the goal of establishing correlates to male success that can be
applied to rearing, handling and release of mass reared mosquitoes
in SIT and other release operations. Anopheles and Aedes species
employ different strategies to encounter females. Aedes males, once
sexually mature, are capable of mating at any time of day, though a
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peak of mating activity occurs in the afternoon, respond to human
host cues, and may encounter females outside or inside houses, as
illustrated by field work conducted by participants of the CRP. Ae.
aegypti mating was observed in Trinidad and Tobago to occur near
larval sites and within houses with peaks of activity in the morn-
ing and afternoon (Chadee, personal observation). In contrast, Ae.
albopictus mating was observed in Italy to mate in the late after-
noon, in small swarms that formed close to the ground in shaded
areas close to tree trunks, or as individual pairs in the vicinity of a
blood meal host (Bellini, personal observation).

Mating in anophelines, in contrast, has historically been most
commonly described in crepuscular swarms that form in response
to prominent visual markers (Downes, 1969; Sullivan, 1981; Yuval
et al., 1993). However, some anopheline species such as Anopheles
darlingi are thought not to swarm (Lounibos et al., 1998), and others,
including An. gambiae, may combine typical swarming behaviour
with an alternative tactic, such as copulating at emergence, or near
bloodmeal hosts or resting sites (Dao et al., 2008). For mass-reared
males to succeed in their quest for virgin females, it is imperative
that they show up at the right time and place, but determining
when and where this is has proved difficult to study, as swarms
are small and inconspicuous, occurring in conditions of low light
(Charlwood et al., 2002a, 2003). Very little is thus known about
how encounter sites are located, how sympatric pre-copulatory
(isolation) mechanisms operate, and what cues are important. The
location of species specific mating sites is perhaps the most effi-
cient way of maintaining isolation between species or subspecies,
and it is crucial that released males are able to locate and join
swarms at the appropriate time to meet their conspecifics. Cues
used for marker selection are important for swarm location, and if
a ‘super marker’ could be created it could prove useful for male trap
development.

Large and significant studies were conducted by participants
of the CRP into the swarming and mating behaviour of natural
populations of anopheline and aedine mosquitoes, with longi-
tudinal surveys conducted between 2006 to 2012 in Burkina
Faso (Sawadogo et al., 2014), Benin (Assogba et al., 2014), Ghana
(Charlwood et al., 2011), Mozambique (Charlwood, 2011), La Réu-
nion (Bossin, personal observation), Trinidad and Tobago (Chadee,
personal observation) and Sudan (Hassan et al., 2014). A consis-
tent need for swarm markers within and around human habitats,
even if far from larval sites, was seen in all participant countries. In
Benin swarms of members of the An. gambiae complex were seen
to form over markers including wood piles, wells and pig feeders
(Assogba et al., 2014), similar to those markers used by An. arabi-
ensis in Burkina Faso (Dabiré et al., 2014). In Sudan An. arabiensis
was observed to swarm near larval sites around irrigation channels
(Hassan et al., 2014). Few mixed species or molecular form swarms
were observed in Burkina Faso (Sawadogo et al., 2014), and swarms
all formed between 1.5 and 4 m above the ground. Swarming in An.
gambiae was confirmed by all studies to mainly occur at sunset,
though a limited amount of swarming was observed in Sio Tomé
and Principe (Charlwood et al., 2002b) with minor temporal segre-
gation observed between An. coluzzi (formerly M form An. gambiae)
and An. gambiae (formerly known as the S form) in Burkina Faso
(Dabiré et al., 2013; Sawadogo et al., 2014).

The mechanics of copulation have been described in detail in
the past (reviewed by Clements, 1999 and Howell and Knols, 2009),
and an updated review of Aedes male reproduction is included in
this special issue (Oliva et al., 2014a). Copulation in Ae. albopictus
was observed to result in successful insemination in the majority of
cases only if copulation lasted for more than 30s (Oliva, personal
communication). Sperm production and replenishment of sperm
stocks over time was shown to be affected by irradiation at 70 Gy
in An. arabiensis (Damiens et al., 2013); in 40 Gy pupal-irradiated Ae.
albopictus males no difference in initial insemination attempts was

seen, though sperm replenishment was diminished (Oliva, personal
communication).

