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PROPOSITIONS (STELLINGEN)

1. Contrary to previous assumptions, host seeking of Culex quinguefasciatus and
Anopheles gambiae, at close range, is not random and this affects mosquito catch size,
parity rate and hence the estimation of entomological inoculation rates.

This thesis.

Lines, J.D. et al., 1991. Bull Entomol. Res. 81, 77-84.

Mbego, C.N.M. et al., 1993. S Am. Mosq. Conirol Assec. 9, 260-263.

Davis, J.8. eral,, 1995. Med. Vet. Entomol. 9, 249-255,

2. The species Culex quinguefasciatus has the fascinating characteristic that it is
ornithophilic in North America and anthropophilic in East Africa.

This thesis.

Tempelis, C.H. 1974. S Med Eniomol 11, 635-653.

White, G.B. 1971. Trans. R Soc.Trop. Med. 65, 819-829.

Beier, 1.C. et al., 1990. J Am. Mosq. Control Assoc. 6, 207-212.

3. The observation that Culex quinquefasciatus responds synergistically to oviposition
pheromone and waterborne stimuli suggests that the pheromone enhances the
reliability of the identification of a suitable breeding site.

This thesis.

Millar, J.G. et al., 1994. J. Am. Mosq. Control Assoc. 10, 374-379.
4. Assessing the transmission risk of malaria and bancroftian filarjasis can be made
more accurate by the use of odour-baited traps.

This thesis.
Macdonald, G. 1957. The epidemiology and control of malaria.

5. Urbanisation and industrialisation have brought Culex quinguefasciatus and man
close together, thereby increasing disease problems.

6. Vectors and vector-borne diseases are keeping Aftica green and are responsible for
the natural maintenance of the continent’s eco-systems.

7. Man is a victim of his own odour in malaria and bancroftian fitariasis transmission in
Affica.

Propositions with the thesis ‘Chemical ecology of the behaviour of the filariasis
mosquito Culex quinguefasciatus Say’.

Leonard E.G. Mboera Wageningen, April 27, 1999.
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Summary

Behavioural and chemical ecology of Culex quinguefasciatus

There are many similarities between host-location and oviposition behaviours of
mosquitoes. Both require complex integration of physical and chemical cues by the
searching mosquitoes. Long-range cues, probably involving vision, allow mosquitoes to
identify different habitats, oviposition sites and specific host characteristics. Once an
oviposition site or a host has been identified, short-range cues become increasingly
important. Oviposition semiochemicals for some mosquito species have been identified
and have shown considerable potential for both increasing the sensitivity for monitoring
populations of culicine mosquitoes and for potential control programmes. Since most
anthropophilic mosquitoes in tropical Africa seek their blood meals indoors at night,
their host-location behaviour is thought to be regulated to a large extent by olfaction.
Chemical orientation is, therefore, assumed to play an important role in resource-
location behaviour of mosquitoes.

Culex quinguefasciatus is an important vector of urban bancroftian filariasis in
the tropical world. Despite its public health importance, much of its olfactory mediated
behaviour is poorly understood. Studies on resource-location behaviour, in particular the
role of semiochemicals in its behaviour, are required to understand the relationship
between the mosquito, its host and the surrounding environment to effectively control
bancreftian filariasis. In this thesis the role of semiochemicals in the oviposition site-
selection and host-location behaviour of Cx guinquefasciatus has been examined. The
major findings can be summarised as follows:

Carbon dioxide chemotropism in mosquitoes

Carbon dioxide chemotropism in mosquitoes and its potential role in mosquito
surveillance and management programmes is reviewed in Chapter 2. The responses of
various mosquito species to carbon dioxide differ. However, the compound plays a role
in activation, upwind anemotaxis, and selection of biting sites on hosts. Carbon dioxide
has been used as a kairomone over the last four decades and its usefulness in mosquito
surveillance, notably for North American and Australian nuisance mosquitoes and for
arbovirus and filariasis vectors in endemic countries, is recognised. This has prompted
the development of carbon dioxide-baited trapping systems for large-scale removal of
nuisance mosquitoes. In spite of these successes, carbon dioxide does not appear to be a
useful kairomone for the surveillance of Afrotropical anthropophilic vectors of malaria
and bancroftian filariasis and little is known about its mode of action in this important
group of mosquitoes.

Odour-mediated host-location behaviour of Cx quinquefasciatus

The olfactory responses of the host-seeking female Cx gquinguefasciatus to
various odour stimuli were studied in a dual-choice olfactometer {Chapter 3). The
numbers of mosquitoes entering each olfactometer port were studied towards clean
conditioned air (control), foot skin emanations (collected on polyamide stockings by
weating them), carbon dioxide (4.5%), moistened air and various combinations thereof.



Summary

Foot skin emanations were significantly more attractive than clean stockings. The
mosquitoes were also significantly more attracted to foot skin emanations than to a clean
stocking to which water was added. A moistened clean stocking, however, was slightly
more attractive than a dry stocking. Carbon dioxide did not elicit higher responses than
clean air, and no synergistic effect was observed in combination with foot skin
emanations. These results present evidence that kairomones used during the host-
secking process by Cx quinquefasciatus are present in human emanations. Next, the
preference of Cx quinguefasciatus between humans, and domestic animals, was
investigated (Chapter 4). The response of the mosquito to the humans, cattle and goats
was also compared 1o its response 1o carbon dioxide. The mosquito responded to man-
baited tents in significantly larger numbers than to the calf- or goat-baited tents. The
response of the mosquito to either a calf-baited tent or goat-baited tent was similar.
The number of mosquitoes caught in a man-baited tent was significantly larger than
that caught in a carbon dioxide baited tent. It was further found that the number of Cx
quinguefasciatus responding to a tent baited with a calf or a goat was not significantly
different from the number of mosquitoes responding to a carbon dioxide-baited tent. It
can be concluded that with equal availability of the three vertebrates, Cx
guinguefasciatus would respond significantly more to cues from human hosts than
from either a calf or a goat. It is also likely that carbon dioxide is one of the major
cues from a goat or a calf, to which the mosquito responds.

Furthermore, the response of Cx quinguefasciatus, An. gambiae s.i and An.
funestus to human odour was compated with that to carbon dioxide in the field (Chapter
5}, Human odour, pumped from an underground pit into a bed net, attracted a similar
number of Aropheles mosquitoes as a bed net occupied by a man. Significantly fewer
mosquitoes were caught in a tent into which carbon dioxide at human equivalent release
rates was pumped, than in a hurman odour-baited tent. Similarly, human odour attracted
a larger number of host-seeking Cx guinguefasciatus than carbon dioxide. The parity
rate of Cx quinguefasciatus responding to human odour was similar to that of
mosquitoes responding to carbon dioxide. It can be concluded that in the indoor
situation, human body odour other than carbon dioxide is the principal cue to which
these mosquito species respond and that the physical cues from a host and carbon
dioxide, when used as a kairomone on its own, account for a minor part of the overall
attractiveness of man.

