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Abstract

The effect of a single blood meal on the host-seeking response ofAnopheles gambiaewas investigated in the laboratory using
a behavioural bioassay, whereas possible changes at the chemosensory level were monitored using electroantennogram recording
(EAG). To avoid the possible confounding effect of body size, mosquitoes of a large size class only were used. Five-day old female
mosquitoes were given a blood meal on a human arm and exposed to the emanations of a human hand in an olfactometer at 3,
24, 40, 48 and 72 h following the meal and their behaviour and EAG response to host stimuli were compared with that of unfed
mosquitoes (controls) of corresponding age. During egg development, mosquitoes had access to glucose and an oviposition tray.
The ovarian development of blood-fed mosquitoes that responded to host odours was compared with that of blood-fed mosquitoes
that had not been exposed to host odours. The EAG response of blood-fed and control mosquitoes to host odour was examined
upon stimulation with air led over incubated human sweat, hexanoic acid, indole and geranyl acetone. EAGs were recorded at times
after a blood meal corresponding with those used in the behavioural experiment. There was no host-seeking response at 3 and 24
h post blood meal (pbm). Seven percent of the mosquitoes responded to human emanations 40-h pbm, 27% at 48 h and 68% at
72 h following a blood meal. The average response of controls to host stimuli varied from 35 (att=40 h) to 67%. There was no
ovarian development in the unfed group of mosquitoes. Of the mosquitoes that responded to host odour 48 h pbm, 12.5% (n=5)
had ovaries in Christophers’ stage IV and the remainder in stage V. Of the mosquitoes that responded 72 h pbm, 66.7% (n=94)
had ovaries in stage V and 31.2% (n=44) had recently oviposited. Maximum EAG amplitudes recorded from blood-fed and control
mosquitoes were similar for mosquitoes in Christophers’ stages I–III, whereas in stage IV EAG amplitudes recorded from the blood-
fed group were significantly lower than those of the corresponding control group in response to headspace of incubated human
sweat and to indole. The results show that there was a strong inhibition of host seeking inAn. gambiaefor a period of at least 40
h following a blood meal. Host-seeking returned to pre-blood meal levels 72-h post feeding and was associated with egg maturation.
The inhibition of host-seeking behaviour was accompanied by an inhibition of olfactory sensitivity to headspace of incubated sweat
and indole just before the resumption of the host-seeking response. The implications of these findings for mosquito surveillance
with host odours are discussed. 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The mosquitoAnopheles gambiaeGiles sensu stricto
(henceforth termedAn. gambiae) is considered the most
important malaria vector in Africa. It is an efficient vec-
tor because of its propensity to seek blood meals from
humans and to feed and rest indoors (White, 1974).
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Therefore, fundamental knowledge on host-seeking
behaviour is important for the development of strategies
for malaria control. The behaviour of this mosquito is
characterized by a nocturnal blood feeding pattern, with
activity peaks between midnight and 6.00 a.m. (Haddow,
1954). Normally, one blood meal suffices to complete a
gonotrophic cycle, but in the wild varying proportions
of mosquitoes undergo a “pre-gravid” phase, in which
two blood meals on different nights are required to com-
plete the first gonotrophic cycle (Gillies, 1954). Mos-
quito size may affect this behaviour (Lyimo and Takken,
1993; Takken et al., 1998), large individuals taking up
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only one blood meal per cycle and small females feeding
at least twice during the first gonotrophic cycle. It
appears that the first blood meal of small females is
small and used primarily to build up a metabolic energy
reservoir (Takken et al., 1998).

