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ABSTRACT / RESUMEN






Abstract

Animals, including the fly Drosophila melanogaster, continuously receive and
process sensory information from the surrounding environment via different sensory
systems, which ultimately direct appropriate behavioral responses. Among those
behaviors, feeding is essential as it is how animals get all the needed nutrients to support
their lives. In order to discriminate between nutritious and potentially toxic food, a set of
specialized neurons, gustatory receptor neurons (GRNs), housed in gustatory sensilla
along the body, express a combination of chemosensory receptors for the detection of
food chemicals. These GRNs project their axons to the subesophageal zone (SEZ), the
primary taste center in the brain, where gustatory information is integrated primarily by
the gustatory second-order neurons (GSON). While much is known regarding the
gustatory receptors and the role of GRNSs, it is not yet clear how GSONSs process the

gustatory information conveyed by GRNs to the SEZ.

This Thesis aims to understand how GSONs integrate gustatory information in
the central brain and how the metabolic state of the flies can modulate this process.
Using frans-Tango and fluorescence-activated cell sorting (FACS), we separated the
GSONs receiving direct input from sweet, bitter and mechanosensory GRNs in fed and
starved conditions to characterize them molecularly by RNA sequencing. Gene analysis
expression reveled that GSONs receiving input from sweet, bitter, and mechanosensory
neurons segregate molecularly and that their molecular profile varies with the metabolic
state of the fly (fed vs. starved). Furthermore, GSONs express a complex combination
of neurotransmitters and neuropeptides, indicating that those neurons are not

homogenous even when receiving information from the same taste quality.

Of all genes analyzed, we found that the neuropeptide Leucokinin (Lk) was highly
expressed during starvation by two single neurons located in the SEZ (SELK neurons).
Our results revealed that both SELK neurons receive information from sweet and bitter
GRNSs, validated using different molecular strategies and the recently published Full
Adult Fly Brain (FAFB) connectome with Flywire. We consider that those results show
for the first time that a neuron in the SEZ directly collects information of opposing

valence, sweet and bitter (attractive and repulsive).

We tested the functionality of those SELK neurons during feeding behavior in two
paradigms: feeding initiation with the Proboscis Extension Response (PER) and feeding
two-choice assay with flyPAD. While the expression of tetanus toxin in all Lk neurons
does not alter apparently feeding behavior in free-moving flies, our results suggest that
SELK neurons are involved in integrating bitter and sweet tastants to tolerate bitter

compounds during starvation during feeding initiation.



Abstract

To the best of our knowledge, our work reveals for the first time the molecular
transcriptomic profile from two metabolic states of three different taste GSONs
populations, highlighting behaviorally the essential role of SELK neurons in directly

integrating the sweet and bitter taste information.
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Resumen

Los animales, incluyendo a la mosca Drosophila melanogaster, constantemente
reciben y procesan informacion sensorial proveniente del ambiente que les rodea a
través de diferentes sistemas sensoriales, para finalmente producir el comportamiento
apropiado. Entre todos los comportamientos que los animales pueden mostrar, la
alimentacion es particularmente esencial, ya que es la forma con la que los animales se
abastecen de los nutrientes necesarios para sustentar sus vidas. Para discriminar entre
comida nutritiva y potencialmente tdxica, un grupo de neuronas especializadas,
neuronas gustativas sensoriales (GRNSs, en inglés), localizadas en sensilas gustativas
por todo el cuerpo, expresan una combinacién de receptores quimiosensitivos que
detectan los diferentes compuestos quimicos en la comida. Estas GRNs proyectan sus
axones a la regién subesofagica (SEZ, en inglés), el centro primario para el gusto en el
cerebro, donde la informacién gustativa se integra en las neuronas gustativas de
segundo orden (GSON, en inglés). En estos momentos tenemos un conocimiento
detallado de los receptores gustativos y acerca de la funcion de las GRNs, sin embargo
sabemos muy poco cdmo las GSONs procesan la informacién gustativa recibida por las
GRNs en el SEZ.

Esta tesis pretende entender como las GSONSs integran la informacion gustativa
en el cerebro central y cdmo el estado metabdlico de las moscas puede modular este
proceso. Empleando frans-Tango y la separacién de células activadas por fluorescencia
(FACS, en inglés), separamos las GSONs que recibian senal directa de GRNs dulces,
amargas y mecanosensitivas en condiciones de saciado y ayuno para caracterizarlas
molecularmente mediante secuenciacién de ARN (RNAseq, en inglés). El analisis del
RNAseq reveld que las GSONs que recibian sefial de GRNs dulces, amargas y
mecanosensitivas se segregaban molecularmente y su perfil molecular variaba en
funcién del estado metabdlico de la mosca (saciado y ayuno). Ademas, las GSONs
expresan una compleja combinacion de neurotransmisores y neuropéptidos, indicando
que esas neuronas no son homogéneas aun recibiendo informacién de la misma

modalidad de sabor.

De todos los genes analizados, encontramos que el neuropeptido Leucokinin (LK)
estaba altamente expresado durante el ayuno por dos neuronas localizadas en el SEZ
(neuronas SELK). Nuestros resultados revelaron que ambas neuronas SELK recibian
informaciéon de GRNs dulces y amargas. Estos resultados fueron validados usando
diferentes estrategias moleculares y el reciente publicado conectoma del Full Adult Fly
Brain (FAFB) con Flywire. Consideramos que estos resultados muestran por primera
vez que una neurona en el SEZ colecta directamente informacion de diferente valencia,

dulce y amarga (atractiva y repulsiva).
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Resumen

Igualmente estudiamos la funcionalidad de estas neuronas SELK durante el la
alimentacion de la mosca en dos situaciones: inicio de la alimentacion con el ensayo de
Respuesta de Extension de la Probéscide (PER, en inglés) y el ensayo de eleccion de
alimentacion con flyPAD. Mientras que el silenciamiento de todas las neuronas Lk no
altera el comportamiento de alimentacion en moscas con movimiento libre, nuestros
resultados sugieren que las neuronas SELK estan involucradas en integrar el sabor
dulce y amargo para tolerar compuestos amargos en ayuno durante el inicio de la

alimentacion.

Consideramos que nuestro trabajo muestra por primera vez el perfil molecular
transcriptdmico de dos estados metabdlicos en tres poblaciones diferentes de GSONSs,
destacando el papel esencial durante el comportamiento de las neuronas SELK

integrando la informacion para el sabor dulce y salado.
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Introduction

1. Decision-making mechanisms under competing demands

Animals constantly receive and process massive amounts of sensory information
that must integrate with internal demands to ensure their survival (Bell, 2024). For
example, among these demands could be the defense from predators, protect the
progeny to ensure reproduction, the formation of social communities to promote
protection, or even the decision of what to eat to supply the caloric demands of the body
in specific internal and environmental conditions (Kristan, 2008; Pearson et al., 2014).
Therefore, to respond correctly to those demands, it is crucial to integrate as much
information as possible to face decision-making processes that orchestrate which

behavior to perform in a given moment while others are suppressed.

Generally, decision-making is often thought of as a high-level cognitive process
that leads to choices by weighing the different options and their expected outcomes,
often over long periods. Many animals with apparently little cognition, like invertebrates,
make choices of what to do (whether to eat or to escape, for example) depending on

both external and internal factors (Figure 1) (Palmer & Kristan, 2011).

Figure 1: Schematic representation of decision-making processes. Animals make decisions
of how to behave in front of specific stimuli by considering the environmental context and internal
state, and also modulated by their previous experience. Arrows represent promoting and circles
suppression.

The problem of selecting a behavior, given the use of overlapping neural
networks and effector systems to resolve competing demands, is a key feature of
behavior (Pearson et al., 2014). Therefore, nervous systems need mechanisms in place
to successfully implement these competitive interactions (Koyama & Pujala, 2018).
Therefore, studying how animals can sense and perceive internal and external specific
states and scenarios and how all this information is integrated may be the first approach

to understand how decision-making processes take place.
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During this Thesis, | aim to understand how sensory information is integrated into
the central nervous system (CNS) to produce final behaviors and how animals' internal

demands can modulate this process.

1.1. Feeding as an essential behavior in animals

Feeding constitutes a fundamental behavior for all animals, from invertebrates to
vertebrates, serving as the primary mechanism for acquiring essential nutrients to supply
their caloric needs. Therefore, animals are constantly weighing their internal nutrient
needs against external nutrient availability, which is partially modulated by environmental
cues. However, animals need to distinguish which specific nutrients are in deficit to
manage competing needs and, most importantly, distinguish between healthy food
sources and those that are toxic. Thus, feeding is an essential behavior that needs to be

carefully regulated in order to manage correct decisions.

The ability of animals to locate food, assess its quality, and make decisions
regarding ingestion is influenced by various internal factors, including the reproductive
state and starvation levels. In Drosophila melanogaster (D. melanogaster), for example,
reproductive status influences food preferences, with mated flies displaying a preference
for protein-rich diets (Steck et al., 2018). Additionally, starvation induces heightened
food-seeking behavior, increased food intake, and a greater tolerance for toxic
compounds in the food (LeDue et al., 2016). Therefore, hormone signals, circulating
nutrients, and chemicals in the food, among other internal and external cues, are critical
factors that complex endocrine pathways and neuronal circuits need to be sensed and
processed to drive proper feeding behavior (ltskov & Ribeiro, 2013). However, the

neurogenetic factors modulating this intricate process are not totally understood.

Overall, feeding is perfect for studying the genetic and neuronal basis controlling
sensory and metabolic information integration, as this behavior is well-stereotyped and

easy to measure, and we have many genetic and neuronal tools available.

2. Drosophila melanogaster as a model to study the neurogenetic bases of

behavior

Studying the genetic and neural mechanisms controlling behavior can be
challenging in complex nervous systems. Model systems with compact and numerically
small CNS are more amenable to detailed characterization of the neural circuit

mechanisms involved in competitive interactions (Jovanic, 2020).
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D. melanogaster is the perfect model system for studying the neural and genetic
basis of sensory integration and processing for several reasons (Amrein & Thorne,
2005). It has been used as a classic system to study genetics and development,
providing endless information regarding the organization of the Drosophila genome and
anatomy (Venken, Simpson, et al., 2011). The short life cycle of D. melanogaster is
advantageous compared with other more complex animal models. While experiments in
flies commonly take days, weeks, or a few months at most, the same experiments in
mice last several months or years. Flies are grown for around 10 days at 25°C to
generate adults that live for a maximum of 10 weeks. The growth temperature can be
modified to take more days of development, for example, 21 days at 18°C (Yamaguchi
& Yoshida, 2018). Thus, it is possible to dispose of large quantities of animals in short

periods of time with low resources due to their small size and breeding.

This section describes some of the main genetic and behavioral tools available
in D. melanogaster for dissecting neural circuits molecularly, functionally, and

behaviorally.

2.1. Tools available to genetically manipulate neurons

In addition to its fully sequenced genome (Adams et al., 2000), it has extensive
collections of genetic reagents that can be used to label and manipulate most cell types,
including neurons. To further facilitate its study, the whole brain of D. melanogaster has
approximately only 200,000 neurons controlling various sophisticated behaviors (Raji &
Potter, 2021). Thus, the relative simplicity of the nervous system and rich genetic
reagents to manipulate neurons provide the feasibility of understanding how neural

circuits control behaviors (Venken, Simpson, et al., 2011).

D. melanogaster counts with a significant collection of mutant, deficient, and
transgenic lines and more recently incorporated complex genomic editing techniques
such as CRISPR/Cas9 (Bosch et al., 2021; Ma et al., 2014) that can be used to inspect
the role of particular neurons or genes. Of all the genetic tools available, one of the most
broadly used is the yeast-derived Gal4/UAS binary system, which revolutionized
Drosophila research (Brand & Perrimon, 1993; Venken, Schulze, et al., 2011). Briefly,
the Gal4 transcription factor is expressed via specific promoters that bind to the upstream
activated sequence (UAS) site to activate the transcription of the downstream responder
to UAS. Virtually any promoter can control the expression of Gal4 and mimic the
expression of a gene of interest to some extent. There are large collections with
thousands of Gal4 lines (Jenett et al., 2012), split-Gal4 collections (Dionne et al., 2018),
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or databases for searchable neurons (Meissner et al., 2023) that facilitate the screening

and genetic manipulation of neurons.

Specific promoters can control the expression of Gal4 to drive the expression of
specific transgenes downstream of the UAS sequence: for example, the reporters GFP
(green fluorescent protein) and mtdTomato (membrane targeted Tomato), or dTrpA1
(Drosophila transient receptor potential A1) (Hamada et al., 2008) and Kir2.1 (inwardly
rectifying potassium channel 2.1) (Baines et al., 2001) to artificially depolarize (activate)
or hyperpolarize (silence) neurons respectively, or to block the synaptic transmission by
expressing the tetanus toxin (TNT) (Sweeney et al., 1995). Over the years, other specific
binary systems have been developed like LexA/LexAop (Pfeiffer et al., 2010) and
QF/QUAS (Potter & Luo, 2011), whose function is similar to the Gal4/UAS system. The
possibility to combine multiple binary expression systems allowed not only the labeling
of multiple neurons with different fluorescent markers simultaneously but also the
development of tools much more sophisticated, like transsynaptic tools to label pre- and
postsynaptic neurons, as well as synaptic connections. For example, trans-Tango (Talay
et al., 2017) and retro-Tango (Sorkag et al., 2023), developed by the same laboratory,
allow the anterograde and retrograde transsynaptic tracing, respectively, by combining
the Tango assay with the expression of two reporters by two the Gal4/UAS and
QF/QUAS binary systems. Further, TRACT (TRAnsneuronal Control of Transcription)
(Huang et al., 2017) and BAcTrace (Botulinum Activated Tracer) (Cachero et al., 2020)
can also label anterograde and retrograde, respectively, transsynaptic neurons based
on ligand-induced intramembrane proteolysis. On the other hand, GRASP (GFP
Reconstruction Across Synaptic Partners) (Feinberg et al., 2008) makes use of the trans-
cellular complementation of split GFP parts (spGFP1-10 and spGFP11), expressed by
the Gal4/UAS and LexA/LexAop binary systems, to detect the membrane proximity of

two cells.

Studying functional neuronal interconnectivity by manipulating one neuron and
monitoring the other is also possible. The most precise method to date uses paired
electrophysiological recording electrodes from two neurons. Alternatively, optogenetic
and chemogenetic techniques can also activate neurons using light or chemicals like
CsChrimson (Lima & Miesenbdck, 2005) and ReaChR (Watanabe et al., 2017) or P2X2
(Yao et al., 2012), respectively. Further, the GCaMP fluorescent sensor to intracellular
calcium concentration allows us to measure neuron depolarization upon stimulation
(Streit et al., 2016). All these approaches unveil direct and indirect functional connections

between neurons.
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In addition to all molecular tools available to manipulate and trace neurons, the
development of whole-brain wiring diagrams, achieved by aligning thousands of
stochastically labeled single neurons into a standardized brain, offers a framework for
assessing brain organization and neuronal connectivity (Chiang et al., 2011). For
example, NBLAST allows the identification of neurons that can be fitted to a reference
brain and obtain hits regarding their connectivity and morphology (Costa et al., 2016).
Moreover, the recently published connectome of the Full Adult Fly Brain (FAFB) carried
out by electron microscopy (EM) with synaptic resolution shed light on the possibility of
tracing neuronal circuits in silico to produce hypotheses at the circuit level that can be
cross-validated with results obtained in vivo, saving time, money and animal usage
(Zheng et al., 2018).

The disposition of all those tools suggests that D. melanogaster is an outstanding
animal model for manipulating neurons and studying how neural circuits process sensory

information.

