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Are Vectors Able to Learn about their Hosts? A Case Study with
Aedes aegypti Mosquitoes

Wiladimir J Alonso*, Tristram D Wyatt, David W Kelly
Zoology Department, Oxford University, South Park Road, Oxford, OX1 3PS, England

The way in which vectors distribute themselves amongst their hosts has important epidemiological conse-
quences. While the role played by active host choice is largely unquestioned, current knowledge relates mostly to
the innate response of vectors towards stimuli signalling the presence or quality of their hosts. Many of those cues,
however, can be unpredictable, and therefore prevent the incorporation of the appropriate response into the vector s
behavioural repertoire unless some sort of associative learning is possible.

We performed a wide range of laboratory experiments to test the learning abilities of the mosquito, Aedes
aegypti. Mosquitoes were exposed to choice procedures in (1) an olfactomenter and (2) a ‘visual arena’. Our goal
was to determine whether the mosquitoes were able to associate unconditional stimuli (blood feeding, human
breath, vibration and electrical shock) with particular odours (citral, carvone, citronella oil and eugenol) and
visual patterns (horizontal or vertical black bars) to which they had been previously observed to be responsive.

We found no evidence supporting the hypothesis that associative learning abilities are present in adult Ae.
aegypti. We discuss the possibilities that the assays employed were either inappropriate or insufficient to detect
associative learning, or that associative learning is not possible in this species.
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The spatial distribution of a population of blood-suck-
ing insects amongst its available vertebrate hosts has
important epidemiological consequences for the transmis-
sion of vector-borne diseases. In fact, after daily survival
rate, their vectorial capacity is most sensitive to changes
in host preference (Dye & Hasibeder 1986). Therefore,
knowledge of the biological parameters that lead to host
choice can be highly relevant for planning of disease con-
trol (McCall & Kelly 2002).

Regardless of their individual previous experience,
mosquitoes are attracted to their hosts based on several
stimuli to which each species (and even populations or
individuals) responds in a complex and idiosyncratic way
(Cardew 1996, Clements 1999). Whereas a genetic basis
for differences in host choice is a well documented phe-
nomenon (e.g.: Gillies 1964), in addition, several authors
(see below) have suggested also that experience could
change some of their behavioural repertoire, such as their
response to host and oviposition odours, and even might
be involved in the spatial memorization of resources.

The consensus from studies looking for evidence of
learning in mosquitoes remains equivocal. Some find no
evidence for learning (Rawlings & Curtis 1982, Arredondo-
Jimenez et al. 1992). Others have obtained positive re-
sults. In some of them, their data do not strictly rule out
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alternative explanations, such as orientation towards the
closest pertinent chemical source (Ribbands 1949, Giglioli
1965, Renshaw et al. 1994), or that the heterogeneity of
behaviour found in the population was an effect of the
existence of genetic polymorphism (Hii et al. 1991).
Charlwood et al. (1988) showed positive results that can
only be attributed to learning of a memorized home range,
nevertheless this work suffers from ‘pseudoreplication’
(Hurlbert 1984) owing to the intrinsic difficulties associ-
ated with a field study.

Recent works (Mwandawiro et al. 2000, McCall & Eaton
2001, McCall et al. 2001) have been more conclusive.
Mwandawiro et al. (2000) found in 3 Japanese Encephali-
tis vectors, that host loyalty to bloodfeed on cow or pigs
was not passed onto offspring, indicating that this
behaviour has a learning component, instead of a geneti-
cal one. In the work of McCall and Eaton (2001) odours
presented during the larval/pupal stage were preferred by
adults of Culex quinquefasciatus in choice of oviposi-
tion site. McCall et al. (2001) also showed in a fieldwork in
Tanzania, how 30 from 44 Anopheles arabiensis individu-
als (recovered from over 17 000 found in 2 different houses
and released at a intermediate point) return to their origi-
nal collection places.

