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The Behaviour of Kissing Bugs

Claudio R. Lazzari

Abstract Many arthropod species have adopted the blood of vertebrates as their
main food. Blood is rich in nutrients and, except for the presence of parasites, oth-
erwise sterile. This food, however, is not freely available nor is its obtention devoid
of risk; it circulates inside vessels hidden underneath the skin of mobile hosts, which
are able to defend themselves and even predate the insects attempting to feed on
them. Thus, the haematophagous lifestyle is associated with major morphological,
physiological and behavioural adaptations that have accumulated throughout the
evolutionary history of the various lineages of blood-sucking arthropods, including
triatomines. These adaptations have, on the other hand, significant consequences for
the evolution of parasites, as well as for the epidemiology of vector-transmitted
diseases. This review article analyses various aspects of the behaviour of triatomine
bugs to illustrate how behavioural traits represent particular adaptations to their
close association with hosts, which may easily turn into predators. The aim is to
offer to the reader an up-to-date integrative view of the behaviour of Chagas disease
vectors from a personal perspective, with the hope of encouraging young and expe-
rienced colleagues to explore this fascinating aspect of triatomine biology.

Keywords Host search - Communication - Chronobiology - Pheromones -
Orientation - Sexual behaviour - Aggregation

1 Introduction

Kissing bugs, in particular Rhodnius prolixus, exhibit the double interest of being
considered as a classical model in insect physiology and also a vector of a major
health problem in the New World, that is, Chagas disease. Understanding the behav-
iour of kissing bugs, as well as its underlying physiological mechanisms, is crucial
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for better understanding their role as vectors of Trypanosoma cruzi and may be
adapting strategies for better controlling the transmission of Chagas disease.

Not far in the past, it was sometimes laborious persuading certain scientific and
non-scientific fora about the necessity of a deep biological knowledge for designing
and adapting efficient control campaigns. The reason was a fair point: the urgency
for stopping disease transmission masked the necessity of scrutinising fundamental
aspects. Control campaigns have been relatively successful and important progress
has been achieved in eradicating bugs from vast regions. Yet, some problems, such
as the development of resistance to control actions and resilient house reinfestation,
still require digging deeper in biological aspects; not in the search for a ‘silver bul-
let’, but for making control as effective as possible.

In recent years, much effort has been devoted to the study of triatomine behav-
iour. This interest is not only inspired by the need to control bugs but also because
these insects constitute an excellent model for the study of fundamental aspects of
haematophagy and general questions on insect physiology, which have been pon-
dered since the time of V.B. Wigglesworth. The present document presents an ana-
lytical review of our knowledge about triatomine behaviour and suggests possible
future research topics regarding particular aspects for which a better understanding
would be beneficial. Besides, the author is convinced that triatomines, and in par-
ticular Rhodnius prolixus, still constitute excellent model systems for unravelling
fundamental biological mechanisms. Recently, the genome of Rhodnius prolixus
has been sequenced (Mesquita et al. 2015), representing a major breakthrough in
our comprehension of the genetic bases of the adaptations of insects to haema-
tophagy and the interaction of blood-sucking insects with parasites and hosts. This
achievement opened multiple research lines on lesser understood biological aspects
and gave place to novel hypotheses, many of which wait for a functional validation.
The timing for this review seems appropriate to open novel research possibilities in
functional genetics of insect behaviour.

Most of our current knowledge on the behaviour of kissing bugs comes from the
exhaustive study of a group of species considered as major vectors of Chagas dis-
ease, in particular Rhodnius prolixus and Triatoma infestans, but also Panstrongylus
megistus, Triatoma brasiliensis, Triatoma dimidiata and few others. Yet, given the
diversity of species, habitats and hosts associations present in the group, we can
expect differences in the behavioural adaptations across triatomine species, in par-
ticular those inhabiting isolated ecotopes or challenging to rear in the laboratory. As
a consequence, the information presented here should not be taken as valid for every
species of the subfamily, but as representative of well-established strategies and
mechanisms, serving as a rational basis for the analysis of behavioural traits and
adaptations of other species to their specific way of life. An extensive revision of the
behaviour of triatomines has been published some years ago (Lazzari et al. 2013);
this chapter presents a more synthetic and updated view.
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2 Host Search and Feeding Behaviour

Triatomines are documented as nocturnal insects that during daylight hours remain
hidden and virtually immobile (i.e. akinesis) in dark places. During the first hours
after dusk, bugs awake and begin exploring the surroundings, looking for distinctive
cues revealing the presence of warm-blooded vertebrates. Host detection is achieved
via air currents carrying distinctive odours, water vapour and heat. For this, triato-
mines exhibit not only a high level of sensitivity, but also the capacity of integrating
multimodal information. Conversely, inhibitory mechanisms keep the insects away
from hosts when obtaining a blood meal that is not absolutely necessary (Guerenstein
and Lazzari 2009).