Finally, skin emanations and wvarious specific organochemical compounds
known to attract other haematophagous Diplera were tested for Cx quinguefasciatus in
the field (Chapter 6). Tt was found that Cx quinquefasciatus responded significantly
more to a Counterflow Geometry (CFQ) trap baited with human skin emanations than to
the unbaited trap. Furthermore a larger number of Cx guinguefasciatus were caught in
traps baited with carbon dioxide than in traps baited with either acetone, octenol or
butyric acid. The combination of carbon dioxide and skin emanations resulted in an
additive effect. However, the combination of carbon dioxide and octenol did not
produce a synergistic response. These results indicate that under field conditions Cx
quingquefasciatus can be sampled by traps baited with skin emanations and/or carbon
dioxide.
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Odour-mediated oviposition behaviour

The response of Culex mosquitoes to acetoxyhexadecanolide (a synthetic
oviposition pheromone), emanations from soakage pit water and grass infusions was
investigated in pit latrines (Chapter 7). Oviposition by Cx guinquefasciatus and Cx
cinereus occurred more frequently in water treated with the synthetic oviposition
pheromone than in untreated tap water. The biological activity of the synthetic
oviposition pheromone was found to last for over 9 days. The pheromone, however,
caused little oviposition away from known breeding sites. It was further found that the
combination of synthetic ovipesition pheromone and soakage pit water or grass
infusions resulted in a synergistic response in the oviposition by Cx quinquefasciatus,
Cx cinereus and Cx tigripes.

In Chapter 8, the oviposition and behavioural responses of Cx quinguefasciatus
to 3-methylindole (skatole) were investigated under field conditions of Tanzania. The
daily oviposition rhythm of Cx guinguefasciarus showed two peaks, the higher at
twilight and the lower peak at dawn. Cx guinguefasciatus was found to oviposit more
egg rafls at 10° pg/t skatole than at lower or higher concentrations. The oviposition
response of gravid Cx quingquefasciatus to skatole was poor when compared to that to
the synthetic oviposition pheromone. A blend of synthetic oviposition pheromone and
skatole resulted into an additive oviposition response by Cx quinguefasciatus. The
duraticn of activity of skatole lasted for about 7 days. The conclusion derived from this
part of the thesis is that oviposition semiochemicals can be used as ovitraps or gravid
mosquito traps to monitor Cx quinguefasciatus populations or to attract mosquitoes to
sites treated with a biopesticide for vector control.

QOdour-baited sampling systems

It was found that the efficiency of the widely used Centers for Disease Control
{CDC) light-trap in sampling an indoor population of Cx quinguefasciatus and An.
gambiae s affected by the position of the trap in relation to the human-baited bed net.
Significantly higher catches were recorded for both species when the trap was
positioned at the foot-end of the bed, near the top of the bed net. Parity rates were
significantly higher near the top of the net than at the level of the host. In addition,
infective Cx quinquefasciatus were caught in the trap positioned above the foot-end of
the bed net (Chapter 9).

The efficiency of various trapping systems baited with carbon dioxide were
compared in sampling outdoor populations of An. gambiae and Cx quinguefasciatus
(Chapter 10). The efficiency of the CFG trap was similar to that of electric nets (ENT).
Both CDC traps with light or without light were less efficient in collecting An. gambiae
or Cx guinguefasciatus outdoors. It is possible, therefore, to collect the two mosquito
species outdoors with CFG traps or ENT baited with carbon dioxide. Finally an
assessment of traps baited with oviposition semiochemicals in sampling of gravid Cx
guinguefasciatus is reported in Chapter 11. A CFG trap baited with either a synthetic
oviposition pheromone, grass infusions or the combination of the two was found io be a
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useful tool for collecting gravid Cx gquingquefasciaius both indoors and outdoors.
However, the proportion of gravid mosquitoes in the catches increased when the traps
were placed away from mosquito emergence sites. In conclusion, the study shows that
chemical ecology plays a significant role in the life cycle of Cx gquinguefasciatus and
this principle can be used to develop new control strategies.



Samenvatting

Chemische ecologie van het gedrag van Culex quinquefasciatus

Er bestaan veel overeenkomsten tussen gastheerzoekgedrag en
ovipositiegedrag van muggen. Beiden vereisen een complexe integratie van fysische
en chemische signalen bij de muggen. Muggen kunnen verschillende habitats,
ovipositieplaatsen en gastheereigenschappen herkennen met behulp van signalen
welke over grote afstand werkzaam zijn. Hierbij zijn waarschijnlijk ook visuele
stimuli betrokken. Na herkenning van de gastheer of ovipositieplaats worden ‘Korte
afstand’ signalen in toenemende mate belangri)k. Voor enkele muggenscorten zijn
ovipositie-specificieke signaalstoffen geidentificeerd en deze kunnen worden ingezet
bij de bemonstering van muggen populaties alsmede voor bestrijdingsprogramma’s.
Omdat de meeste antropofiele muggensoorten in Afrika haar bloedmaaitijden ‘s
nachts zoeken in woonhuizen, wordt aangenomen dat het gastheerzoekgedrag voor
een belangrijk deel gereguleerd wordt door olfactorische stimuli. Om bovengenoemde
redenen speelt chemische oriéntatie dus een belangrijke rol bij het foerageergedrag
van muggen.

Culex quinguefasciarus is een belangrijke vector van filariasis bancrofti in
steden in de tropen. Ondanks het belang van deze mug voor de volksgezondheid is er
weinig bekend over het door geurstoffen beinvloedde gedrag. Cnderzoek naar het
foerageergedrag, in het bijzonder het gedrag beinvloed door geurstoffen, van deze
mug is nodig om de relatie te begriijpen tussen de mug, haar gastheer en haar
omgeving voor een effectieve bestrijding van filariasis bancrofti. In dit proefschrift
zijn de rol van signaalstoffen bij de selectie van ovipositieplaatsen en bi) het
gastheerzoekgedrag van Cx quinquefasciatus onderzocht. De belangrijkste resultaten
worden hieronder samengevat.

Koolzuur chemotropie bij muggen

Een overzicht van de chemotropie bij muggen onder invloed van koolzuur en
de rol van koolzuur bij de bemonstering en bestrijdingsprogramma’s wordt gegeven in
Hoofdstuk 2. Tussen muggensoorten kan de reactie op koolzuur verschillen. Dit gas
speelt een rol bij de activatie, windopwaartse anemotaxis en de keuze van een
steekplaats op de gastheer. Gedurende de afgelopen 40 jaar is koolzuur veelvuldig
toegepast als een kairomoon, en het nut van dit gas wordt algemeen erkend voor de
bemonstering van muggen, met name van soorten die overlast veroorzaken .in de
Verenigde Staten van Amerika en Australié, alsmede van de wvectoren van
arbovirussen en filariasis in endemische gebieden. Vangtechnicken, gebaseerd op
lokvallen voorzien van koolzuur, zijn ontwikkeld voor het op grote schaal wegvangen
van steekmuggen. Ondanks deze successen blijkt koolzuur geen geschikt kairomoon
voor de bemonstering van antropofiele vectoren van malaria en filariasis bancrofti in
Afrika. Er is weinig bekend over het werkingsmechanismie van koolzuur bij deze
belangrijke groep van muggen.
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Olfactorisch gastheerzoekgedrag van Cx quinquefasciatus