Specifically in the case of the search for available hosts
by mosquitoes and other blood-sucking insects, Kelly
and Thompson (2000) propose that the ability to learn
would be adaptive to individuals aiming to maximise their
feeding success and minimise their chances of being killed
in the process, to the extent that it would allow them to
feed preferentially on the least defensive hosts. For in-
stance, individual vectors could be more ‘loyal’ to a sub-
group of host species or populations upon which they
previously fed successfully. Here we performed a com-
prehensive series of positive and negative conditioning
experiments based mainly (but not exclusively) on aspects



666

that could be related to host choice behaviour, using the
yellow fever and dengue vector mosquito Ae. aegypti as
our laboratory model.

MATERIALS AND METHODS

Insects - Ae. aegypti individuals were taken from a
laboratory culture present in the Zoology Department of
Oxford University, which before reaching the UK belonged
to the University of Notre Dame, Indiana (US), where it
was established in the 1950’s (Roger J. Wood, pers.
commun.). The culture room was maintained at 26-29°C
and 60-80% relative humidity, under a 12:12h light:dark
cycle. Larvae were fed with dog biscuits and TetraMin
tropical fish food. Adults were maintained in mixed-sex
colonies (cages measuring 17 x 17 x 17cm) in cohorts of
the same age, and provided with water alone until used in
the experiments. Experimental adults were between 1 and
3 days old, and used only once. In the case of females,
only those individuals that responded positively to hu-
man breath were used. Transport between cages and test-
ing apparatus was carried out using a manual aspirator. In
the experiments where required, warm defibrinated sheep’s
blood (TCS Microbiology Company®) was provided
through a membrane feeding system (Hemotek®).

Experimental room - The experimental room tempera-
ture ranged between 24-27°C. A single 40W lamp placed
80 cm overhead illuminated each testing apparatus. A
cylindrical netting curtain screen was connected from the
lamp to the bench top, completely encircling the appara-
tus, so that an observer could monitor the behaviour of
the subjects without disturbing them. An overhead video
camera installed beside the light source recorded mos-
quito behaviour for later analysis.

All experiments were performed between 10:00 and
18:00 h. All materials were carefully handled with dispos-
able gloves to prevent odour contamination, and the test-
ing apparatus was cleaned with 99.7% ethyl alcohol after
each replicate.

Experiments using odours as conditioned stimuli

An apparatus (Fig. 1) was built to test whether the
mosquitoes could associate either punishment or reward
(the positive or negative ‘unconditioned stimuli’, US, re-
spectively) with 1 of 2 odours (the ‘conditioned stimuli’,
CS). The odours were presented on filter papers in car-
tridges upwind of the Y-tube (Fig. 1D). In the training
stage, odour A was presented without additional stimu-
lus, and odour B was presented with an unconditioned
stimulus (for details of each experiment, see below). In
different replicates the position of the odours, the order
of the association with the unconditioned stimuli (first or
second), and the odour that was associated with the un-
conditioned stimulus was varied in a balanced design, to
control for these variables in the subsequent analysis.

During the training stage the mosquitoes remained
inside a plastic cartridge (the conditioning chamber: Fig.
1H), and were exposed to odours A and B consecutively.
In the ‘testing stage’, the two odours were presented si-
multaneously, each flowing down one arm of the Y-tube
(Fig. 1F). A metal gauze gate (Fig. 11) was opened, allow-
ing the mosquitoes to move into the Y-tube.
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Fig. 1: diagram showing the apparatus used for testing whether
Aedes aegypti mosquitoes could associate punishment or reward
with particular odours. The humidified and filtered air (see text) is
conducted in by a series of valves (not shown) as fresh air (C), or as
odorised air in pipes A and B, after passing through the odour
cartridges (D). Passing through the rubber stoppers (E) the air en-
ters the arms of the Y tube (F) that is attached to a table by a pair
of clips (G). The mosquitoes’ training vial (H) has a screen door (I)
that allows the air to flux constantly, until it is expelled from its
other extremity (J) to outside the room. The door can be opened
manually from outside to allow the mosquitoes to enter the Y tube.
The manufacture of the connection (K) between H and F varies
depending upon the training procedure (see text).