2.1 Orienting Cues

When insects are motivated to search for a resource, as a hungry bug leaving its
refuge to search for food, the sensory cues associated with that resource are not
necessarily apparent. Most insects do not sit and stay until something appears, nor
move randomly looking for signs. Instead, they orient themselves relative to air cur-
rents potentially transporting odours of interest. The way insects use air currents
varies according to the stability of their direction (Sabelis and Schippers 1984; Bau
and Cardé€ 2015). Even though inside a nest or house one cannot expect intense
winds, air always moves (e.g. convective currents). Upon detection of host-
associated cues, appetitive search and long-range orientation are triggered (Barrozo
et al. 2017). It should be noted that, when detected at a distance, olfactory cues do
not provide directional information by themselves, but they can trigger instead posi-
tive anemotaxis, that is, upwind displacement (Guerenstein and Guerin 2001;
Guerenstein and Lazzari 2009; Nufiez 1982; Taneja and Guerin 1995). When
detected at a close range, chemical cues can stimulate the insects to follow the con-
centration gradient and attract them. As in virtually every blood-sucking insect, car-
bon dioxide modifies the behaviour of triatomines (Barrozo and Lazzari 2004a;
Guerenstein and Hildebrand 2008). Triatomine responses to carbon dioxide are
modulated along the day by an endogenous circadian rhythm, making insects
responsive when feeding motivation is also higher during the first hours of the sco-
tophase (Barrozo et al. 2004a; Bodin et al. 2008; Lorenzo and Lazzari 1998). The
responsiveness of triatomines to carbon dioxide is also dependent upon their physi-
ological condition. Long starvation periods do not seem to strengthen the response
(Barrozo and Lazzari 2004a), but recent feeding switches the effect of carbon diox-
ide from attraction to repellence (Bodin et al. 2009b). Moulting and reproduction
(Bodin et al. 2009a, b) also affect the responses of bugs to carbon dioxide. In con-
trast to other haematophagous insects, carbon dioxide is not an essential component
for the attraction of triatomines, although air currents loaded with relatively low
quantities of carbon dioxide are able to evoke attraction by themselves (Barrozo and
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Lazzari 2004a). Some host odorants, such as nonanal, increase bug activity
(Guerenstein and Guerin 2001) and others that are found in human sweat (Cork and
Park 1996) such as isobutyric acid and 1-octen-3-ol induce their attraction (Barrozo
and Lazzari 2004b; Guerenstein and Guerin 2001). Finally, ammonia, which is pres-
ent in the sweat and urine of vertebrates, is able to evoke both activation and attrac-
tion in Triatoma infestans (Taneja and Guerin 1997), antennal responses to this
compound being higher with increasing starvation (Reisenman 2014).

In nature, kissing bugs are confronted with mixtures of odours rather than with
isolated volatiles. The components of such mixtures often interact in a synergistic
form. In the case of triatomines, the response threshold for pure carbon dioxide is
beyond 300 ppm above atmospheric concentration (Barrozo and Lazzari 2004a).
Interestingly, pure L-lactic acid and short-chain fatty acids that are present in human
sweat and on the skin (Bernier et al. 2000; Cork and Park 1996) are completely inef-
fective for triggering anemotaxis over a wide range of concentrations (Barrozo and
Lazzari 2004a, b). Nevertheless, when sub-threshold amounts of carbon dioxide are
combined with L-lactic acid and fatty acids in appropriate proportions, the attrac-
tiveness of the mixture becomes similar to that of a living host (Barrozo and Lazzari
2004b). Recently obtained experimental evidence supports the idea that microor-
ganisms associated with human skin produce volatiles that are attractive to Rhodnius
prolixus (Ortiz and Molina 2010; Tabares et al. 2018). These findings add a novel
dimension to the analysis of how Chagas disease vectors recognize and localize
their hosts.

Even though both vision and vibro-reception are well-developed triatomine
senses, so far there is no evidence suggesting a role in host orientation.
Mechanoreception is involved in long-range orientation, but not in relation with
hosts, but with the detection of air currents guiding upwind displacement. The most
important host-associated physical cue perceived by triatomine bugs is heat. Even if
the heat emitted by host bodies is widely used as an orienting cue for many blood-
sucking insects, its role remains relatively unknown for the vast majority (Lazzari
2009, 2019). In contrast, the thermal sense of triatomines has been the object of
detailed studies. The sensitivity of triatomines to heat is extremely high, such that
the insect can detect differences of thermal energy in the order of a few pWatt/cm?
(Lazzari and Nunez 1989b; Lorenzo et al. 1999a, b; Lazzari 2009). It has been cal-
culated that Triatoma infestans is capable of detecting the heat emitted by a human
face from a distance of approximately 2 m and by a mammal the size of a dog from
several meters (Lorenzo et al. 1999a, b).

Triatomines remain the only group of blood-sucking insects whose ability to
perceive host-emitted infrared radiation has been demonstrated (Lazzari and Nifiez
1989b; Schmitz et al. 2000). This ability has important implications for successful
host finding because infrared radiation propagation is not disrupted by air currents
(which do disrupt conductive and convective heat transfer) or by the relative posi-
tion of the insect with respect to the thermal source (which does influence convec-
tive heat transfer) (Lazzari 2009, 2019).

A remarkable characteristic of Triatoma infestans is the ability to detect the tem-
perature and distance of heat sources, independently of their sizes, and based on
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thermal information alone. This seems to be possible due to their capacity to per-
ceive radiant heat (Lazzari 2009; Lazzari and Nifiez 1989b). A hypothetical model
on how these bugs distinguish the temperature, size, and distance of objects based
on thermo-receptive inputs and active antennal movements has been proposed by
Lazzari (2009). It provides an explanation for the ability of triatomines to discrimi-
nate distant (or small) burning objects from closer (or large) tepid ones, even if the
amount of thermal energy reaching their antennae is of the same magnitude.