De olfactorische gedragingen van gastheerzoekende vrouwtjes van Cx
quinquefasciatus, welke waren blootgesteld aan verschillende chemische stimuli,
werden onderzocht in een windtunnel (Hoofdstuk 3). Het aantal muggen dat een poort
van de windtunnel binnenvloog werd bestudeerd bij schone lucht (contrdle), viuchtige
componenten afkomstig van de voet (verzameld op polyamide sokjes), koolzuur
(4,5%), bevochtigde lucht en hun kombinaties. Vluchtige componenten van de voet
waren aantrekkelijker dan schone sokjes. De muggen werden ook signifikant meer
aangetrokken door voctcomponenten dan door een schoon sokje waaraan water was
toegevoegd. Een vochtig sokje was echter aantrekkelitker dan een droog sokje.
Koolzuur was niet aantrekkelijker dan schone lucht, en er was geen synergistisch
effect van koolzuur en vluchtige componenten van de voet. De resultaten tonen aan
dat vluchtige verbindingen van de mens kairomonen voor Cx gquinguefasciatus
bevatten welke gebruikt worden bij het gastheerzoekgedrag.

Vervolgens is de gastheervoorkeur van Cx quinguefasciatus voor de mens en
landbouwhuisdieren onderzocht (Hoofdstuk 4). De aantrekking van de mug voor een
mens, koe (kalf) en geit en voor koolzuur werd vergeleken. Signifikant grotere
aantallen muggen werden gevangen in tenten waarin zich cen mens bevond in
vergelijking tot tenten met een kalf of geit. Het aantal muggen gevangen in een tent
met een kalf of geit was gelijk. De tent waarin zich een mens bevond trok signifikant
meer muggen aan dan een tent waarin zich een koolzuurbron bevond. Het aantal
muggen dat een tent binnenvloog waarin zich een kalf of geit bevond was gelijk aan
dat wat gevangen werd bij koolzuur alleen. Geconcludeerd wordt dat, bij gelijke
beschikbaarheid van de drie vertebraten, Cx quinquefasciatus sterker zal worden
aangetrokken door de signaalstoffen van de mens dan die van een kalf of geit. De data
suggereren ook dat koolzuur de belangrijkste signaalstof van een kalf of geit is waarop
de mug reageert.

Ten derde is de aantrekking van Cx quingquefasciatus, Anopheles gambiae s.1.
en An funestus voor menselijke geuren vergeleken met die voor koolzuur in een
veldsitoatie (Hoofstuk 3). Menselijke geuren, welke vanuit een ondergronds hol
gepompt werden in een bovengrondse klamboe in een tent, trokken een gelijk aantal
Anopheles muggen aan als een mens onder een kiamboe. Koolzuur, vrijgelaten vanuit
een tent in een concentratie en volume gelijk aan die van een mens, trok signifikant
minder muggen aan dan de geuren van een mens. Evencens was het aantal Cx
quinguefasciatus aangetrokken door koolzuur minder dan bij de geuren van een mens.
Het percentage Cx gquinquefasciarus dat eerder eitjes had afgezet en op menselijke
geuren reageerde was gelijk aan het percentage dat reageerde op koolzuur. Uit deze
experimenten wordt geconcludeerd dat, binnenshuis, menselijke geuren het
voornaamste signaal zijn waarop deze muggen reageren en dat de fysische gastheer
stimuli alsmede koolzuur slechts een beperkte rol spelen onder de stimuli welke de
aantrekkelijkheid van een mens voor deze muggen bepalen.

Als laatste zijn menselijke huidstoffen en een aantal organische verbindingen
welke aantrekkelijk zijn voor andere haematofage Diptera onderzocht op hun
aantrekkelijkheid voor Cx quinquefasciatus in een veldsituatie (Hoofdstuk 6). Cx
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quinquefasciatus werd meer aangetrokken door een ‘Counterflow Geometry’ val
(CFG) van waaruit vluchtige humane huidverbindingen werden afgegeven dan van
een geurvrije CFG val. Ook werd een groter aantal Cx quinguefasciatus gevangen in
vallen met koolzuur als lokstof dan in vallen met aceton, 1-octen-3-ol of boterzuur, De
Kombinatie van koolzuur en vluchtige huidverbindingen als lokstof resulteerde in een
additief effect. Er was geen extra effect bij een kombinatie van koolzuur en 1-octen-3-
ol. De resultaten tonen aan dat, in een veldsituatie, Cx quinquefasciatus gevangen kan
worden in lokvallen voorzien van humane huidverbindingen en/of koolzuur,

Olfactorisch ovipositiegedrag

De aantrekking van Culex soorten tot acetoxyhexadecanolide (een synthetisch
ovipositieferomoon), en vluchtige verbindingen uit organisch verrijkt water of water
met rottend gras, werd bestudeerd in latrines (Hoofdstuk 7). Cx quinquefasciatus en
Cx cinereus legden vaker eitjes in water waarin het feromoon was opgelost dan in
schoon kraanwater, De biologische aktiviteit van het feromoon strekte zich uit over
meer dan 9 dagen. In waterreservoirs buiten de reeds in gebruik zijnde broedplaatsen
van Cx quinguefasciatus veroorzaakte het feromoon weinig ovipositie. De combinatie
van het feromoon en organisch verrijkt water of water met rottend gras veroorzaakte
een synergistische ovipositie respons in Cx quinguefasciatus, Cx cinereus en Cx
tigripes.

Hoofdstuk 8 beschrijft het onderzoek naar de rol van 3-methylindol (skatol) bij
de ovipositic en het gedrag van Cx guinguefasciatus onder veldomstandigheden in
Tanzania. Het dagelijkse ovipositie ritme van Cx quinguefasciatus heeft twee maxima,
de hoogste bij zonsondergang, en de tweede bij zonsopgang. Een optimum eileg werd
gevonden bij 107 pl/l skatol. De eileg van eidragende Cx quinquefasciatus bij skatol
was laag vergeleken met die bij het synthetisch ovipositieferomoon. Een mengsel van
skatel en het feromoon resulteerde in een additief effect. De overblijvende aktiviteit
van skatol bedroeg ongeveer 7 dagen. Uit deze onderzoekingen wordt geconcludeerd
dat signaalstoffen welke een rol spelen bij de cileg van Cx quinquefasciatus gebruikt
kunnen worden in eilegvallen of vallen voor eidragende muggen voor het meten van
populatiedichtheden of om muggen te lokken naar plaatsen behandeld met een
biopesticide voor vector bestrijding.

Lokvallen voor het meten van populatiedichtheden

Uit het onderzoek (Hoofdstuk 9} bleek dat de efficiéntie van de algemeen
gebruikte CDC lichtval voor het bemonsteren van populaties van Cx guinguefasciatus
en An. gambiae wordt beinvloedt door de plaats van de muggenval in relatie tot de
klamboe (waaronder zich een mens als geurbron bevindt) welke naast de val is
opgehangen. Een val opgehangen aan het voetencinde van het bed en aan de
bovenrand van de klamboe, ving significant meer muggen van beide soorten. Het
percentage muggen dat reeds eitjes gelegd had was ook significant hoger in de hoger
opgehangen vallen dan in vallen op dezelfde hoogte als de gastheer. De val welke ]
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opgehangen was boven het voeteneinde van het bed ving ook Cx guinguefasciatus
welke met Wuchereria bancrofii besmet was.