The air that entered the apparatus was pushed with a
oilless pump (Charles Austen Pumps, model F.65 DE), fil-
tered with activated charcoal and humidified to approxi-
mately 80% RH. The airflow was controlled at 4 I/min so
that a speed of about 4 m/min in the exit end of the Y tube
was achieved. Air from the apparatus was expelled out-
side the room (Fig. 1J). The suitability of the apparatus
was tested in preliminary trials by presenting individuals
with a choice between a pure flux of air and a flux of air
mixed with human breath, which showed that most indi-
viduals consistently preferred the latter arm of the Y-tube

Unless otherwise stated, in each experiment each se-
ries of trials consisted of 20 replicates for each sex, each
replicate containing 20 individuals.

Vibration as negative unconditioned stimulus - Me-
chanical activity, in the form of skin twitching, stamping,
slapping, etc., is one of the main cues that a mosquito can
use to gather information about the defensiveness of a
potential host (Edman & Scott 1987, Clements 1999, Kelly
2001). We tested whether Ae. aegypti mosquitoes would
be able to associate odours with vibration of the condi-
tioning chamber by fixing the vial (Fig. 1H) to a small
aquarium pump (Tetra Whisper 400), which made it vi-
brate at 50 Hertz (amplitude: 1 mm). This stimulus seems to
have provided a significant level of disturbance for the
individuals inside the vial, which kept taking off and try-
ing to land on its walls most of the time unsuccessfully
when the vibration was applied. In order to provide a flex-
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ible junction between the Y tube and the mosquitoes’ vial
(Fig. 1K) cut fingers of powder-free latex gloves were used.

The odours presented as CS were 20 pl of carvone
(Aldrich 435759) or citral (Sigma C83007). These odorants
were used since (1) in preliminary trials we observed that
the mosquitoes were able to perceive them (avoiding them
in upwind flight when they were presented separately in
the Y tube in a choice with a fresh air option), and (2)
because they are chemically very distinct, and this differ-
ence seems to be noticed by the mosquitoes given their
unequal distribution in the Y tube — with a small tendency
towards preferring the citral — when both were presented
together. (Using the same training and testing procedure,
but without the presentation of the CS — see methodol-
ogy elsewhere. Number of replicates for each sex: 10.
Number of individuals per replicate = 20. Results — female:
citralmean=5.1s.d.=2.5; carvonemean=4.2s.d. = 1.8;
male: citralmean=6.2s.d. = 1.5; carvone mean=3.1 s.d. =
1.5. Dependent variable = mosquitoes in each arm after 1
min).

The sequence of odour presentation for each set of
mosquitoes was 30 s of one odour associated with the
unconditioned stimuli and 30 s of the other one alone.
Fifteen seconds of resting (with fresh air, Fig. 1C) were
allowed in between the presentations of the odours. This
procedure was performed 5 times before conducting the
test stage. The same experiment was used to test females
and males separately.

Breath as positive unconditioned stimulus - Human
breath provides reliable information about a host pres-
ence and its position and strongly attracts de. aegypti
(Kellogg & Wright 1962). Odours associated with it could
be used as additional cues to find a host. We therefore
repeated the previous experiment but instead of provid-
ing vibration as a negative US, we provided human breath
as a positive US.

As the junction between the Y tube and the mosqui-
toes’ vial we used a hard rubber tube in which a metal
pipe with small holes (for gas diffusion) was introduced.
During the association period, human breath, blown con-
tinuously by the experimenter, was diffused (c.a. 0.5 I/
min) into the chamber.