The extreme thermal sensitivity of triatomines, together with their ability to dis-
criminate the temperature of distant objects, raises the question about whether the
absolute temperature of a heat source and the difference between the temperature of
objects and their background are in fact used by these insects to recognize their
hosts. This question is related to another, more practical one: are triatomines able to
perceive objects at the temperature of a host when the ambient temperature is
higher? Experiments were performed for testing the response of bugs to an object
presented at different temperatures, in a chamber providing a background tempera-
ture that could also be modified (Fresquet and Lazzari 2011). Bugs responded by
trying to bite objects showing temperatures between 30 °C and 40 °C, but only if the
surrounding environment was colder than the objects themselves. Therefore, their
ability to measure the temperature of objects is only effective when a positive dif-
ference exists between object and air temperature.

It should be emphasized that, in a natural context, triatomines are not exposed to
single cues such as specific odours or heat, but to multiple cue combinations detected
by different sensory modalities (mechanical, chemical, thermal and hydric). In the
context of food search, multimodal convergence may increase the ability of bugs to
find a host. For instance, it has been shown that water vapour, which constitutes a
close-range orientation cue by itself, also increases bug responsiveness to heat
(Barrozo et al. 2003). This can be due to the convergence of different sensory inputs
into the insect brain or to a physical phenomenon (i.e. moist air transports more heat
than dry air) increasing sensory stimulation.

2.2 Orientation Mechanisms

Sensory information can be used in different ways for locating a resource. In some
cases, the source of stimuli is the resource itself, as the colour of a flower, but in
others, external cues become relevant. For instance, the sun, the moon and the polar-
ization pattern of the sky guide the displacements of ants, bees, beetles and other
insects. In a similar way, the wind plays a major role in the orientation of insects that
follow odour tracks. This is necessary because not all stimuli provide spatial infor-
mation in the same way, nor the sensory system is able to extract precise spatial
information from them. It is possible to locate a light spot in the night without dif-
ficulty, even with just one open eye, because light produces a discrete spatial pat-
tern, propagates radially, it is not altered by air currents and our eyes are capable of
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producing a detailed image, even monocularly. This is not the case, however, for all
potential stimuli, nor for all sensory systems (Lazzari 2009).

If we consider two main cues emitted by hosts, that is, odours (kairomones) and
heat, each modality presents its own particularities and requires specific mecha-
nisms in order for them to serve as orienting cues.

Odours disperse in the air and are transported by the wind and, as a consequence,
only provide spatial information in the close proximity of the source. Insects, in
general, and kissing bugs, in particular, use different mechanisms for olfactory ori-
entation, according to the situation. Those chemical stimuli relevant for locating and
recognizing elements in close proximity or physical contact usually act in high con-
centration and form stable concentration gradients, which can be followed by the
insect. For instance, this is the way chemical tastants on the host skin are recognized
before deciding to bite or not (Barrozo 2019). On the other hand, the detection of
volatiles emitted by a distant host does not provide enough spatial information. In
that case, upon detection of host-associated chemicals, bugs turn upwind, following
the direction of the air current transporting the odour.

Heat disperses radially as light, but there is no ‘thermal retina’ for its detection,
but specialized receptors located in the antennae (Zopf et al. 2014a, b). Then, from
the point of view of a kissing bug, the spatial information delivered by a warm
object is not as precise as that of a light source, but nor as imprecise as that of a
source of odours. As indicated above, triatomines use thermal cues for locating a
host and, once in contact with its skin, to locate the most adequate spot to be bitten
(see below). Interestingly, each task involves a different use of sensory information
or orientation mechanism (Wigglesworth and Gillett 1934, Flores and Lazzari
1996). The approach to a warm object can be performed using just one antenna and
the bugs can determine the direction and follow thermal gradients for approaching,
using a mechanism called ‘telotaxis’ (i.e. enough information is provided by only
one bilateral organ). Yet, when they extend their proboscis, bilateral inputs from
both antennae need to be integrated in order to reach the target precisely, that is,
‘tropotaxis’ (i.e. the contribution of both bilateral organs is necessary, Flores and
Lazzari 1996; Lazzari 2009,).

The consideration of these possible alternatives (i.e. orientation mechanisms) in
the use of sensory information is crucial in the design of experiments. For instance,
the use of olfactometers using air currents for transporting odours is a very usual
way for testing the response of insects to odours, kissing bugs included. Yet, this
type of device is conceived to evoke odour-triggered anemotaxis, but this is not the
only way a chemical compound may attract an individual, and a negative result does
not necessarily mean that the insect does not respond or does not detect the odour.
Triatomines do not respond to their arresting pheromone left on walked substrates
(Lorenzo Figueiras and Lazzari 1998b).
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2.3 Biting and Feeding

In addition to its role as an orienting signal during host search, heat is also used to
locate blood vessels hidden under the host skin (Ferreira et al. 2007). By analysing
the bugs feeding behaviour on live hosts, it has been shown that the insects do not
bite randomly; instead, they extend their proboscises mostly towards vessels. When
the host skin was replaced by a vessel-shaped heat source placed on a heated metal
plate, both with independently controlled temperature, a similar precisely directed
choice was observed for the warmest linear area. This suggests that heat disconti-
nuities over the skin surface area are used to guide the bite. Biting the warmest patch
of skin surface requires a bilateral integration of the thermal inputs provided by both
antennae. If this integration is experimentally altered by a unilateral or bilateral
antennectomy, bugs either miss the target (unilateral) or do not exhibit proboscis
extension responses at all (bilateral antennectomy). This suggests that, if present,
rostral thermoreceptors do not provide information for triggering or guiding biting
(Ferreira et al. 2007). Interestingly, heat is a key factor for host finding and biting,
but once a blood is contacted, heat becomes no longer relevant (Lazzari and Nufiez
1989a, b).