De efficiéntie van verschillende vangsystemen, met koolzuur als lokstof, en
buitenshuis, werd vergeleken met vangsten van An. gambiae en Cx quinguefasciatus
(Hoofdstuk 10). De efficiéntie van de CFG val was vergelijkbaar met die van
peélectrificeerde vallen (ENTs). Twee CDC vallen, met en zonder licht, waren
minder efficient voor het bemonsteren van An. gambiae en Cx quinguefasciatus dan
de CFG en ENT vallen. Buitenshuis kunnen beide muggensoorten dus gevangen
worden met de CFG val of met de ENT val met koolzuur als lokstof.

Als laatste is een vergelijkende studie gedaan naar eilegvallen voorzien van
ovipositiesignaalstoffen (Hoofdstuk 11). Het bleek dat de CFG val, met het
synthetisch eilegferomoon, of met water voorzien van rottend gras of met een
combinatie van beide als lokstof, zeer bruikbaar was voor het vangen van eidragende
Cx quinquefasciaius, zowel binnen als buiten. Het aandeel van de eilegdragende
vrouwtjes steeg slerk naarmate de val op grotere afstand van een broedplaats geplaatst
was.

Uit het onderzoek wordt geconcludeerd dat de chemische ecologie een zeer
belangrijke rol speelt in de levenscyclus van Cx quinguefasciatus en dat deze kennis
gebruikt kan worden voor de ontwikkeling van nieuwe strategi€en voor de bestrijding
van deze mug.
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1. 1. Distribution of Culex quinquefascintus

Culex quinquefasciatus Say 1823 (Diptera: Culicidae) is one of the major
vectors of bancroftian filariasis in the world (White, 1971a; Subra, 1981). In addition, it
frequently causes considerable annoyance to people exposed to its constant biting. The
mosquito is widely distributed in tropical and subtropical areas, and is the third most
commonly distributed mosquito in the world. In most tropical areas Cx gquinguefasciatus
has become established in towns and areas where urban life has led to the creation of its
favourite larval breeding places. Rapid urbanisation in Africa, for example, has led to
public health problems related to water supply, drainage and inadequate disposal of
sewage and refuse. The resulting increase of stagnant polluted water in urban areas has
multiplied the number of breeding sites suitable for Cx quinguefasciatus (Cairncross et
al., 1988). Thus Cx quinguefasciatus is the dominant if not the sole species of mosquito
in most of the urban areas of West and Central Africa. In East Aftica, in addition to
urban areas, Cx guinquefasciatus is also very abundant in a number of rural localities
(Nelson ef al., 1962; White, 1969; Subra, 1981; Beier et al., 1990; Mosha et al,, 1992,
Njau et al., 1993; Mboera et al., 1997a; Wakibara ef al., 1997).

1. 2. Taxonomy of Culex quinquefasciatus

Cx quinguefasciatus is a member of the Culex pipiens complex, which includes
among others Cx pipiens Linnacus sensu stricfo (5.5} The mosquitoes Cx
quinquefasciatus and Cx pipiens are generally regarded as a pair of sister species or
subspecies, the main members of the cosmopolitan Culex (Culex) pipiens group or
species complex, collectively known as Cx pipiens sensu lato (s.1). Until the 1980s Cx
quinguefasciatus was often called Cx fatigans Wiedemann 1828, a junior synonym
(Belkin, 1977). Cx quinquefasciatus (redescribed by Sirivanakarn & White, 1978) is an
urban pest in the tropics, breeding perennially in polluted water. Cx pipiens (redescribed
by Harbach et @/, 1985) is essentially a temperate Holarctic mosquito, although it
occurs in highland areas of eastern Africa, at lower altitudes in southern Africa, and in
southern Argentina, Australia and Asia (Service, 1993a). Over much of Cx pipiens s.5.
geographical range, it feeds mainly on birds (ornithophagic) and mates in nuptial flight
(eurygamous), although man-biting stenogamous populations are present in other areas
(Service, 1986). Cx pipiens is the type-species of the genus Culex L., from which the
family name Culicidae is derived (Edwards, 1932). Typical Cx pipiens s.5. is not
anthropophilic, but biotype Cx pipiens form molestus Forskal 1775 (redescribed by
Harbach er al., 1984) is a widespread man-biting nuisance mosquito characterised by an
autogeny (production of the first batch of egg without a blood meal) and stenogamy
without diapause. Intergradation between pipiens and quinguefasciatus occurs in some
hybrid zones, e.g. around the Madagascan plateau (Urbanelli et @/, 1997) and in North
America between latitude 36" and 39° North {Barr, 1957), but these two taxa remain
generally distinet world-wide. Adults of Cx guinguefasciatus and Cx pipiens can usually
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be separated by the morphology of the male external terminalia. In Cx quinquefasciatus
the dorsal arms of the phallosome are closely approximated, whereas in Cx pipiens s.s.
they are widely divergent. Intermediate forms, however, occur. Cx molestus differs
biologically from both species in being autogenous, but the male terminalia resemble
those of Cx guinguefasciatus (Service, 1986).

1. 3. Bancroftian filariasis as a disease transmitted by Culex quinquefasciatus

. In much of the urban areas of the tropics Cx guinquefasciatus is the principal
vector of Wuchereria bancrofti, Cobbold {Nematoda: Onchocercidae) (White, 1971a;
Subra, 1981). Studies in Tanzania have, in addition, shown that Anopheles gambiae, An.
arabiensis and An. funestus are important vectors of the parasite in rural areas (White &
Magayuka, 1969; White, 1971b; Mboera et al, 1997a). Since most of the anopheline
vectors are also the major vectors of malaria; it is not surprising that malaria and
bancroftian filariasis control often go hand in hand (Mboera er al., 1997a).

W. bancrafti is the causative agent of a chronic infection affecting mainly the
lymphatic system of man. About 73 million people are infected with W. bancrafti
globally and the disease occurs in most tropical regions of Latin America, Africa, Asia
and the Pacific, extending into some subtropical regions (Service, 1993b). Despite some
efforts to control the infection, the disease is considered to be the fastest spreading
insect-borne disease of man in the tropical world (W.H.O., 1992). In some African
countries such as Tanzania, bancroftian filariasis is of both medical and public health
importance causing serious morbidity in the extensively highly endemic areas (Minjas &
Kihamia, 1991). The disease causes a considerable economic drain of scarce health
resources and it is therefore a major impediment to economic development in the
developing countries.

