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The study of sensory systems in insects has a long-spanning history of almost an entire century. Olfaction, vision, and

gustation are thoroughly researched in several robust insect models and new discoveries are made every day on the

more elusive thermo- and mechano-sensory systems. Few specialized senses such as hygro- and magneto-reception are

also identified in some insects. In light of recent advancements in the scientific investigation of insect behavior, it is not

only important to study sensory modalities individually, but also as a combination of multimodal inputs. This is of particular

significance, as a combinatorial approach to study sensory behaviors mimics the real-time environment of an insect with a

wide spectrum of information available to it. As a fascinating field that is recently gaining new insight, multimodal

integration in insects serves as a fundamental basis to understand complex insect behaviors including, but not limited to

navigation, foraging, learning, and memory. 
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1. Introduction

Insects perform precisely controlled tasks in extremely small time scales to navigate ecological niches and therefore serve

as an excellent system to study complex behaviors and their origins. Reliable cues from an external environment are

critical for decision-making and most insect behaviors occur as a consequence of simultaneous input-consolidation

through multimodal sensory channels. For example, a predatory robber fly processes olfactory, visual, and directional

cues simultaneously before executing a calculated aerial attack on a potential prey . Similarly, a pollinating bumblebee

in flight receives an overload of sensory information from a colorful flower emitting attractive volatiles . In both these

examples, diverse cues from the surroundings translate to information and elicit meaningful responses from the insects.

Such multimodal integration has also been investigated in the context of courtship, mating, fleeing, and feeding behaviors

of insects. Owing to the ease of approach and experimental design in laboratory conditions, unimodal sensory processing

has been studied in different insect models and their isolated functioning has been extensively investigated .

However, multimodal integration, behaviors that utilize multimodal cues and their neuronal workings are still open fields for

exploration. New discoveries made in this field emphasize the role of multimodal integration in improving the decision-

making ability of insects, by altering the speed and accuracy of directed responses to stimuli. Therefore, it warrants the

importance of investigating sensory signals in combination than individually. To that end, several studies have adapted

virtual reality arenas to provide insects with the control of their own flight environments. This technique allows for the

design of ecologically relevant experiments to study visual behaviors in navigation  and the mechanism of color learning

in honeybees .

2. Honeybees (Apidae)

The honeybee has been one of the most sustained research models for several decades, owing to its eusocial construct

of living and the huge repertoire of complex behaviors that comes with it. With a total of only 950,000 neurons , the

remarkable cognitive capabilities of these insects and their neural correlates have been the subject of intrigue in the field

of learning and memory . Individual hive members consolidate multi-channel information within and outside the hive to

perform sophisticated tasks specific to their rank. Starting from the early works of Nobel laureate Karl von Frisch in 1965,

different ethological approaches have uncovered the role of bimodal integration in pollinators, especially in a plant-

pollinator context . The transition between the 20th and the 21st century saw the development of

classical conditioning experiments in restrained honeybees, where the pairing of a unimodal olfactory or a visual stimulus

with a reward or a punishment leads to robust associative learning of the stimulus. Since then, several studies have

addressed olfactory and visual learning separately, establishing that honeybees are excellent learners of both these

sensory modalities. The most popular paradigm was the proboscis extension response (PER) which was followed later by

the tethered flight arena. In controlled laboratory conditions, the usage of both visual and olfactory stimuli in a single PER

paradigm opened up possibilities to present a restrained honeybee with a combinatorial CS+ (i.e., the conditioned

[1]

[2]

[3][4][5][6][7]

[8]

[9]

[10]

[11]

[12][13][14][15][16][17][18]



stimulus paired with a positive or negative reinforcer). The study was one of the first to demonstrate a positive interaction

between the two modalities, where a previous training with a visual stimulus enhanced olfactory learning . These

findings contradicted the overshadowing effect of bimodal training reported in earlier works on foraging bees. The earliest

reports of synergistic effects of color on odor learning indicated stronger memory formation when compared to isolated

unimodal training . In later years, compound learning as a paradigm also addressed the effect of simultaneous

stimuli presentation during training. In such a paradigm, positive patterning defines that the US is paired with the

compound stimuli and negative patterning means that the US is paired with the individual components. Such experiments

show that ultraviolet light can be learned better than other wavelengths and can specifically interfere with the

reinforcement of a reward with an olfactory-visual combination . Notably, the honeybee was the first insect model

demonstrated to solve both, positive and negative patterning tasks, that involved more than one modality .