2.2. How to study behavior in Drosophila melanogaster

D. melanogaster has emerged as an excellent model for several reasons to study
how neuronal circuits evoke final behaviors. Their small size and short breeding time
allow testing large quantities of animals in a high-throughput manner, reducing time and
providing large samples to analyze statistically. For that reason, in combination with all
genetic tools available (described in the previous paragraphs), D. melanogaster has
been used over recent years to study the underlying mechanisms of multisensory
processing (Sanchez-Alcaniz & Benton, 2017), motor control (Zhou et al.,, 2019),
behavioral choice (Yu et al., 2023; Shao et al., 2017; Mlnch et al., 2022) and learning
and memory (Boto et al., 2020).

There is a large list of hardware and software tools to trace behaviors, from
individual to collective behavior, in a high-throughput manner thanks to the development
of machine learning and computer capacity (Molla-Albaladejo & Sanchez-Alcaiiz, 2021).
For example, Honegger et al. built a paradigm arena where individual flies could choose
between two odors emanating from opposing ends of a corridor (K. S. Honegger et al.,
2020). Also, the Buridian paradigm arenas are highly used to test object orientation
responses using video tracking of individuals or groups (Linneweber et al., 2020).
Another example is flyPAD (fly Proboscis and Activity Detector), an automated high-
throughput method to study fly ingestion in individual flies when they choose between
two types of foods (Itskov et al., 2014). However, despite most of the mentioned methods

being focused on analyzing individual flies, the study of collective behaviors raised the
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possibility of comparing the performance of the group with the individual. To do that,
there are several specialized softwares to analyze the interactions of individual flies
within a group like CTrax (Branson et al., 2009) or idfracker.ai (Romero-Ferrero et al.,
2019).

So far, the large quantity of animals tested enables us to analyze further the huge
variability that emerges from behavior. Variation is the interindividual differences within
a population resulting from the interplay between genetic and non-genetic factors
(Casillas & Barbadilla, 2017; Ayroles et al., 2015). However, even in highly controlled
experimental conditions, high levels of variability can be observed (K. Honegger & De
Bivort, 2018). With the disposition of large collections of inbred lines such as the
Drosophila Genetic Reference Panel (DGRP), which is a set of >200 fly strains derived
from subsequent inbred generations with sequenced genomes and all their
polymorphisms annotated (Mackay et al., 2012). With them it is possible to test that
variation in behavior to later search for the genetic bases responsible for such behavior.
For example, by using the DGRP lines it has been described how variability in locomotor
handedness might be determined by genetic cues, highlighting Tenascin-a as a
candidate involved in the observed behavior heterogeneity (Ayroles et al., 2015;
Buchanan et al., 2015). Others have used the DGRP lines to study the genetic variation

in different behaviors such as mating (Ruedi & Hughes, 2008).

Altogether, it highlights D. melanogaster as a model for studying sensory
integration in the nervous system and how this influences final behavior. Thus, in this
Thesis, | took all the advantages of the fruit fly D. melanogaster to study the molecular

and neural basis of taste coding and how it can modulate feeding behavior.

3. Anatomical organization of the gustatory system in the adult Drosophila

melanogaster

The decision by D. melanogaster to consume food depends on the direct contact
with volatile and non-volatile compounds. The gustatory system carries out this capacity,
whose function is to sense chemosensory cues (mostly non-volatiles) from food and
substrate, which is essential not only for feeding but also for mating and oviposition and
possibly in the formation of social networks (Amrein & Thorne, 2005). It is one of the
most studied sensory systems in the fruit fly, and it is composed of a set of taste organs
distributed in different parts of the body in the adult where they contact the different

environmental chemosensory stimuli, which are finally decoded in CNS (Stocker, 1994;

21



Introduction

Vosshall & Stocker, 2007). These taste organs can be external which include the anterior
wing margin (Figure 2A), distal segments of the legs (Figure 2B), and the labellum, or
internal taste organs like the three pharyngeal taste organs located internally in the
proboscis: labral sense organ (LSO), ventral cibarian sense organ (VCSO), and dorsal

cibarial sense organ (DCSO) (Figure 2).

The location of taste organs is not random, as they comprise specific functions in
each body part. While the role of the margin wings may be involved in the exploration of
ecological niches, the presence of taste organs in the ovipositor system of females
triggers the decision to lay eggs in one substrate or another, enhancing the probability
of surviving the progeny after larval growth in a suitable source of food (Raad et al.,
2016). Further, the internal position of the three pharyngeal taste organs may be
suggested to act as a final gate to promote ingestion or repulsion to food sources (LeDue
et al., 2015; Chen & Dahanukar, 2017).

However, despite the different locations of each taste organ, all of them share a
basic common morphological and functional structure responsible for chemosensory
detection, the taste sensilla. Gustatory sensilla are responsible for detecting taste, and
each comprises multiple gustatory receptor neurons (GRN) housed within a cuticular
hair-like structure, and in most of the sensilla types, also a mechanosensory neuron
(MSN) (S. et al., 2001; Chen & Dahanukar, 2020). These GRNs are bipolar cells with a
cell body that lies beneath the surface of the cuticle and includes a single dendrite that
extends to the tip of the sensilla and one axon that projects to the CNS, specifically to
regions specialized in gustatory processing (Chen & Dahanukar, 2020). Therefore, each
of these taste hairs has a single pore at the tip of the sensilla, which allows tastants to
enter and make contact with the GRNs within them. These GRNs project their axons to

specific regions of the CNS where gustatory information is processed.

The proboscis, the main feeding organ of D. melanogaster, is the equivalent of
the mammalian mouth (Yarmolinsky et al., 2009). It comprises external and internal taste
organs. The internal part is the pharynx (Figure 2C), and it serves as the final
gatekeeper, allowing the fly to decide whether to expel the food or proceed to its
ingestion. The external taste organ consists of two labellar lobes forming the labellum on
the most external part of the proboscis (Figure 2D). In each half of the labellum, 31 hairs
can be further divided into morphological subtypes based on the length of the hairs: L
(long), I (intermediate), and S (short) (Figure 2E). The L- and S-type sensilla each
houses four GRNs plus one MSN, while the I-type sensilla contains two GRNs plus one
MSN (Figure 2F) (Montell, 2013). Furthermore, in the internal part of the labellum, there
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are ~30-40 taste pegs, a type of hairless sensilla that houses just one GRN and one
MSN (Figures 2E and 2G). These taste pegs are specifically located between rows of
pseudotrachea, so they only access the food when the flies open their labial palps during
feeding. Internally, in the pharynx, sensilla are organized in a pharyngeal hairless
sensillum that usually lacks MSN (except for the #8 and #9 LSO), and the number of
GRNs varies from 1-8 (Figures 2C and 2H).

Figure 2: Organization of the adult Drosophila melanogaster gustatory system. The
gustatory system of D. melanogaster comprises different taste organs spread all over the body
and involved in different processes. These taste organs share a common structural and functional
structure, the sensilla. There are three types of taste sensillum in the different taste organs: taste
bristles (in blue), taste pegs (in green), and pharyngeal hairless sensillum (in purple). Taste
bristles are distributed in the anterior wing margins (A), the distal segment of the legs (B), and
the labellum (D-E). The hairless sensilla are located in the three internal pharyngeal taste organs:
LSO, VCSO and DCSO (C). Taste pegs are located between pseudotrachea in the labellum (E).
(F-H) Schematic diagrams showing the structures of three types of taste sensillum. All of them
have a terminal pore (arrows) that allows tastants to contact the taste neurons in each sensillum.

23



Introduction

The taste bristle has 2—4 GRNs (4 GRNs in this schematic example) whose dendrites extend up
to the tip of the taste sensillum (F). The taste peg has one GRN (G). Both taste bristles and taste
pegs have one MSN at the base of each sensillum (F and G). The pharyngeal hairless sensillum
usually lacks MSN, except for the #8 and #9 LSO sensillum. The number of GRNs in the
pharyngeal hairless sensillum can vary from 1-8 (4 GRNs in this schematic example) (H).

In addition to the sensilla that fruit flies presented in the proboscis mentioned
above, each leg contains at least 30 taste bristles, and the anterior wing margin of each
wing has an additional 40 such bristles (He et al., 2019; Raad et al., 2016). This wide
distribution of taste cells throughout the fly’s body underscores the critical role that
chemosensory stimuli represent in the fly’s world. However, sexual dimorphism has been
noted in the number of taste sensilla. On the forelegs, males have, on average, 50,
whereas females have about 37 (Chen & Dahanukar, 2020). Interestingly, the male taps
the female’s abdomen extensively during courtship, presumably to sample pheromone
chemicals secreted from specialized cells in this body part by female taste bristles and
promote courtship behavior (Bray & Amrein, 2003; Hall, 1994; Thistle et al., 2012).
Further, males have more labellar taste bristles than females (Bray & Amrein, 2003;
Stocker, 1994). On the contrary, females have more taste pegs in their labellum than
males (S. et al., 2001). This sexual dimorphism in the number of taste sensilla indicates
how the gustatory system has adapted to sex-specific behaviors, arising the evolutionary
effect of adaptation in taste detection. Hence, the total number of taste sensilla that D.

melanogaster has spread in all gustatory organs is about 260 (Raad et al., 2016).

3.1. Taste detection by gustatory receptor neurons

Similar to humans, flies can discern five taste qualities (sweet, bitter, salty, sour
and umami) through different populations of neurons tuned to each of these qualities
(Yarmolinsky et al., 2009). To detect and respond to the different peripheral compounds,
flies have adapted the properties of their GRNs to detect most of the food chemicals
found in nature selectively. For example, GRNs located in legs tarsi (Figure 2B) respond
selectively to sugar and bitter compounds, water, and low salt and may participate in
pheromone detection in combination with other chemosensory neurons on the legs (Bray
& Amrein, 2003).

Generally, GRNs fall into five classes (A-E) based on their response profile.
These include ‘A’ GRNs (formerly sugar GRNs), which respond to attractive compounds
such as low salt, sugars, glycerol, fatty acids, and carboxylic acids, ‘B’ GRNs (formerly
bitter GRNs) which are activated by high Na*, bitter compounds, acids, polyamines,
tryptophan, and L-canavanine, ‘C’ GRNs respond to water, ‘D’ GRNs detect high levels
of cations such as Na*, K* and Ca?*, and ‘E’ GRNs sense low Na* levels (Montell, 2009;

Montell, 2021). However, GRNs are popularly classified depending on their response to
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tastants, such as water, sweet, salt, and bitter-sensing (Montell, 2009). Single GRNs
respond to compounds of the same valence, for example, attractive stimuli, such as low
salt or sugars, or aversive compounds, including high salt and bitter compounds, but not
to stimuli of different valence (Montell, 2009). Nevertheless, the precise degree to which
each group of taste neurons is specifically attuned to various tastants is still uncertain.
Several research indicates that certain taste neurons may exhibit the capability to react
to compounds spanning different taste categories (Hiroi et al., 2004; Charlu et al., 2013;
Ahn et al.,, 2017). This implies the potential existence of multimodal taste detection
attributes within the taste neurons of insects (Chen & Dahanukar, 2020). Generally, the
four GRNs in L-type sensilla are most sensitive to attractive stimuli and respond weakly
to aversive stimuli (Hiroi et al., 2002). Nevertheless, molecular, calcium-imaging, and
electrophysiological studies have identified that each of the four GRNs is tuned to
different stimuli: one is strongly responsive to low salt, another is strongly responsive to
sugars, a third is weakly responsive to high salt and bitter, and the fourth is moderately
responsive to water (Amrein & Thorne, 2005; Chen & Dahanukar, 2020). In contrast, the
four GRNs in S-type sensilla are most sensitive to bitter compounds and high salt, and
respond only weakly to low salt and sugars (Freeman & Dahanukar, 2015). The I-type
sensilla includes two GRNSs, one excited by a narrow group of bitter compounds and
aversive high levels of salt and the other activated by sugars and low levels of salt that
are attractive (Hiroi et al., 2004; Weiss et al., 2011).

So far, activation of different GRNs drives different behaviors, suggesting that
there are innate pathways from taste detection to behavior. For example, expressing the
capsaicin-gated cation channel in the sweet GRNs attracts the flies to capsaicin, but if
expressed in the bitter GRNs, flies avoid capsaicin (Marella et al., 2006). The same
happened when the light-gated channel CsChrimon was expressed in the sweet GRNs
where flies extended their proboscis to initiate feeding upon light stimulation (Gordon &
Scott, 2009). These show how activation of GRNs drives innate behaviors in front of
appetitive or aversive compounds. Nevertheless, sensory perception can rapidly adapt
to environmental changes, such as in the case of the german cockroach in which glucose
activates both sweet and bitter GRNs, leading to avoiding the glucose present in toxic
baits (Wada-Katsumata et al.,, 2013). This suggests that the huge plasticity of the

gustatory sensory system is necessary to adapt to environmental features.

On the other hand, not only is taste information sensed by the sensillum to drive
feeding, but mechanosensory information is also processed in the periphery to drive final
feeding behavior. The physical property of food is essential for animals to access the

palatability of the food source, as well as gustation is essential for taste sensing, and has
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a direct impact on feeding or egg-laying behavior to promote survival (Jeong et al., 2016).
Food that is too soft or viscous could be indicative of over-ripen or contamination, while
too difficult to swallow indicates that the food is unripe (Stensmyr et al., 2012). As
previously mentioned, the sensilla located in the labellum house a set of GRNs but also
one MSN (Figures 2E and 2F) that expresses the NompC mechanosensory ion channel
(No mechanoreceptor potential C), a TRP-family mechanosensory channel required for
food texture discrimination (Sanchez-Alcaniz et al., 2017). Among these MSNs, the
labellum multi-dendritic neurons (md-L) innervate most of the sensilla to sense the
hardness or viscosity of food so as to suppress feeding (Zhang et al., 2016; Wu et al.,
2019). Other sets of neurons, the sd-L neurons, are located in the junction of the labellum
and the haustellum to sense the deformation of the proboscis during feeding and finally
promote ingestion by the indirect activation of sweet GRNs and motor neurons (J. Yu et
al., 2023). All these, allow flies to integrate the food texture with taste sensing in order to

choose the correct food source with an intermediate stiffness and great taste properties.

In summary, GRNs are tuned to sense different types of chemicals, which cover
most of the substances present in food. In addition, mechanosensation by MSNs plays
a fundamental role in feeding behavior. This allows animals to discriminate between toxic
and nutritious sources of food and drive the appropriate decision during feeding, among

other behaviors, to promote their survival.

3.2. Molecular organization of gustatory receptor neurons

GRNs express a large variety of receptors that define their selectivity and tuning
properties for gustatory perception. Among them, there are four major families of
receptors expressed in the Drosophila gustatory system: gustatory receptors (GRs),
ionotropic receptors (IRs), transient receptor proteins (TRPs), and pickpocket channels
(PPKs) (Montell, 2021; Scott, 2018). Many of these receptors are expressed in GRNs in
a combinational fashion, and are responsible for detecting most of the chemicals in the
food (Chen & Dahanukar, 2020).

60 genes in the D. melanogaster genome encode the entire 68 GRs family by
alternative splicing (Clyne et al., 2000). Most of them are clustered (groups of 2-6 GRs
genes) in small regions of the chromosomes, indicating that GRs may undergo an
ancient gene duplication and divergence (Freeman et al., 2014; Robertson et al., 2003).
GRs are seven-transmembrane proteins that initially were thought to be G-protein
coupled receptors (GPCRs) but soon was demonstrated that their topology was inverted
with an extracellular C-terminus and an intracellular N-terminus, opposite to GPCRs
(Dunipace et al., 2001; Robertson et al., 2003; Scott et al., 2001; D. Ma et al., 2024).
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Those results suggested that GRs might act as tetrameric ion channels, as, in fact, has
been shown recently through heterologous expression and Cryo-EM of some GRs (D.
Ma et al., 2024).

