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Highlights

* The heat released by warm-blooded vertebrates is a major cue for host location.

* Molecular receptors react to temperature; behaviour to exchange of thermal energy.
* Different physical mechanisms are exploited by different blood-sucking species.

* The information provided by thermal perception about a host varies across species

* Heat can modulate other modalities or act as a self-sufficient orienting cue.

Abstract

Blood-sucking arthropods exploit multimodal information for locating and recognising
potential hosts. The heat emitted by the body of endothermic vertebrates constitutes a major
cue for orientation. To exploit it in a reliable way, insects must be able to deal with two variants
of thermal information, i.e. heat exchange and temperature fluctuations. Evaluating whether
or not an object qualifies as a host by its temperature requires solving thermodynamic
ambiguities in a context where temperature increase at the receptor level is just one, yet
insufficient, piece of information. To be exploitable, this piece of information needs to be
integrated with other variables. Here, I discuss the physical constraints associated to thermal
orientation, as well as the way different blood-sucking insects acquire and make use of heat to

recognise a host.

Key-words: heat, thermoreception, thermal orientation, disease vectors, haemaophagous.
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Introduction

Thermoreception is a key sense in insects. It is involved in environmental preferences,
avoidance of deleterious conditions and, in haematophagous organisms, in the location and
recognition of potential hosts [1,2]. Thermal sensitivity is provided by molecular receptors
located in the membrane of specialised cells located across the insect body, in particular on the
antennae [3], and also in the insect brain [4]. Temperature is represented by a spatial map of
activity in the insect brain [5,6]

At the sensory level, thermoreception is mediated by the temperature-dependent
activation of specific molecular receptors, the specific type varying across species. In
mosquitoes, TRPA1 is the main receptor involved [3,7], whereas in kissing-bugs TRPV is
involved in different behavioural responses triggered by heat, including proboscis extension
(PER), thermopreference and aversive learning mediated by heat shocks [8].

Blood-sucking insects detect and approach objects whose temperature roughly
corresponds to that of a warm-blooded vertebrate. Yet, measuring the temperature of distant
objects is not straightforward, and thermoreceptors can only absorb a part of the thermal energy
released by these objects. The problem is that the local heating of thermoreceptors is not
sufficient to estimate the temperature of a distant object and evaluate whether or not it qualifies
as a potential host. Indeed, at the receptor level, identical stimulation can be produced by small
(or distant) hot objects or by large (or closer) tepid ones [9]. From a thermodynamics point of
view, size, distance and temperature are linked and all three will determine the amount of
thermal energy reaching the insect, which would be absorbed to ultimately modify the
temperature of molecular receptors and activate them.

Recently, significant effort has been invested on two aspects: the identification of the
molecular bases of thermoreception [3,7] and on the way thermal information is combined with
other cues [10-12]. I will review below some principles on how haematophagous acquire
thermal information, as well as the way thermal information can be used for locating potential

hosts, trying to identify relevant gaps in our knowledge.

Why physics matters

Even though the difference between heat and temperature is elementary physics, the

way these concepts are linked and complement each other in biological interactions is not

necessarily straightforward, in particular concerning thermal orientation.



Lazzari, C.R. -4 -

The temperature difference between the body of a warm-blooded animal and the
surrounding environment makes the former lose thermal energy (heat) via different physical
mechanisms [9]. This energy can be absorbed by other objects, colder than the animal; in
particular those at ambient temperature. The absorption of this thermal energy by an object,
even those without physical contact with the source, can make it to increase its temperature,
provided that its mass and material constitution allow it. If the heat-absorbing object is a small
poikilotherm organisms or a part of it (e.g., antennae, sensilla or thermoreceptive cell), this
increase in temperature can activate specialised molecular receptors and generate a nervous
signal.

According to thermodynamics, heat exchange between two bodies at different
temperature occurs by three different mechanisms, conduction between two elements in contact
(e.g., the host body and the surrounding air), convection between an object and a moving fluid
(e.g. air current) and radiation of mid- and far-infrared electromagnetic waves [9]. In the
context of host-insect interaction all three occur simultaneously and they are potentially
exploitable by any haematophagous. Yet, being ruled by different underlying physical
principles, the relative contribution of each mechanism to total heat exchange varies and the
capacity to exploit one or another will also diverge according to the biology and sensory
capacities of a given haematophagous species.

