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Abstract

Phlebotomine sand flies are vectors of multiple human pathogens but are well known for enabling
transmission of Leishmania parasites which cause leishmaniasis; the visceral form constituting a serious
public health disease and a second parasitic killer in the world after malaria. Sensory ecology shapes sand
fly behavior including host seeking for a blood meal, nectar foraging, oviposition and reproduction which
directly impact on disease transmission. As such, knowledge of sand fly sensory ecology including
olfactory and physical (visual, tactile, thermal and acoustic) cues is essential to enable their exploitation in
the development of novel tools for sand fly surveillance and control. A previous review discussed the
chemical ecology of sand flies with a focus on plant feeding (nectar foraging) behavior. Here, we contribute
to the existing literature by providing an analysis of the feasibility of using knowledge gained from studies
on sand fly sensory ecology for control of the vector.
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Introduction

Phlebotomine sand flies are vectors of various species of parasitic protozoa of the genus Leishmania that
cause leishmaniasis— a group of neglected tropical diseases afflicting people in 99 countries globally with
at least 700, 000 new cases reported annually [1]. Three clinical forms of the disease are recognized:
cutaneous, mucocutaneous and visceral [2]. The latter represents the lethal form, causing death in more
than 90% of cases if left untreated [1]. More than twenty Leishmania species cause disease in humans
transmitted by over 90 sand fly species, creating a complex epidemiologic landscape in different WHO
regions of the world.

Currently, there are no vaccines or universal approved medicines against the different forms of the disease,
[1] making it impossible to use a single treatment regime. Severe toxic side effects also present another
challenge to leishmaniasis treatment and management. Therefore, development and deployment of effective
vector control tools to manage the disease is deemed pertinent and urgent.

Sensory ecology including chemical (olfactory-based semiochemicals) and physical cues (visual, tactile,
thermal, acoustic) (Fig 1) drive sand fly behavior comprised of host seeking for food (blood meal or
nectar), reproduction and oviposition which directly impact disease transmission. Like for most disease
vectors, current control strategies developed from sand fly sensory ecology mainly target two sensory
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systems- visual and olfactory stimuli [3-5]. Here, we discuss the feasibility of sand-fly control based on
knowledge of both chemical and physical cues.

Figure 1: Chemical and physical cues influencing sand fly interactions.

Chemical cues

Chemical cues of olfactory nature mediate the behavior of different sand fly developmental stages
throughout their life history. Adults respond to olfactory cues to inform them about habitat attributes such
as the presence of food (blood-meal, nectar) oviposition and to locate a mate for reproduction. Likewise,
olfactory cues contribute to maintaining aggregations in juveniles (larvae) and adults [5,6]. Predators may
also detect sand fly olfactory cues to increase their fitness in prey location. Alternatively, sand flies may
detect predator olfactory cues to help them to modify their behavior, which is important for their survival
like reported for many insects [7,8]. Understanding these olfactory-mediated interactions could contribute
to developing sand fly control strategies.

Olfactory semiochemicals mediating host seeking for a blood meal. Olfaction plays an important role in
the sand fly female host seeking process for a blood meal for egg development which is important for
survival of the species [2,6]. Molecular studies based on DNA barcoding has revealed that female sand fly
selectively obtains a blood meal from a wide variety of vertebrate hosts including humans, canids,
livestock, rodents, birds, reptiles, and amphibians [9-14]. Breath odors dominated by CO- from these
vertebrate hosts is a long-range attractant for females [15] which may combine with skin-derived odorants
to attract sand flies, as demonstrated for Lutzomyia intermedia [16]. Of the three skin-derived compounds
phenylacetaldehyde, 6-methyl-5-hepten-2-one (sulcatone) and nonadecane that activated sand fly
behavior, phenylacetaldehyde and sulcatone attracted sand flies [16]. Other compounds important in sand
fly host seeking behavior are described in [3,16-18]. Previous research has shown that skin-derived
odorants from less-preferred-vertebrate hosts can serve as allomones for tsetse flies and mosquitoes [19].
As such, detailed ecological and molecular studies are needed to understand host selection and feeding
patterns in different sand fly species, to understand their preferred and less preferred blood meal sources,
and potentially species-specific feeding patterns. These studies could aid in the identification of additional
kairomones and allomones for sand fly control via bait and ‘push (repellent)-pull’ (attractant)
technologies to target specific species.