GRs are expressed in the GRNs according to their taste modality. For example,
Gr5a and Gr66a are each found in different populations of gustatory neurons that
respond to sweet and bitter compounds, respectively (Marella et al., 2006; Thorne et al.,
2004; Z. Wang et al., 2004). However, the number of GRs that respond to either sweet
or bitter is large. For example, there are 8 GRs (Gr5a, Gr61a, and Gr64a-f) that respond
to sweet compounds and are co-expressed in the sweet GRNs (Dahanukar et al., 2007;
Fujii et al., 2015; Jiao et al., 2007, 2008). There are other GRs expressed in bitter GRNs,
like Gr66a, Gr33a, and Gr93a, that are necessary for the detection of bitter compounds
(Dunipace et al., 2001; Y. Lee et al., 2009; Moon et al., 2006). Nevertheless, multiple
GRs and other receptors with overlapping expression contribute to normal responses to
sweet and bitter compounds. For example, 33 GRs are expressed in subsets of bitter
GRNs to mediate bitter-taste detection (Weiss et al., 2011). However, despite the recent
structure knowledge advances, detailed functional studies of GRs need to be elucidated

to characterize the possible implications of this heterologous expression.

Regarding the IR family, 66 IRs were identified in D. melanogaster and showed
different functions and expression patterns (Benton et al., 2009). They contain an
extracellular N-terminus, a two-lobed ligand-binding domain, 3 transmembrane domains,
and an intracellular C-terminus. They participate in different sensory modalities. Only 16
IRs are expressed in the fly antenna, in a set of olfactory neurons that do not express
olfactory receptors (ORs), some acting as odorant receptors for amines and acids (Ai et
al., 2010, 2013; Croset et al., 2010) and others participating in thermosensation and
hygrosensation (Enjin et al., 2016; Knecht et al., 2016; Ni et al., 2016). At least 16 IRs
are presumably expressed in the adult taste system, including taste bristles, labellar taste
pegs, and pharyngeal taste organs (Koh et al., 2014; Sanchez-Alcafiiz et al., 2018). The
role of some of those IRs has been described. For example, Ir25a and Ir76b are broadly
co-expressed in the proboscis GRNs, where they might serve as co-receptors (Ganguly
etal., 2017; Hussain et al., 2016; Sanchez-Alcaniz et al., 2018; Zhang et al., 2013). Ir56d
is involved in carbonation and hexanoic acid-sensing (Sanchez-Alcaniz et al., 2018),
while Ir52c and Ir52d are expressed in GRNs located in the legs tarses involved in

pheromone sensing (Koh et al., 2014).

Finally, the other two ion channel families that participate in gustatory detection

in D. melanogaster are the PPK family (epithelial sodium channel/degenerin family) and
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the TRP family, with only a few members of each family involved in gustatory detection.
There are 31 PPKs in D. melanogaster, and only a few have been shown to have a role
in chemosensory detection. The ppk28 is exclusively expressed in water-sensing
gustatory neurons and is necessary for cellular and behavioral responses to water
(Cameron et al., 2010; Chen et al., 2010). Moreover, exogenous expression of ppk28
confers low osmolarity responsiveness to other fly gustatory neurons or heterologous
cells, suggesting that it is a direct osmosensor (Cameron et al., 2010). Three other PPKs
(ppk23, ppk25, and ppk29) are expressed in GRNs on the legs that participate in the
detection of male and female pheromones (Liu et al., 2012; Thistle et al., 2012). One
member of the TRP family, dTRPA1, is expressed in bitter GRNs on the proboscis, where
it is involved in the aversion to electrophiles such as allylisothiocyanate found in wasabi,
and also it depolarizes in response to increased temperature (>30-C) (Kang et al., 2012).
Another essential TRP channel is the NompC, which is expressed in all mechanosensory

neurons as it detects food texture (Sanchez-Alcaniz et al., 2017).

In summary, a huge range of receptors are expressed in GRNs and may define
their chemosensory modality. However, some GRNs respond to different taste
modalities because they co-express different types of receptors, limiting taste
discrimination by the activity pattern of the GRN itself and elucidating a complex taste

recognition strategy.

4. Gustatory processing in the Drosophila melanogaster central brain

Gustatory information is sensed by peripheral taste organs, specifically by their
GRNs, which contact food and substrate directly. These GRNs extend their axons
directly to the CNS, where this information is integrated and processed in combination
with other internal cues to drive final behavioral outputs. Thus, to understand the
organization of the CNS, it is crucial to study how and where this gustatory information

is processed.

4.1. The central nervous system of Drosophila melanogaster

The CNS of D. melanogaster is composed of three main regions: the ventral nerve
cord (VNC), which is analogous to the spinal cord in vertebrates; the central brain (CB), where
the main processing features take place; and the optic lobes (OLs) which process visual

information (Figure 3) (Nériec & Desplan, 2016).
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The VNC contains around ~20,000 neurons, and it is divided into several segmental
neuromeres (Figure 3A). It is the place that receives and integrates sensory information such
as mechanosensation and is involved in generating most of the locomotor actions that
underlie fly behaviors such as walking, grooming, jumping, flying, courtship, and copulation
(Card & Dickinson, 2008; Crickmore & Vosshall, 2013; Dickinson & Muijres, 2016; Mamiya
et al., 2018; Seeds et al.,, 2014). The VNC is, however, not a passive executive center
receiving descending signals from the CB; it also sends significant major ascending

projections to it (Tsubouchi et al., 2017).

As previously mentioned, the main processing center of information in D.
melanogaster is the CB, which is analogous to the telencephalon in mammals and comprises
around 100,000 neurons (Raji & Potter, 2021). The CB receives input from the VNC via the
ascendant neurons that go through the neck area and connect to the CB. Besides, the CB
sends processed information to other regions of the body via descending neurons that
connect the CB with the VNC and then via the peripheral nerves to the final organ. The CB
(Figure 3B) is compartmentalized into specialized regions that comprise most of the CNS
functions like memory, learning, sensory integration, and behavioral coordination. The
mushroom bodies (MB), which are located in the upper part of the CB and comprise an
intricate network of kenyon cells (KCs), play a pivotal role in associative learning and memory
formation (Aso & Rubin, 2016). Adjacent to the MB, the central complex comprises distinct
substructures, including the fan-shaped body (FSB), ellipsoid body (EB), and noduli, which
are involved in spatial orientation, motor control, navigational behaviors, circadian rhythms
and sleep. Further, other regions of the central brain receive and process sensory inputs from
various modalities, such as olfaction and gustation. The olfactory information is initially
processed in the antennal lobes (ALs), which comprise a set of organized glomeruli of
olfactory sensory neurons (OSNs) that express a huge arrange of ORs involved in the
detection of volatile chemicals (Fishilevich & Vosshall, 2005). This olfactory sensory
information is mainly sent to the MB via the projection neurons (PNs), where the information
is integrated to produce specific behaviors and memory formation (Jeanne et al., 2018;
Masse et al., 2009). Also, the lateral horns (LHs) participate in olfactory and learning
processing and other functions like innate behavioral responses by encoding biological
valence to novel stimuli (Schultzhaus et al., 2017). Gustation is mainly integrated into the
subesophageal zone (SEZ), located below the esophagus opening and containing ~4,000
neurons (Amrein & Thorne, 2005; Scott, 2005). The SEZ is not a region compartmentalized
like the AL, where information is segregated in glomeruli. However, a certain level of

organization can be appreciated in how sensory information arrives at the SEZ and is related
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to how SEZ neurons respond to stimuli, even though no anatomical structure is visible
(Mlnch et al., 2022).

Figure 3: Central nervous system of the adult D.
melanogaster. (A) Schematic representation of the
location of the brain and VNC in the adult fly. (B)
Schematic representation of the brain where the OLs
and different parts of the CB are annotated.

In the next section, | will describe in detail what is currently known about the SEZ
and how it integrates peripheral sensory information and the internal state of the fly to be

jointly processed in order to elucidate complex feeding behaviors.

4.2. Taste pathways in the central nervous system impact final behavior

As mentioned previously, the main gustatory processing center in the CB of fruit
flies where GRNs project their axons is the SEZ. GRNs located in the legs, wing margins,
and ovipositor organ project to the VNC to be redirected to the SEZ by ascending
neurons. GRNs located in the labellum send the gustatory information directly to the SEZ
through the labial nerve, and the mouthpart neurons project along the pharyngeal and
accessory pharyngeal nerve (Scott, 2018) (Figure 4). GRN axons derived from different
taste organs are spatially segregated in the SEZ. Mouthpart neurons terminate in the
dorsal anterior SEZ, proboscis axons terminate in the medial SEZ, and leg axons
terminate in the dorsal posterior SEZ (Z. Wang et al., 2004). We are specifically focused
on understanding how gustatory information detected by the proboscis, the main feeding

organ, is integrated and processed in the SEZ to drive final feeding behavior.

All GRNs send their axons segregated to SEZ by taste modality. While bitter
GRNSs converge in the medial ring, the sweet GRNs and water-sensing GRNs remain
ipsilateral and terminate as two bundles near the bitter GRNs axonal terminals (Figure
4A) (Thorne et al., 2004). This suggests that different taste modalities might activate

separate pathways in the brain, with sugar-responsive circuits that drive taste
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acceptance and bitter-responsive circuits that drive avoidance. Whole brain in vivo
calcium imaging has reported only a few neurons in SEZ responding to both sweet and
bitter tastants, reinforcing the hypothesis of a segregated circuitry beyond the GRNs
(Harris et al., 2015). Similar results have been obtained in electrophysiological studies
carried out in the moths Manduca sexta and Heliothis virescens, which found that there
are few interneurons that receive gustatory information from different GRNs and that they

are interconnected, leading to elaborately structured patterns (Reiter et al., 2015).

Results in mammals point in the same direction as they have found that gustatory
information is kept segregated not only in the geniculate ganglion neurons but in the
gustatory cortex, only to be partially integrated into the amygdala (Barretto et al., 2015;
Chen et al., 2011; Jin et al., 2021; Sugita & Shiba, 2005). The results from both models
support the label line hypothesis, where taste modalities are integrated through different
pathways in the CB, contrary to the across-neuron hypothesis, where different taste
modalities converge into common neuronal circuits to drive final feeding behaviors
(Scott, 2018).

Contrary to the olfactory system, where a system of glomeruli in the ALs shows
the rationale of olfactory processing (Jeanne et al., 2018), no anatomical structure is
appreciated in the SEZ. So far, as mentioned earlier, we are only certain that information
seems to arrive and may be processed separately (Figure 4B). Which interneurons in
the SEZ process gustatory information? Which interneurons control the initiation of
termination of feeding? And how do those neurons integrate sensory information with
the internal state? Our current knowledge about the interneurons in SEZ is poor, and
only some neurons have been identified to play some roles in the questions mentioned
earlier. Our lack of knowledge regarding their molecular nature has impeded studying
them in detail and developing genetic tools to manipulate them. Most of the work done
to identify the role of some of the SEZ interneurons has been based on
electrophysiological studies, in vivo calcium imaging (mentioned earlier), and the
screening of large collections of Gal4 lines. The latter approach has identified a handful
of key neurons but at the expense of complicated and arduous experiments. In the next
paragraphs, | will briefly describe what is known about the identified interneurons

populating the SEZ and their possible roles.

Chu et al. found that some GABA (Gamma-aminobutyric acid) neurons in the
SEZ receive direct input from bitter GRNs to inhibit presynaptically sweet GRNs, acting
as regulators of contradictory information (Chu et al., 2014). These GABAergic

processing mechanisms are well studied in the olfactory system, where GABAergic
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neurons widely give feedback to olfactory inputs regulating olfactory information (Olsen
& Wilson, 2008). In another work, after a massive visual screening of more than 8000
images, a set of three taste projection neurons (TPNs) were identified to collect
separately sweet and bitter taste information from other taste organs like legs, so their
activations or inhibition implies the extension or not of the proboscis (Kim et al., 2017).
Within the SEZ, one neuron involved in this process is the motor neuron 9 (MN9), which
contracts the rostrum protractor muscle to extend the proboscis and is required for
feeding initiation (McKellar et al., 2020; Schwarz et al., 2017). Other neurons like the
second-order sweet gustatory projection neurons (sGPNs) are implicated in processing
sweet taste detection from the proboscis and drive the final proboscis extension,
suggesting that they may be connected with the neuronal motor program (Kain &
Dahanukar, 2015). Further, by screening a large number of driver lines, Flood et al.
described a single neuron in the SEZ named the Feeding neuron (Fdg) that, despite it is
not directly connected to GRNSs, is sufficient to drive the proboscis extension upon
sucrose stimulation (Flood et al., 2013). Also, Bohra et al., by using a similar functional
screening approach of driver lines with the proboscis extension response (PER) assay,
described a single pair of interneurons implicated in the proboscis extension inhibition in
response to bitter tastants (Bohra et al., 2018). All those data are invaluable, but they
only provide information about some scattered neurons within the SEZ, without

explaining how the information flows and gets integrated.

Similar to OSNs, GRNs contact a first layer of neurons in the SEZ termed
gustatory second-order neurons (GSON), which act as a first relay of gustatory
information (Figure 4B). We do not know how GSONs are organized, meaning we do
not know whether they collect information from different tastes or are segregated as the
GRN axons are. We neither know much about their molecular nature due to the complete
absence of tools to label them specifically. A recently published transsynaptic tool, trans-
Tango (Talay et al., 2017), can label any postsynaptic neuron to any neuron of interest.
It has been described that at least sugar-sensing GRNs expressing Gr64f make synapsis
with a significant number of GSONs. Although this tool is a great advancement in the
field, it cannot label GSONs permanently, and initially, only immunohistochemical

analysis can be done.
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Figure 4: Schematic representation of gustatory information integration in the SEZ.
(A) Taste stimuli are sensed through GRNs located in the taste organs (Figure 2), and the taste
information sensed by the GRNs located in the labellum is directly sent to the SEZ where taste
information segregates according to taste modality (sweet in light green and bitter in dark green)
and synapses with GSONs. (B) Once gustatory information arrives into the SEZ from the
periphery; it is integrated firstly by GSONSs, which drive the gustatory information within the SEZ,
send the gustatory information to other brain regions to be processed, or receive input from other
brain and body regions to process both information, gustatory and other type.

| consider that to understand the rationale of gustatory information processing
and integration, we need to characterize the GSONSs as they are the first layer of neurons
collecting this information. Understanding their molecular nature, whether they receive
information segregated like the geniculate ganglion in mammals, or if some of them
already integrate information for different tastants, is of paramount importance to
describe gustatory processing in the D. melanogaster brain. Thus, in this Thesis, we
performed RNA sequencing (RNAseq) from three different GSON populations, collecting
different taste modalities: sweet, bitter, and mechanosensory information, to characterize
molecularly those GSONs and understand how peripheral gustatory information is

integrated first place within the CNS.

4.3. Regulation of feeding behavior in Drosophila melanogaster through the

interplay of gustation, physiology and neuromodulation

External sensory inputs, along with internal physiological cues, convey the
nutritional status of the body to the CNS in order to modulate the feeding behavior by
orchestrating the activity of various neuronal circuits. The decision-making regarding
food intake is managed through the intricate communication between chemicals present

in the food (sensed by GRNs) and the internal metabolic signals. The metabolic state of
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D. melanogaster is mainly regulated by the fat body (an endocrine organ that combines
the adipose tissue and liver function in vertebrates) and corpora cardiaca, which sense
changes in the physiological state and account for those to the brain for proper feeding
behavior (Arrese & Soulages, 2010). A complex network of neuropeptide-expressing
neurons, some of which are located in the SEZ, are involved in the evaluation of internal
energy levels to control feeding. It is important to notice that it is not known if some of

those neurons could be GSONSs.

While certain neuropeptides promote food ingestion, another group counteracts
these effects and hinders the feeding process. Hugin (Hug) is the homologous to the
mammalian neuromedin U, and is released by the hug neurons, which arborize the SEZ
and interconnect the GRNs with the pharyngeal muscles, possibly mediating the
tolerance to aversive compounds via connection to bitter GRNs (Melcher & Pankratz,
2005; Schlegel et al., 2016; Thorne et al., 2004). Also, these hug neurons might be
integrating the nutritional state of the fly as their axons arborize in the ring gland and the
crop, two organs involved in growth and metabolisms, so finally, they are modulating
food ingestion by integrating the taste of food source and the metabolic state of the fly

resulting into behavioral outputs (Bader et al., 2007).