In the mating arena the operational sex ratio (Emlen and Oring,
1977) of mosquitoes is highly skewed towards males (Yuval et al.,
1993) so it is important to identify the characteristics that deter-
mine which males succeed in copulating, so that the performance
of released sterile males can be better focussed and maximised. The
relationships between size, age, nutrition and copulatory success in
the field are not well understood, so efforts were made by CRP par-
ticipants to elucidate the interactions. Male size and age influenced
copulation success in An. gambiae in (Sawadogo et al., 2014) but
not in An. coluzzi from Sao Tome (Charlwood et al., 2002a, b) nor in
Ae. aegypti. No relationship was observed in Burkina Faso between
proportion of An. gambiae males leaving in copula and swarm size
(Charlwood et al., 2002a, b; Sawadogo et al., 2014), but a positive
relationship with the number of females caught by trapping in the
previous days was observed (Dabiré, personal observation).

The lifetime mating capacity and relative mating competitive-
ness of laboratory reared sterile males can be studied in comparison
to those of wild fertile males in laboratory and semi-field exper-
iments that compare the ability of each type of male to achieve
copulation and insemination, or those that mimic the release of
sterile males into a population. This latter form of experiment may
take the form of simply adding a mixture of fertile and sterile
males to females in a cage and determining their resulting fecun-
dity/fertility, or a stable cage population may be established and
the effect of sterile male ‘releases’ on the reproductive capacity
or overall population of the cage determined relative to a control
cage. All of these types of experiment were conducted by partic-
ipants of the CRP during the course of the programme. Thus the
relative competitiveness of field-collected and laboratory-reared,
and irradiated and un-irradiated males was investigated in a range
of species and settings: small and large laboratory cages as well as
larger semi-field enclosures.

The relative competitiveness of field collected, laboratory
reared, sterile and fertile males was investigated in An. arabiensis
in South Africa (Munhenga et al.,, 2011), in Ae. albopictus in Italy
(Bellini, personal observation), Austria (Madakacherry et al., 2014)
and La Réunion (Oliva et al., 2012), in A. polynesiensis in French
Polynesia (Chambers et al., 2011) and in A. aegypti in Trinidad and
Tobago (Chadee, personal observation) and Cuba (Gato et al., 2013,
2014). Good mating compatibility was reported between colonised
males and their wild, field-collected counterparts in several lab-
oratory experiments. Male Ae. albopictus irradiated at 35Gy as
pupae were released into a semi-field cage in La Réunion at a 5:1
ratio produced a 50% reduction in egg hatch rate (Oliva et al., 2012),
and male Ae. aegypti sterilised with thiotepa (6000 mg/L for 6h)
in a 5:1 ratio eliminated stable large cage populations (Gato et al.,
2013, 2014). No significant reduction in the rate of copulation,
insemination or number of eggs laid was observed in females
mated to 40 Gy-irradiated male Ae. albopictus relative to those
mated to un-irradiated males (Oliva, personal communication).
Ae. albopictus males irradiated with 35Gy as pupae were found
to be more competitive at 1 than 5 days old when competing in a
1:1 ratio with fertile males in semi-field conditions in La Réunion
(Oliva et al., 2012). The higher the male:female ratio the lower the
competitiveness index of irradiated Ae. albopictus males in small
and large laboratory cages and semi-field cages (Madakacherry
et al,, 2014). Marked, irradiated A. arabiensis males were seen
to join natural swarms in Sudan, suggesting competitiveness
(Damiens, personal observation). The removal of An. arabiensis
females using blood meals spiked with dieldrin had an initial
but not a long term impact on sperm production of remaining
males (Yamada et al,, 2013). Evidence of female remating was
seen in Ae. aegypti and Ae. albopictus in the field (Boyer et al.,
2012), which may have implications for the application of the SIT.