In Aedes aegyptiL. host seeking is inhibited following
a blood meal and this is not restored until eggs have been
deposited (Klowden, 1987). The inhibition is caused by
two separate mechanisms: first, host-seeking behaviour
is inhibited by distention of the abdomen following
blood ingestion (Klowden and Lea, 1978; Klowden and
Lea, 1979a). Second, later in gonotrophic development,
host seeking is inhibited by a factor in the haemolymph
that reduces the sensitivity of one type of lactic-acid
sensitive olfactory receptor neurons (Klowden and Lea,
1979b; Davis, 1984). This inhibition starts with the
release of an initiating factor by the ovaries 6–12 h pbm
(Klowden et al., 1987). The behavioural inhibition due
to oocyte development starts 24–30 h after a blood meal
and reaches a maximum 36–72 h post blood meal
(Klowden and Lea, 1979b). Thus, inAe. aegyptione
blood meal suppresses host-seeking behaviour through-
out the gonotrophic cycle. Host seeking is restored after
the deposition of the eggs (Davis, 1984). In a compara-
tive study on host-seeking behaviour of several aedine
and anopheline species, Klowden and Briegel (1994)
found thatAn. gambiaedid not express the inhibition of
host-seeking behaviour following a blood meal in con-
trast to Ae. aegypti and Ae. albopictusSkuse. The
authors ascribe these differences to the different feeding
strategies employed by these species, suggesting there is
no need for host seeking inhibition in nocturnal mosquito
species such asAn. gambiae.

Mosquitoes reared under sub-optimal conditions are
small, emerge with a lower amount of energy and are
less effective in host seeking compared to their larger
siblings (Klowden et al., 1988; Renshaw et al., 1994;
Takken et al., 1998). The latter authors studied the
effects of female mosquito size on the use of a blood
meal inAn. gambiae. They found that small females use
their first blood meal to build up internal reserves. Large
mosquitoes, on the other hand, use their first blood meal
for egg development. The process of blood meal utiliz-
ation and its physiological consequences might therefore
be different betweenAe. aegypti and An. gambiae.
Recent field studies in Thailand and Puerto Rico, how-
ever, have shown thatAe. aegyptialso takes multiple
meals during one gonotrophic cycle (Scott et al., 1993).
The two species may therefore employ the same strategy
for blood feeding and egg production.

In the present study we investigated the influence of
blood feeding on the host-seeking response ofAn. gam-
biae using a behavioural assay and electrophysiological
recordings. The gonotrophic status of responding and
non-responding mosquitoes was studied as well. In order
to overcome the possible confounding effect of the need

for small mosquitoes to ingest two blood meals during
one gonotrophic cycle, mosquitoes used were of a uni-
form, large size class by rearing larvae at low densities
and ad libitum feeding conditions.

2. Materials and methods

2.1. Mosquito rearing and preparation for
experiments

The An. gambiaecolony at Wageningen University,
The Netherlands, originated from Liberia in 1987 and
has been reared on blood from a human arm since 1988.
Adult mosquitoes were kept in 30 cm3 gauze cages at
27±1°C and 80% r.h., with a 12 h scotophase period
delimited by sudden transitions from dark to light.
Throughout this study the scotophase was from 6.00
p.m. to 6.00 a.m., corresponding with nocturnal con-
ditions in tropical Africa. Adults were provided with a
6% glucose solution and offered a blood meal twice
weekly for 10 min from a human arm. Larvae were
reared in plastic trays and fed daily on Tetramin baby
fish food. Pupae were removed daily from the trays and
allowed to emerge inside the cage used for keeping
adults.

Large mosquitoes were obtained by using the method
described by Takken et al. (1998). Fresh mosquito eggs
were allowed to hatch in shallow tap water in a 1 litre
tray. After 2 days, 100 larvae were collected on a glass
slide using a plastic pipette and transferred to a 2.5 litre
tray filled with 2 litres of tap water (larval density:
approx. 1 per 2.5 cm2). Measured amounts of baby fish
food were given to the larvae daily until pupation. The
first 5 days, larvae were given 0.2 mg/larva, the next
days they were given 0.3 mg/larva. As they developed,
pupae were collected and put in a small tray for emerg-
ence inside a 30 cm3 gauze cage. Pupae of two sub-
sequent collection days were placed in the same cage.
The mosquitoes had access to a 6% glucose solution on
filter paper for 4 days. Males and females were kept
together until day 5, when the females were transferred
into the release containers, randomly assigned to two
groups, and given access to demineralized water only.
The next day, between 2.00 and 4.00 a.m., one group
was given human blood by placing an arm in the cage
for 20 min. The other group was used as a control. After
blood feeding, both mosquito groups were given access
to 6% glucose in water until 24 h before release in the
olfactometer or EAG recordings. To ascertain that every
blood-fed mosquito was fully engorged, mosquitoes
were examined against the light. Mosquitoes with empty
or almost empty abdomens were excluded from the
experiment.
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2.2. Olfactometer experiments