The decision to bite the host skin and ingest its blood is a complex process for
triatomines. Classical work revealed that food recognition in triatomines is based on
the analysis of specific food properties, such as osmolarity (Guerenstein and Nufiez
1994) and the presence of phagostimulant compounds (Friend and Smith 1977). For
a long time, this remained the only information available. Yet, recent work has shed
supplementary light on the process, revealing an elaborated feeding decision-
making system, depending on specific sensory pathways and cognitive processes
(Barrozo 2019).

Not all triatomines are obligate haematophagous insects. Entomophagy has been
frequently reported in different species of kissing bugs. This habit, which can also
be expressed towards conspecifics, involves either haemolymphagy or cleptoheam-
atophagy (i.e. stealing part of the vertebrate blood ingested by a conspecific). For
instance, these phenomena have been reported to occur in Triatoma infestans and in
Rhodnius prolixus (Schaub et al. 1989; Alves et al. 2011; Lazzari et al. 2018), even-
tually resulting in direct Trypanosoma cruzi transmission amongst Chagas disease
vectors (Schaub 1988). Interspecific entomophagy is also frequent (Garrouste 2009;
Pontes et al. 2011; Duran et al. 2016). Even though haemolymphagy and cleptohae-
matophagy can be considered two forms of cannibalism; there are different pro-
cesses. Cleptohaematophagy is usually intraspecific and the gathered food is similar
to that obtained from a vertebrate host, that is, blood. Haemolymphagy can occur
against conspecifics or heterospecifics and the food is not vertebrate blood. It can be
concluded then that the triatomine saliva is not only adapted to gathering blood from
vertebrates, but also insect haemolymph (Alves et al. 2011).

Intriguingly enough, recent reports describe Rhodnius prolixus consuming a
sugar solution (Diaz-Albiter et al. 2016) and water from a drop (Pdez-Rondén et al.
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2018) in the laboratory. These observations deserve to be further investigated, in
order to evaluate their biological implications for triatomines.

3 Sexual Behaviour

Mating is a major biological necessity and insects have developed complex mecha-
nisms for locating, attracting and choosing potential partners. Triatomines are not
an exception and, even though no elaborated courtships can be observed as in other
insects, mating relies on specific interactions between male and female individuals.
One of them is polyandry, which has been observed in females of different bug spe-
cies (Baldwin et al. 1971; Manrique and Lazzari 1994, 1995; Vitta and Lorenzo
2009; De Simone et al. 2018).

One aspect deserving major interest is the chemical attraction between sexes.
The study of sexual pheromones has been particularly challenging in triatomines,
with respect to their origin, biological significance and composition. Despite a con-
siderable amount of experimental work and published observations on the chemical
ecology of triatomines (Cruz-Lopez et al. 2001), it took time to understand how
sexual pheromones work in this group. The first evidence of their occurrence in
triatomines was obtained in Rhodnius prolixus (Baldwin et al. 1971) and much later
in Triatoma infestans (Manrique and Lazzari 1995). In these species, mating cou-
ples release volatiles that attract and gather males, who eventually mate with a sin-
gle female.

The origin of sexual volatiles has been a matter of controversy due to early
reports describing the detection of isobutyric acid, produced by Brindleys glands, in
the ‘headspace’ (i.e. air surrounding) of mating pairs (e.g. Fontan et al. 2002). It is
worth highlighting that this compound is usually released when adult triatomine
bugs are disturbed (Barrett et al. 1979). However, experiments occluding different
exocrine glands of males and females alternatively revealed that female metasternal
glands are the source of sexual signals, but not Brindleys glands (Crespo and
Manrique 2007; Pontes et al. 2008; Vitta et al. 2009). Chemical analysis subse-
quently confirmed that isobutyric acid is not present in metasternal glands (Manrique
et al. 2006) and does not make part of the sexual signal. Further evidence supports
that female metasternal glands odours are emitted preferentially during the scoto-
phase (Pontes et al. 2008), and that the pheromone is capable of inducing males to
leave their shelters (Pontes 2010), take flight (Zacharias et al. 2010), aggregate
(Pontes and Lorenzo 2012) and display odour-modulated anemotaxis in airstreams
associated with female odours (Vitta et al. 2009; Pontes et al. 2014; May-Concha
et al. 2013). The secretion of metasternal glands can be a complex mixture eventu-
ally including ketones, alcohols, dioxolanes and aldehydes (Manrique et al. 2006;
Pontes et al. 2008; Vitta et al. 2009; May-Concha et al. 2013). Chemical and behav-
ioural analyses allowed the recent development of a synthetic female-pheromone
blend, capable of attracting males of Rhodnius prolixus in the laboratory (Bohman
et al. 2018).
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Additionally, female cuticular hydrocarbons seem to play a role in mate recogni-
tion (Cocchiararo-Bastias et al. 2011).