R.S. Lees et al. / Acta Tropica 132S (2014) S2-S11 S7

The functional significance of the presence of three spermathecae
was investigated in Ae. aegypti and Ae. albopictus in the field,
showing size differences and preferential filling between sper-
mathecae (Chadee, personal observation). Ability of males to fill
all spermathecae increased with their size in these species.

There is a need to introduce better definition of terms and
improvements in methodological standardisation to support the
design of future experiments and subsequent comparability of
results. The extrapolation of laboratory and semi-field collected
data to the real world also remains an important issue to be con-
sidered and possibly evaluated quantitatively.

6. Contribution of molecular and chemical approaches to
the understanding of male mosquito mating behaviour

Availability of multiple mosquito genomes (Arensburger et al.,
2010; Holt et al., 2002; Nene et al., 2007) has facilitated the identi-
fication of large families of receptors involved in peripheral volatile
chemicals (e.g. Bohbot et al., 2007; Hill et al., 2002; Pelletier et al.,
2010). The expression of mosquito odorant receptors (ORs) in het-
erologous cells has enabled the characterisation of odour ligands
for a large number of receptors in multiple species (Bohbot and
Dickens, 2009; Carey et al., 2010; Hallem et al., 2004; Wang et al.,
2010). Like their mammalian counterparts, some receptors have
been characterised as broadly tuned, or responding to multiple
ligands, while others are very narrowly tuned to one or just a
few odours. A few mosquito ORs, all of which respond to indolic
compounds, known plant volatiles and oviposition cues (Bohbot
et al., 2007, 2011; Hughes et al., 2010), are well conserved at
the amino acid and functional levels (Bohbot et al., 2011; Hughes
etal., 2010). Recently, insect repellents have been shown to inhibit
the responses of mosquito ORs to their natural ligands (Bohbot
and Dickens, 2010). Finally, a new class of chemoreceptors has
been identified, the An. gambiae ionotropic receptor family (AgIr).
Expression patterns of ORs and Irs in antennae and maxillary palps
have been examined in both sexes of An. gambiae (latrou and
Biessmann, 2008). While the repertoire of expressed chemorecep-
tors largely overlaps between the sexes, the transcript levels differ
significantly, where males show lower general expression of all
receptors. This suggests that males may be sensitive to the same
chemical compounds as females, but perhaps at lower thresholds.
All of these studies open up new possibilities for the develop-
ment of novel repellents or attractants that are specific to mosquito
Ors. These could be included in integrated pest management pro-
grams as repellents that reduce human biting indices or attractants
for baited traps that either reduce mosquito density and biting
frequency or aid in mosquito surveillance. They may also sup-
port the provision of energetic substances to sterile males prior to
release, help to create swarm marking sites for field investigation
of courtship behaviour, or enable researchers to confer a mating
advantage to sterile males.

The role of chemicals in the biology of mosquitoes was first
explored by Rudolfs (1922), and the wide range of studies which
has been carried out in insect chemical ecology has subsequently
led to the use of semiochemicals in the control of agricultural
and forestry pests. Clements’ textbook on mosquitoes (1999)
summarised the principles of olfaction, sensory reception and
behaviour. Since then, odour-mediated host interactions have
been widely investigated but only recently have studies on other
behavioural aspects like mosquito-plant interactions been initi-
ated. Understanding the chemical ecology of mosquitoes requires
greater investigation of insect-host (attraction to humans or other
vertebrates), insect—plant (attractants and repellents in host feed-
ing of adults and larvae), insect-insect (chemical communication
between adults), and insect-environment (attraction to oviposition

sites) interactions, using an interdisciplinary approach, including
molecular biology, electrophysiology and analytical chemistry.