The response of the mosquitoes to emanations from a
human hand was tested in a dual-choice olfactometer,
modified after Knols et al. (1994) (Fig. 1). The relative
humidity of the air stream flowing through the olfac-
tometer was 70–80% and the temperature was 27°C. The
air speed was 0.20 m/s. The background relative
humidity and temperature in the experimental room were
60% and 27°C. Light was provided by a 15 W tungsten
light bulb suspended above the olfactometer and shel-
tered from the olfactometer by a piece of yellow cotton
cloth. The light intensity inside the olfactometer was 10
lx. Each experiment lasted 20 min. With one exception,
experiments were carried out between 2.00 and 4.00 a.m.
which is the period of optimum activity ofAn. gambiae
(Haddow, 1954). One experimental group was tested at
8.00 p.m. corresponding with 40 h following a blood
meal. Sixty mosquitoes were released at the downwind
end of the olfactometer from a cylindrical release cage.
The cage was divided in two compartments, one for
holding the blood-fed mosquitoes, the other for the con-
trol mosquitoes of corresponding age. Of each group 30
mosquitoes were released at a time. Control mosquitoes
had been marked yellow with fluorescent dye 1 day
before the experiment, while blood-fed mosquitoes
remained unmarked. Control mosquitoes were marked in
a gauze-covered Perspex cylinder, which was placed
inside a clear plastic box. Dye powder was blown over

Fig. 1. Diagram of the windtunnel-olfactometer (A) and the mosquito release cage, showing the two compartments that can be merged into one
by a screen door (B).

the mosquitoes from a hypodermic syringe at a distance
of 20 cm. Immediately after marking, the two groups of
mosquitoes were transferred to the same release con-
tainer. Mosquitoes had access to water and were given
the opportunity to oviposit inside the container on moist
filter paper. Behavioural tests were done immediately
after the blood meal, and 24, 40, 48 and 72 h pbm and
repeated with fresh mosquitoes six to seven times. Mos-
quitoes were discarded after each test, unless they were
needed for examination of the ovaries. Mosquitoes that
entered the trap were counted and the blood-fed mos-
quitoes, which responded, were dissected and the gono-
trophic stage determined using the method of Christo-
phers (1911). As an internal control, blood-fed
mosquitoes that had not been exposed to host stimuli
were also dissected for examination of the ovaries.

In order to run the first experiment (0 h after a blood
meal), the two groups of mosquitoes were placed in the
cylindrical container covered at both ends by gauze-
covered gates. The container was divided into a top and
bottom compartment of equal size by a screen door half-
way up the cylinder (Fig. 1). In this way two groups of
mosquitoes could be treated differently whilst being
inside the same container. For blood feeding, the arm of
a volunteer was placed on top of the container and the
mosquitoes present in the upper compartment could feed
through the mosquito netting. The control group, in the
lower compartment, was prevented from taking a blood
meal. Immediately after the blood meal the mosquitoes
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were transported to the experimental room. Before each
release, mosquitoes were allowed to adjust to the experi-
mental room for 1 h.

2.3. Electrophysiology

The olfactory responsiveness of blood-fed and unfed
mosquitoes was quantified by determining electroanten-
nogram (EAG) amplitudes. The set-up has been
described previously (Knols et al., 1997; Meijerink et
al., 2000). Responses were measured during the first
gonotrophic cycle ofAn. gambiaebetween 4.00 and 6.00
a.m. Odours tested were human sweat (incubated for 2
days at 37°C; collection and incubation methods
described by Meijerink et al. (2000)), distilled water
(control for sweat), and three pure compounds known to
be major constituents of sweat headspace and which had
previously been shown to elicit EAG-activity (Meijerink
et al., 2000), hexanoic acid, indole and geranylacetone.
The three compounds were dissolved in diethyl ether and
tested at a 1% (v/v) dose. The continuous air stream led
over the mosquito was purified by means of activated
charcoal and humidified by leading the air stream
through distilled water before it was blown over the
mosquito antenna. The velocity of the continuous air
stream was 0.364 m/s and when a 1.6 ml, 0.5 s stimulus
puff was delivered the air stream velocity changed to
0.428 m/s. The difference in air velocity between the
continuous air stream and the air stream during stimu-
lation did not produce a measurable EAG response.