Similarly, the Drosophila neuropeptide F (dNPF), analogous to the human
neuropeptide Y (NPY), is expressed by neurosecretory cells in the brain that integrate
the starvation state of flies by detecting circulating glucose and it is also released in the
midgut (Yoshinari et al., 2021). These dNPF-producing neurons act upstream of
dopaminergic neurons to finally stimulate food intake by activating the sweet GRNs, also
determining the formation of taste memory and subsequent appetitive behavior (Feng et
al., 2021; Krashes et al., 2009). Likely, the short neuropeptide F (sNPF) promotes food
intake and might serve as a communication crosstalk between the sNPF neurons and
the insulin-producing cells (IPCs) (K.-S. Lee et al., 2004; Oh et al., 2019). These IPCs
are located in the upper part of the protocerebrum and release Drosophila insulin-like
peptides (DILPs), which are homologous from the mammalian insulin, as well as the
drosulfakinin (DSK) which can be realized by other neurons in the brain, to drive satiation
and attenuate feeding motivation finally (Hergarden et al., 2012; Shao et al., 2017; Y. Yu
et al., 2016).

A study carried out by Inagaki et al. showed that over-expression of dNPF in the
CNS enhanced sugar sensitivity, but not to bitter, as if flies were starved, while over-
expression of SNPF led to a loss of bitter sensitivity during starvation via GABAergic
neuron inhibition of bitter GRNs (Inagaki et al., 2014). These results highlight the
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important role of dNPF and sNPF in promoting feeding and tolerating avoiding
compounds in starved conditions. On the contrary, the neuropeptide allostatin A (AstA)

neurons inhibit feeding by integrating the satiated state (Hergarden et al., 2012).

The adipokinetic hormone (AKH), analogous to the mammalian glucagon, is
secreted from the corpora cardiaca by the AKH-producing cells (APCs) in starved
conditions due to the low levels of circulating glucose (Hughson, 2021). Sweet GRNs
express the AKH receptor (AKHR), so the AKH induce attractive feeding behavior
(Bharucha et al., 2008; Kubrak et al., 2022; Lee et al., 2004; Yu et al., 2016). This AKH
signaling pathway activates the interoceptive SEZ neuron (ISNs) upon starvation to
induce sugar consumption. However, ISNs are inhibited by DILPs to control food satiety
and electron microscopy studies reveled that these ISNs act upstream to IPCs, so ISNs
represent a convergence node in the fly brain where hunger and thirst motivations

compete for behavioral expression (Gonzalez-Segarra et al., 2023; Jourjine et al., 2016).

Similarly, the neuropeptide corazonin (Crz), a homologue of AKH that is
expressed in salivary gland and fat body, also promotes food consumption upon
starvation (Lin et al., 2019). Further, AKH secretion also integrate the reproductive state
of flies as it is by the dNPF/AstC signaling pathway when flies are fed, changing the
preference of mated females from sugar-rich food into protein-rich food, necessary for
egg production (Corrales-Carvajal et al., 2016; Malita et al., 2022). These suggest that
the metabolic state of the fly, which is regulated mainly in the corpora cardiaca, midgut
and fat body, is integrated in the brain in order to orchestrate food choice during feeding

behavior.

Other neuropeptide involved in regulating feeding during starvation is the diuretic
hormone 44 (Dh44), which is expressed by 6 neurons in the brain and regulate sugar
and amino acids consumption, and activate downstream neurons to extend the proboscis
upon starvation (Cannell et al., 2016; Schlegel et al., 2016). However, these Dh44-
secreting neurons also express the hugin receptor, suggesting that Hug also play a role

in modulating Dh44 releasing (Yang et al., 2018).

Also, neurotransmitters along with endocrine signals regulate the feeding
behavior in response to the inner and outer nutritional state. For example, the enhance
response of sweet GRNs wupon starvation requires the presence of the
dopamine/ecdysteroid receptor (DopEcR) which receive input from a single
dopaminergic neuron, the TH-VUM neuron. This suggests that the TH-VUM neuron is
activated during starvation via NPF signaling and drive the sweet GRNs excitability to

promote the feeding initiation (Inagaki et al., 2012, 2014; Marella et al., 2012). Also,
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downstream of AKH, octopamine and octopaminergic neurons have been shown to be

both necessary and sufficient for starvation-induced food seeking (Yang et al., 2015).

On the other hand, despite of the decreased response of bitter GRNs upon
starvation via the sNPF signaling pathway reported above, two pairs of SEZ-innervating
octopamine/tiramynergic (OA)-ventrolateral (VL) neurons release octopamine and
tyrame to directly potentiate bitter GRNs in fed flies to prevent feeding from avoiding
compounds (LeDue et al., 2016). This bitter GRNs desensitization could be modulated
by GABAergic neurons that integrate the AKH/sNPF signal (Inagaki et al., 2014).

In summary, a huge range of neuropeptides and neurotransmitters integrate
gustatory and metabolic state information via different neuronal circuits to drive the
appropriate feeding behaviors. These complex mechanisms highlight the importance of
studying the molecular and neural bases of gustatory processing to understand how
hunger-driven behaviors arise. Thus, in addition to the analysis of the molecular nature
from three different GSON populations collecting different taste modalities by RNAseq,
we performed this analysis by collecting those populations in two different metabolic
states: fed and starved. Altogether, we were able to analyze the GSONs molecular profile
changes upon starvation from totally different taste modalities, presumably to adapt
gustatory processing to the physiological state of the fly and finally modulate feeding

behavior.
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Objectives

The main objective of my Thesis was to elucidate how peripheral gustatory
sensory information is integrated and processed in the central nervous system to drive

feeding behavior. To this end we focused in these specific objectives:

1. To label with trans-Tango the gustatory second-order neurons that receive input
from sweet, bitter, and mechanosensory gustatory receptor neurons and isolate

them by fluorescent-activated cell sorting.

2. To characterize molecularly the nature of those gustatory second-order neurons
collecting taste information from different modalities in two metabolic states: fed and

starved.

3. To find neuromodulators and neurotransmitters differentially expressed in the
gustatory second-order neurons that may be involved in gustatory processing upon

starvation.
4. To characterize the role of candidate neuropeptides and neuromodulators that could

be involved in the integration of gustatory information and the metabolic state during

feeding behavior
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Materials and methods

1. Drosophila melanogaster husbandry

D. melanogaster strains were reared and maintained under a 12 h light:12 h dark
cycle at 25°C in standard Iberian fly food. A copy of each stock was stored at 18°C. w'""8
and Oregon-R fly lines were used as a mutant and wild-type strain controls unless

otherwise indicated. All D. melanogaster strains used in this Thesis are listed in Table 1.

Table 1. Drosophila melanogaster strains.

Drosophila strains Source Identifier
ChAT-Gal4 Bloomington Drosophila Stock Center BDSC 84618
Ddc-Gal4 Bloomington Drosophila Stock Center BDSC 7010
Dop1R2-Gal4 Bloomington Drosophila Stock Center BDSC 84711
Dop2R-Gal4 Bloomington Drosophila Stock Center BDSC 84628
GABA-B-R2-Gal4 Bloomington Drosophila Stock Center BDSC 84634
GABA-B-R3-Gal4 Bloomington Drosophila Stock Center BDSC 84635
Gad1-Gal4 Bloomington Drosophila Stock Center BDSC 51630
Gré64f-Gal4 Kindly donated by Prof. Richard Benton NA
Gré64f-LexA Kindly donated by Prof. Richard Benton NA
Gr66a-Gal4 Bloomington Drosophila Stock Center BDSC 57670
Gré66a-LexA; LexAop-rCD2:GFP Kindly donated by Prof. Richard Benton NA
LexAop-mCD8::GFP Bloomington Drosophila Stock Center BDSC 32203
Lk-Gal4 Bloomington Drosophila Stock Center BDSC 51993
NompC-GAI4 Bloomington Drosophila Stock Center BDSC 36361
NompC-LexA Bloomington Drosophila Stock Center BDSC 52240
Oregon-R (wild type) Kindly donated by Prof. Richard Benton NA
Sﬁ\jgfé’;';’éf’;‘a’%agf’é,’:‘jﬁr ?r_eCfg—gI%ngo) Bloomington Drosophila Stock Center ~ BDSC 99661
SerT-LexA Bloomington Drosophila Stock Center BDSC 84434
Tdc2-Gal4 Bloomington Drosophila Stock Center BDSC 9313
TH-Gal4 Kindly donated by Prof. Richard Benton NA
Trh-Gal4 Bloomington Drosophila Stock Center BDSC 38389
UAS-DenMarK Bloomington Drosophila Stock Center BDSC 33062
UAS-CD8::myrGFP Bloomington Drosophila Stock Center BDSC 32186
#;‘rfsrg A C;’; ’? 2r27‘f%'{]'£;°mat°" Bloomington Drosophila Stock Center ~ BDSC 77124
UAS-TNT Bloomington Drosophila Stock Center BDSC 28837
UAS-TNTimp Bloomington Drosophila Stock Center BDSC 28839
VGlut-Gal4 Bloomington Drosophila Stock Center BDSC 24635
gﬁf‘g,;g?ffgg:gg)' 10, lexAop-CD4- g, mington Drosophila Stock Center ~ BDSC 58755
g%’g‘;%ﬁ’;’g_ﬁ%ﬁgﬁ; §§ ’ké’f\‘f{race) Bloomington Drosophila Stock Center ~ BDSC 90826
w18 (mutant control) Kindly donated by Prof. Francisco NA

Tejedor
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1.1. Starvation protocol

Starvation was induced by transferring flies into vials containing a solid medium
formed with a piece of paper (Kimberly-Clark Kimtech, ref. 7552) soaked with 2,5 ml tap
water. The number of starved flies in the same vial was controlled to avoid any effect
induced by the population density. Additionally, the number of males and females,

otherwise indicated, was controlled to be the same in the vial.

2. Immunohistochemistry and image analysis

2.1. Immunohistochemistry procedure

Brains and proboscis were dissected in cold phosphate buffer (PB) and fixed for
25 minutes in 4% paraformaldehyde (PFA) in PB at room temperature. After that, brains
and proboscis were washed 5 times for 10 minutes (min) with PB + 0.3% Triton X-100
(PBT) and blocked for 1 hour in PBT + 5% normal goad serum (NGS) (Abcam, ref.
ab7481). Later, primary and secondary antibodies (Table 2 and 3, respectively) were
incubated for 48 h each in PBT + 5% NGS at 4°C in constant agitation. Finally, after 5

washes of 10 min, brains and proboscis were equilibrated and mounted in Vectashield

Antifade Mounting Medium with DAPI (4’,6-diamidino-2-phenylindole) (Vector
Laboratories, ref. H-1200-10), maintaining their 3D structure.
Table 2. Primary antibodies.

. Host Working
Antigen Specie Reference dilution
Green Fluorescent Protein (GFP)  Chicken  Abcam (ab13970) 1:500
Red Fluorescent Protein (RFP) Rabbit  Abcam (ab62341) 1:500
nc82 Bruchpilot Mouse DSHB 1:50
GFP reconstructed GRASP Mouse  Sigma-Aldrich (G6539) 1:500

- Kindly donated by Prof. Pilar .
=GRl Rl Herrero (de Haro et al., 2010) 157012
Table 3. Secondary antibodies.

. Working
Antigen Fluorophore Reference dilution
Chicken Alexa 488 Abcam (ab150169) 1:500
Rabbit Cy3 Jackson Immunoresearch (111-165-144) 1:500
Mouse Cy5 Jackson Immunoresearch (115-175-146) 1:500
Mouse Alexa 488 Jackson Immunoresearch (115-545-003) 1:500
Rat Alexa 647 Jackson Immunoresearch (112-605-167) 1:500
Mouse Cy3 Jackson Immunoresearch (112-165-166) 1:500
Rat Cy3 Jackson Immunoresearch (112-165-167) 1:500
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2.2 Microscopy image capture and processing

Images were acquired using a Leica SPEIl laser scanning confocal microscope.
Routinely, images of dimensions 512x512 pixels were acquired using an oil immersion
20x objective in stacks of 1-2 ym. Files were saved in .tiff format and processed with
Imaged (Fiji) open-source image-processing software (Schindelin et al., 2012). For
fluorescence quantification, the fluorescent intensity from the Region Of Interest (ROI)
area was analyzed by using the ROl Manager from ImageJ, and data is presented as
mean * standard error of the mean (SEM) and was statistically analyzed using two-tailed

Student’s t-test, considering p-value < 0,05 to be statistically significant.

3. Isolation of the neuron population of interest

3.1 Tissue dissociation into individual cells

CBs or SEZs were dissected in cold Calcium- and Magnesium-free 1X Dulbecco’s
phosphate buffered saline (DPBS) (ThermoFischer, ref. 14190094) and transferred to a
protein LowBind (Eppendorf, ref. 0030108116) tube containing DPBS 0.01% bovine
serum albumin (BSA) (Invitrogen, ref. AM2616). After centrifuge for 4 min at 3000 rpm,
the supernatant was replaced by 500 pl of DPBS with an enzymatic digestion solution of
papain and collagenase (Sigma-Aldrich, ref. P4762 and C2674, respectively) at 1 mg/ml.
Then, the tissue digestion mix was incubated for 30 minutes at room temperature with
continuous shaking at 400 rpm. After enzymatic digestion, to reinforce dissociation, with
pre-wet low bind P1000 tips (Rainin, ref. 30389220) brains or SEZs were pipetted up and
down 10 times every 2 min for three times, always keeping samples on ice. Finally, tissue
dissociated solution was filtered through a 20 um filter (pluriSelect, ref. SKU 43-10020-
40) into 300 ul DPBS BSA 0.01% in a protein LowBind tube, ensuring that all liquid flowed
through the filter, and samples were kept at -80°C or even directly sorted by fluorescent-
activated cell sorting (FACS).

3.2. Fluorescence-activated cell sorting

After the tissue was dissociated into single cells, they were sorted using the FACS
Aria™ lIl. Different filters were applied. Firstly, plotting events in the side scatter area
(SSC-A) and the forward scatter area (FSC-A) allowed the discard of any debris and
dead cells, as well as clustered cells, from the population (P1) of interest. Then, SSC
width versus height excluded cells by complexity, isolating a second single-cell
population (P2). Next, FSC width versus height discard cells by size to separate a third

single-cell population (P3). A filter for DAPI fluorescence was applied to discard all dead
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cells. To do that, cells containing DAPI in their nuclei were previously sorted to delimitate
the area where live cells fall into, so all single cells from P3 that fall there constituted a
fourth live single-cell population (P4). Then, cells were sorted by their fluorescence with

different fluorescent lasers.

To sort the GSONs labeled by trans-Tango from P4, the 561 nm laser was applied
to the P4 in combination with an RFP PE-Texas Red A filter to discard non-fluorescent
cells from the red fluorescent population (P5). In addition, to differentiate that
autofluorescence (far red, A > 670 nm) from actual mtdTomato frans-Tango signal from
GSONSs (A = 615 nm), extra filtering was applied with a PE-Cy7-A filter consecutively to
only conserve those mtdTomato fluorescent single cells for PE-Texas Red-A filter and
not for PE-Cy7-A filter (P6). On the other hand, to sort the Lk GFP* neurons from P4, the
488 nm laser was used to sort only GFP" fluorescent cells (P5) by applying the FITC-A

filter.

All fluorescent cell populations were sorted into protein LowBind RNase-free tubes
containing 15 pl of lysis buffer for RNA extraction (extraction buffer from Thermo Fisher
PicoArcturus Kit, ref 12204-01) and finally stored at -80°C until RNA extraction.