The life cycle of the parasite involves man as the definitive host and mosquito as
an intermediate host. W. bancrofii microfilariae, circulating in the peripheral blood of
man, are ingesled with a blood meal by a mosquito vector. In the mosquito midgut the
parasites shed their sheaths. A proportion manage to penetrate the gut epithelium before
the formation of the periotrophic membrane to reach the haemocoel through which they
migrate to the thoracic flight muscles (O'Connor & Beatty, 1936). In the muscle, they
undergo metamorphosis and change into short 'sausage’ forms which then undergo two
moults before developing into elongate third stage infective larvae in about two weeks.
The mature third stage larvae leave the thoracic musculature and enter the haemocoel in
which they move around, the majority accumulating in the head. They escape when the
mosquito feeds by entering the labium and rupturing the labella. They are usually
deposited in a drop of haemolymph and enter the skin through the puncture made by the
feeding mosquito (Sasa, 1976). The larvae pass through the tymphatics where they
mature to thread-like, 4-8 cm long adults and pass to regional lymphatic glands. After
mating they remain in the glands where the females develop eggs and larvae which are
released as microfilariae into the peripheral circulation (Peters, 1992).

It is estimated that 15.000-30,000 accumulated microfilariae are needed to
develop a chronic and clinical case of bancroftian filariasis. An infective mosquito rarely
contains more than four or five developing larvae, since an overburden would impair the
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ability of the mosquito to fly and hence to further the life of the parasite (Burgess &
Cowan, 1993). In Africa, the microfilariae of W. bancrofti are nocturnally periodic, their
densities in peripheral blood reaching a peak during the four hour period around
midnight coinciding with the peak biting activity of the vectors. They are scanty or
absent during the day light hours (Minjas & Kihamia, 1991).

Bancroftian filariasis is characterised by acute and chronic inflammation of the
lymphatics. The disease processes result from the host's immune response to the
presence of filarial worms in the lymphatics, which cause lymphatic blockage and
chronic oedema of the affected parts (elephantiasis). Clinically it is manifested by
recurrent fever and inflamed lymphatic vessels and glands, orchitis followed by
hydrocele, or abscesses in limb lymphatics. Involvement of abdominal lymphatics may
result in the passage of milky white urine (chyluria) or chylous ascites (Burgess &
Cowan, 1993). In some populations a tropical pulmonary eosinophilia syndrome may be
a feature. This is characterised by an abnormal immune response in the lungs which
leads to cough and shortness of breath with eosinophilic lung infiltrates and peripheral
blood eosinophilia (Burgess & Cowan, 1993).

Although morbidity due to filariasis is both acute and chronic, lesions in the
latter are more overt. For example, in heavily infected villages of Tanzania, hydrocele
was found to be the most important lesion affecting about 30-50% of adult males
(McMahon ef af., 1979; Wegesa et al., 1979). Elephantiasis of the legs and scrotum is
the second commonest chronic lesion of the disease. Death due to bancroftian filariasis
is rare, however, there is no reason to suppose that it does not occur. Most often death
may probably follow the chronic sequel of the disease (Minjas & Kihamia, 1991).
Moreover, suicide sometimes occurs because of severely deformed legs especially
among young people.

In addition to bancroftian filariasis, Cx guinquefasciatus has been reported to
play some role in the transmission of viral diseases of man and animals. In the United
States of America, it contributes to the transmission of St. Louis encephalitis virus and
other arboviruses (Reisen ef al., 1992). In southern Tanzania, the mosquito was found to
be infected with Chikungunya virus during an epidemic that occurred in 1953
{Robinson, 1955). Twelve years later, hepatitis B virus was demonstrated in the mouth
parts of these mosquitoes in Senegal (Wills ez af., 1976). Cx quinguefasciatus has also
been incriminated as a vector of fowl pox virus (Lee ef al., 1958), West Nile virus and
Rift Valley fever virus (W.H.O., 1978).

1. 4. Bionomics of Culex quinquefasciatus

Eges. Cx quinguefasciatus eggs are laid in the form of a pear-shaped egg-raft
which can float on the surface of water. At the time of laying they are whitish but they
darken within a few hours. An average of 135 eggs per raft was observed by Subra
(1981) in Kenya. In Dubai, Service {1986) observed an average of about 228 eggs per
raft in egg-rafts collected from natural larval habitats. Recently in Northeast Tanzania,
L.E.G. Mboera (unpublished data) has observed a mean range of 221-289 eggs per raft
in different breeding habitats. Interestingly, significantly larger egg rafis {(more eggs per
raft) were callected in cattle water troughs contaminated with plant debris, than in
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soakage pits, builders’ or septic tanks. In tropical areas hatching of eggs usually occurs
one day after egg-laying.

Larvae and pupae. Usually the female and male larvae hatch simultaneously.
However, the length of the larval stage in the males is shorter than in the females, while
the reverse is true for the pupal stage. The larval stage lasts between six and eight days
and pupal stage about 40 hours. The two main factors that regulate mosquito larval
growth are nutrition and the terperature of the water in the breeding places (Clements,
1963).

Cx quinquefasciatus develops mainly in habitats containing highly polluted
water rich in organic matter that the larvae can use for nourishment (Subra, 1981). The
habitats can generally be divided into enclosed on-site sanitation structures and open
breeding sites. The most common types of sanitation structures include pit latrines,
which receive faeces and sometimes sullage water; soakage pits, which receive sullage
water only; septic tanks which receive water and solids from flush toilets as well as
sullage water and cesspits, serving as soakaway for water from septic tanks. The open
breeding sites of Cx quinguefasciatus include: flooded grasslands, ditches or drains,
water from bathrooms, leaking sanitation structures and rubbish pits {Chavasse et al.,
1995a). Although waste-water represents the main breeding sources, the larvae can
develop in virtually any type of breeding place found in the human environment. Most
breeding sites are of medium size, or small and the species can develop in either sunny
or shady places.

In Rangoon, Myanmar (Burma), Self & Tunn (1970) found that concrete drains
were the most important breeding site of Cx quinguefasciatus. Similar observations have
been reported by Coene (1993} in Kinshasa. In the coastal arcas of East Africa the same
type of breeding places are found both in the towns and big villages. In Mombasa
(Teesdale, 1959) and in smaller towns in Kenya (Wijers & Kiilu, 1978; Subra &
Dransfield, 1984), pit latrines are the most common breeding places. A rather similar
observation has been made in both Zanzibar (Mansfield-Aders, 1927; Maxwell ef al.,
1990) and continental Tanzania (White, 1971a; Menu & Kilama, 1972; Bang ef af.,
1975; Mosha et al., 1992; Chavasse ef al., 1995a). Soakage pits also provide breeding
places for Cx quinquefasciatus (Aders, 1917; Teesdale, 1959; Wijers er al., 1978;
Chavasse et al., 1995a). In a recent assessment of Cx quinguefasciatus breeding sites in
Dar es Salaam, Chavasse ef al. (1995a) found that the mosquito breeds prolifically in
septic tanks and cesspits. The greater productivity of septic tanks and cesspits was
attributed to the fact that they are continuously wet, the water surface is less disturbed
and scum is encountered less oflen. Wastewater from sisal factories is also suitable for
the development of Cx quinguefasciatus larvae (Subra, 1981). Various containers and
peridomestic breeding places can be colonised by Cx quingquefasciatus (Harris, 1942;
Van Someren ef al., 1955; Beehler & Mulla, 1995). Otieno ef al. (1988a) observed that
in western Kenya the main breeding sites of Cx quinquefasciatus were concrete builders'
pits, which are made to hold water during the construction of houses. These are left
behind once building has been completed. Recently in Muheza and Tanga, Northeast
Tanzania, the mosquito was observed to breed in caftle water troughs (Mboera ef al.,
1997b; R.A. Shabani & L.E.G. Mboera, unpublished data). The species even develops in
rice fields in some areas (Surtees, 1970; Chandler & Highton, 1975) and more in natural
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habitats such as banana leaf axil (Teesdale, 1941), or tree-holes (Van Someren et af.,
1955).