Therefore, further physiological investigation of this behavior can help narrow down the specific neuronal correlates

directly underlying sensory integration. It is also noteworthy that trained honeybees can exhibit cross-modal associative

behavior wherein they can recall just the specific color that was present alongside an odor scent during reward

reinforcement . This effect, which was previously described in humans, providing evidence for an information

transfer between different sensory modalities during active flight, thus simplifying the process of foraging and increasing

fitness in the insects . In the past decade, aversive conditioning paradigms using an electric shock as a punishment

were employed to examine both olfactory and visual conditioning in similar assays, enabling more direct behavioral

comparisons between them . Such methods have also been widely replicated to identify the brain centers

that underlie the learning behaviors of both modalities . Being a robust research model that offers a large variety of

multimodal behaviors to choose from, honeybees provide a large ground to investigate cognitive tasks that involve

complex sensory processing, both within and outside the laboratory environment.

3. Ants (Formicidae)

The ant is another hymenopteran model that has received a lot of attention from ethologists and neurobiologists alike for

exhibiting sophisticated social behaviors that are largely integrative in nature. Members of the ant family Formicidae are

distributed across 12,000 different species and show large diversity in anatomy, physiology, and behavior. They occur in

different terrestrial habitats in huge numbers and therefore offer great sampling access to perform population studies.

The foraging members of an ant colony are regularly faced with the challenge of finding food, which could be miles away

from their nest, and then finding their way back home. Several studies have identified multiple navigational techniques

employed by ants of different species and other hymenopterans by extension, to perform this task . Path

integration is the most important tool in the box as it helps the ant to update its current position relative to the nest .

By counting the number of steps taken in a direction and using the celestial compass for orientation, foraging ants are

able to form trajectories back to the nest. In fixed terrestrial habitats with specific panoramic views, foraging wood ants of

the species Formica rufa learn and encode diverse visual cues of the scene and recall them during navigation on a match-

the-view basis, therefore providing evidence for very strong long-term memories . In contrast to such rich visual

habitats, desert ants belonging to the genus Cataglyphis perform more challenging navigational tasks in a featureless

habitat with very few food rewards scattered very far from their nests, while also constantly under the risk of predation by

robber flies and jumping spiders . In such a scenario, desert ants are capable of utilizing consistent landmarks when

making the trip back to the nest . However, it is of recent consensus that a multimodal input is necessary to navigate to

and from a potential food source . Initially, olfactory cues were thought to influence only inter-colony communication

and nest mate identification. Although visual cues render navigation possible, only olfaction can provide a chemical

tracking of a potential food source. With only visual cues, the ant can reach within a few meters of the source, but when

there is no odor plume to direct it further, it keeps altering its course until it encounters one. This final indicator of the food

reward marks the foraging trip as a success and makes the ant remember this route for future trips . Such studies

have also revealed that the navigational strategies do not directly lead to the food, but to the location where the odor

plume was first detected . It has also been shown that certain environment-specific blends in the desert habitat evoked

significant electro-antennogram (EAG) activity in the Cataglyphis ants and can therefore be detected by the animals 

. These could potentially be used alongside landmarks for fine navigation. Furthermore, the same study also showed

that these ants could use olfactory cues to remember the nest entrance when the visual representation of the same is

inconspicuous, implying the role of chemosensation in homing behavior. In order to investigate if and how these two

modalities are integrated, a later study published by the same group combined visual and olfactory cues to represent a

landmark in the path of a foraging ant . The combined cues enabled the ants to focus their search immediately after the

first training trial, therefore saving a lot of time and energy while returning to the nest. When trained once to a combination

of both sensory modalities, the ants still showed a strong recognition of the individual olfactory and visual cues in the test

phase. Interestingly, upon extended the training with the combined cue, the responses to the single cues were broader
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and more ambiguous, implying that a stronger reinforcement of the combined cue was used as a more reliable indicator of

the landmark. This behavior substantiates the efficiency of processing multisensory cues in the learning of landmarks

during difficult foraging tasks.