Non-receptive females reject male copulatory attempts by displaying various
evasive behaviours including stridulation (Manrique and Lazzari 1994). Although
differences have been reported for the mating behaviour of various triatomine spe-
cies, stridulation by unreceptive females during male mating attempts seems to be a
frequent feature (Lazzari et al. 2006).

4 Aggregation and Alarm

Triatomine bugs are gregarious insects sharing shelters. Depending on the species,
this behaviour can be mediated by two chemical signals: a volatile aggregation
pheromone emitted by bug faeces and a cuticular contact factor deposited on sub-
strates. These signals act parallelly to the known tendency to maintain physical
contact with the substrate and conspecifics (thigmotaxis) and by visual cues (i.e.
darkness).

The faeces of triatomines are a source of aggregation pheromones that attract and
gather bugs in their proximity (Lorenzo Figueiras et al. 1994; Schofield and
Patterson 1977). It was originally suggested that the functionality of this signal
would be to indicate a suitable food source (Schofield and Patterson 1977). Further
studies revealed that faeces accumulate in the access path to refuges and play a
major role as chemical landmarks for finding shelters (Lorenzo and Lazzari 1996).
The pheromones emitted by bug excrement do not seem to have species-specific
effects as they are capable of assembling bugs of other species (Lorenzo Figueiras
and Lazzari 1998a; Pires et al. 2002a, b, ¢). They can be extracted using polar sol-
vents, and chemical analysis has revealed multiple compounds whose biological
role is not yet clear (Alzogaray et al. 2005; Cruz-Lopez et al. 2001; Mota et al. 2014).

As said above, bugs of some species deposit on substrates a non-volatile foot-
prints signal promoting aggregation. This signal can be extracted with non-polar
solvents and seems to be composed by a mixture of hydrocarbons of cuticular origin
(Lorenzo Figueiras et al. 2009) and insects require physical contact for its detection
(Lorenzo Figueiras and Lazzari 1998b). This pheromone, therefore, can be consid-
ered to be an arresting factor rather than an attractive one. It is worth noting that
R. prolixus and T. brasiliensis do not seem to use footprints to promote arrestment
(Lorenzo Figueiras and Lazzari 2002; Vitta et al. 2007), suggesting that mecha-
nisms promoting bug aggregation differ across species.

Bugs exhibit a tendency to avoid illuminated environments, that is, negative pho-
totaxis, which is mediated by the compound eyes and, in adult bugs, also by the
ocelli (Lazzari et al. 1998; Reisenman et al. 1998). This photophobic behaviour also
mediates shelter choice (Reisenman et al. 2000).

It is a frequent observation that mechanically disturbed adult triatomines release
a pungent odour, which origin is the secretion of their Brindleys glands. As indi-
cated above, the secretion is composed of isobutyric acid, together with a complex
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mixture of other volatiles (Cruz-Lopez et al. 2001; Guerenstein and Guerin 2004;
Manrique et al. 2006; Palottini and Manrique 2016) produced by these glands.
Triatomines respond by walking away from conspecifics releasing the Brindleys
glands secretion (Manrique et al. 2006); yet, some reports also indicate that bugs
approach to sources releasing low quantities of isobutyric acid (Ward 1981;
Guerenstein and Guerin 2001). This dual response has not facilitated the distinction
of the biological significance of this compound in triatomine biology. Its release by
physically disturbed bugs and its repulsive role on other individuals have allowed
considering the secretion of Brindleys glands as an alarm pheromone. It should be
noted that Brindleys and metasternal glands are only present in adults. Given that
the latter are involved in sexual communication, its exclusively imaginal character
can be easily understood. Nevertheless, the fact that nymphs could respond to, but
not produce alarm pheromones, remains to be interpreted in adaptive terms. As in
other insect species, the response of bugs to their own alarm pheromone is modu-
lated by the individual experience (Minoli et al. 2013).

5 Learning and Memory

In the past, insects were considered to be ‘reflex machines’ whose behaviour were
mostly ruled by stereotyped, innate responses to external stimuli (Giurfa 2004). At
present, their ability to adapt their behavioural responses as a function of their previ-
ous experience is widely recognized. Despite possessing tiny brains and much less
neurons than vertebrates, they have largely proven to be capable of complex forms
of learning, including the acquisition of rules and concepts (Giurfa 2003; Giurfa
et al. 2001). As a consequence, insects became major models in the study of learn-
ing and memory. Most studies in this area have focused only on a handful of spe-
cies, and particularly, on vinegar flies and honeybees. Provided that none of them
presents a haematophagous habit, the selective pressures that have modelled their
cognitive abilities are much different to those acting on blood-sucking arthropods.
Yet, the potential learning abilities of disease vector insects may have significant
epidemiological consequences, because they can induce heterogeneous biting pat-
terns within host populations (Kelly 2001; Kelly and Thompson 2000). Due to the
strong selection pressures to which blood-sucking insects are exposed, it is reason-
able to ask to what extent their cognitive abilities are developed and how could they
modulate vector behaviour. For instance, learning to recognize the most vulnerable
hosts through individual experience could influence host selection and, as a result,
affect parasite transmission patterns (McCall and Kelly 2002; Vinauger et al. 2016).

