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Introduction

A number of the major mosquito vectors of disease, including
the various anopheline species that transmit malaria and Aedes
aegypti that transmits dengue and other arboviruses, do not
naturally carry the common insect endosymbiont Wolbachia
pipientis. Recently, A. aegypi was artificially transinfected in the
laboratory with a virulent, life-shortening strain of Wolbachia,
wMelPop, that is native to Drosophila melanogaster [1]. In D.
melanogaster the infection is thought to shorten the insect’s lifespan
by over-replicating and causing rupture of host cells [2]. 4. aegypti
were transinfected with this Wolbachia strain with the aim of
developing a novel biocontrol strategy based on reducing mosquito
lifespan in the field. Such a shift in mosquito population age
structure could theoretically reduce or even eliminate dengue virus
transmission given that only old mosquitoes transmit dengue [3,4].

The wMelPop infection demonstrated a range of effects on its
non-natural host including the predicted and sought after
phenotypes of cytoplasmic incompatibility and life-shortening
[1]. The former phenotype is common to most insect-Wolbachia
associations and is predicted to serve as a driving mechanism for
spread of Wolbachia infections in the field [5]. The latter is a trait
that appears to be uniquely associated with the wMelPop strain
[2]. The wMelPop-infected mosquitoes also exhibit increased
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daytime locomotor activity and metabolic rates [6]. These two
Wolbachia-associated effects suggest physiological differences be-
tween infected and uninfected insects that could affect complex
behaviour like mate seeking and foraging. In blood-feeding insects,
performance in these complex behaviours can dramatically affect
the fitness of individual mosquitoes and the frequency of disease
transmission [7,8]. Wolbachia-associated changes in insect activity
have also been previously reported for both a Drosophila parasitoid
[9] and two Drosophila species [10].

Infection-induced increases in hunger and foraging rates have
been demonstrated for other insect systems including microspo-
ridia infected honeybees [11] and parasitoid infected aphids [12].
Increased hunger is one possible explanation for the activity of
Waolbachia-infected A. aegypi, as a sugar water source was present in
the chambers where mosquito activity was measured [6]. Wolbachia
could either be causing increased hunger indirectly, by forcing the
host to expend energy by mounting an immune response [13] or
directly, by accessing host resources for its own nutrition [11]. To
date there is no documented evidence of Wholbachia inducing an
immune response in insect hosts [14], although the effects of
wMelPop infection have been less well explored. Sequencing of the
Wolbachia genome, however, has revealed clear points where
Wolbachia must rely on hosts due to missing or incomplete
biochemical pathways, particularly with respect to amino acid
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attempted bite. Mosquitoes in both cages were monitored for
15 minutes before the volunteer shook their arms and withdrew
both arms from the cages. Mosquito abdomens were examined for
presence of a blood meal and the proportion of the population that
imbibed a blood meal was recorded. This experiment was
replicated with six volunteers (3 female, 3 male) x4 replicate
trials for each of the three adult mosquito age classes.

Individual trials

A single mosquito from each line was separately aspirated into a
pre-weighed 1.5 ml microcentrifuge tube and weighed on an
analytical balance. Each mosquito was then released simulta-
neously into the adjacent 645 mm?® cages. Alternation of cage
position, mosquito settlement time and trial length were as per
population trials. The volunteer inserted their arms into the cage
and the times at which mosquito’s made their first attempted bite
(host-seeking time) and the length of each attempted bite were
recorded by the volunteer into a voice recorder. After the trial,
mosquitoes were transferred back into the tubes they were
originally weighed in and the tubes were re-weighed. The weight
of the blood-meal imbibed by each mosquito was then calculated.
The volunteer (male) hosted four groups of 10 mosquitoes from
each of the three age classes.

Statistical analysis

All analysis was conducted using STATISTICA v8 (StatSoft,
Inc). The variables, host-seeking time, length of attempted bites
and blood-meal weight were normally distributed. The number of
attempted bites was square root transformed to achieve normality.
The role of infection and age on these variables was examined
using general linear mixed models. The role of human volunteer
was not examined as there were only 6 replicate individuals and
they were internally controlled. When infection status was
significant, t-tests were then used to further identify specific
differences between infected and uninfected lines within each of
the three age classes. The proportion of mosquitoes obtaining a
blood meal did not respond to transformation and so non-
parametric Mann Whitney U-tests tests were employed instead of
linear models to examine differences between infected and
uninfected mosquitoes for all three ages.

Results

Host seeking

If the Wholbachia-infected mosquitoes were hungrier than
uninfected counterparts they might be expected to exhibit a more
rapid response to the human forearm. Over the short distance in
the laboratory cage environment, infected mosquitoes did not
differ (£=0.10, df =1, P=0.77) in the time it took them to land on
the human volunteer and initiate an “‘attempted bite” (Fig. 1). Age
of the mosquitoes was also not a significant determinant of length
of time to first “attempted bite” (F=0.99, df =2, P=0.43). These
data suggest that wMelPop does not alter mosquito capacity to
sense and respond to human hosts in the laboratory-based assay.