Adults. Adults emerge from the breeding sites in two peaks, one before sunset
and the other, which is very marked, between 20.00 and 21.00 h {De Meillon &
Sebastian, 1967). Before adults leave the breeding place, a resting phase of varying
length occurs. This is followed by a mass departure at nightfall (Yasuno & Harinasuta,
1967). Mating takes place 26 to 48 hours after emergence or even later, mainly at dusk
(Sebastian & De Meillon, 1967; Yasuno & Harinasuta, 1967). Usually females are
fertilised before their first blood meal, but sometimes fertilisation occurs when the
females have already taken blood (Yasuno & Harinasuta, 1967). In nature the period
between emergence and the first blood meal is believed to be only about 48 hours
(Subra, 1981}

1. 5. Adult behaviour

1. 5. 1. Flight behaviour

Lindquist ef al. {1967) reported that some Cx quinquefasciatus travelled up to 1
km and a 'great number' up to 600 m during dispersion studies in Rangoon. In the same
city, Self et al (1971} later made a more or less identical estimate, with most
mosquitoes flying less than 500 to 600 m from the point of release. However, evidence
from mark-release studies in India showed that Cx guinquefasciatus was capable of
flying up to 7 km in a densely populated rural area (Yasuno ef al., 1978). In Reunion,
Hamon (1953, as cited by Subra, 1981) estimated that Cx quinguefasciatus could fly a
distance of 8 km. Interestingly, Brooks ef al. (1976) recorded a distance of 11 km, much
greater than any known distance to-date. Generally it can be concluded that, in its
classical environment, an inhabited region, Cx quinquefasciarus rarely flies more than a
few hundred metres. Nonetheless, this distance does not represent potentialities in the
species which, in an uninhabited area, can travel much further. The distance covered
may be influenced by climatic conditions, and the vicinity of the potential hosts and
breeding places. Cx quinquefasciatus may move Taster and cover greater distances in the
hot rather than cold season. The distance travelled by females seems to be related to
their state of nutrition, unfed females covering greater distances (Subra, 1981).

L. 5. 2, Host-seeking behaviour
Host preference

Mosquitoes feed from a range of different host animals. Some species have
developed a characteristic host preference, which may or may not be fixed. For most
biood-sucking insects the spectrum of host choice differs between geographical regions
and seasons and the proportions of available hosts (Lehane, 1991). Host preference is a
poorly understood phenomenon mainly because much about the complex mixture of
odours, emanating from animals that must underlie the ability of a blood-sucking insect
to recognise and locate its preferred host, is still unknown (Davis & Friend, 1995). In
most mosquito species, for instance, a definite genetically determined host preference is
present. However, the preference shown by a particular species of mosquito for one
vertebrate host or another is likely to be influenced by environmental conditions
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(Takken, 1991). In cases of "selective" host preference, the insect may still feed on a
non-preferred host if this is the only one present.

Cx guinguefasciatus has been described by many workers in Africa to be
anthropophilic in its feeding behaviour (Thomas, 1956; Heisch e al., 1959; White,
1971b; Chandler et af., 1975; Beier et al., 1990; Bégh et al., 1998). The degree of
anthropophily varies according to the place where female mosquitoes are collected.
Catches made mdoors provide a larger proportion of anthropophilic females than those
out of doors {Lee et al., 1954; Beier et al., 1990). However, Smith (1961} and De
Meillon & Sebastian (1967) reported that anthropophily predominated both in indoor
and outdoor catches. The probability that a mosquito will feed on humans depends both
on a function of host numbers and easy access to them (Laarman, 1955; Burkot, 1988;
Gillies, 1988). If a mosquito prefers a human host a variety of factors will determine
whether or not a particular individual is bitten (Burkot, 1988).

Host location

Location of a host is an essential part of the life of any insect. Phytophagous
insects, for example, show specialised feeding habits. Host location in these insects
consists of a sequence of behavioural responses to an array of stimuli associated with
host and non-host plants. The phytophagous insects are equipped with sensory receptors
enabling them to perceive these stimuli, Plant stimuli mvolved include visual,
mechanical, gustatory, and olfactory characteristics {Ahmad, 1983; Visser, 1986).
Likewise, host-seeking haematophagous insects recognise a variety of stimuli from
prospective hosts which in turn activates their host-finding behaviour.

Host location is an integrated, but flexible, behavioural package which gathers
momentum as the host is tracked down, Although a variety of host signals are used in
host finding, information on what signals are used and the processes involved is,
however, still fragmentary. The various behaviour patterns involved in host location
have been conveniently divided into three phases by Sutcliffe (1987): (a) Appetitive
searching - appetence initiates a series of behavioural responses that are likely to bring
an insect into contact with stimuli derived from a potential host. Appetence is preceded
by hunger, which in tumn is influenced by the insect's physiological cendition. (b)
Activation and orientation - upon receipt of host stimuli the insect switches from
behaviour pattems driven from within to oriented host location behaviour. This is driven
by host stimuli which are of increasing variety and strength as the insect and host come
closer together. (c) Attraction - the final phase, in which host stimuli are used to bring
the insect into host's immediate vicinity, and in which the decision of whether or not to
contact the potential host is made.

In insects, receptivity to the host varies over time and is mainly controlled by
endogenous rhythms and physiclogical condition (Sutcliffe, 1987). Insects exhibit
internally programmed circadian activity occurring over the 24 hour cycle (Saunders,
1982). In mosquitoes daily activity cycles have been demonstrated by Taylor & Jones
(1969), Nayar & Sauerman (1971) and Jones (1976). The insects' spontaneous activity
corresponds with normal periods of feeding activity in nature. While circadian rhythms
modulate receptivity over the 24 hour cycle, hunger as determined by physiological
state, operates over days or weeks (Jones & Gubbins, 1978).




General introduction

Visual cues. Vision is an important stimulus in the activation and orientation of
many blood-sucking insects (Allan er al., 1987; Sutcliffe, 1987). It is most widely used
by diurnal insects which live in open habitats (Lehane, 1991). There are two different
types of visual information available to blood-sucking insects. The first set of
information comes from the intensity contrast between the target and the background.
The ease with which the target-background combination is seen by the insect also
depends on the intensity (brightness) of the objects. The second set of information
comes from colour, The role of vision in host-location behaviour is well documented in
Simuliidae (Fredeen, 1961; Peschken & Thorsteinson, 1965; Bradbury & Bennett, 1974;
Thompson, 1976; Browne & Bennett, 1980), Tabanidae (Allan & Stoffolano, 1986), and
Muscidae (Pospisil & Zdarek, 1965; La Breque e al., 1972). Vision, as well as being
important in activating and orientating insects to the host, is also vital in the attraction of
haematophagous insects and in their decision of whether and where to land. Generally,
host-seeking insects prefer to land on dark, low intensity colours similar to those of
many host animals.