Blood feeding as positive unconditioned stimulus -
A novel odour associated with successful blood feeding
could provide important information to be used by mos-
quitoes when seeking a subsequent blood meal. To test
this, mosquitoes up to 3 days old were randomly distrib-
uted between two cages. On the following day, one of the
cages (control) was transported to another room (same
conditions of humidity and temperature), left undisturbed
and provided with a source of blood for 70 min. At the
same time, an aquarium pump (Tetra Whisper 400) pushed
a small flow of fresh air into a cartridge containing a blank
filter paper and into the cage. Subsequently, another cage
(treatment) was placed in the same room, in the same con-
ditions (with new blood in the feeder), but with a filter
paper containing 20 pl of citral in the cartridge connected
to the air pipe. In a previous experiment we observed that
this amount of citral is the minimum quantity that the sub-
jects could detect: they were significantly repelled by it
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when given a choice between this amount of citral and
fresh air, something that did not occur when the amount
of citral was only 2 pul.

Although most of the females had engorged with the
blood provided, in the following day (3rd experimental
day) the procedure was repeated with both experimental
groups to allow a second opportunity for feeding, as Ae.
aegypti females regularly feed on the second as well as
the first day of the gonotrophic cycle (Canyon et al. 1999).
On subsequent days sugar diluted in water (1:10) was
made available.

Three and 5 days later (6th and 8th exp. days), after
observing that a large number of eggs had already been
laid, 20 replicates (each with 10 females) of each treatment
were tested in the Y tube in a balanced way. The subjects
were presented with choices between filter paper con-
taining 20 uml of citral, and blank filter paper. The number
of individuals in each arm was scored as stated for the
previous experiment.

The difference in the number of individuals that chose
the arm with the odour, against those choosing the con-
trol arm, was then compared between the control and the
treatment groups. Only females were tested.

Electric shock as negative unconditioned stimulus -
Although a stimulus that is not usually found in nature
by insects, electric shocks have proved to be a useful
tool for investigating learning abilities in this class of or-
ganisms, notably in another dipteran species, Drosophila
melanogaster. We adopted the method of Tully and Quinn
(1985), for our apparatus. Our electrified grid was the same
as that used in experiments with Drosophila (Quinn et al.
1974, Tully & Quinn 1985). It consisted of a copper pat-
tern printed on a 57 x 81 mm flexible epoxy backing, which
was used to line the inside of the training vial. During the
test stage a separate circular grid also covered the extrem-
ity of the training vial that opened towards the Y tube.
Therefore, approximately 70% of the total surface of the
training vial was lined with the electric grid. The possibil-
ity that some individuals remained during the whole ex-
perimental period in the non-electrified surface was low-
ered since many of the subjects were prompted to fly by
the electrical pulses, disrupting the resting position of
the others.

The electrical stimuli consisted of pulses of 120 V (50
Hz), lasting 1 s and given at intervals of 5 s. This voltage
was chosen as the lowest one in which we were able to
observe reactions from the mosquitoes. Only one train-
ing cycle with electrical shock was applied to each group
of mosquitoes, as employed in fruit fly studies.

In order to minimize the possibility of negative results
as being consequence of the odours and quantities used,
2 distinct sets of experiments were conducted using the
electric shock as US. In the first one, the odours and
amounts were identical to those used in experiment Al
(citral 20 pul, carvone 20 pl). In the other, citronella oil (EHP-
Natural Product Division, Batch nr. SR1925) and eugenol
(Sigma E5504) were employed, but this time the amount in
the filter paper was 2 pl: sufficient to promote an avoid-
ance response by the mosquitoes when presented against
fresh air into the Y tube. Only females were used.
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Analysis of the data - The response measures were
obtained by analysing the video-tape records and scor-
ing how many individuals were in each arm 1 min after the
opening of the gate. Other periods were also registered
(15,30s,2min, 3 min, 4 min and 5 min) in some experi-
ments, but 1 min was chosen because it was the shortest
time after the training phase when the distribution of indi-
viduals between the arms of the Y tube could be consid-
ered well established (see Fig. 2). Only those subjects
located at least 7 cm beyond the entrance of either arm of
the Y tube were considered.
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Fig. 2: examples (randomly chosen) of how the mosquitoes distrib-
ute between the two arms of the Y tube over a period of 5 min
(intervals of 15 s, 30 s, 1 min, 2 min, 3 min, 4 min, 5 min). Each
line represents a different observation.
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The non-parametric Wilcoxon matched-pairs test was
performed separately for the replicates of males and fe-
males in each experiment. One-tailed tests were performed,
as we predicted a priori that subjects would avoid the arm
releasing the odour associated with the US when this was
a punishment (vibration, electrical shock) and would
choose preferentially the arm with the other odour. In those
cases where the stimulus was either human breath or blood,
we expected that the subjects would use the odour re-
leased simultaneously as a cue of host presence, and
during the test they would move preferentially towards
the odour associated to the CS. For all statistical tests,
the alpha level was set to 0.05.