The remarkable integrative behaviors of foraging ants in the field have been frequently used to understand the

significance of complex cue computation. However, the mechanistic framework supporting these behaviors are yet to be

fully understood, owing to the poorly elucidated neural circuitry in the ant brain. Although a fair bit of similarity exists

between the anatomy of the ant brain and the bee brain, functional and physiological experiments on live ants continue to

be a technical challenge, especially when the aim is to establish ecologically relevant paradigms. However, the last ten

years have also seen the development of genetic tools including the use of CRISPR-Cas9 method to generate transgenic

ants . These techniques are aimed to manipulate and genetically trace the olfactory centers while observing the

consequent effects on the social behaviors, thereby opening up a new portal for in-depth exploration into the brain of the

ant.

4. Flies (Drosophilidae)

The reputation of the vinegar fly D. melanogaster is beyond formidable. The ease of genetic manipulation, amenability to

different experimental approaches and rapid, affordable upscaling makes it one of the most indispensable basic research

model system worldwide. A century’s worth of work has been done to understand various physiological and behavioral

pathways of the insect brain, enabling scientists to use it as a template to draw countless parallels to the more complex

vertebrate’s systems. Therefore, it is of no surprise that when multisensory behaviors began garnering attention,

neurobiologists turned to the humble fly for answers .

Decades of fly research have focused on discrete behaviors that arise as a consequence of sensory input, with special

attention given to vision and chemosensation, while the basis of multimodal mechanisms is still a nascent field of study.

The most obvious incidences of multimodal interactions are reported in fly-feeding behaviors. While food-derived odorants

provide the maximum input for the tracking of a potential food-source by the fly, several other important features such as

taste, texture, color, temperature, and wind direction are also received and processed during the decision-making

process. A synchronous addition of a mechanosensory and an olfactory cue to the taste stimulus enhances the proboscis

extension response (PER) in flies and initiates feeding . Wind directions indicating the odor plume trajectory and visual

input via the optic flow are vital for navigation in the wild . Contributions from different sensory modalities are essential

for behaviors such as egg laying, where picking a suitable substrate would ensure the safety of the eggs and sustenance

for the developing larvae. Alongside parasitoid- specific odor cues, D. melanogaster females also utilize visual cues to

detect the presence of the wasp, which activates a signaling pathway to suppress egg laying . Sensory integration also

plays a major role in the communication of mating signals during the courtship ritual of animals . A classic example is

found in the male courtship behavior of the fly, where a combination of olfaction, gustation and vision is required for the

male fly, not just to initiate the courtship with a virgin female, but also to sustain its sex drive and carry the courtship to

completion and succeeding in copulation . It has also been shown that the presence of a food odor can increase the

salience of the male-released pheromone, cis-vaccenyl acetate (cVA), thereby preventing males from making futile

attempts to court a mated female on feeding sites .

Combinatorial processing of sensory information is also seen in larval locomotion studies, where synergistic activation of

mechanosensory and nociceptive neurons increased the likelihood of rolling, an escape behavior exhibited by the larvae

. Larvae can also compute integrative behaviors just before making the decision to turn . Based on the CO  levels,

light intensity and the presence of attractive odors, D. melanogaster larvae use head-sweeps to scan the spatial gradients

in the environment and linearly combine both olfactory and visual signals before executing a turn .