Olfactory semiochemicals mediating host seeking for a nectar source. Both sexes of sand flies feed on
nectar for a sugar meal which may be obtained from fruits, floral and extrafloral nectar, honeydew and
plant juices [20]. Plant sugars provide energy for survival, mating, and dispersal in both sexes of sand
flies, and host seeking for a blood meal in females [21]. Like most insects, sand flies use multimodal cues
comprised of olfactory and visual stimuli to locate sugar sources. DNA barcoding studies have revealed
sugar sources for sand flies [21,22]. For example, in Phlebotomus and Sergentomyia spp., most of their
sugar sources were identified from the plant family Fabaceae, of which acacia species were the most
dominant [21,22]. Laboratory studies identified benzyl alcohol, (Z)-linalool oxide, (E)-p-ocimene, p-
cymene, p-cresol, and m-cresol as attractants for both sexes of Ph. duboscgi from the volatiles of acacia
[21,22]. Additional field tests of synthetic chemicals of these attractants either individually or blends are
needed to validate their importance as plant volatiles in sand fly olfactory nectar foraging behavior. Such
tests would facilitate development and deployment of their formulations for use in attractive targeted
sugar baits (ATSBs) in an attract and kill strategy to target both sand fly sexes. However, olfactory-
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mediated attraction to both sexes may involve other plant volatiles which would require additional
molecular research to identify the food plants from the habitats of sand flies [23]. Since males are
exclusively sugar feeders, a potent plant volatile attractant identified for males can be used to monitor the
establishment and dispersal of males in a natural population in a sterile insect technique (SIT).

In addition to identifying nectar sources from plants, studies that highlight the impact of plant feeding on
sand fly bionomics such as vector fecundity and life span could reveal secondary metabolites that are
potential toxicants for use in ATSBs [24]. Since parasite infection has been shown to influence mosquito
plant feeding [25] a similar study on sand flies could provide insights into the role of plant feeding on
vectorial capacity and parasite transmission to inform disease mitigation effort [26]. It is hypothesized
that plant feeding could indirectly benefit parasite-infected sand flies as they may reduce parasite load
[27,28].

Olfactory semiochemicals mediating oviposition site selection and juvenile behavior. Sand flies inhabit
different habitats to breed. For instance, whereas the VL vector Ph. martini has a micro-ecological
preference for termite mounds, the related species Ph. orientalis prefers cracked black-cotton soils as a
breeding site [29]. Organic matter present in these breeding sites emits olfactory cues that elicit
oviposition responses from gravid sand fly females [30]. Examples of volatile organic compounds
identified from odors released from these sites include 1-octen-3-ol, 6-methyl-5-hepten-2-one, a-pinene,
benzyl alcohol, m-cresol, p-cresol and decanal. Of these compounds, only the R- and S- forms of 1-octen-
3-ol attracted different species of sand flies into baited traps [31]. Noteworthy, these compounds are
associated with microbial degradation of organic matter and may influence sand fly oviposition decisions
in a concentration-dependent manner or ratios of individual attractants in blends. For some species like
Ph. papatasi, females are known to distribute their eggs across multiple sites in the absence of such sites
to maximize the ratio of reward to risk [32]. Knowledge of these multiple sites with fitness-related
benefits to sand flies could reveal novel kairomones for sand fly control.