Although the experiment was designed in a way so as
to compensate for possible trends towards one of the
sides of the apparatus and one of the odours, and the
order in which the odours were presented, these variables
were also analysed to investigate potential biases.

Experiments using a visual cue as conditioned stimuli

Here we tested the hypothesis that de. aegypti mos-
quitoes are able to search for their previous host (or host
type) in order to resume an interrupted blood meal based
on the memory of a visual pattern associated to a suc-
cessful blood-meal received a few seconds before.

For this experiment, we set up a simple device where
images could be presented and hidden, just by rotating a
white bucket (internal bucket, ‘IB”) with 4 holes (8.5 cm of
diameter) in its walls, inside another white bucket (external
bucket, ‘EB’) containing black images and patterns on its
inner walls. A transparent plastic lid on IB allowed the illu-
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mination, observation and video-recording of the interior
of the set-up. Both buckets (HK-Plastics EC 10000) had a
capacity of 101(c.a. 23 cm height and 26 cm diameter).

Each replicate, using a naive individual, consisted of:
(a) the training stage, where a visual pattern (CS) was
displayed on top of a feeding membrane offering warmed
blood (US) at its centre, through a hole in the wall of the
EB; (b) the testing stage, where 2 distinct patterns (posi-
tioned at a distance of 17 cm, or 90° of arc from each other)
were revealed on the opposite side from the now con-
cealed training image and feeder.

Upon release, each individual generally landed on the
visual pattern for a few seconds, and from there — and
probably guided by the warmth of the feeder — moved
towards the centre of the image where they could blood
feed. After allowing the individual to feed for 25 s, its
feeding was interrupted by a gentle rotation of the IB.
This process was repeated 3 times for each individual. 4e.
aegypti females take about 284 + 40 s to take their blood
meal (Jones & Pilitt 1973), and they will still try to com-
plete their blood meal immediately if this is interrupted
before a critical amount of blood is consumed. We chose
three blood-feeding periods of 25 s because, after them,
the mosquitoes were clearly prone to resume their host
search at once. After training, the testing stage was intro-
duced by rotating the IB in a way such that the training
shape was hidden to the mosquito, which could now see,
approach and land on the testing shapes.

The images were made of a black adhesive tape stripe
(8 x 2.5 cm each), in one case placed vertically on the
bucket’s wall, and the other one horizontally. We antici-
pated that the mosquitoes could distinguish between
these patterns in our experimental device. The eyes of
adult Ae. aegypti have relatively poor resolution (= 12°,
Muir et al. 1992a), but this should be enough to distin-
guish the visual cues (given their size, proximity and sim-
plicity) we presented to them. As these mosquitoes are
attracted mostly to stationary objects of low reflectance
and solid colour (Muir et al. 1992a) we used only continu-
ous black images to provide a maximum contrast over the
white background, and because colour is not a stimulus
to which they respond (Muir et al. 1992b). The experiment
was blocked for the direction of the rotation of the bucket,
the position of the images in the training stage, and the
type of image used as US.