4. RNA extraction, retrotranscription and quantitative PCR

4.1 RNA extraction

To isolate mMRNA from FACS populations, due to the relatively low amount of cells
sorted, RNA was extracted using the PicoArcturus RNA isolation kit (ThermoFisher, ref.
12204-01), whose extraction yield is so accurate. RNA extraction was performed
according to manufacturer standards protocol. Prior to column RNA retention, samples
with the corresponding number of isolated cells were lysed for 30 min at 42°C while
shaking at 500 rpm in the standard lysis buffer solution provided in the kit. Then, after
mixing the lysate with ethanol 70%, a sequence of centrifugations was applied according
to manufacturer instructions. An RNase-Free DNase (Qiagen, ref. 79254) treatment was
applied to eliminate the remaining DNA. Final RNA was eluded in 15 pl of elution buffer

and stored at -80°C until use.

4.2. Total mRNA quantification and quality determination
The spectrophotometer NanoDrop® ND-1000 was used for samples estimated to

contain higher amounts of total mMRNA extracted, in the range of 100-3.000 ng/ul.
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Additionally, to obtain the exact concentration and to test the quality of the mRNA,
total MRNA was measured by using the 2100 Bioanalyzer (Agilent Technologies). 50 to
5.000 pg/ul range was measured using chips from the RNA 6.000 Pico Kit (Agilent

Technologies).

4.3. Retrotranscription for gPCR: cDNA synthesis

Due to the low amount of mMRNA extracted, total mMRNA was retrotranscribed to
cDNA with SuperScript Ill Reverse Transcriptase (Invitrogen, ref. 18080-044) and Oligo
dT Primers (Invitrogen, ref. 18418020) incubated for 60 min at 50°C, and a final step of
15 min at 70°C. Then, a deoxynucleotide mix (Sigma-Aldrich, ref. D7295) and an
RNaseOUT ribonuclease inhibitor (Invitrogen, ref. 10777-019) were added to the mix to

elongate the cDNA and to to avoid external RNA digestion, respectively.

4.4. Quantitative PCR: qgPCR

Standard real-time quantitative PCR (qPCR) was performed with 2 ng of template
cDNA, PowerUp SYBR Green PCR Master Mix (Applied Biosystems, ref. A25742) and
gene-specific primers (Table 4) read on QuantStudio 3 Real-Time PCR System (Applied
Biosystems, ref. A28567) with a standard cycling mode: 2 min at 50°C and another 2
minutes at 95°C followed by 40x cycles of 15 seconds at 95°C and 1 min at 60°C. Gapdh2
(Glyceraldehyde 3 phosphate dehydrogenase 2) of D. melanogaster protein expression
levels, was used as a housekeeping gene to normalize the results. Triplicate samples
per each condition, as well as technical triplicates, were performed, and the relative gene
expression was normalized by ACt analysis. Data is presented as mean + SEM, and was
statistically analyzed using two-tailed Student’s t-test, considering p-value < 0,05 to be

statistically significant.

Table 4. Primers pairs for qPCR.

Gene Forward sequence (5’ to 3’) Reverse sequence (5’ to 3’°) Source
LK GCCTTTGGCCGTCAAGTCTA TGAACCTGCGGTACTTGGAG g?d%%a), el
(Uchizono et al,

Gapdh2 CTACCTGTTCAAGTTCGATTCGAC AGTGGACTCCACGATGTATTC 2017)

5. Bulk RNA sequencing

After RNA extraction from FACS-sorted GSON populations, samples were
sequenced at the Genomics Unit of the Centre for Genomic Regulation (CRG) of

Barcelona, Spain. Three independent replicas per condition were sequenced for each
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biological replica. As the total amount of RNA extracted of each sample was so low (0’58
ng to up to 1 ng), libraries were prepared by the GRC using an ultra-low RNA input
protocol. This kit allowed the use of the total RNA to prepare the cDNA, and then a
second amplification was performed to increase the cDNA concentration. Then, samples
were sequenced using 50 bp single reads on an lllumina HiSeq2500 (for fed condition)

and /llumina NextSEq2000 (for starved condition) sequencers.

5.1. Bulk RNA sequencing analysis

Reads were quality-checked with MultiQC v1.0 software using the tool FastQC
v0.11.9. RNAseq output reads were aligned to the D. melanogaster reference genome
from the Ensemble Project database (EMBL-EBI, Cambridge, UK) using STAR v2.7.9a
(Spliced Transcripts Alignment to a Reference) (Dobin et al., 2013). Differential gene
expression analysis was performed using DESeq2 v1.28.1 (Love et al., 2014) with the
free R programming language (GNU project) software RStudio v4.2. Also, the reads
within the gene were transformed by this tool to a total of counts per gene. Transcripts
per million (TPM) were calculated using Salmon 1.10.2 (Roberts et al., 2011). A
combination of packages (or libraries) from CRAN and Bioconductor v3.14 (Gentleman
et al., 2004; Huber et al., 2015) open-source projects were used for data processing and

plotting.

5.2. Gene Ontology analysis

The Gene Ontology (GO) analysis was performed using the open-source interface
PANGEA (Pathway, Network and Gene-set Enrichment Analysis;
https://www.flyrnai.org/tools/pangea/) (Hu et al., 2023), specifically the Drosophila GO

subsets terms at the online platform. Only those genes significantly up-regulated or
significantly down-regulated in the differential gene expression analysis were included in
the GO analysis. Each of the GSONs differential expressed genes were analyzed

separately, and then, only those GO terms of interest were plotted in one single graph.

Additionally, other GO analysis interfaces and tools such as g:Profiler

(https://biit.cs.ut.ee/gprofiler/gost), AmiGO2 (https://amigo.geneontology.org/amigo)

(Ashburner et al., 2000; The Gene Ontology Consortium, 2017) were used to validate
the results of PANGEA. Finally, gene set enrichment analysis (GSEA) was represented

using RStudio v4.2 software.
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6. Electron microscopy neural reconstructions and connectivity

Candidate neurons were reconstructed in a serial section transmission electron

volume (Zheng et al., 2018) using Flywire (https:/flywire.ai/) (Dorkenwald et al., 2022;

Schlegel et al., 2023). To do that, from the open-source interface of Virtual Fly Brain
(VFB) (Milyaev et al., 2012), several sweet and bitter GRNs skeletons (.swc format)
described previously were downloaded (Engert et al., 2022). All skeletons were aligned
to Flywire dataset (Dorkenwald et al., 2022) by using the Flywire Gateway tool, taking as
a reference the JRC2018U reference brain (Bogovic et al., 2020). All Flywire IDs for the

sweet and bitter GRNs analyzed were identified from this skeleton alignment.

To identify synaptic partners to the Flywire IDs identified, the open-source

BrainCircuits interface (https://braincircuits.io/app?p=fruitfly fafb flywire public) was

used by uploading the Flywire IDs in the “Connectivity” tool space. Those IDs with
synaptic points with sweet and bitter GRNs were selected as candidates. Then,
according to previous morphological immunohistochemistry experiments, manual and
visual criteria were applied to identify the neurons of interest. The Flywire Codex platform
was used to find morphological similar neurons to those identified. On the other hand,
for other applications, only upstream and downstream IDs with 210 synaptic sites were

selected as presynaptic and postsynaptic candidates.

Final FAFB reconstructions were done using Flywire Sandbox and virtual

reconstructed neuron images were taken by online screenshots.

7. Behavior experiments

7.1. Proboscis extension response

PER to labellar stimulation was assessed following a standard protocol (Shiraiwa
& Carlson, 2007). Flies were anesthetized on ice and individually immobilized on P200
tips, whose narrow end was cut so that only the fly’s head could protrude from the
opening, leaving the rest of the body, including legs, constrained inside the tip. After flies
were recovered in a humidified chamber for 20 min, flies were water-satiated before
testing ad libitum, discarding those that, after 5 min, continued extending their proboscis
in response to water. Tastants were delivered using a small piece of paper (Kimberly-
Clark Kimtech, ref. 75652) and touching very gently the labellum for 2 s maximum, leaving
a gap of 1 min between stimulations. To do the tastants stocks of 1 M sucrose (Sigma
Aldrich, ref. 102174662) and 75 mM caffeine (Sigma-Aldrich, ref. 102143502) were

diluted in miliQ sterile water in the appropriate proportions.
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Up to ten flies were prepared simultaneously, and thetants were randomly
distributed across trials. PER was manually recorded: only full proboscis extensions were
counted as PER and registered as 1, considering partial or absent proboscis extension
as 0. Finally, flies were tested at the end of the experiment with water as the negative
control and 1 M of sucrose as the positive control. Only flies that showed negative PER

for water and positive PER for 1 M of sucrose were included in the analysis.

7.2. FlyPAD

FIyPAD assays were performed to study the feeding microstructure in a two-choice
feeding paradigm as described previously (Itskov et al., 2014), and several feeding
parameters were measured individually in a high throughput manner. Individual flies
were placed in individual arenas with two different food sources in independent well
electrodes. The flyPAD hardware used was composed of 56 individual chambers divided
into two independent pieces of hardware, each consisting of 28 chambers connected to

an independent computer.

All tastants used were solved in water 1% low melt agarose (Lonza, ref. 50100)
and stored in one-use aliquots at -20°C until use. Before the experiment, tastants were
hot in the heating block until 45°C and delivered very carefully to each of the well
electrodes with an automatic P200 pipette in small 7 pl drops inside each well. After 5

min, all tastants were a solid substrate.

To transfer flies to each chamber, flies were anesthetized in ice for 5 min and
individually placed in the arena by mouth aspiration according its sex and genotype. All
the experiments began once all flies woke up and were active. Flies were allowed to feed
at 25°C for 60 min. After time ended, dead flies were annotated, and all electrodes and
chambers were carefully cleaned with 70% ethanol and distilled water to avoid

cross-contamination between experiments.

FlyPAD data were acquired using the Bonsai framework, and analyzed in MATLAB
using custom-written software delivered by ltskov et al., 2014 (ltskov et al., 2014). Then,
specific R software scripts developed by the lab were applied to analyze the bulk of
flyPAD experiment data. Only those flies that permormed more than 2 bouts and 25 sips

were included in the analysis.
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8. Statistical analysis and illustration

The sample size was determined based on preliminary experiments. Data were
analyzed using R software v4.1.0 (R Foundation for Statistical Computing, Vienna,

Austria, 2005; https://www.r-project.org) (code available upon request) and plotted using

R or Graphpad Prisms 6. For each of the plots, the statistical test is determined in the
figure legend. When p-value correction for multiple comparisons was required, the
Bonferroni method was used. Except for PER and flyPAD experiments, quantitative data
are represented showing their distribution by superimposing a boxplot. For the boxplots
the whiskers are calculated as follows: the upper whisker equals the third quartile plus
1.5x the interquartile range (IQR) and the lower whisker equals the first quartile minus
1.5x the IQR. Any data points above the superior or below the inferior whisker values
are considered outliers. The outliers were included in the statistical comparisons as we

performed non-parametric rank tests.

For PER experiments, data were analyzed using a logistic regression set to a
binomial distribution model (function gim() in R software) and error bars represent the
standard error of the proportion (,/p(1 —p)/n). For flyPAD experiments, a set of R
software scrips developed by the lab was used to analyze the feeding microstructure
behavior, which employs different statistical tests depending on the final goal of the

analysis. The preference index is calculated as follows:

Na-N
Preference Index (Pl) = —2—2
TOTAL

The statistical test is determined in the figure legend for each plot. The Bonferroni

method was used when p-value correction for multiple comparisons was required.

All the illustrations and drawings presented during the Thesis have been made with

Affinity Designer v1.6 software.
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1. Molecular characterization of qustatory second-order neurons

1.1. Labeling of gustatory second-order neurons by trans-Tango

GRNs are responsible for sensing gustatory information and sending it to the
CNS to be processed (Figure 4). However, although great effort has been made to
elucidate the molecular and cellular mechanisms involved in taste perception in the
periphery (Cameron et al., 2010; Dweck et al., 2022; Dweck & Carlson, 2023; Montell,
2013; Shim et al., 2015), we still do not understand how such massive amount of
gustatory information is integrated and modulated in the CNS to drive final feeding

behavior.

During my Thesis, | was particularly interested in understanding how flies deal
with the integration of sensory information. While sweet tastants elicit feeding (Brown et
al., 2021; Marella et al., 2006; Tauber et al., 2017; Thorne et al., 2004), bitter compounds
induce food rejection (Weiss et al., 2011) and mechanosensory information modulates
how flies detect sweet compounds (Sanchez-Alcafiiz et al., 2017). | consider that the
selection of sweet, bitter and mechanosensory GRNs is an excellent strategy to
understand how flies integrate gustatory information and deal with decision-making
processes during feeding behavior, as we cover most of the GRNs located in the
labellum and the information that produces opposite valence (sweet and bitter) and

modulatory (mechanosentation).

By using the Gr64f-Gal4, Gr66a-Gal4 and NompC-Gal4 driver lines, we were able
to label most of the sweet, bitter and mechanosensory GRNs (Gr64f°RfN, Gr66a°?N and
NompCCRN respectively) (Dahanukar et al., 2007; Z. Wang et al., 2004; Weiss et al.,
2011). We used Gr64f-Gal4 and Gr66a-Gal4 instead of Grba-Gal4 (for sweet GRNs) and
Gr33-Gal4 or Gr93a-Gal4 (for bitter GRNs) as these are more broadly expressed,
including other types of gustatory neurons. Moreover, mutants for Gr64f and Gr66a
genes have ablated their ability to sense sweet and bitter compounds (Moon et al., 2006).
Besides, with the NompC-Gal4 driver line we selected, we were able to label only the
mechanosensory neurons located in the gustatory sensilla but not the mechanosensory
neurons that project to the antenna mechanosensory center (Sanchez-Alcaniz et al.,
2017; Shearin et al., 2013).

The GRNs expressing the aforementioned drivers project their axons to the SEZ,
the main gustatory processing center of gustatory information in the CB (Gordon & Scott,
2009; Scott et al., 2001; Z. Wang et al., 2004). GRN axons that transduce sweet (Figure
5A), bitter (Figure 5B) and mechanosensory (Figure 5C) information segregate in the

SEZ in a non-overlapping fashion. Apart from the proboscis, these drivers are also
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expressed in different GRNs located in other parts of the body as the wings margins,
legs or the ovipositor organ (Figure 2) (He et al., 2019; Ling et al., 2014), and project
their axons to the VNC ganglions or the SEZ.

Figure 5: Gustatory receptor neuron axonal terminals in the central brain. Sweet (A), bitter
(B) and mechanosensory (C) neuronal axonal projections into the SEZ labeled with anti-GFP
(green) by expressing the UAS-GDS8::GFP by the Gr64f-Gal4 (A), Gr66a-Gal4 (B) and NompC-
Gal4 (C) driver lines, respectively. Brain structure (blue) was labeled with anti-nc82. Scale bars:
50 um.

Our main objective is to study how gustatory information is integrated in the CB.
As most of the SEZ neurons are uncharacterized, no genetic tools can help us
differentiate subpopulations receiving and integrating GRNs information due to their
genetic heterogeneity. We focused on the neurons that receive direct sensory input from
the GRNs located in the peripheral organs, the GSONs. Those neurons constitute the
first layer of neurons collecting sensory information. As mentioned earlier, GSONs are
not genetically accessible, so to start their characterization, we used a transsynaptic tool,
trans-Tango (Talay et al., 2017), to label GSONs synaptically connected to each of the
GRNs mentioned above, allowing us to label a large number of GSONSs. This system is
based on Tango, a cellular assay for recording the activation of specific receptors by
their ligand (Barnea et al., 2008). Basically, it allows the expression panneurally of three
components of the signaling pathway. The first one is a glucagon receptor, a GPCR,
bound at its cytoplasmatic tail to the transcriptional activator QF via a linker containing
the cleavage site for the highly specific N1a protease from the tobacco etch virus (TEV).
The second component is a fusion between TEV and human [-arrestin2, a protein
recruited to activate the GPCRs. The third component is the reporter mtdTomato under
the transcriptional control of QUAS (QUAS-mtdTomato). Only in the neurons that are
postsynaptic to those that express a membrane-tethered (by a Gal4 driver) form of
glucagon at the presynaptic terminals will activate the pathway (Barnea et al., 2008) and

express the mtdTomato reporter. Additionally, the Gal4 driver will activate the expression
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of a UAS-myrGFP transgene. To summarize, the presynaptic neuron will be labeled with

GFP and the postsynaptic with mtdTomato (Talay et al., 2017).