Little is known about the short-range interactions that lead to
mosquito mating (courtship), or what behaviours are involved with
species-specific mating, either in swarms or singly, but clearly they
are likely to be vulnerable to selective pressures during colonisation
where mating occurs in a limited space and highly homogeneous
conditions. How to shape the mass rearing environment in order
to maximise courtship behaviour and mating capacity remains
largely unexplored. In the absence of spatial or temporal sepa-
ration between species, pre-copulatory mechanisms in the form
of contact pheromones are probably used to distinguish between
species (Nijhout and Craig Jr., 1971). Released males must be able
to compete with wild counterparts in terms of creating the cor-
rect olfactory, auditory or tactile cues and respond appropriately.
Sex pheromones play a key role in the mating behaviour of many
dipteran species, serving as a long-range attractant to bring males
and females together and as a means of species identification.
Clearly, if sex pheromones are produced in vector species, this
would be of direct relevance to the likelihood of success of SIT, since
attractant compounds would be valuable for trapping methods and
may be useful in manipulating swarm formation. Also, differences,
if any, between reared and sterilised males and their wild coun-
terparts could be identified and work conducted to minimise its
impact, or super-males produced by planning appropriate rearing
condition.

It has been known for decades that male mosquitoes hear and
respond to female flight tones by flying towards the source of
the sound, and until recently it has been assumed that the only
role of auditory cues in mating behaviour was for male location of
females. A study on the flight-tone harmonics between tethered An.
coluzzi, An. gambiae and Ae. aegypti, however, showed consistent
frequency-matching between members of the same species, but
not between heterospecifics (Pennetier et al., 2010). Male/female
pairs harmonise their wingbeat frequencies when they are within
~10cm of each other (Cator et al.,, 2009), a mechanism which
may play a role in mate recognition, preventing hybridisation
between incipient species (Pennetier et al., 2010). Swarm forma-
tion may involve a combination of visual and olfactory cues, though
pheromones have yet to be shown to be present (Howell and Knols,
2009).

Against this backdrop, some investigation was conducted by
CRP participants into the olfactory, tactile, auditory and visual cues
involved in courtship. Stereoscopic video analysis of An. gambiae
s.s. in Mali revealed swarms to be spherical with a higher density
at the centre. The oscillatory movement of individual males was
described that allows the creation of computer simulated swarms
(Butail et al., 2013; Manoukis et al., 2009). Volatile compounds
involved in the behaviour of both An. arabiensis and Ae. albopictus
were identified from mosquitoes collected on La Réunion, and
include octanal, nonanal, and 2-hydroxy-2-butanone (Bossin,
personal observation). Amounts of detected octanal, nonanal,
decanal, sulcaton, 3-hydroxy-2-butanone and 2,3-butanediol were
shown to increase during swarming and/or aggregating in male An.
arabiensis compared to control males and those collected before
swarming (Mozuraitis, personal observation). Feeding larvae or
adult mosquitoes with 13C labelled glucose showed incorporation
in all three aldehydes, 2,3-butanediol, sulcaton, and 3-hydroxy-2-
butanone, confirming their production by mosquito males. Many
dipteran species have been shown previously to use cuticular
hydrocarbons to detect conspecific individuals (Ferveur, 2005;
Martin and Drijfhout, 2013), but this has not been fully explored in
mosquitoes. Preliminary research by CRP participants to identify
the cuticular hydrocarbons of A. gambiae s.l. indicates that the
profile of components alters over the course of the mosquito’s
lifetime (Mozuraitis, personal observation). These compounds
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have previously been shown to be altered during mating in both
An. gambiae and Ae. aegypti (Polerstock et al., 2002) so they warrant
further investigation.

7. Conclusion

Progress has been made by the participants of the Joint FAO/IAEA
CRP into better understanding the male mosquito, but many
answers are still to be found and many valuable avenues of research
remain to be explored. It is hoped that this review and the spe-
cial issue as a whole will be useful to readers in inspiring further
research into the biology and behaviour of male mosquitoes in sup-
port of the successful application of the SIT and other vector control
techniques.
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