Analysis of the data - Video records of 41 replicates
(out of 60) were considered for the final analysis. The
other 19 were rejected, either because they were not clear
enough or because the mosquito spent most of its time
inactive or flying towards the light. Data records from the
videotape were (blindly) analysed for 1 min from the on-
set of the testing stage. We predicted that, in the exist-
ence of preference towards the image on which they had
fed before (CS+), the mosquitoes would approach that
image and/or land on it in preference to the control one
(CS-) in the following ways: (a) choosing it first after the
presentation of the 2 options in the test stage; (b) pre-
senting a shorter latency to choose it when they chose it
first; (¢) choosing it with a higher frequency; (d) once
landed, remaining a longer time on it.



An approach towards each image was scored if the
individual entered into an area drawn around each target
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in front of the monitor screen. Landing was recorded when
not only the individual touched the visual pattern, but
also stopped flying and perched in the visual pattern sur-
face. Several tests were employed depending upon the
nature of data (see Results for details).

RESULTS

Experiments using odours as conditioned stimuli

Vibration as US - After 20 replicates the trends ob-
tained for both sexes were an avoidance of the odour
associated with punishment (CS+), as predicted. In males
(Fig. 3) this trend was not significant (p = 0.23). However,
a significant trend (p = 0.02) was detected in females. As
we had a high probability of obtaining positive results
(learning in this species) by chance owing to the multi-
plicity of tests for the same hypothesis, we decided to
double our sample size to 40. At this point, the signifi-
cance was not maintained (p = 0.17) and we could not
reject the null hypothesis that the higher proportion of
mosquitoes in the ‘escape’ arm was obtained by chance.
These results are summarized in Fig. 3.
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No vibration Vibration

No vibration Vibration

Fig. 3: mean number of mosquitoes in the arm that released the
odour previously associated with vibration 1 min after the begin-
ning of the test stage, versus the number of mosquitoes in the arm
with the odour not associated with punishment. Females n = 40
replicates, males n = 20 replicates. Each replicate comprised 20
individuals.

Human breath as US - There was no preference for
breath as the CS (Fig. 4). In males, there was a slight ten-
dency to approach, as predicted, the ‘breath’ arm, but
this trend was not significant (p = 0.43). Contrary to our
expectations, females were more likely to choose the arm
releasing the odour not associated with human breath.

Blood feeding as US - The proportion of mosquitoes
that went to the citral stimulus did not differ between the
groups that had been exposed to citral when blood feed-
ing and those exposed to fresh air when blood feeding
(Fig. 5). Statistical testing has not been applied in this
experiment because all the control and all the treatment
mosquitoes were trained separately, but all the mosqui-
toes in each treatment were trained together; therefore
they were not independent.

No. of mosquitoes responding

04
No breath Breath

No breath

Breath

Fig. 4: mean number of mosquitoes in the arm that released the
odour previously associated with breath 1 min after the beginning
of the test stage as compared to the number of mosquitoes in the
arm with the odour not associated with this reward. Females n = 19
replicates, males n = 20 replicates. Each replicate comprised 20
individuals.
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%;
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Fig. 5: responses to citral versus fresh air between mosquitoes sub-
mitted to exposition to citral and those submitted to only fresh air
when blood feeding. Results are expressed as the mean number of
individuals that 1 min after the beginning of the test stage were in
each arm of the Y tube. N = 20 replicates for each treatment group
(only females employed). Each replicate comprised 20 individuals.

Electric shock as US - When citral (20 pl) and carvone
(20 pl) were employed as CS, a non-significant (p =0.09)
trend towards avoiding the odour associated with electri-
cal shock was obtained. This tendency was not main-
tained when citronella oil (2 pl) and eugenol (2 pl) were
used instead (Fig. 6).

Applying Bonferroni correction (Sokal & Rohlf 1995:
703) on the Y-tube data also does not allow the rejection
of the null hypothesis, as the critical alpha level is divided
by the number of tests (in this case n = 7), which give us
a0’ =0.007, a value smaller than the p-value (p =0.02) we
had initially obtained.