The initial work describing trans-Tango showed that the system requires time to
accumulate the reporter mtdTomato in the postsynaptic neuron. Each driver line
(Gr64f-Gal4, Gr66a-Gal4, and NompC-Gal4) was crossed with the trans-Tango
transgenic line, and adults were raised for 21 days at 18°C after pupation before
dissection (Talay et al., 2017). The GSONSs labeled were located surrounding the SEZ,
with dendrites and axons projecting to the entire SEZ (Figure 6). It was possible to
observe GSON arborizations innervating the upper part of the CB, near the LH. That
region could be involved in water sensing when flies are starved, as shown with a
modified version of trans-Tango flies that express the calcium sensor GCaMP6 in the
postsynaptic neurons instead of mtdTomato (Snell et al., 2022). trans-Tango labels with
good resolution the somas of the GSONSs, allowing the quantification of the sweet
(Gr64f°S°N)  (Figure 6B), bitter (Gr66a®*°N) (Figure 6D) and mechanosensory
(NompC©®S°N) (Figure 6F) GSON populations. Between 60 and 100 GSONSs could be

quantified for each population, with the Gr64f®S°N as the largest population.

Figure 6: Gustatory second-order neurons labeled with trans-Tango. Expression of
trans-Tango (labeled with anti-RFP (magenta)) driven by the sweet (A), bitter (C), and
mechanosensory (E) Gal4 driver lines (labeled with anti-GFP (green)) in the CB (A’, C’ and E,
respectively). Zoom in was done to see the GSONs surrounding the SEZ (A”, C” and E”,
respectively) and to count manually the number of sweet (B), bitter (D) and mechanosensory (F)

58



Results

GSONs labeled with frans-Tango (n=9-11 brains/genotype). Brain structure (blue) was labeled
with anti-nc82. Scale bars: 50 ym.

Recent studies have shown neurons of ectothermal animals like D. melanogaster
connect synaptically to non-canonical partners if grown at 18°C (Kiral et al., 2021).
Accordingly, two different growth conditions were applied to the trans-Tango
experiments: raising flies at 25°C and 18°C (Figure 7A). Besides, as many neurons
connected to GRNs are involved in regulating feeding upon starvation (Shiu et al., 2022;
Snell et al., 2022), a third extra condition was applied to check if there was any variation
in the number of GSONSs labeled by trans-Tango: 24h starvation. For all three GSON
populations, the number of neurons labeled increased significantly when flies were
grown at 18°C (Figures 7C-C”’). On the other hand, the number of GSONSs labeled when
flies were raised at 25°C (Figures 7B-B’’) was significantly lower. Further, the number
of labeled GSONs in the starved condition (Figures 7D-D’’) was lower than the standard
condition in the Gr66a®S°N but higher in the Gr64f®°N (Figure 7E). It is important to note
that there was significant variability between replicates, indicating that frans-Tango
varies among replicates. Finally, we decided to proceed with the rest of the experiments
using flies grown until pupation at 25°C and three more weeks as adults at 18°C before

dissection, as these were the conditions used in the original publication.

A recent study analyzing in detail the GRN projections to the SEZ has used the
reconstructed FAFB dataset to show that GRNs receive synaptic inputs from many other
GRNs (Engert et al., 2022). To test the possible cross synaptic connectivity among GRNs
and check if frans-Tango could capture this connectivity, we decided to analyze if we
could find any signal in the proboscis of the Gr64f-Gal4 (Figure 8A), Gr66a-Gal4 (Figure
8B) and NompC-Gal4 (Figure 8C) >frans-Tango flies. No trans-Tango signal was found
in the labellum of any GRN>trans-Tango fly. These results indicate that if GRNs synapse
onto other GRNSs, frans-Tango could not capture this connectivity as we found no

evidence of other GRNSs labeled with mtdTomato.
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Figure 7: Gustatory second-order neurons labeled with trans-Tango using different raising
protocols. (A) Schematic representation of the protocol was used to raise transgenic flies before
dissection at 18-21 days post-eclosion. (B-D) Anatomy of the presynaptic GRNs labeled with anti-
GFP (green) connected synaptically with its postsynaptic GSONs labeled with anti-RFP
(magenta) by trans-Tango technique in the 3 different growth protocols. Brain structure (blue) was
labeled with anti-nc82. (C) GSONSs count for all the conditions (n=8-11 brains/genotype/condition).
Statistical analysis: t-test against standard protocol (magenta). ns: non-significant, *p<0.05,
**p<0,01, ****p<0,001. Scale bars: 50 pm.

Figure 8: Gustatory second-order neurons labeled with frans-Tango in the proboscis.
Anatomy and distributions of the sweet (A), bitter (B) and mechanosensory (C) GRNs located in
the sensilla of the labellum labeled with anti-GFP (green). mtdTomato (labeled with anti-RFP
(magenta)) from frans-Tango transgene was expressed by using the Gal4 driver transgenic lines
to see the possible presence of sweet (A’), bitter (B’) and mechanosensory (C’) GSONs in the
labellum. A”, B”” and C”’ show merge images. Scale bars: 50 um.

1.2. Fluorescent cell sorting of gustatory second-order neurons for transcriptomic
analysis

Our main objective was to analyze the molecular nature of each GSON
population (Gr64f°S°N Gr66a®s°N, and NompC®®°N) labeled with trans-Tango by
performing a transcriptomic analysis. Furthermore, we want to analyze how those
neurons modulate their transcriptomic profile when integrating the metabolic state of

flies. To do that, we took advantage of the trans-Tango mtdTomato fluorescence and
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isolated each GSON population by FACS in two different metabolic states: fed and
starved 24h. As mentioned in the materials and methods section, this technique
consisted of the enzymatic and mechanical dissociation of tissue into single cells,
followed by a computational fluorescent cell sorting to isolate the cells of interest (Harzer
et al., 2013). Thus, the first step was to decide which part of the CNS to collect, as there
were many GSONs dispersed in the CB (Figure 6) and the VNC, as previously reported
(Talay et al., 2017). Moreover, we decided only to sort the SEZ, discarding any extra
tissue from the CB or OLs and the VNC (Figure 9). Tissues were incubated with an
enzymatic mix (Papain and Collagenase |) and mechanically disaggregated by
continuous agitation. To avoid any saturation from the enzymatic mix and ensure the
maximum number of single cells disaggregated from the tissue, we included a maximum

of 40 SEZs per disaggregation.

Figure 9: Schematic representation
of the protocol used to FACS
gustatory second-order neuron
populations. (A) The scheme of frans-
Tango shows the presynaptic GRNs
from the labellum connected to the
GSONs in the SEZ. (B) Diagram of the
FACS methodology followed to collect
GSONs surrounding the SEZ for the
RNAseq experiments.

To correctly FACS only the mtdTomato® cells and not other events, we performed
a series of pilot experiments to set different parameters and standardize a stringent
FACS protocol that ensured the proper sorting of GSONs (Figure 10A). As a quality
control of the procedure, part of the collected cells were checked in the fluorescence
microscope to ensure that single GSONs were properly FACS sorted. Once debris by
size (Figure 10B), dead cells by DAPI approach (Figure 10C) or clusters (Figures
10D-E), and dying cells were removed by morphology and complexity, the living single
cells were ready to be separated by fluorescence (Figure 10F). Any autofluorescence
signal overlapping was discarded by far red filtering (Figure 10G). Simultaneously, the
number of brains dissected was adjusted to optimize time, disaggregation, and FACS

technique.
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Figure 10: FACS sorting of sweet, bitter and mechanosensory gustatory second-order
neurons. Fluorescent cell sorting for which the sweet (Gr64f-Gal4), bitter (Gr66a-Gal4) and
mechanosensory (NompC-Gal4) promoters are driving fluorescent expression of mtdTomato by
trans-Tango technique. Gating of SEZ disaggregated cells (A) from debris (B), dead cells using
a DAPI labeling approach (C) and clustering single cells by morphology (D) and complexity (E) to
finally separate the GSON populations according to its red fluorescence (F) and discarding the
autofluorescense cells (G-H).

After all parameters were optimized, samples of 40 SEZs were dissected,
disaggregated and FACS sorted into LowBind tubes (see materials and methods). The
final percentage of mtdTomato* fluorescent cells (0,3-0,5%) revealed that at least 60-80

cells were isolated from each trans-Tango SEZ (Figure 10A).

To maximize the efficiency of the FACS and the posterior RNA extraction, we
collected several FACS from the same GSON into the same LowBind tube. In this way,
we ensured that the minimum quantity of cells was lost by pipetting during the RNA
extraction protocol. This was possible by sorting the same day enough samples from a
particular GSON population. Finally, each GSON replicate comprised 21000-27000
GSONs (Figures S1A for fed and S2A for starved). After finishing FACS sorting and
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obtaining all replicates from the three GSON populations, the next step was to extract

the cells’ mRNA with extraction kits as indicated in the materials and methods section.

Interestingly, unlike in other eukaryotes, the integrity of D. melanogaster RNA
cannot be evaluated using the conventional ratio for integrity. When fly RNA is run on
electrophoresis gels, the ribosomal RNA 28S band splits into two bands of similar
molecular weight (around 2000 nt), which migrate similarly to the 18S RNA, resulting in
the appearance of one unique band (Figures S1B and S2B). Thus, the common ratio
for integrity, RIN (28S:18S), is unsuitable for giving the integrity value even though the
fragment is intact. For this reason and also due to the low amount of RNA obtained for
each GSON population, the quality and quantity of RNA for all FACS replicates were
validated with RNA chips of the Bioanalyzer systems before proceeding to the RNAseq.
The RNA concentration for each replicate can be seen in Figures S1C-E for the fed

condition and Figures S2C-E for the starved condition.

It is important to note that the FACS sorting of the fed and starved conditions was
performed separately. While all RNA samples for fed conditions were being sequenced

at the CRG of Barcelona, starved replicates for all GSON populations were done.

1.3. Gustatory second-order neurons transcriptome sequencing and
bioinformatics analysis of gene expression

Transcriptome analysis requires high-quality samples. Our samples included two
different metabolic conditions to know how each GSON population (Gr64feSoN,
Gr66a®%°N: and NompCC®S©N) integrate gustatory information in fed and starved states.
Three biological replicates were analyzed for each condition, and only those samples
with enough concentration (despite being very low) and quality were evaluated (Figures
81 and S2). The RNAseq was performed at the CRG of Barcelona, and the

bioinformatics analysis was carried out in our laboratory.

First, it is essential to note that the methodology followed to sequence the
transcriptome was based on a total RNA ultra-low input. This means that all RNA
extracted from each sample was used for sequencing, and a specific extra amplification

of the cDNA was carried out before sequencing the transcriptome.

A detailed understanding of differential gene expression over time requires
careful high-throughput data management. R software v4.1.0 was used as the principal
informatics tool to face this part of the bioinformatics analysis. R is a free software
environment for statistics and plotting from the GNU project. We run the user interface

R Studio, which allows tracking scripts, managing R packages, and viewing datasets all
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in one interface. The packages of functions were provided by the projects CRAN and
Bioconductor (Gentleman et al., 2004; Huber et al., 2015). After converting reads into
counts (Huber et al., 2015), the differential gene expression between samples was
analyzed with DESeq2 (Love et al., 2014) based on the negative binomial distribution.
Firstly, we normalized counts with the sequencing depth because long genes can have
more counts but low expression, and thus, normalizing helps to stabilize the variance

through the mean.

A sample-to-sample distance representation helps to visualize overall similarities
between samples. We plotted each replicate with a principal component analysis (PCA).
The PCA is a dimensionality reduction technique that simplifies complex datasets while
preserving important information. It consists of finding the first and the second
components (PC1 and PC2) that explain most differences between samples. Thus, the
samples are projected into a bi-dimensional plane when those components are plotted
on each graph axis. The PC1 explains 40% of the variance within our samples, and the
PC2 the 25%. This suggested that both principal components refer to the GSON
population and the metabolic state condition. The graph also shows that triplicates are
nicely clustered while the different conditions are far apart (Figure 11). It allowed us to
conclude that the three GSON populations (Gr64f®s°N, Gr66a°°N and NompC®5°N) are
molecularly different (PC1) and also that metabolic state (fed and starved) (PC2) dictates
gene expression in each GSON population. In summary, we could differentiate each
replicate according to their GSON population and metabolic state. These results
suggested that the neurons that collect sensory information from the periphery within the
CB (GSONs) were already differentiated by the metabolic state of the fly, meaning that

the posterior processing of information is affected by the metabolic state.
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Figure 11: Principal component analysis. The PCA graph separates the samples into the two
most dissimilar components. The x-axis represents the direction along which samples differ the
most (PC1) while the y-axis is the second most (PC2): on both are notated the percentage of the
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variance is. Color differentiates the GSON population and forms the metabolic state of the flies
when GSONs are collected.

Once the RNAseq data was verified as reliable, different approaches could be
realized to handle this step. The first method used was comparing the gene expression
for each of the GSON populations between the metabolic states. This allowed us to plot
how starvation was affecting the gene expression profile. To do this, we decided to
represent in the same volcano plot the significant gene expression change (up-regulated
or down-regulated to fed condition) in two different colors and simultaneously represent
the TPM mean, which is related to the number of counts to that gene. Each axis in the
graph represents the estimated /og2 fold change (x-axis) and the p-value. However, a
multiple testing correction was needed to overcome the false positive that results from
calculating the p-value even when p-value<0,01. This correction is named the Benjamini-
Hochberg adjustment and calculates an adjusted p-value (p-adjusted) for each gene,
which takes into account the false discovery rate (FDR). Then, a probability of
p-adjusted<0,1 was considered acceptable. Thus, the p-value represented in the y-axis

is presented as -logio(p-value).

Figure 12 shows that we obtained several genes that were either up-regulated
or down-regulated in fed conditions compared to starvation for each GSON comparison
test. Among these genes, many of them were uncharacterized genes, which means that
their role or importance had not been characterized. We identified 21 in Gr64f°S°N, 103
in Gr66a®°N and 79 in NompC®S°N genes that were up-regulated in fed conditions.
Otherwise, we identified 4 in Gr64f®S°N, 64 in Gr66a®S°N and 45 in NompC®s°N genes
that were down-regulated in fed conditions. We assumed so be significant only genes
with p-adjusted>-log0(0,05) and a logx(fold change) larger or smaller than logz or -log.
respectively. Some of those genes were common in all comparisons, but most were

significantly changed in one of the GSON populations (Figure 12D). For example, tweek

GSON CGSON

was up-regulated in the Gr66a and Nomp comparisons, which is involved in
the endocytosis of synaptic vesicles (Verstreken et al., 2009). Also, Non1 was down-
regulated in the Gr66a®s°™ and NompC®S°N comparisons, which is involved in

assembling the mitotic spindles (Moutinho-Pereira et al., 2013).
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Figure 12: Differential gene expression analysis comparing fed versus starved conditions.
Volcano plots of log2 average fold change in the sweet (A), bitter (B) and mechanosensory (C)
GSON populations for all genes. The y-axis represents the p-adjusted from the Bonferroni-Hochberg
correction statistical test. Genes are represented according to TPM mean expression (size) and
differential expression against fed condition (color). Only those genes much significantly changed
were annotated.