Conduction, convection and radiation additionally differ in the way heat dissipation is
spatially distributed [9]. Conduction induces air temperature gradients at the proximity of the
source. Convection produces ascending currents of warm air able to carry odours and water
vapour, in addition to produce directional mechanical stimulation. Heat radiation spreads in
all directions.

From the perspective of an insect, each mechanism has its advantages and weaknesses.
Temperature gradients created by heat conduction can guide the insects at proximity and the
increase in air temperature during its approach makes possible estimating the distance between
the insect and the object [2]. Nevertheless, temperature gradients are only stable in still air,
given that air turbulences may erase them. Convective currents provide directional information
and multimodal stimulation (i.e., thermal, mechanical and chemical), but they are only
exploitable during approaches from above (e.g. flying over potential hosts) or upwind. Heat
radiation allows detection from any relative position between the source and the organism, it
is not affected by air turbulence and the organism and the decrease in of thermal energy with

distance can provide spatial information (direction and distance) [2]. The decrease in thermal
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energy with distance is relatively more important than in a stable temperature gradient
established by conduction through the air [9,13].

For long time, only convection currents and heat conduction have been considered as
exploitable by blood-sucking insects, since experimental evidence supporting the perception
of infrared radiation had remained elusive [14,15]. But while the relevance of physical
mechanisms involved in the thermal orientation of blood-sucking insect has received some
attention in the past [1,16,17], it is scarcely considered in recent literature. Still, in order to
understand what a blood-sucking insect can learn from thermal information, and how thermal
information can be exploited for finding a host, it is crucial to consider these differences along
with the sensory capacities and the biological characteristics of a given species (for example
whether it approaches the host flying or walking).

Mosquitoes usually encounter ascending convection currents when they flight over
potential hosts. The sensitivity of these insects to radiant heat is low [16,18,19], and it could
probably add little to the multimodal information provided by convective currents. Thus,
mosquitoes flying over a host perceive ascending air currents that are warm, humid and charged
with host odours. Provided the directional nature of convection currents, the ability of a
mosquito to detect a heat source is not the same according to the direction it approaches the
host, i.e. from above or from a below, downwind or upwind [16].

Kissing bugs differ from mosquitoes in the sense that they are hemimetabolous insects,
who are obligatory haematophagous during their whole life, including nymphs unable to fly.
Even though they can approach hosts from above by walking on the ceiling and letting falling
themselves down over a sleeping person, this is not always the situation. Indeed, they can
detect potential hosts from any possible direction and approach them by walking. It is therefore
not surprising that they are among the few animals able to perceive radiant heat and to locate
a heat source in the absence of heat conduction and convection [14,15]. For this task, they
exhibit one of the highest thermal sensitivities known in animals, despite lacking specialised
infrared-sensitive sensory organs, as is the case of snakes or Melanophila beetles [2,20].

Heat conduction, convection and radiation also differ in the way they are affected by
the water vapour content of the air. It has been shown in kissing bugs, that the presence of
water vapor improves thermal orientation. They react more intensely to humid heat sources
than to dry ones, as well as to humid air currents than to dry air currents, in both cases, at the
same temperature [21]. The association of both cues, thermal and hydric, can be due to the
fact that humid air has a higher calorific capacity than dry air and, as a consequence, it can

absorb and transport more heat than dry air. Additionally, in many cases hydric and thermal
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reception are associated to the same sensillum and the response to each modality is affected by
the other [2,22]. Finally, bimodal integration can also occur at the central level [23]. It is
probable that all three mechanisms were involved. In any case, one can speculate that the

ability to use thermal information can be affected by the weather [24].

The use of thermal information

Classical experiments conducted on different haematophagous models demonstrated
that heat alone, can not only activate and evoke orientation [25], but is also, in some cases, the
only cue, both necessary and sufficient to trigger biting [1,2,26].

Some studies conducted on mosquitoes suggest that heat would not be effective by itself
as a unimodal cue but modulating the response of these insects to chemical or visual cues (i.e.
multimodal integration) [10-12,27]. The most usual interpretation of this being that heat would
only act as a short-range cue, guiding the final approach. Yet, other studies on the orientation
of mosquitoes to thermal sources under controlled experimental conditions have showed that
this is not always the case [16,19].