Diurnal and possibly crepuscular mosquitoes may orient visually to their hosts
{Allan et al., 1987), but the role of vision in host seeking by night-biting mosquitoes is
unclear and needs further studies. Vision may also be important in plant location (Davis
& Friend, 1995). The response to coloured visual stimuli by mosquitoes has been
studied by many workers. Some of the earlier observations showed that Culex and Aedes
mosquitoes preferred dark, rather than light colours (Howlett, 1910; Ko, 1925; Brett,
1938; O'Gower, 1963; Browne & Bemnett, 1981). Brett (1938) suggested that this
preference for darker colours might be a response to surfaces with a low reflectance
factor. Brown's (1951, 1954) observations on some mosquito species showed that the
aitractiveness of coloured cloths varied inversely with reflectivity or brightness between
475 and 625 nm wavelengths. The lower the reflectivity (i.e. the darker the colour), the
more attractive the cloth. O'Gower (1963) found that the dominant stimuli affecting Ae.
aegypti during the host-seeking phase were visual reflectance and appearance. Gilbert &
Gouck (1957) observed that the darker shades attracted the most de. aegypti while the
lighter shades attracted the most Ae. faeniorhynchus. The darker shades of the brighter
colours (yellow, orange) and the lighter shades of the darker colours (blue) were the
most attractive to Ae. sollicitans. Studies by Browne & Bennett (1981) showed that
Mansonia pertubans preferred black, red and blue over white and yellow. This
mosquito species showed substantial colour differentiation during both day and night. In
a recent study, Mutinga er al. (1995) found that Arn. gambiae prefer to rest onto white
surfaces, followed by vellow, black and red respectively in that order.

Insects have been observed to show preference for various shapes of targets. For
example, different tabanid species select markedly different landing sites on caitle
(Mullens & Gerhardt, 1979). This is probably visual recognition of the preferred site
because flying insects show definite preferences for particular parts of complex
inanimate targets and also for targets of particular shapes. Many Simuliidae and
Culicidae show a preference for the extremities of a target (Fallis ef al., 1967; Browne &
Rennett, 1981). A good example of the effect of shape on the alighting response is given
in the five-fold increase in tsetse flies landing on horizontally elongated targets over the
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same target presented vertically (Vale, 1974). Given a target of the right shape, bicod-
sucking insects will often choose to alight at a colour or intensity border, or edge caused
by the confluence of two angled planes (Fallis ef al., 1967, Turner & Invest, 1973;
Bradbury & Bennett, 1974; Browne & Bennett, 1980; Allan & Stoffolano, 1986; Brady
& Shereni, 1988). The size of the target may also be important in determining landing
rates for tsetse flies (Hargrove, 1980).

The influence of the shape of an object on its role in the attraction of mosquitoes
has not been extensively studied. Studies by Brown (1952) demonstrated the importance
of contour in mosquito attraction. Ae. cantator and Ma. pertubans responded in greater
numbers to cuboid rather than pyramidal targets, while Ae. puncror was taken in larger
numbers from pyramids. All culicines differentially selected the end or projecting parts
of the 3-dimensional rectangular targets. Other workers have reported mosquito
preference for targets with protruding rather than flat surfaces indicating geometry to be
of some importance (Kellogg & Wright, 1962). For many species of blood-sucking
insect, the evidence on shape preference is conflicting. This is because in most cases
orientation and attraction are often confused in these studies. Flies may well show a
preference for a particular shape to orientate towards but, on close approach to the target,
they are not attracted to it and sheer off (Lehane, 1991).

How widespread the use of movement detection is in the finding of hosts is
unclear. Tsetse flies, males in particular, are drawn by large, dark, moving objects
(Brady, 1972; Gatehouse, 1972; Vale, 1974). However, under field conditions, it seems
that most tsetse drawn to moving objects mate rather than feed, while those drawn to
stationary objects are almost exclusively interested in feeding, not mating {Vale, 1974;
Owaga & Challier, 1985). Movement is also important for host finding in some
mosquito species (Sippet & Brown, 1953).

Chemical cues.Chemical communication, a process by which information is
exchanged between organisms by use of chemical stimuli, plays a very important role in
the lives of many insects. Oifaction is considered to be the most universally employed
mode of communication in insects (Lewis, 1984). The variety of chemical interactions
that occur between organisms and their environment has prompted efforts to classify
chemical stimuli according to the type of interaction. A semiochemical is a volatile
compound that carries information from one organism to another. Semiochemicals are
divided into two groups: a pheromone is a semiochemical that acts between individuals
of the same species, i.e. the interaction is intraspecific, and an allelochemical is a
semiochemical that acts between species, for interspecific interactions (Dusenbery,
1992; Lovett et al., 1989). Allelochemicals are subdivided according to the advantage of
the interaction, into allomones, kairomones, synomones and apneumones {(Nordlund &
Lewis, 1976). However, semiochemical terminology according to Nordlund & Lewis
(1976) is based to a large extent on the origin of the compounds in specific interactions.
It was Dicke & Sabelis (1988) who described infochemical terminology based on cost-
benefit analysis. An infochemical is therefore a chemical that, in the natural context,
conveys information in an interaction between two individuals, evoking in the receiver a
behavioural or physiological response that is adaptive to either one of the interactants or
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to both. A pheromone is an infochemical that mediates an interaction between
organisms of the same species in which the benefit is to the origin-related organism, to
the receiver or to both. An allelochemical is defined as an infochemical that mediates an
interaction between two individuals that belong to different species.

Studies on the chemical ecology of arthropods, particularly the phytophagous
insects, have increased dramatically in recent years (Whittaker & Feeny, 1971; Barbier,
1979; Bell & Carde, 1984; Cardé¢ & Bell, 1995; Jackson & Morgan, 1993). In
haematophagous Diptera, much published informatton on chemical ecology is available
for Glossina species (see Vale, 1993; Willemse & Takken, 1994). Several types of
semiochemicals have been described in this group of insects, particularly those involved
in host-location behaviour.

It has been established that blood seeking mosquitoes use airbome olfactory cues
produced by their host to orientate themselves to that host (Takken, 1991}. According to
Gillett (1979) odours may be the long distance signals guiding female mosquitoes to
their vertebrate hosts. The mosquitoes then respond to other signals such as heat, moist
air, and movement Laarman, 1955; Gillies, 1980, 1988; Takken, 1991; Eiras & Jepson,
1991, 1994).

Olfactory stimuli implicated in host location by haematophagous insects to date
include carbon dioxide, lactic acid, acetone, butanone, 1-octen-3-ol (hereinafter octenol)
and phenolic components of urine (Lehane, 1991). The role of various chemical
compounds in host-seeking of mosquitoes has been comprehensively reviewed by
Takken (1991) who concluded that the effectiveness of mosquite kairomones is
dependent on species, release rate and age of the mosquito population. It is not clear,
however, which precise behavioural processes these compounds exert on mosquitoes.
Because of its significance in odour-mediated behaviour of mosquitoes, the role of
carbon dioxide in mosquito behaviour is reviewed comprehensively in Chapter 2.