Regarding the large number of genes that were up and down-regulated for each
comparison, it was essential to perform a gene ontology analysis to interpret RNAseq
data better, shedding light on the biological significance of gene expression changes. By
categorizing genes into hierarchical ontologies based on biological processes (BP),
molecular functions (MF), and cellular components (CC), the GSEA reveals the
functional context underlying gene expression patterns. This allowed the identification of
overrepresented functional categories within differentially expressed gene sets,
providing valuable insights into the biological mechanisms to uncover key biological
pathways, cellular processes, and molecular functions associated with the metabolic

states of those GSON populations. We used PANGEA (Hu et al., 2023), a novel GO
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software based on the characterization of GSEA in D. melanogaster. We only included
those genes that significantly changed to reduce noise for this analysis. As the number
of GO terms obtained in the comparisons was so large, we decided to manually select
those GO terms that were more relevant in our analysis, focusing primarily on those that
were related to neuronal circuits assembly and physiology and with processing and
response to sensory stimuli (Figure 13). Otherwise, in more detail, all GO terms can be
seen in Figure S3. All GSEA graphics illustrate the fold enrichment in a heatmap legend
and the number of genes included for each GO term by size for all GSON populations
and metabolic states analyzed. As we can see, we found several genes involved in DNA
transcription and organization, as well as cell differentiation, indicating a significant
number of transcriptional changes occurred in the nucleus as flies adapt to food-deprived
conditions (Figure 13). Furthermore, several genes were involved in nervous system
development and synapse organization, highlighting the possible importance of synapse
remodeling during adaptation to starvation. Besides, there were some GO terms related
to response to sensory stimuli and stress response, as starvation may induce molecular
stress in flies. Finally, some genes related to signaling GO terms indicated that some
neurotransmitter and neuropeptide signaling processes might be affected during
starvation, carrying up specific adaptations in the neuronal circuits where the GSON

could be involved.

Next, we decided to focus on the expression of neurotransmitters, neuropeptides,
and their respective receptors as it has been shown they are involved in modulating
feeding behavior, olfaction, or sleep, and act as integrators controlling many different
behaviors (Gonzalez Segarra et al., 2023; Jourjine et al., 2016). For example, glutamate
inhibits olfaction (W. W. Liu & Wilson, 2013); starvation enhances behavioral sugar-
sensitivity via increased dopamine release onto sweet GRNSs, indirectly decreasing
sensitivity to bitter tastants (Inagaki et al., 2012); or NPF modulates taste perception in
starved flies by increasing sensitivity to sugar, and decreasing to bitter by promoting
GABAergic inhibition onto bitter GRNs (Inagaki et al., 2014). Neuropeptides and
neurotransmitters are exciting candidates to look for genes involved in integrating the

metabolic state at the level of GSONSs.
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Figure 13: Gene set enrichment analysis. Graphical representation of the GO terms obtained
from the GSEA, grouped by the GO category. The data represent the fold enrichment with a
heatmap and the number of genes included in each GO term by size for all GSONs and metabolic
states analyzed.

Our RNAseq data revealed that among all neurotransmitter receptors, we found
that the most prominent receptor was nAChRbeta1 (nicotinic Acetylcholine Receptor
Beta 1) (Figure 14A). This is consistent with previously published results showing that
GRNs are mostly cholinergic (Jaeger et al., 2018). Other acetylcholine receptors were
expressed in GSONSs, including receptors for other neurotransmitters, showing that
although GSONs receive significant information from GRNs, a complex network of other
neurons using different neurotransmitters send information to the GSONs. Regarding the
expression levels of all neurotransmitter analyzed, Gad7 (Glutamic acid decarboxylase
1) and Ddc (Dopa decarboxylase), two essential enzymes involved in the synthesis of
GABA and dopamine, respectively, were highly expressed in all populations and both
metabolic states (Figure 14B). Other enzymes involved in the GABA pathway, like VGAT

(vesicular GABA transporter) or GABAT (y-aminobutyric acid transaminase), were also
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expressed, but at lower levels than Gad1. Similarly, other enzymes or transporters

related to other neurotransmitters, like glutamate (Glu) or serotonin (5-HT), were present

but at lower levels. The analysis of the neurotransmitter expression revealed that most

GSONs were either GABAergic or dopaminergic and that the starvation level did not

affect the expression of any of the neurotransmitters analyzed. Similar to the

neurotransmitters, we found no variation in expression level in the neurotransmitter

receptors.
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neurotransmitter output (B) were
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metabolic states. Heatmaps represent
total TPM considering the three
replicates for each GSON population
and metabolic condition.
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We later focused on the neuropeptide and its receptor expression (Figure 15).
Regarding the neuropeptide receptors, we saw many receptors expressed in all GSON
populations with fluctuating expression level dynamics (Figure 15A). For example, the
EcR (Ecdyson Receptor) showed a decrease in expression in all three populations in the
starved condition, pointing to a possible role in the adaption to food deprivation. Also,
the sNPF-R was highly expressed with similar expression patterns as its ligand sNPF,
raising the importance of sNPF and its signaling pathway in regulating starvation and
feeding (K.-S. Lee et al., 2004; Q. Wu et al., 2003; Yoshinari et al., 2021). Regarding
neuropeptides, many showed either low expression or no changes in expression level,
with some showing high expression and particular expression patterns (Figure 15B). For
example, the SNPF was highly expressed in all GSONSs, particularly in the Gr66a®S°N
population, without change associated with the metabolic state. sSNPF production is
related to circulating sucrose levels impacting food intake by integrating sweet and bitter
information in food-deprived flies (Inagaki et al., 2014). This evidences the role of SNPF
and its receptor (sSNPF-R) in regulating the feeding behavior according to metabolic state,
as it is secreted in the midgut and by neurosecretory cells in the brain (K.-S. Lee et al.,
2004; Yoshinari et al., 2021). Also, Dh31 (diuretic hormone 31) and Dh44 showed a
notable expression in all GSON populations, as they are involved in desiccation
tolerance and starvation adaptation (Cannell et al., 2016). Nplp1, involved in synaptic
organization in the nervous system and water balance (Nassel & Zandawala, 2019), was
also expressed in all GSONs but particularly increased in the starved state. The most
striking neuropeptide was Leucokinin (Lk), showing an increased expression in the
Gr66a®°N population in starved conditions, with nearly absent expression in the other
GSONs neither in fed nor starved conditions. This particular expression pattern might

indicate that Lk could participate in bitter information processing in starved conditions.

In summary, there was a considerable variety in the expression of neuropeptide
receptors among all GSON populations and metabolic states, pointing to the importance

of neuropeptides in the gustatory sensory perception in the GRNs and signaling.
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Figure 15: Neuropeptide transcriptomic expression. Several neuropeptide receptors (A) and
neuropeptide output (B) were analyzed for all populations in both metabolic states. Heatmaps
represent total TPM considering the three replicates for each GSON population and metabolic
condition.

Altogether, these results illustrate the vast range of neurotransmitters and
neuropeptides and their receptors expressed for each GSON population and how they
are modulated by starvation. This raises the possibility of peptidergic neurons within the
GSON that integrate the gustatory information by modulating its processing upon

starvation.
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2. Leucokinin is highly expressed in food-deprived conditions

Of all neuropeptides (Figure 15B), one showed a striking change in expression

GSON \when flies were starved

pattern. Lk showed an increase in expression in the Gr66a
for 24h but not an increase in other GSON populations, indicating that the expression
levels of Lk in some neurons from the bitter GSON population might reflect the starvation
level of the fly. Lk is a neuropeptide that participates in the neuroendocrine system by
modulating complex behavioral and physiological processes in several insects (Nassel
& Wu, 2021). In D. melanogaster, three different groups of Lk neurons are located in the
CNS (de Haro et al., 2010). These neurons also have their counterparts in the larval
CNS. In the VNC, there are approximately 20 Lk neurons (ABLKs) (Zandawala, Marley,
et al., 2018), while in the CB there are four Lk neurons (Figure 16A): two located in the

LH (LHLK) (Figure 16A’) and another two located in the SEZ (SELK) (Figure 16A”).

Figure 16: Anatomy of the Lk-producing neurons in the central brain. There are two
leucokinin-producing neurons located in the LH (LHLK neurons) (A and A’) and two leucokinin-
producing neurons located at the ventral part of the SEZ (SELK neurons) (A and A”). UAS-
CD8::GFP was expressed in the LHLK and SELK neurons by using the Lk-Gal4 driver. They were
labeled with anti-GFP (green). Brain structure (blue) was labeled with anti-nc82. Scale bars: 50
pm.

There is mounting evidence that the ABLKs use Lk as a hormonal signal that
targets peripheral tissues, including the renal tubules (Zandawala, Marley, et al., 2018),
and that the brain Lk neurons act in neuronal circuits within the CNS (Al-Anzi et al., 2010;
Cavey et al., 2016; Murakami et al., 2016). This fact sheds light on the importance of
ABLK neurons in the regulation of water and ion homeostasis in response to desiccation,
starvation, and ion stress, as Lk regulates fluid secretion in the Malpighian (renal) tubules
(Cavey et al., 2016; Zandawala, Marley, et al., 2018). This is also correlated with the
dispersed expression of the Lk receptor (Lkr) along the renal tubules and intestine cells,
including the water-regulating rectal pads, as well as the IPCs which secrete DILPs to
affect feeding, metabolism, sleep, activity, and stress responses (Broughton et al., 2005;
Crocker et al., 2010; Nassel & Broeck, 2016; Rulifson et al., 2002; Zandawala, Yurgel,
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et al., 2018). Lkr is also expressed by another set of brain neurosecretory cells (IPC-
1/IPC-2a) known to regulate stress responses using three co-expressed neuropeptides
(Kahsai et al., 2010). On the other hand, the LHLK neurons are part of the output circuitry
of the circadian clock in regulation of locomotor activity and sleep suppression induced
by starvation (Al-Anzi et al., 2010; Murakami et al., 2016; Murphy et al., 2016). SELK
neurons may regulate feeding as possible synaptic partners to the premotor feeding
program. Functional imaging revealed that LHLK neurons, not SELK neurons, were
required to suppress sleeping during starvation (Yurgel et al., 2019). This is consistent
with the fact that LHLK are possible synaptic partners of the IPCs, which regulate sleep
and metabolism by integrating the metabolic state of the fly (Crocker et al., 2010; Erion
et al., 2012; Yurgel et al., 2019). Further, a loss in Lk signaling results in an increase in
postprandial sleep (Murphy et al., 2016), impaired locomotor activity (Cavey et al., 2016),
and diminished feeding initiation as well as increased resistance to starvation and

desiccation (Zandawala, Yurgel, et al., 2018).

In summary, Lk is an essential neuropeptide in regulating water retention, survival
responses to desiccation and starvation, subtle regulation of food intake, and
chemosensory responses (Liu et al., 2015; Zandawala, Yurgel, et al., 2018). While the
role of ABLK and LHLK neurons has been described extensively, the role of SELK
neurons in feeding behavior is unclear. The increase in Lk expression in the Gr66a®s°N
that we have found in our RNAseq analysis (Figure 15B), which will correspond to SELK

neurons during starvation, points to a clear role of Lk in feeding regulation.

We only captured SELK neurons and not the LHLK during the dissection
procedure for the RNAseq analysis (Figure 9). To confirm that starvation induces
changes in the expression of the Lk gene, we performed a gene expression analysis by
gPCR under both fed and starved conditions. As there are only 4 Lk neurons in the
D. melanogaster CB (out of approximately 100.000 neurons, excluding glial cells (Raji &
Potter, 2021), we decided to FACS the Lk neurons by using a GFP reporter to enrich the
RNA from Lk neurons. We used the same Lk-Gal4>UAS-mCD8:GFP flies as in Figure
16 and followed the same stringent protocol for FACS sorting (Figure 17A) as with the
GSON FACS labeling with trans-Tango ((Figure 10), see materials and methods for
more detail). Briefly, once debris by size (Figure S$4B), dead cells by DAPI approach
(Figure S4C) or clusters (Figures S4D and S4E), and dying cells were removed by
morphology and complexity, the living single cells were separated by GFP fluorescence
(FITC-A filter) (Figures S4F and S4G), sorting finally the GFP* Lk cells into LowBind

tubes.
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As the final number of GFP" fluorescent Lk neurons was low compared to the
total number of events sorted (around ~60 GFP* Lk neurons from ~250.000 events for
30 CBs) (Figure S4A), each replicate was supplemented with weak GFP* events from
P5 to obtain replicates of ~3000 cells. It is important to note that the yield of
disaggregation and sorting was low (~60 GFP* Lk neurons from 120 GFP* Lk neurons
expected) due to the variability of the enzymatic process and sorting procedure. This
was made to avoid errors due to the low number of starting cells during the RNA
extraction and cDNA synthesis steps before the gPCR. Finally, the total amount of mMRNA

extracted from each FACS replicates was used to synthesize the cDNA.

To compare the gene expression levels of the SELK with the LHLK neurons in
fed and starved conditions, we decided to perform two dissecting strategies in parallel:
dissect the SEZ region, where we could FACS only the SELK neurons, and dissect the
total CB (without OLs) to FACS the SELK and LHLK in the same pull of cells. Each
replicate included 60 SEZs (for SELK samples) and 30 CBs (for SELK + LHLK samples).

Our gPCR experiments revealed that the gene expression levels of Lk were
significantly higher in 24h starved conditions compared to fed conditions in the CB (SELK
+ LHLK neurons) and SEZ (SELK neurons) samples, with a slight increase in expression
of the Lk gene in the SELK neurons (Figure 17B). This result supported our RNAseq

finding, indicating that Lk expression is modulated by the internal metabolic state.

Figure 17: Gene expression levels of Lk by qPCR. (A) Schematic representation of the protocol
followed to sort Lk GFP* neurons (green) to quantify the levels of Lk gene expression by qPCR.
(B) Quantitative PCR for Lk gene expression in LHLK and SELK neurons from fed and starved
Lk-Gal4>UAS-CD8::GFP flies. mRNA levels were normalized to the fed condition. Statistical
analysis: t-test. **p<0,01, ***p<0,001.

To support the RNAseq and gPCR findings and further confirm that the increase

in Lk expression levels (Figures 15B and 17B) was transduced to an increase in protein
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translation, we performed immunohistochemistry using a specific anti-LK antibody (de
Haro et al., 2010) that labels both SELK and LHLK neurons (Figure 18). We quantified
the fluorescence intensity of the Lk neurons (arborizations and somas) in wild-type
Oregon-R CBs in both fed and starved conditions. To quantify the SELK fluorescence
intensity, we used a specific ROI area in ImagedJ that covers all of the SELK neurons
(Figures 18A-B and 18E-F). To quantify the LHLK's fluorescence intensity, each LHLK
(right and left) was measured with one independent ROl area to avoid any extra
fluorescence in the middle of the CB, and the mean between the right and left LHLK
neurons was calculated (Figures 18C-D and 18G-H). Only those brains with both SELK
or LHLK somas visible were measured, discarding those with any of them ablated due
to dissecting or immunohistochemistry failure. As the RNAseq and qPCR data showed,
the fluorescence intensity of the Lk neurons was significantly higher in starved conditions
compared with fed conditions in the SELK and LHLK neurons (Figure 18l). Interestingly,
the SELK neurons' fluorescence was slightly higher than the LHLK neurons. Still, the fact
that the measurement procedure is different does not allow us to compare them

statistically.

Figure 18: Leucokinin fluorescence quantification in fed and starved conditions. Both SELK
(A-B and E-F) and LHLK (C-D and G-H) neurons were labeled with anti-LK antibody (green) in
Oregon-R flies in fed and starved conditions. Brains perimeters were delimited manually. (I) Their
fluorescence was quantified by using the same ROI area (square indicated above) to compare
the change in fluorescence in the fed condition (grey) versus the starved condition (pink).
n=12-20 brains/condition. Statistical analysis: t-test. *p<0,05, **p<0,01. Scale bars: 50 ym.