Twenty-five microlitres of the stimulus solutions was
put on a strip of filter paper (5×50 mm) and inserted into
a glass Pasteur Pipette. Mosquitoes, control as well as
blood-fed, were immobilized by exposing them to
220°C for 90–150 s. The wings were glued (starch
based paper glue) to a Perspex block with the ventral
side of the mosquito facing upward. One antenna was
glued to double sided tape, the other antenna was used
for recording of EAG responses. The tip of the antenna
was cut off with a sharp razor blade and a glass capillary
electrode containing a 0.1 M KCl solution in contact
with an AgCl-coated silver wire was inserted into the
antennal lumen (Knols et al., 1997). The reference glass
electrode was inserted into the contralateral eye of the
mosquito. One day before the experiments the sugar
water in the cage was replaced by water. EAG ampli-
tudes were expressed as absolute values in mV and were
corrected for responses to the solvents, water (for incu-
bated sweat) and diethyl ether (for the three pure
compounds). Whereas in response to water alone EAG’s
were measured, no discernable responses to diethyl ether
were observed (see also Meijerink et al., 2000). Immedi-
ately after recording of its EAG response to the four
stimuli and the solvents, a mosquito was dissected to
establish ovarian developmental stage.

3. Results

3.1. Size of mosquitoes

The mean wing size of the mosquitoes reared with
our experimental protocol was 3.144±0.253 mm (n=92).
From published references (Lyimo et al., 1992; Takken
et al., 1998) this shows that the mosquitoes used in the
present experiment should all be considered large and
would undergo ovarian development with one blood
meal only.

3.2. Olfactometer experiments

Most mosquitoes engorged fully when offered a
human arm. There was no response to host stimuli at 1–
3 h following blood ingestion. One day after blood feed-
ing, only one (1.26%) out of 210 mosquitoes tested
responded to host odour. After 40 h, 12 (6.67%) of 180
mosquitoes responded, and at 48 h, 49 (27%) of 179
mosquitoes responded. Seventy-two hours after a blood
meal 141 (68%) of 208 mosquitoes flew into the trap
baited with the odours emanating from the experi-
menter’s hand. Entry responses of unfed mosquitoes at
corresponding times were 53.3, 62.4, 35, 67.9 and 67%
(Fig. 2) and the response at 40 h was significantly lower
than at 0, 24, 48 and 72 h. From dissections of the
responding, blood-fed mosquitoes, one (24 h) was in
ovarian stage III. Of responding mosquitoes dissected 40
h following the blood meal, 22.2% were in stage IV and
77.8% in stage V. Forty-eight hours after blood ingestion
12.5% and 87.5% of mosquitoes were in stages IV and
V, respectively. Of those that responded 72 h after a
blood meal, 68.1% were in stage V and 33.9% had
recently oviposited. The blood-fed control group
developed ovaries as expected for this species over the
3 days following blood feeding (Fig. 3). None of the
unfed controls showed signs of ovarian development.
More than 90% of the dissected females had been
inseminated.

Fig. 2. The response of unfed and blood-fedAn. gambiaeto ema-
nations from a human hand in a wintunnel-olfactometer at different
times post blood meal.
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Fig. 3. Distribution of ovarian stages of mosquitoes that responded
to emanations from a human hand at different times post blood meal
(A) and those that received a blood meal but were not exposed to host
odours (B). Values above each bar indicate number of mosquitoes dis-
sected.

3.3. Electrophysiological responses

Immediately after a blood meal, with mosquitoes in
ovarian stages I–III, there was no difference in EAG
responses to incubated sweat and pure compounds
between the controls and the blood-fed mosquitoes (Fig.
4). Blood-fed mosquitoes in ovarian stage IV generated
significantly lower EAG amplitudes to headspace of
incubated sweat and indole (P=0.027 and 0.05,
respectively) (Student’st-test). There was no significant
difference in response to hexanoic acid and geranyl ace-
tone in this ovarian age-group. The EAG responses of
blood-fed mosquitoes with eggs in Christophers’ stage
V were significantly lower than those for control mos-
quitoes in response to indole but similar to the controls
for the other three stimuli. In blood-fed mosquitoes,
which had oviposited, EAG responses were similar to
those of control mosquitoes for all four stimuli.