Sites with previously laid eggs and larvae releasing dodecanoic acid (DA) and isovaleric acid have been
found to attract some species of sand flies such as gravid females of Ph. papatasi scopoli [33,34].
Notably, DA serves as an oviposition pheromone for the species Lu. longipalpis [35]. It is unknown how
larvae of these sand flies use these chemicals in their behavior and whether they contribute to social
integration, attract or repel predators. Knowledge of roles these chemicals play could facilitate their
deployment as baits to aggregate larvae, and possibly to increase predation of juveniles at these sites. In
some sand fly species (e.g. Ph. papatasi), social interaction among females can influence egg laying [32].
Likewise, density-dependent egg hatching olfactory/tactile stimuli can inhibit females from laying
aggregated eggs compared to when dispersed [32,36]. The olfactory cues mediating these behaviors are
yet to be identified.

Sex-aggregation pheromones. Sex-aggregation pheromones are well-known in certain sand fly species for
reproduction [37-39]. Soon after emergence, adult male-producing volatile sex-aggregation pheromones
attract both conspecific females and males for mating at resting sites or on vertebrate hosts [40,41]. For
example, the terpenes (S)-9-methylgermagrene-B, 3-methyl-a-himachalene and sobralene are sex-
aggregation pheromones of Lu. longipalpis s.1, while germacrene-B acetate is the sex pheromone of Lu.
cruciate [40,42]. Of these semiochemicals, (S)-9-methylgermagrene-B has been synthesized and tested in
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field trials for potential use in vector control [43]. Of concern is the fact that the composition and amount
of the pheromone might vary with geographical location and between species, thus, calling for a good
understanding of the sensory architecture of sand flies before ultimate deployment in disease control. Also
important is the need for additional studies highlighting chemical identity of the sex/aggregation
pheromones in other species of sand flies.

Physical cues

Sand flies live in animal shelters, human dwellings, rocks and caves [30]. This suggests that sand flies
must adapt to the physical (visual, thermal, tactile and acoustic) cues of these environments to survive.
Although olfactory-mediated mating often takes place on a vertebrate host, the physical cues associated
with the vertebrate host (texture, vibrational/acoustic) could influence sand fly successful mating [44].
Understanding these physical-mediated interactions represent avenues to develop control strategies
against sand flies.

Visual cues. Sand flies are attracted to light traps, confirming the importance of visual-mediated cues in
their behavior. Visual cues occur in the form of shape, color, intensity and duration, and all these may
influence sand fly successful behavior in finding resting and breeding sites [45]. Sand fly species in the
New World are highly attracted to the light-emitting diode (LED) colors, blue and green [46]. Different
sand fly species may vary in the visual cues that they detect, in particular, wavelengths, but knowledge of
this in many species is still unknown to provide the photosensory basis for modifying existing light traps
for sand fly control.

Thermal cues. Temperature and moisture are usually inter-linked in insect behavior. As such, changes in
temperature and humidity of an oviposition, resting or mating site of a sand fly will depend on the
material composition of the site and humidity. Although sand flies are known to prefer cool environments
to breed [2] a detailed understanding of thermal influence on specific behaviors could provide novel
thermal-based approaches for sand fly control.

Tactile and acoustic cues. Besides olfactory cues, gravid females may rely on tactile and auditory cues to
select suitable oviposition sites. Acoustic communication in the form of courtship and mating songs and
their contribution to mating success are well studied for some species of sand flies [47,48]. Tactile and
auditory cues may aid in foraging efficiency for a blood or sugar meal from a host. They may also provide
risk assessment of the environment of the presence of a predator. Since social interaction in some sand fly
species may stimulate or inhibit females from laying aggregated eggs [32,36], there is a good chance that
tactile cues alone or combined with olfactory cues may modulate female behavior. It is unknown whether
emerged larvae from aggregated eggs use tactile cues to remain aggregated or disperse. Nonetheless,
knowledge of these mechanisms could contribute to developing emergence traps for sand flies.

Microbial-sand fly interactions

Microbes contribute to the behavior and ecology of sand flies through emission of olfactory cues that help
them discriminate among suitable foraging resources and resting and oviposition sites. The microbes
could include host pathogens vectored by sand flies (e.g. Leishmania parasites) or microbiota
communities associated with environmental resources. In the transmission biology of sandfly-borne
leishmaniasis, Leishmania infection alters host odors and attractiveness to host seeking adult sandflies.