Experiments using a visual cue as conditioned stimuli
All mosquitoes included in the analysis (n = 41) per-
formed several approaches to both patterns (Table - ¢),
and only two of them approached only one of the pat-
terns. Most of the mosquitoes did not land on any of the
visual patterns during the first minute of the test stage
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Citral-carvone
(20 pi)

Citronella-eugenol
(2 1)

No. of mosquitoes responding

No shock

Shock No shock  Shock

Fig. 6: mean number of mosquitoes in the arm releasing the odour
previously associated with electric shock 1 min after the beginning
of the test stage, versus the number of mosquitoes in the arm with
the odour not associated with punishment. The odorants employed
are indicated above the results of each comparison. N = 20 repli-
cates for each treatment group (only females employed). Each
replicate comprised 20 individuals.

(Table - ¢). Among those that did land, 12 individuals did
it only on 1 of the patterns (7 on the CS+, and 5 on the
CS-), 1 did it on both patterns, and finally 1 mosquito
landed twice on the CS+ and once on the CS-.

Most mosquitoes approached and landed first on the
image where they had been previously blood-fed. Never-
theless, these trends were not significant (Table - a). How-
ever, they did not approach the CS+ more quickly (in fact,
the trend was in the opposite direction, Table - b).

The time taken to the first landing was less for the CS+
as expected, but again it was not significantly different
from the time taken to land on the CS-. Landing frequency
was higher for the CS+ (Table - d), but not significantly
different from that for the CS-.

Therefore, overall, these results do not provide us with
unequivocal evidence for the existence of a preference
for the visual pattern on which subjects were partially
blood-fed previously.
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DISCUSSION

There can be little doubt about the basic assumption
that mosquitoes have a neurological in-built equivalent
to that found in Drosophila, where learning and memory
skills had been extensively described (Waddell & Quinn
2001). Their phylogenetic proximity and the neuro-ana-
tomical descriptions of mosquitoes support this hypoth-
esis. Therefore, finding learning ability in mosquitoes
would not be surprising (McCall & Eaton 2001).

However the aim of our research was to find learning
abilities that could make adaptive sense to the problems
that a mosquito faces in nature, such as blood-feeding.
Certainly the odours we employed were not the ones that
this species would naturally use to locate hosts, but we
purposely chose odours that were detectable by our mos-
quitoes, but were not innately attractive, as would be the
case for e.g. CO,, acetone, lactic acid or 1-octen-3-ol
(Cardew 1996, Clements 1999). We did so because we pre-
dicted that, in order to detect an olfactory cue that could
be used to ‘qualify’ a sub-set of hosts during the life-
span of a mosquito, individuals could not rely on features
that are shared by all hosts or do not change between
mosquito generations. Instead, they should rely on very
particular odours (like those derived from the food in-
gested by the host) that would influence in an idiosyn-
cratic way the general odour profile of the host.

Visual patterns would also be expected to be useful
for allowing an individual mosquito to find a previous
host and resume an interrupted blood feeding. Experiments
in a flight simulator (Ernst & Heisenberg 1999) suggested
that Drosophila could be conditioned to discriminate
vertical and horizontal bars when a heat source (a beam of
infrared light) was used as punishment during condition-
ing. Making the assumption (quite basic, given the sim-
plicity of the choices and the data currently available for
this species, e.g. Muir et al. 1992a,b, Clements 1999) that
our experimental mosquitoes too can distinguish both
patterns, our results do not support the hypothesis that
they can use this information to return to a previous host.
In any case, if they are not able to rely on the presence of

TABLE

Parameters and statistics relative to the data obtained in the first minute of the test stage. ‘CS+’ refers to the image that had been
previously associated, for ‘conditioning’ purposes, with blood-feeding. ‘CS-’ refers to the image that had not been previously
associated to blood-feeding. When pertinent, descriptive statistics are shown as mean + standard deviation. One-tailed tests are
summarised below each pair data. When the direction of the results is the expected, one-tailed statistics are showed below the
descriptive data, otherwise only n.e.d. (non-expected direction) is shown

a First choice b Time until

(number of mosquitoes)

‘First choice’ (seconds)

¢ Occurrence d Duration (seconds)