Many field and semi-field studies have evinced behavioural responses that might
indicate learning capabilities in disease vectors. Nevertheless, only a few controlled
studies have succeeded in demonstrating conclusive experimental evidence (Alonso
and Schuck-Paim 2006; Alonso et al. 2003).

Amongst Chagas disease vectors, early experiments failed to demonstrate learn-
ing capabilities (Abramson et al. 2005; Aldana et al. 2005, 2008). In most cases, the
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absence of positive results can be associated with issues that often plague this kind
of studies. Learning experiments need a rigorous control over experimental vari-
ables (insect motivational state, time of the day etc.), adequate neutral stimuli (i.e.
unquestionably perceived by the insect, but ineffective in evoking the evaluated
response) and finally, a deep knowledge of the experimental model. It should also
be noted that experimental psychology imposes a strict theoretical framework and
numerous control experiments in order to properly assess the learning capabilities
of an animal. In contrast to the study of honeybees and Drosophila, this has not
always been respected in studies dealing with disease vectors (Alonso and Schuck-
Paim 2006). In many cases ‘learning-compatible’ results are considered as evidence
of learning to occur, without adequately excluding other, more parsimonious,
explanations.

Triatomines are adequate models for the experimental study of the cognitive
capabilities of blood-sucking insects because: (1) they can be reared in the labora-
tory under controlled conditions and fed using artificial feeders; (2) they are haema-
tophagous during their whole life, thus facilitating experimentation with juveniles
and adults; (3) their size facilitates testing them in constrained conditions (i.e. fixa-
tion to a holding support or to a locomotion compensator); (4) they express a widely
exploited response in insect learning studies, the proboscis extension reflex or
PER. Last but not least, our knowledge about the behavioural biology and the sen-
sory ecology of triatomines is one of the deepest amongst disease vectors. This
knowledge allows investigating cognitive abilities in meaningful biological con-
texts, such as blood feeding, aggregation and escape.

One of the most generalized forms of learning is establishing novel associations
between pairs of stimuli by classical or Pavlovian conditioning. In its most basic
form of classical conditioning, a ‘neutral’ stimulus, known to be perceived by the
animal, but unable to trigger a given response (e.g. orientation) by itself, is paired
with another stimulus, the ‘unconditioned stimulus’, which innately evokes the
desired response. After presenting them together several times, the originally neu-
tral stimulus may acquire the capacity of evoking the same response, turning in
what is called a ‘conditioned stimulus’.

Classical conditioning protocols have been adapted for the appetitive and aver-
sive training of Rhodnius prolixus. Vinauger et al. (2011a, b) successfully condi-
tioned bugs to the same neutral odour, either making it act as an appetitive (i.e.
inducing attraction) or aversive (i.e. inducing avoidance) conditioned stimulus. In
that study bugs learnt to associate lactic acid, which is perceived but does not evoke
any oriented behavioural response by itself in bugs, with either a blood meal or with
mechanical disturbance. After being trained to reinforce a specific association, bugs
were confronted with an air current loaded with lactic acid to test whether their
innate behaviour changed. Not surprisingly, they manifested either significant
attraction or significant repulsion to lactic acid-associated air currents, depending
on their previous appetitive or aversive individual experience. This demonstrates not
only the ability of bugs to learn and to remember information, but also their ability
to use that knowledge in different contexts, for example, use in orientation tests in
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an olfactometer, what they have learnt when confronted to an artificial feeder
(Vinauger et al. 2011a, b).

The ability of triatomines to modify their responses to chemical stimuli as a
function of their individual experience has been proven to affect their host choices
(Vinauger et al. 2012).

The conditioning of the PER is another classical insect learning paradigm in
insects, which has been successfully applied with triatomines (Vinauger et al. 2013).
This well-characterized response used with bees, flies, butterflies and bumblebees
constitutes a simple bioassay for investigating different facets of insect learning and
memory. In the case of triatomines, the PER could be aversively conditioned in
Rhodnius prolixus and revealed that these bugs can remember novel associations for
at least 72 h (Vinauger et al. 2013). Furthermore, those experiments showed that
they are only able to learn during the night hours, that is, in the temporal context
when they display their daily activity (Vinauger and Lazzari 2015).

The successful application of different learning protocols in experiments with
Triatoma infestans and Rhodnius prolixus also provided relevant information about
how can the previous experience modify their responses to alarm and aggregation
pheromones (Minoli et al. 2013; Mengoni et al. 2016), which are genetically deter-
mined, but modifiable by experience. Learning protocols also allowed demonstrat-
ing that kissing bugs can generalize and discriminate between different bitter
compounds (Asparch et al. 2016), proving the utility of this approach for investigat-
ing basic sensory principles (Fig. 1).