O 0 N O G o W N =

W W W W N DN N DN N N N N DN DN PR R R s e e e e
Q@D N P O O 0NN U kR W DN RO O 0NN Ul W RO

B B B s R R R W W W W W W
N U B W NN R O O N U

This phenotype, which could imply enhanced transmission has been demonstrated in the rodent and dog
model systems [49]. For example, hamsters or mice infected with Leishmania parasites are more
attractive to female sandfly species Lu. longipalpis and Nyssomyia neivai in bioassays [50,51]. This
parasite-induced effect is often considered a manipulative influence on sandfly behavior to promote host
infection.

Chemical analysis of hair samples from Leishmania-infected and non-infected dogs implicated six
volatile organic compounds (VOCs) as potential biomarkers of infection: B-hydroxyethylphenyl ether,
nonanal, heptadecane, 2-ethylhexyl-salicylate, decanal, and octanal [52]. Dogs are important reservoir
hosts of the parasite Leishmania infantum that causes zoonotic visceral leishmaniasis in humans in South
America [51]. Further behavioral activity of these olfactory cues [53] could pave the way for developing
odor-baited trapping technologies that incorporate potent chemical attractants, but also find potential
application in non-invasive disease diagnosis. Overall, these findings indicate the importance of parasite-
induced volatile cues in leishmaniasis transmission ecology [49-51].

Sand flies have microhabitat differences affecting their distribution in the environment. Olfactory cues
contributed by microbes from such sites commonly used for resting or oviposition could play a role in
such structuring of sandfly community or composition. Hassaballa et al., [30] showed that sand fly
abundance and diversity was greater at livestock sites represented by fecal matter (organic matter) than
termite mounds and houses. Clearly, microbial composition should contribute to the differential
preference of these sites. Exploring the nature and identity of the microbes and specific cues could help
define productive and non-productive habitats for selective targeting in sand fly control.

Plant nectar and vertebrate skin harbor diverse microbiota that also contributes to chemical cues that
attract insects like mosquitoes. Microbiota associated volatiles that attract sandflies is surprisingly scarce,
and likely to vary with different vertebrate and plant species that they exploit [54]. In-depth studies could
reveal plants as sources of beneficial microbes (and underlying cues) which they ingest through nectar
feeding, that can block pathogen development through the vector. A recent study demonstrated the natural
acquisition of bacteria of the genus Asaia from plants [55] known for transmission blocking effect of
malaria parasites in Anopheles vectors [56]. Understanding such association with certain plants may help
explain the effect of plant feeding on vectorial capacity of disease vectors in nature. ldentifying such
plants could be exploited in microbial and paratransgenetic control of malaria and leishmaniasis.

Conclusions and future directions

The use of semiochemicals in sand fly surveillance and control is yet to be fully explored. Most
investigations on sand fly sensory ecology focus on pheromonal communication mediating aggregation
and mating which has been carried out on a few sand fly species in the New World [57]. Demonstrated
impact of pheromones on reducing sand fly abundance and leishmaniasis burden [57] offers opportunity
to combine tools from other olfactory signals, such as kairomones in sand fly-borne disease management
in an “attract and kill” strategy when combined with a toxicant. Advancement in understanding the
molecular logic underpinning olfaction in sandflies is at its infancy. Genome sequencing and analysis
could provide insights into the evolution of traits that characterise the vectorial capacity of different sand
fly vectors. Such studies could help to identify olfactory receptors that detect key volatiles associated with
the different sand fly behaviors.

Sequencing of the genomes of Lu. longipalpis and Ph. papatasi and sequence annotation identified
chemoreceptors involved in pheromone detection, and evolution in wild Lu. longipalpis populations [42].
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Through this, insight into molecular correlates of sand fly diversity can be gleaned. Also, chemostimuli
identified from functional characterization of candidate genes can be evaluated for behavioral impact for
use in odor-baited traps as attractants.

Finally, given the fact that physical cues also play an important role in sand fly sensory ecology, future
studies in this area could help reveal additional tools to modify existing trapping technologies for more
effective control of sand flies.
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