4. Discussion

The study shows that inAn. gambiaeof nearly uni-
form size, host seeking is inhibited for a period of 40 h
following a blood meal. Forty-eight hours after a meal
27% of the mosquitoes responded to host odour, whereas
of the non blood-fed group 68% responded at this age.
Of those blood-fed mosquitoes that responded at this

time, nearly all had mature oocytes and were ready to
oviposit. Seventy-two hours after a blood meal, 67%
responded to host stimuli, and this was equal to the
response of the non blood-fed controls. Of those
responding, a high proportion had mature oocytes or had
already oviposited. It thus appears that host-seeking
behaviour in blood-fedAn. gambiaeis inhibited until the
oocytes have reached maturity or eggs have been
deposited. These data are in contrast with those of
Klowden and Briegel (1994) who showed a considerable
response to host odours inAn. gambiaeat 24 and 48 h
after blood feeding. In field populations ofAn. gambiae,
the mean length of the gonotrophic cycle is 3 days
(Gillies and Wilkes, 1965; Garrett-Jones and Shidrawi,
1969). Blood meals are usually taken after midnight and
eggs are being deposited in the early evening of the 3rd
day after blood feeding. Under our experimental con-
ditions this would occur between 62 and 64 h after the
blood meal. The data show that indeed a large proportion
of females, 72 h after the blood meal, had laid eggs (Fig.
2). It is to be expected that the host-seeking response is
restored following oviposition. It is remarkable, how-
ever, that all mosquitoes, including those that had not
yet oviposited, at this stage responded to host stimuli.
In this respectAn. gambiaeappears to behave differently
from Ae. aegypti, which expresses inhibition of host
seeking until oviposition has been completed (Davis,
1984; Klowden and Lea, 1979b). Klowden and Lea
(1979a), however, reported host-seeking activity inAe.
aegyptiduring the first 30 h following small blood meals
given by enema. This may have resulted from incom-
plete mechanosensory inhibition, which in fully
engorged mosquitoes causes initial suppression of host-
seeking behaviour in this species (Brown et al., 1994).
Jones and Gubbins (1978) reported that the activity of
inseminatedAn. gambiaewas depressed for 2–3 days
after blood feeding, although the females showed a small
initial peak of activity shortly after lights off (at dusk).
Rowland (1989) reported a similar inhibition of activity
of matedAn. stephensiListon and found that host-seek-
ing activity returned to normal levels by the time the
oocytes had matured. These results are in line with those
of the present study, although both studies did not use
a host-seeking assay but an actometer to record the flight
activity of the mosquitoes. These data and those from
the present study suggest that host-seeking behaviour of
An. gambiaeis suppressed for approx. 2 days after blood
feeding to repletion.

The reduced host-seeking response of unfed mos-
quitoes 40 h after the identical age group had ingested
a blood meal, corresponding with 8 p.m., may have been
affected by a generally low host-seeking response ofAn.
gambiaeat this time of the day (Haddow, 1954). The
biting activity of this species gradually increases during
the night, to reach a peak between 2 and 6 a.m. The
latter hours correspond with the time in which the other
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Fig. 4. Electroantennogram responses (mean+SEM) of An. gambiaeto hexanoic acid (A), indole (B), geranylacetone (C) and incubated sweat
(D) in subsequent stages of ovarian maturation (categorized according to Christophers (1911)) in the blood-fed group (black bars) and of non
blood-fed mosquitoes of identical age that showed no ovarian development (white bars). Asterisks indicate a significant reduction of EAG response
amplitude in the blood-fed group (Student’st-test,P,0.05). Values above each bar indicate number of mosquitoes tested.

behavioural tests in this study were conducted. There-
fore, the low response of blood-fed mosquitoes observed
at this time of the day may also have been influenced
by this inherent behavioural trait.