“Attempted biting”

The number of “attempted bites” made by infected mosquitoes
was also examined as a possible indicator of hunger. As per our
methods, an attempted bite encompassed both probing and
attempted probing in a particular region on the arm. Given the
cage sizes and numbers of mosquitoes involved we could not
visually differentiate between a probing event that broke the skin
and one that did not. Infection status (F=13.37, df=1, P=0.014),
age of mosquitoes (F=5.72, df =2, P=0.021), and the interaction
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Figure 1. Time until first attempted bite. Bars represent means
*sem from individual trials. No significant differences were observed
between infected and uninfected mosquitoes for any of the ages.
N=31-33 per treatment.

doi:10.1371/journal.pntd.0000516.g001

between age and infection status (F=5.76, df =2, P=0.021) were
significant determinants in the number of attempted bites made.
In particular, Wholbachia-infected mosquitoes at 26 (t=2 3.70,
df=238, P, 0.001) and 35 days of age (¢=25.35, df=235,
P, 0.001) attempted to bite more than their uninfected counter-
parts (Fig. 2). This was not the case for five-day-old mosquitoes
(t=21.12, df =236, P=0.26). The significant interaction between
infection status and age as reported above is seen in the increase in
biting attempts by infected mosquitoes in the older age classes
(Fig. 2). For example, if we directly compare infected 26-day-old
versus 35-day-old mosquitoes we see an increase (/=2 2.70,
df =235, P=0.0073) in the mean number of attempted bites while
this is not the case for uninfected mosquitoes (¢=1.72, df =238,
P=0.085). Lastly, we also measured the length of time each
mosquito spent on an attempted bite (data not shown), which was
not influenced by infection status (F=0.75, df =1, P=0.45) or age
(F=1.68, df=2, P=0.26) of the mosquitoes. These data suggest
that as Wolbachia-infected mosquitoes age they are exhibiting a
greater number of attempted bites than uninfected mosquitoes, but
are not spending more time on any one attempt.

Blood meal acquisition

Blood-meal weight (Fig. 3) was examined as a measure of
feeding success in the infected mosquitoes. Linear models revealed
that blood-meal weight could be partially explained by the
infection status (F=87.07, df=1, P, 0.001) and age of mosquito
(F=16.87, df=2, P, 0.001). There was also a significant
interaction between age and infection status (F=5.59, df=2,
P=0.004). The blood-meal weight of wMelPop-infected mosqui-
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Figure 2. Number of attempted bites. Bars represent means*sem
from population trials. *P, 0.05, **P, 0.001 by t-test. N=117-120 per
treatment.

doi:10.1371/journal.pntd.0000516.9g002
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hunger between infected and uninfected mosquitoes. Feeding
increases in response to parasites have been documented
previously. In many of these cases, where the parasite is
transmitted via the blood meal, increased feeding tends to be
explained as a parasite manipulation of the host for improving its
own transmission [23,24,25]. As Wolbachia is maternally inherited
its transmission is not confounded with blood feeding. Models like
that of microsporidia in honey bees [11] and parasitoids of aphids
[12] are more appropriate for comparison and do show evidence
of direct effects of parasites on host hunger. The heightened
daytime activity of wMelPop infected A. aegypti, revealed by
videography [6], could have been explained by more frequent trips
of the mosquito to the sugar water source present in the recording
arena. Further studies in our laboratory also indicate that infected
individuals on average take smaller sugar-water meals than
uninfected mosquitoes (unpublished data). Without an equal
ability to obtain similar sized meals or equal probability of success
with respect to feeding, basal “hunger’ of infected and uninfected
mosquitoes could not easily be compared.

The reduced blood-feeding success and evidence of the “bendy
proboscis” defect in wMelPop-infected mosquitoes, point toward a
model of infection induced virulence. Disruption of host activities
or damage at the level of the tissue or cell could lead to
consequences for host physiological function and hence complex
behaviours like feeding. In particular, host neuropeptides that
regulate feeding behaviour are an appealing target for mechanistic
exploration [26]. The pattern seen here of worsening effect with
increasing age parallels the predicted virulence in the wMelPop:D.
melanogaster association, where as bacterial densities rise, host cells
lyse in association with host mortality. Indeed there are few
published studies examining wMelPop properties such as growth
kinetics and induced damage at the level of individual tissues. Even
in D. melanogaster, 20 years after its initial report [2], the virulence
properties of wMelPop and the nature of the host response may
have evolved [19]. With wMelPop now stably infecting D.
melanogaster [2], D. simulans [19], and 4. aegypti [1] and present in
the somatic tissue of Anopheles gambiae [27], these associations are
ripe for comparative study at the tissue level. The suite of effects
identified here in 4. aegypti render the nervous tissue, musculature,
proboscis and digestive tract of particular interest.
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This work highlights the growing diversity of Wolbachia-induced
host somatic phenotypes, and offers the first report of effects for a
blood-feeding insect. The nature of the behavioural changes
suggests they are the result of infection-induced virulence. A
determination of the physiological basis of the virulence effects
requires further examination at the cellular or tissue level. The
changes in feeding behaviour documented here may further
improve wMelPop’s ability to limit transmission of human
pathogens in association with the traits of life-shortening [1] and
the more recently documented dengue viral protection (Moreira,
unpublished.) in A. aegypti. By limiting the blood-feeding success of
old mosquitoes we could further reduce the period where the
mosquito could function as a disease vector. As the blood-feeding
effect is present only in older mosquitoes the reproductive capacity
of young mosquitoes should theoretically be preserved. The
balance of the onset of feeding difficulties versus the primary
window of mosquito reproductive output will in part determine the
virulence of the wMelPop on the host and possibly affect its long-
term stability in an evolving population.

Supporting Information

Video S1 Bending proboscis movie. Video file of mosquito with
bending proboscis, infected with wMelPop, aged 35 days.
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