CS+ CS- CS+ CS- CS+ CS- CS+ CS-
Landing 9 5 23.1+16.1 385+153 024+049 0.17+038 287+251 18.6+13.8
Binomial test Mann-Whitney U Wilcoxon S. Ranks Mann-Whitney U
p=0.21 1-tailed 1-tailed 1-tailed
p=0.06 p=10.20 p=0.34
Approach 22 19 11.8+6.5 9.1+ 7.2 8.1+4.5 85+5.7
Binomial test n.e.d. n.e.d.

p=0.38
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these very different patterns, we tentatively conclude that
Ae. aegypti individuals would also not be able to rely on
other, more subtle, visual differences in nature.

In the series of experiments described, we used a range
of unconditioned stimuli as ‘punishment’, from vibration,
which would be also found in natural conditions, to a
more severe stimulus — electric shock, routinely and suc-
cessfully employed in learning bioassays in Drosophila.
As rewards, we allowed our subjects to blood-feed or
detect human breath, both representatives of natural cues
to host presence. The recurrent failure to find unequivo-
cal and strong evidence of associative learning under
these settings leads us to cast serious doubts on the pos-
sibility that Ae. aegypti could take advantage of memory-
based behaviour under natural conditions. We still can-
not rule out the possibility that our negative results de-
rive from a failure to present the individuals with the right
context in which they could learn, or to present situations
where subjects would be under the proper physiological
or environmental conditions for making the relevant
choices based on their previous experiences. Addition-
ally, it is also possible that Type II statistical errors pre-
vented the detection of learning effects of small magni-
tude in individual tests (Cohen 1988). Although this pos-
sibility cannot be ruled out, it is weakened by the fre-
quent observation of results in the opposite direction as
that predicted by the learning hypothesis, coupled to the
recurrent failure to detect significant learning effects in
many and different experiments. Finally, there is the pos-
sibility that the behavioural repertoire of the mosquitoes
was not representative of that observed in nature, given
the long history of laboratory life (Wood 1977). Unfortu-
nately, by the time the present experiments were performed
we were prevented from using individuals collected from
nature due to the aggravation of dengue epidemics in
several countries.

However, if alternatively, our results do prove to re-
flect a lack of learning capacity in Ae. aegypti, we can
discuss why it would be so. It is interesting to note that
Mwandawiro et al. (2000) found that the Culex species
studied (Cx. tritaeniorhynchus, Cx. vishnui and Cx.
gelidus) had an overall tendency to return to the host
species upon which they had fed previously, but not 4e.
vexans. Are Aedes species therefore less able to learn?
Regarding Ae. aegypti there are reports of movements of
up to near 1 km (Reiter et al. 1995) but this species does
not typically fly further than a few hundred meters, and
most of its displacements are within few meters (Service
1997, Clements 1999). Resting and oviposition sites and
feeding sources are usually near their hosts (Clements
1999), and when these resources are not available, mos-
quitoes seem simply to disperse, as was found with ovi-
position behaviour (Reiter et al 1995, Edman et al. 1998).
Therefore, the presence of resources in a range of space
where an individual can easily detect and identify them
may not provide a strong selection pressure to develop
and/or maintain learning abilities.

We could also speculate that learning in de. aegypti
might not be relevant to assess the value of their resources
on a long term (inter-gonotrophic cycle) basis, as odours

associated with previous blood-feeds may not necessar-
ily provide a more reliable and economical source of infor-
mation about the host defensiveness than, for instance,
the immediate evaluation made in each approach and prob-
ing stage. But, at least, as a diurnal host seeker in which
the mortality risk associated with host defence is likely to
be quite high, we would expect an avoidance behaviour
toward individual hosts that show defensive behaviour
(Gibson & Torr 1999), and here some form of short-term
learning could play an important role. Our vibration or
electrical shock experiments do not suggest it, and they
are in agreement with the findings of Canyon et al. (1998)
in which defensive host behaviour did not necessarily
lead to a change of human host by individual blood-seek-
ing Ae. aegypti females.
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