With the advent of the tethered flight era, many research groups have targeted the role of sensory integration during flight

maneuvers . Any behavior exhibited by a flying insect requires motor control with high spatio-temporal precision while

also processing multimodal navigational cues that change in real time. Wing-beat analyzers coupled to a flight simulator

provide a conducive set-up to study motor response behaviors to varying stimuli. Although different sensory organs relay

different information about the environment, the flight control system integrates input from the halteres (i.e., modified hind-

wings essential for flight) and the optic lobes, in a manner such that the motor response to the combined input is always

greater than that elicited by just one modality . Such summation models have also been observed in the integration of

visual and mechanosensory stimuli during a turn-behavior executed by a tethered fly . Closed-loop tethered flight

experiments also show that visual feedback can increase olfactory acuity by regulating odor-motor responses of the fly

. Conversely, the same system has also been used to show modulation of visual salience by odor activity in a context

dependent manner . An attractive odor or the optogenetic representation of one can be used to reverse the aversive
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nature of a small object in the fly’s visual field . In the wild, such inter-modality regulation systems can narrow down

search behaviors and greatly increase foraging efficiencies. The ease of stimulus presentation in the tethered flight

system coupled with recent advancements in optogenetic neuronal control provides a strong foundation to explore the

circuit dynamics of multi-sensorimotor responses in the fly model.

The first instance of using more than one kind of stimulus in a learning paradigm also happened in the tethered flight

simulator. When two different types of visual stimuli—colors and patterns are used as a CS to be associated with a heat

stimulus—flies show robust compound learning, with equally strong associations being produced for both stimuli

individually . The study specifies that flies can acquire, store, and retrieve the two stimuli separately and also as a

compound. A similar paradigm was then used to study cross-modal integration in flies, where instead of two stimuli of the

same modality, the CS involved a combination of an odor and a visual pattern . The study performs two important

experiments that postulated possible information transfer between the two sensory modalities: In the first experiment, the

flies were trained to unimodally associate a heat reinforcement to an odor of low concentration and a visual pattern

stimulus (both elicited very low learning responses on their own). In such a scenario, a bimodal conditioning that consisted

of the two stimuli paired with the heat reinforcement produced stronger learning performances, both when retrieved as a

compound memory and as individual components. This observation further proves the principle of inverse effectiveness,

where a weak memory reinforcement can be amplified using a cross-modal percept . In the second experiment, a

combination of both stimuli was provided simultaneously for “sensory preconditioning” after which each sensory modality

was paired with the heat reinforcement individually. In the testing phase after such a preconditioned training paradigm,

even retrieval with the non-reinforced stimulus produced a robust learning response, signifying a very strong cross-modal

transfer of memory. Aligning with the experiments done in honeybees, these observations were pivotal in the

understanding of bimodal information transfer that occurs during operant conditioning, especially in a situation of sensory

deficit, where a different source of input reinforcing the same consequence can greatly aid in quick decision-making.

Every sensory element that constitutes a context holds weight in how the experience is remembered and can be used to

retrieve the memory at a later point in time. A recent study  utilized specific components of the “Tully T-maze”, a two-

choice learning paradigm , to illustrate this concept in D. melanogaster. This included the replication of specific aspects

(except the US) of the aversive training paradigm onto the testing phase, such as the color of the light, the temperature of

the chamber and the input of visual and mechanosensory cues from the copper coil that conducts the electric shock. The

study aimed to understand the substrates of aversive conditioning and long-term memory (LTM) generated thereafter. The

findings show that flies can perform context-based multimodal integration in response to an aversive learning experience.

They use this information as a basis for forming long-lasting memories retrievable even after 14 days. During the testing

phase, when replicating the context in which the reinforcement (here: an electric shock) was delivered, a significant long-

term memory was formed immediately after the first training trial. Contradictory to older studies, targeted blocking of the

protein consolidation did not impair this behavior in flies, clearly indicating that such a context-dependent LTM (cLTM)

does not require protein synthesis. However, when the copper grid or the visual context of reinforcement was removed

from the testing phase or when the perception of visual input was genetically inhibited, the cLTM was significantly

abolished implying the importance of vision in the retrieval process. The importance of an encoding context in enabling

efficient memory retrieval is often described in psychology and observed in complex vertebrate models, including humans.

However, extensive physiological and molecular work are required to pinpoint the neural substrates that can relay

information transfer between distinct sensory modalities.
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