Physical cues. Heat is also an important host-seeking signal in most
haematophagous insects, with high sensitivity to small gradients of temperature. As
early as 1910, Howlett reported that a test-tube filled with hot water had a very strong
attraction for females of dedes mosquitoes, He concluded that heat is the dominating
factor that guides mosquitoes to their hosts. However, Rudolfs (1922) suggested that it
is heat in combination with other factors which is of special importance in the attractive
action, The factor heat was further investigated thoroughly by Peterson & Brown (1951)
who showed that the attraction of mosquitoes by a warm body depends upon stimulation
by convection heat. Studies by Khan & Maibach (1966) and Khan er al. (1966) have
shown that heat in the presence of carbon dioxide increases the landing responses of
female Ade. aegypti. Furthermore, in a recent field study, Kline & Lemire (1995)
demonstrated that heat significantly increases the collection of Ade. taeniorhynchus, An.
atropos, and Cx rigripalpus. Little information, however, is available on the distance
over which heat is effective. There are marked convection currents, with local thermal
differences of 1°C or more, at up to and beyond 40 cm from a human arm (Wright,
1968). However, moisture in a host-odour filament can carry thermal information over
several metres, and the small temperature fluctuations associated with air compression
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waves resulting from movement of the animal host can be detected by warm and cold
thermal receptor pairs on the mosquito’s antennac over a distance of more than 3
m{Davis & Sokolove, 1975). Thermal convection currents arising from a host also carry
host odours while creating a sufficient air flow for anemotaxis (Davis & Friend, 1995).

Moisture is an important factor in mosquito attraction (Brown, 1951; Laarman,
1955). It is thought to be necessary for alighting of mosquitoes on the host's body.
Nonetheless, most of the studies on water vapour perception by blood-sucking insects
have been physiological or structural (Altner & Loftus, 1985) rather than behavioural,
and -therefore the degree of involvement of water vapour in short-range
orientation/attraction is unclear. When moisture has been reported as important it is
usually as a synergistic agent with another stimulus. Recently, Takken er al. (1997a)
showed that the behavioural responses of An. gambiae s.s. were modulated by small
gradients in relative humidity. A significantly greater attraction to an odour source was
found when relative humidity was greater than the background compared to equal or
lower background relative humidity. Thermal convection, humidity gradient and
olfactory cues are thus important for guiding mosquitoes to a human host and for
eliciting landing behaviour (Clements, 1963; Gillies, 1980; Takken, 1991).

In general, visual and olfactory stimuli are the most important signals when the
insect is still at some distance from the host and result in anemotactic and optomotor
responses. Nearer the host different stimuli such as heat and moisture, become important
{Lehane, 1991).

Biting behaviour

Night feeding man-biting mosquitoes bite man either inside dwellings
{endophagy) or outside (exophagy). Sometimes certain individuals of the same species
facultatively feed indoors and others outdoors. In Africa Cx guinguefasciatus are
markedly endophagous (Van Someren ef @!., 1958; Smith, 1961). The large majority of
fermale Cx quinguefusciatus feeds at night and the peak of biting activity has been
observed to occur around midnight (Smith, 1961; Subra, 1981). The- proportion of
endophagous females could however, vary according to locality. In Bobo Dioulasso,
Subra (1972, as cited in Subra, 1981) observed that endophagy was more marked during
the cold season, when the difference between lower and upper extreme temperatures was
greater.

According to Self er al. (1969) Cx quirnquefasciatus bites man mainly below the
knee. However, recent findings by De Jong & Knols (1996) show that Cx
quinguefasciatus bites randomly over the body, exhibiting a preference for body parts
with low densities of eccrine sweat glands. In addition, it seems that the biting pattern of
this mosquito is not influenced by exhaled breath (De Jong & Knols, 1996) which
supports findings by Service (1993b) that carbon dioxide exerts limited attraction of this
species. Different mosquito species exhibit different biting site preferences even on one
and the same individual host (De Jong & Knols, 1996; Dekker ef af, 1998). The biting
site preference is thought to be governed by mainly four factors viz., skin temperature,
skin humidity, vision and body odours. Smith (1961) observed significant differences in
catches of Cx quinguefasciatus between two individuals of the same race and between
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different races. Similarly, Knols er ol (1993) observed significant differences in
attractiveness for Cx quinquefasciatus between individuals occupying tent-traps.

Most biting by Cx guinquefasciatus occurs after midnight (Brunhes, 1975; Van
Someren er ai., 1958, Smith, 1961), the peak being between 01.00 h and 02.00 h
(Brunhes, 1975). However, bites during the first part of the night have also been
reported (Subra, 1981). This could be a result of a marked fall in temperature during the
night, which lead to a decrease in number of females seeking a blood meal. Of
endophagous females and only in the rainy season, a majority of parous individuals has
been observed biting at the beginning and end of the night. This special behaviour of
parous females during the rainy season might be connected with the oviposition rhythm
(Subra, 1981).

1. 5. 3. Resting behaviour

Some Cx quinguefasciatus females choose resting places inside dwellings, while
others find shelters outdoors (Subra, 1981). Mosha er ol (1992) observed that Cx
quinquefasciatus was one of the most abundant species of endophilic mosquitoes in
some villages of northern Tanzania. The density of Cx quinquefasciatus resting inside
houses has been observed 1o comrelate with the number of sleepers. White (1969)
reported that in the Muheza area of Northeast Tanzania, the average density of Cx
quinguefasciatus in houses (with corrugated iron roof and smooth wall) was higher than
in huts (with thatched roof and mud walls) and the increasing size of the dwellings was
correlated with the rise in density.

Cx quinguefasciatus tends to fly out of houses more than out of huts before
reaching the gravid condition. Similar observations have been reported in Phnom Pehn,
Kampuchea by Kohn (1991). This author further found that in the localities having the
character of a town Cx guinquefasciatus was more abundant in houses constructed from
corrugated plate and in those of which the floor was situated 2-3.5 m above the ground.
By contrast, in the locality of a village character, the mosquito was most numerous in
brick houses with the floor at ground level. Cx quinguefasciatus is said to be especially
common in damp houses (Edwards, 1942).

1. 5. 4. Oviposition behaviour

Mosquitc egg-laying has been defined as two distinct behaviours:
preoviposition, which includes all of the behaviours involved in orientation of the gravid
mosquito to an oviposition site, and oviposition, the actual deposition of eggs on the
substrate. With few exceptions, oviposition flights of many species occur during twilight
{(Nielsen & Nieisen, 1953; Haddow & Ssenkubuge, 1962), thus most mosquito species
lay eggs at dusk or during the night. Preoviposition and oviposition behaviours in
mosquitoes are controlled by endogenous factors associated with mating and egg
maiuration, by exogenous cues associated with oviposition sites, and by inherent
circadian rhythms (Isoe ef @l 1995). Mosquito preoviposition and oviposition
behaviours consist of stimulation to take flight, orientated upwind flight in response to
attractants, assessment and sampling of a site, and finally, oviposition stimulation
(Klowden & Blackmer, 1987, Bentley & Day, 1989). Oviposition site selection by
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