The sensory ecology of thermal orientation in haematophagous, i.e. how thermal
information is acquired and used to locate thermal sources still remains being investigated in
most species. For instance, the evaluation of sensitivity thresholds for detecting thermal stimuli
are very rare, albeit crucial information for estimating the distance at which the heat emitted
by a host can be perceived by an insect. Interestingly, the calculation of the amount of thermal
energy needed to increase the temperature of receptors of the size of small organisms or
sensilla, suggest that thermoreceptors work far from physical limits imposed by random
thermal fluctuations in the environment [28,29]. Evaluating the response of kissing-bugs to
small heat sources, it has been estimated that, a body at the temperature and size of a host
should generate enough thermal energy to reach and stimulate (i.e. increase their temperature)
of thermal receptors of insects located several meters away [2]. So, for blood-sucking
organisms heat can be more than close-range approaching cue, but a mid-range orienting one.

Thermal reception basically provides information about the presence of objects warmer
than the environment. Recognising whether or not they qualify as potential hosts, as well as
their precise location is not straightforward. As indicated above, the amount of heat reaching
the sensory receptors depends on three variables, temperature, distance and size of a thermal
source. As consequence, temperature cannot be derived without estimating the other two
[2,9,13]. Some insects, such as Aedes aegypti mosquitoes, seem to only react to temperature

differences; they would simply look for objects warmer than the background, as it can be
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deduced from Figure 2 in [7]. Others, such as the kissing bugs Rhodnius prolixus and Triatoma
infestans only react to objects which temperature lies close to a host, notwithstanding their
distance and size [2,14]. So, they are able to estimate the temperature of an object, but only
over a background at lower temperature, i.e. heat must flow from the object to the insect
[14,30]. We can then conclude that the way mosquitoes and kissing bugs use thermal
information for locating a potential host is not the same. This difference seems to be in line,
however, with the biological characteristics of each species (Figure 1). For other insects,
including other mosquito species, the characterisation of their thermal perception remains to

be investigated.

Conclusions and perspective

Thermoreception has been a relative neglected aspect of vector biology, research efforts
being largely biased towards the analysis of chemoreception. The reasons for this bias are
probably related to the important role that odours play for most insects, encouraged by the need
for finding novel control tools, in particular, for manipulating vector behaviour. So, much
more work has been done on olfaction than in any other sensory system. Recently, however,
a novel interest for the thermal sense rose and some areas, such as the molecular bases of
thermosensation, are rapidly progressing.

Behavioural work is still needed to unravel how vectors use thermal information, a
knowledge potentially useful for trapping them [31]. Yet, for experiments to be comparable,
two important aspects need to be considered. The first one is the physics behind the stimuli;
for instance, testing not only the response to sources at different temperatures, but also placed
at different distances and of different size. The material of the source is also a relevant
information, since heat radiation varies according to it. The second one, is the geometry of the
experimental situation. As indicated above, the ability to detect a thermal source is not the
same from above, below or at the same level than the warm object and this can bias the results

of a study.
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Fig. 1. Comparison between the use of thermal cues by mosquitoes and kissing bugs.
Mosquitoes approach hosts flying and exploit convection currents, which provide multimodal
stimulation (thermal, mechanical and chemical). Kissing bugs approach the host from any
direction by walking and they are among the few animals having developed the ability of
perceiving radiant heat. Both insects orientate towards heat sources at a temperature that
roughly corresponds to that of a warm-blooded animal. Mosquitoes seem to mainly react to
the difference in the temperature between the object and the background, shifting their
preference according to the temperature of the background [7]. They can distinguish between
a distant object which temperature is close to that of a host from another too hot to be an living
host [19]. Kissing-bugs express a preference for the same temperature interval around that of
an endothermal host, over a wide range of background temperatures, provided that the
temperature of the object remains higher than that of the background [30]. Itis largely assumed
that “conduction” is a mechanism for heat exchange in blood-sucking insects, but its
contribution is difficult to assess experimentally, given the difficulties for excluding the other

mechanisms.