The inhibition of host-seeking behaviour in mos-
quitoes in ovarian maturation stage IV as seen in the
behavioural assays was paralleled by inhibition of olfac-
tory responsiveness to the complex headspace of incu-
bated sweat and indole, a major component of this head-
space (Meijerink et al., 2000). At the level of single
olfactory neurons inAe. aegyptithe l-lactic acid sensi-
tive cells were shown to be inhibited at 48 and 72 h
pbm, i.e. during the period of intense oogenesis (Davis
and Takahashi, 1980). In the latter species the inhibition
disappeared after the eggs were deposited and the host-
seeking response was restored to previous levels (Davis,
1984). This inhibition is caused by a humoral factor,
released by the fat body during oogenesis (Klowden et
al., 1987). ForAn. gambiaewe previously demonstrated,
using a dual-port olfactometer, that headspace of incu-
bated sweat elicited distinct host-seeking behaviour
(Braks and Takken, 1999), EAG responses (Meijerink et
al., 2000) and responses of single neurons innervating

grooved peg sensilla on the antenna of femaleAn. gam-
biae (J. Meijerink, personal communication). The use of
the EAG technique to establish whether the physiologi-
cal state, in this case nutritional condition after blood
feeding, affects olfactory responsiveness has the advan-
tage over single sensillum techniques that the entire
olfactory receptor cell population present in the antenna
is monitored. We found that significant inhibition of
olfactory sensitivity occurs shortly before resumption of
host-seeking behaviour. In addition, we found evidence
for selectiveness in this inhibitory mechanism as we
observed that of the sensitivity to the three selected pure
compounds only that in response to indole was signifi-
cantly reduced. Upon blood feeding the responses to
hexanoic acid tended to be reduced as well whereas in
response to geranylacetone, no change was seen. We
therefore conclude that, similar to the situation found for
Ae. aegypti, inhibition of host-seeking behaviour inAn.
gambiaeappears to occur in two phases: in the first
phase, inhibition is most likely mediated by mechano-
sensory detection of distention of the gut, whereas in the
second phase a haemolymph-borne neuropeptide causing
inhibition of sensitivity of antennal olfactory receptors
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may be involved, as has been implied forAe. aegypti
(Davis, 1984; Brown et al., 1994). This two-phased
mechanism seems necessary as upon digestion of the
blood meal, the strength of inhibition due to the mech-
anosensory mechanism wanes. Neuropeptide synthesis
seems enhanced only upon digestion of the blood meal
and it is hypothesized that neuropeptide titres are in turn
under control of internal chemoreceptors monitoring
nutritional status. It is noted that the extent of reduction
of olfactory sensitivity, though significant, is small and
we therefore consider a role for the central nervous sys-
tem in causing behavioural inhibition most likely. At
present it is unknown whether the FMRF-like neuropep-
tides that have been implied in reducing olfactory sensi-
tivity are also involved in bringing about such a central
inhibitory state (sensu Dethier, 1976; Klowden, 1996).

We conclude that under the experimental conditions,
host seeking inAn. gambiaewas strongly inhibited fol-
lowing a blood meal. This is not necessarily in contrast
with recent field evidence, where a proportion of the
mosquito population may take a second blood meal
within 24 h following a first blood meal. Wild mos-
quitoes consist of a mixed population of unfed, pre-gra-
vid and gravid insects (Gillies, 1954; Lyimo and Takken,
1993) whereas in the present study there would not have
been pre-gravid mosquitoes due to the rearing method
used. All experimental mosquitoes, therefore, developed
eggs following ingestion of a single blood meal. It
appears that host seeking inAn. gambiaeis inhibited
following a blood meal until the oocytes have reached
stage V. The observation that all mosquitoes in this age
class responded to host odours remains to be further
investigated, as it would not seem appropriate for a mos-
quito, carrying mature oocytes, to engage in host-seeking
behaviour. The response to host odours at this time may
reflect a response to oviposition cues (Davis and Takah-
ashi, 1980; Rowland, 1989) as recent data suggest that
some of these stimuli may be identical (Blackwell and
Johnson, 2000; Meijerink et al., 2000).
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