6 Triatomine Chronobiology

A salient characteristic of the biology of triatomines is the marked temporal organi-
zation of their behaviour. It is known that selective pressures have acted to adjust the
biting activity of blood-sucking insects to the time of the day when hosts are less
active (reviewed by Barrozo et al. 2004b). However, the degree of synchronization
of the various behavioural and physiological processes that have been proven to
occur in triatomines is quite unusual. This temporal arrangement begins at a very
early stage in the life of these bugs. Even ‘once-in-a-lifetime’ events in their biology
are controlled by circadian clocks and not by the direct effect of the environment.
First-instar larvae hatch from eggs in the early morning when the environmental
relative humidity reaches a daily maximum. Nevertheless, this is not triggered by
environmental changes but by an endogenous circadian clock (Lazzari 1991a;
Schilman et al. 2009). The same temporal window is used for ecdysis across the
various instars. Again, a circadian clock has been proven to control this process
(Ampleford and Steel 1982). The temporal synchronization of egg hatching and
ecdysis has an evident adaptive value that is probably related to the deleterious
effect of low relative humidity on these processes. As indicated above, some triato-
mine species exhibit a marked xeropreference and this preference is not modified at
egg laying activity nor for moulting (Guarneri et al. 2002; Roca and Lazzari 1994).
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Fig.1 Schematic representation of factors modulating host search in triatomines and other blood-
sucking insects. The search for a host depends on external stimuli, helping the insect to find a
potential blood source, and internal factors modulating its motivational state. The balance between
inducing and inhibiting drivers will determine whether or not the insect will respond to the pres-
ence of a host, as well as the timing of these responses and the selection of the most appropriate
host to feed on

Thus, we can conclude that triatomines exhibit a temporal hygropreference rather
than a spatial one to adapt their needs at critical moments of their life. Instead of
moving to humid places to perform humidity-sensitive activities, they perform them
at a specific phase of the day that usually presents high humidity.

Even though triatomines are frequently described as nocturnal insects, their gen-
eral, spontaneous activity can be categorized as bimodal, provided that it splits into
two different temporal windows: one that encompasses the first hours after dusk and
a second during the first hour after dawn, each controlled by a different internal
oscillator (Lazzari 1992). These two peaks of activity comprise all the various activ-
ities displayed by these bugs, including the modulation of related sensory sensitivi-
ties. As a result, part of these processes take place during the first activity period, for
example, host search, feeding, departure from refuges, egg laying and dispersion by
flight, while others occur during the second activity peak as, for example, ecdysis,
egg hatching, refuge search and bug aggregation (Barrozo et al. 2004a, b;
Constantinou 1984) (Fig. 2).

The behavioural response to external stimuli is also rhythmically modulated as
evidenced by the fact that the sensitivity of the insects is higher at the time in which
a given cue or signal becomes biologically relevant. As an example, bug eyes
become more sensitive to light during the night thus enhancing the negative photo-
tactic response of bugs (Reisenman et al. 2002; Reisenman et al. 1998). The respon-
siveness to odours also varies in a very specific manner, as it is maximal to host
odours during the nocturnal activity peak, but during the early morning peak in the
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Fig. 2 Host and refuge search are two linked, but mutually excluding behaviours in triatomines.
When the animal has consumed its nutritional reserves, it should go out from its refuge to look for
a potential host. Once gorged, the bug looks for shelter. The figure synthesises the different steps
and stimuli associated with these two activities, in the form of a loop that makes bugs alternating
between food and shelter search

case of aggregation pheromones. These modulatory changes match the time of the
day in which each olfactory stimulus has biological relevance, maximizing response
efficiency (Barrozo et al. 2004a, b; Bodin et al. 2008).

A rhythmic change in the thermopreference of bugs has been described in several
triatomines species. It causes bugs to expose themselves to relatively higher tem-
peratures at the beginning of the night, before displaying the first activity peak. In
the early photophase at the end of the second peak, the bugs return to cooler places.
This rhythm is also controlled by an internal circadian clock (Lazzari 1991b; Minoli
and Lazzari 2003). It is suggested that this thermopreference rhythm is intended to
increase the body temperature of bugs and, in turn, their metabolic rate, just before
exhibiting their regular daily activity. Conversely, both body temperature and
metabolism would be reduced during resting periods.

In summary, many triatomine activities and processes are modulated in the form
of daily rhythms. Most of them express at the individual level (activity, oviposition
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Fig. 3 The daily organisation of a kissing bug’s life. Typically nocturnal, these insects distribute
their different activities in two temporal windows, one at dusk and another at dawn. Bug sensitivity
for stimuli such as odours and light is also modulated accordingly, in order to render them more
sensitive and more prone to learn about their environment during the night hours

etc.), while others take the form of population rhythms (egg hatching and ecdysis).
Interestingly, all daily rhythms have an endogenous basis and are controlled by
circadian clocks with the exception of the modulation of aggregation pheromone
sensitivity (Bodin et al. 2008) and the adaptation of ocelli to light (Lazzari et al.
2011). The precise temporal allocation of every sensitivity and action would be
significant enough to cause the development of dedicated, specific clocks by natural
selection. The fact that each activity has a particular temporal window is not just the
result of its association with one of the two activity periods but it is a result of the
temporal adjustment of that activity to a particularly adequate temporal context, for
example, host resting period. The study of the chronobiology of triatomines also
contributes to the understanding of the insect clock structure and the manner in
which it coordinates different physiological processes (Steel and Vafopoulou 2006;
Vafopoulou et al. 2007; Vafopoulou et al. 2010), revealing once more the value of
these bugs as model systems to analyse fundamental biological questions.

One important consequence for researchers dealing with this strong temporal
organization of triatomine physiology and behaviour is the conclusion that any pro-
cess of interest must be studied in its appropriate temporal context. If the proper
timing is not respected in studies of this nature, the results obtained may be biased,
therefore masking the significant patterns (Lazzari et al. 2004) (Fig. 3).

7 Behavioural Manipulation

Controlling disease vectors by exploiting their behaviour requires a deep knowledge
of their biology. Information such as the identity of relevant attractive cues, the
profile of preferred shelters and environments, as well as the estimation of their
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ability to escape from traps is potentially useful for the planning of sampling, detec-
tion and killing activities designed for controlling these insects. It is also critical that
the stimuli used to attract the insects, as well as their presentation context (i.e. envi-
ronment, timing), were biologically relevant and coherent to the insect, and not just
a combination of all potentially attractive stimuli (pheromones, host odours, light);
any association of stimuli must be significant for the insect. Here, ‘biological con-
text’” means a clear message (i.e. host, refuge, partner), an adequate spatial setting
(indoors, outdoors, ground, wall, roof) and timing that matches the proposed infor-
mation to the insect needs (e.g. time for host search or for refuge localization).

In addition to light-traps employed for trapping nocturnal insects, whose attrac-
tivity principle is not fully understood, trapping triatomines and other blood-sucking
insects is mostly based on the use of baits delivering host-associated cues. The most
efficient is, as expected, the use of live hosts which usually consist of a mouse or
baby chicken (Abad-Franch et al. 2000; Noireau et al. 1999, 2002). The use of live
hosts as bait can sometimes be impractical due to the difficulty of providing them
adequate care during extended field campaigns. Some alternative baits have been
proposed and have already passed both laboratory and field testing. The simplest is
using Baker’s yeast cultures (a simple mixture of yeast, sugar and water) producing
carbon dioxide and other volatiles that are attractive for kissing bugs (Guerenstein
et al. 1995; Lorenzo et al. 1998, 1999a, b; Pedrini et al. 2009; Pires et al. 2000). In
addition, a relatively simple combination of multimodal cues including heat, water
vapour, carbon dioxide and short-chain fatty acids has been reported (Ryelandt et al.
2011). Both types of baits described above deliver compounds recognized to be
attractive to many haematophagous arthropods and are useful for capturing not only
blood-sucking bugs, but also mosquitoes and ticks (Ryelandtetal. 2011; Smallegange
et al. 2005).

Artificial refuges operate in a different manner than baited traps. Rather than
attracting the bugs, they provide convenient resting places. Due to the physical
structure that induces bugs to enter and remain inside, they can even be used without
chemical baits. Eventually, the bugs will produce ‘their own bait’ when their excre-
ment, containing aggregation pheromones, starts to accumulate, attracting other
bugs searching for shelters. Cardboard boxes simulating refuges have been used as
part of the intra-domiciliary surveillance of Chagas disease vectors in endemic areas
of Latin America (Gémez-Niifiez 1965; Wisnivesky-Colli et al. 1987). Other refuge-
like devices, composed of simple, resistant materials, have also proven to be effec-
tive for outdoor bug detection (Vazquez-Prokopec et al. 2002). An attractive
perspective for the use of shelter-like devices is the incorporation of chemical lures
into artificial refuges, as tested by Mota et al. (2014) and Forlani et al. (2015). Some
devices combine attractive baits with killing or trapping tools (Pedrini et al. 2009;
Rojas de Arias et al. 2012).
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8 Perspectives and Research Needs

Our present knowledge allows identifying relevant aspects of the triatomine biology
needing additional research efforts. Moreover, further investigation could provide
important insight into the fundamental aspects of haematophagy and help in the
development of novel control tools. The availability of the genome sequence of
Rhodnius prolixus is an extraordinary opportunity to dig deeper into the genetic and
molecular bases of haematophagous behaviour, confirming once more this species
as one of the most useful and fascinating models available in insect science. I will
mention here only three aspects that, in the opinion of the author, need to be
prioritized.

Dispersion Dispersion is a key element for the spread of Chagas disease and for the
reinfestation of treated houses (Abrahan et al. 2011). Several relevant questions
remain to be answered, in particular, concerning the sensory ecology of long-
distance displacements (e.g. the use of terrestrial and celestial navigation cues, ori-
entation mechanisms).

Behavioural Impacts of Infection 1t is well known that many parasites modify the
physiology and behaviour of vertebrate hosts and insect vectors to their own advan-
tage (Lehane 2005; Schaub 2006). The behaviour of parasitized bugs is a major
issue for which very restricted data are available. Trypanosoma cruzi infections
seem to have physiological consequences for the insects (Vallejo et al. 2009; Fellet
et al. 2014; Elliot et al. 2015), and it is highly probable that their behaviour is also
affected. It has been shown that some key behaviours, like feeding and activity, dif-
fer between infected and non-infected bugs (Botto-Mahan et al. 2006; Marliere
et al. 2015), yet the impact of infection on other behavioural traits needs to be fur-
ther investigated, along with the underlying mechanisms (Takano-Lee and
Edman 2002).

Behavioural Manipulation Synthetic pheromones could be used to interfere with
bug communication in the sexual, alarm and aggregation contexts. Even though
these alternatives appear as promissory options and despite the steadily advancing
knowledge on this field, the use of synthetic pheromones for triatomine behavioural
manipulation still requires further research efforts to be useful at an operational level.
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