Altogether, the qPCR and the anti-LK fluorescence intensity quantification
showed an increase in Lk expression in the SELK neurons compared to those starved

and fed, similar to the expression differences found in the RNAseq data. Thus, the

76



Results

expression of the Lk gene depends on the metabolic state of the fly, leading to an

increase of Lk neuropeptide disposition in the cell during starvation.

3. Leucokinin neurons are gustatory second-order neurons to gustatory

receptor neurons

3.1. Molecular validation of SELK neurons as postsynaptic partnhers to bitter

gustatory receptor neurons

The RNAseq data presented above showed increased Lk gene expression in
starved conditions, specifically in the Gr66a®*°N population and not in the Gr64fs°N or
NompC®S°N (Figure 17B). We hypothesized that Lk neurons, specifically the SELK

neurons, might receive direct input from the Gr66a®RN located in the labellum.

As SELK neurons have a large arborization (Figure 16) and innervate a
significant portion of the SEZ, we wanted to analyze the location of the dendrites and
axons within the SEZ. To do so, we employed a Dendritic Marker (DenMark) technique
(Nicolai et al., 2010). Briefly, DenMark uses the combination of a neuroanatomical
marker to label the entire morphology of a neuron. The axons are specifically labeled
with synaptotagmin::GFP (syt::GFP), a presynaptic genetically encoded marker. The
dendrites are targeted via ICAM5 (Denmark) fusion, an intracellular adhesion molecule
that specifically targets dendrites in the mammalian brain telencephalon (Oka et al.,
1990). We saw that SELK neuron arborization (Figures 19A-A’) and dendrites (Figures
19B-B’) overlap significantly through the middle and dorsal regions of the SEZ (Figures
19C-C’), where GRNs send gustatory sensory information, and other neurons like IPCs
innervate the SEZ (Nassel et al., 2013). That could indicate that SELK neurons receive
input from GRNs and integrate information related to the IPCs. IPCs express the Lkr,
making those neurons strong candidates for postsynaptic neurons to Lk neurons
(Zandawala, Yurgel, et al., 2018).

Many genetic techniques can be used to test if two neurons are synaptically
connected (Ni, 2021). We have used trans-Tango combined with immunohistochemistry
for Lk (Talay et al., 2017), GRASP (Feinberg et al., 2008), and BAcTrace (Cachero et

al., 2020), to validate that LK®S°N neurons are postsynaptic partners to Gr66a®R".
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Figure 19: Dendritic arborization of SELK neurons labeled by DenMark technique. The
SELK neurons were labeled with anti-GFP (green) via syt::GFP (A and A’), and their dendritic
arborization with mCherry (red) via DenMark (B and B’). (C and C’) Merge of both channels, GFP
and mCherry signal, and Zoom in where co-localization from both reporters are seen, especially
in the SELK neuron somas. Brain structure (blue) was labeled with anti-nc82. Scale bars: 50 um.

First, to test if Lk neurons were indeed part of the Gr66a®*°N and not Gr64f°S°N

nor NompC®SON

, we decided to label Lk neurons using an anti-LK antibody (de Haro et
al., 2010) in GRNs>trans-Tango flies. According to our RNAseq hypothesis, we should
only find Lk-positive neurons labeled with mtdTomato in Gr66a>trans-Tango flies but not
in Gr64f>trans-Tango nor NompC>trans-Tango. To better appreciate the co-localization
of the anti-LK signal with the frans-Tango, it was crucial to represent the confocal stacks
where the anti-LK signal falls in. Besides, it was essential to visualize these confocal
stacks by navigating between them in a .tiff composite format in ImagedJ to confirm the
results. As expected for the Gr66a>trans-Tango brains, there was co-localization
(purple) between the anti-LK signal (in blue) and the frans-Tango labeled neurons
(Gr66a®°N | in magenta) (Figures 20B-B’’). To our surprise, we found co-localization
between anti-LK signal and Gré64f>trans-Tango (Gr64f°S°N) (Figures 20A-A’"),
indicating that SELK neurons might also be postsynaptic to Gr64f°fN. We found no co-
localization between the anti-LK antibody and the NompC>trans-Tango signal (Figures
20C-C’”). Initially, this data contradicts our RNAseq data, which suggested SELK as
postsynaptic only to Gr66a®RN, not Gr64f®fN or NompCCRN.
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Figure 20: Anti-Leucokinin antibody co-localization with the trans-Tango signal. Each
GRN>trans-Tango transgenic line was tested for the co-localization of the SELK neurons with the
trans-Tango signal, which labels the GSONs. The SELK and LHLK neurons (blue arrows) were
labeled with the anti-LK antibody (blue) donated by Pilar Herreros lab (de Haro et al., 2010), (A,
B and C). (A’, B’ and C’) frans-Tango signal from mtdTomato reporter (labeled with anti-RFP
(magenta)) from the stack where the SELK and LHLK neurons may fall in (magenta arrows). (A”,
B” and C”’) Merge of all stacks from the anti-LK antibody labeling the LHLK and SELK neurons
(blue) with the trans-Tango signal (magenta) and the GRN axonal terminals labeled with anti-GFP
(green) showed the possible co-localization of anti-LK antibody signal with the trans-Tango signal
(white arrows when colocalize and blue arrows when not colocalize) which may indicate that
SELK neurons are GSONs to the GRNs analyzed. (A’”’, B’ and C’”’) Zoom in to the SEZ to focus
on the SELK neurons to confirm that Gr64f°RN and Gr66a®®N, but not NompCC®RN, are presynaptic
neurons to SELK neurons, which showed co-localization (white arrows). Scale bars: 50 um.

We used another genetic technique to test our hypothesis further: GRASP
(Feinberg et al., 2008). Briefly, GRASP is based on two GFP complementary fragments
(spGFP11 and spGFP1-10) expressed in two candidate neurons, which are exposed to
the extracellular space via transmembrane carrier proteins. When both neurons are
synaptically connected, the complete GFP protein is reconstructed, and fluorescence
can be detected. To properly reveal the reconstruction of the GFP protein, we have used
an antibody that detects only the complete GFP protein to avoid the possible detection
of fragments. GRASP results indicate that, effectively, there were synaptic connections
between Gr66a°®N and Gr64f RN with the SELK neurons (Figures 21A-A’ and 21B-B’)
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but no GRASP signal between NompC®"N and SELK neurons (Figures 21C-C’). These
results support the hypothesis that maybe SELK neurons receive input not only from
Gr66a°®N but also from Gr64fCRN,

Figure 21: GFP reconstitution across synaptic partners (GRASP) for the SELK neurons
with the sweet, bitter and mechanosensory GRNs. GRASP signal (labeled with anti-
GRASP/GFP (green)) between sweet (A), bitter (B) and mechanosensory (C) GRNs, and SELK
neurons and Zoom in to the SEZ (A’, B’ and C’, respectively). The GRN-LexA expressed the
lexAop-nSyb-spGFP1-10 portion, while Lk-Gal4 expressed the UAS-CD4-spGFP11 portion.
Green arrows indicate the presence of GRASP signal. Brain structure (blue) was labeled with
anti-nc82. Scale bars: 50 ym.

However, one particularity of the GRASP technique is that it does not reveal the
direction of the connection and which of the candidate neurons is the presynaptic or
postsynaptic. Another particularity is that the proximity in the axon terminals from the
bitter and sweet GRNs to the SELK arborization (Figures 5A-B and 19) in the SEZ could
induce the formation of false positive GRASP signals (Feinberg et al., 2008). For that
reason, to further validate the connection between Gr66a®®N and Gr64f°RN to SELK
neurons in the correct direction (from GRNs to SELK neurons) we used a third technique:
BAcTrace (Cachero et al., 2020). BAcTrace is a retrograde tracing system based on the
Clostridium botulinum neurotoxin A1 ligand/protease (BoNT/A). Basically, the
presynaptic candidate neuron expresses via LexA/LexAop binary system a receptor
linked with synaptobrevin to a GFP (first reporter), and in the postsynaptic candidate
neuron expresses via Gal4/UAS binary system a BoNT/A ligand/protease linked to a
GFP antibody. When both candidate neurons are synaptically connected, the BoNT/A
ligand/protease binds to the presynaptic receptor via GFP-antiGFP, and a QF
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transcription factor is translocated from the postsynaptic neuron to the presynaptic
neuron, which drives the expression of mtdTomato (second reporter) under the control
of QUAS. The presynaptic candidate neurons (sweet and bitter GRNs in our case) will
express GFP via Gr64f-LexA and Gr66a-LexA, respectively, and only when the
postsynaptic candidate Lk-Gal4 is synaptically connected, the presynaptic candidate
neuron will also express mtdTomato. As Figure S5 shows, we found that the GFP
reporter signal (presynaptic neurons) from the Gr64f-LexA and Gr66a-LexA expression
(Figures S5A and S5B, respectively), and the mtdTomato reporter signal Figures S5A’
and S5B’, respectively) were co-localizing (Figures S5A’ and S5B”, respectively),
indicating that both Gr64f°RN and Gr66a®?N are presynaptic neurons from SELK neurons.
These results confirm the results obtained with the anti-LK antibody combined with
GRN >trans-Tango (Figure 20) and GRASP (Figure 21).

These results indicate that SELK neurons receive presynaptic input from
Gr66a®fN and Gr64f°RN but not from NompCC®RN. This is the first time a GSON is identified
as collecting information from two populations of GRNs that transduce sensory
information of different valence, sweet-attractive and bitter-repulsive. However, how

SELK neurons integrate this information is still unknown.

3.2. Computational characterization of SELK neurons

We validated molecularly using three different techniques (anti-LK antibody
combined with trans-Tango, GRASP, and BAcTrace) that Gr66a®™™ and Gr64f°RN, but
not NompC®RN, are presynaptic neurons to SELK neurons (Figures 20, 21 and S5,
respectively), indicating that SELK neurons are transducing sensory information of totally
different valence, sweet-attractive and bitter-repulsive. To properly understand the role
of Lk neurons in gustatory information processing, we need to know all their presynaptic
and postsynaptic partners, something that the techniques we used cannot reveal. The
connectome of the D. melanogaster adult brain has been reconstructed since a few years
ago (Bates et al., 2020; Galili et al., 2022; F. Li et al., 2020; Scheffer et al., 2020; Winding
et al., 2023), allowing us to search in silico which of the neurons in the connectome that
correspond to the Lk neuron and later possibly find pre- and postsynaptic partners. For
that purpose, we employed the FAFB volume. This whole-brain EM volume provides
synaptic resolution of all neurons in the fly brain to find which identified neurons

correspond to the Lk neurons (Zheng et al., 2018).

A recent work published by Engert et al. (Engert et al., 2022), has characterized
with synaptic resolution using the FAFB, the connectivity in the SEZ of some subsets of

GRNs, including Gr64f and Gr66a expressing ones. As Lk neurons receive presynaptic
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inputs from Gr64f®RN and Gr66a®®N neurons, we reasoned that we could use the VFB
dataset (Court et al., 2023) to obtain the different labellar Gr64f°®N and Gr66a®R"
skeletons from the right hemisphere in the SEZ, described by Engert et al. (Engert et al.,
2022), and then find which neurons receive input from both populations. We should find
the Lk neurons within those neurons. 4 GRN groups were considered according to
Engert et al. results for NBLAST Gr64f°RN and Gr66a°®N morphology. A total of 52 GRN
skeletons were downloaded from the VFB dataset in .swc format and aligned to the FAFB
by using the JRC2018U reference brain as a template (Bogovic et al., 2020; Costa et al.,
2016; Zheng et al., 2018). From these, 19 GRNs were bitter sensing (12 from group 1
(Figures 22A-A’) and 7 from group 2 (Figures 22B-B’)), and 33 GRNs were sweet
sensing (17 from group 4 (Figures 22C-C’) and 16 from group 5 (Figures 22D-D’)). Only
Gr64f°RN and Gr66a®RN of the right hemisphere were used in this analysis as the dataset
is more precise. All these GRN skeletons were aligned to the recently released Flywire
dataset, a dense, machine learning-based reconstruction of more than 80,000 FAFB
neurons (Dorkenwald et al., 2022; Eckstein et al., 2023) (for more detail, see materials
and methods). By using the Flywire Gateway tool, each of the sweet and bitter GRNs
analyzed was aligned and reconstructed to the EM dataset (Figures 22E-F’’) in the
Flywire toolbox, where a brain mesh template was used to represent the morphology of

the tracing aligned (Figures 22G-L) and the IDs annotated.

Once we obtained all IDs for the GRNs analyzed, by using the BrainCirctuits
online software from Flywire Consortium, a platform for comparative connectomics

(https://braincircuits.io/), we were able to find synaptic segments for each of the sweet

and bitter GRNs, differentiating those that are presynaptic (upstream) from those
postsynaptic (downstream). Using R software, only those downstream segments that
presented synapses sites with either Gr64f°"N or Gr66a°™N were considered
postsynaptic solid candidates for GRNs to be the SELK neurons. After collecting all
SELK candidates postsynaptic to Gr64f°fN and Gr66a°®N, a manual comparison was
made in R software to identify downstream segment IDs common for both GRN. A total
of 334 downstream segment IDs were identified to be connected to Gr64f°®N and
Gr66a®RN, and 17 downstream segment IDs were visually classified as strong candidates
to be SELK neurons. After visual comparison between the SELK neuron candidates and
the SELK arborization (Figures 16 and 19), one downstream ID segment
(720575940623529610 ID (or 720575940632524559 ID as both labels the same
neuron)) was identified as a strong candidate to be the left SELK neuron (Figure 23,
magenta). As can be seen, this candidate SELK neuron has a significant arborization

that covers the upper part of the SEZ, as DenMark’s previous experiment showed
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(Figure 19). Additionally, the position of the candidate left SELK soma at the bottom of
the SEZ is consistent with the position of the SELK somas previously described
molecularly (Figure 16) (de Haro et al., 2010). Further, by using the Flywire Codex online

software tool (https://codex.flywire.ai/), we were able to identify the left SELK neuron as

the GNG.276 (gnathal ganglia neuron 276), and classified as a possible GABAergic
neuron, based on previous annotation and proofreading by the Flywire community
(Eckstein et al., 2023; Schlegel et al., 2023).

Figure 22: Electron microscopy-based reconstructions of gustatory receptor neurons.
(A-D) VFB skeleton reconstruction frontal view from bitter (groups 1 and 2) and sweet (groups 4
and 5) GRNs in the right hemisphere and Zoom in to the SEZ region on the right of each group
image (A’-D’). (E) Bitter GRN skeletons from Group 1 in the VFB template, which was
reconstructed via Flywire Gateway in the EM dataset of the Flywire Sandbox (F) and Zoom in (F’
and F”’) of the area aligned in orange. (G and G’) Reconstructed GRN R1#6 in the Flywire
Sandbox brainmesh template with the Flywire ID720575940610481370. (H-L) Reconstruction
representation in Flywire from all groups of GRNs analyzed (H) and its Zoom in to the SEZ region
for all the groups individually (I-L). Scale bars: 50 uym.

The next step was to identify strong candidates for the right SELK neuron. To do

this, we used the online morphology NBLAST from Flywire Codex to find neurons with
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similar arborization to GNG.276 but in the right hemisphere. One strong candidate was
the GNG.246 with 720575940632407826 ID (Figure 23, cian). This right SELK
candidate neuron has similar arborization to the left SELK candidate neuron, as it also
has identical arborization found in the immunohistochemistry images (Figure 16).
Furthermore, this GNG.246 neuron is also classified as a possible GABAergic neuron,

lighting the possibility that both neurons are SELK neurons.

To confirm that these SELK candidate neurons effectively receive input from the
analyzed GRNs, we looked for which GRNs were presynaptic to SELK neurons. We
found that only one bitter (GRN R2#5) and one sweet (GRN R4#17) GRNs were
presynaptic to GNG.276 (right SELK neuron), and that only one sweet GRN (R4#14)
was presynaptic to GNG.246 (left SELK neuron). The fact that only so few presynaptic
neurons were found indicates that SELK proofreading is still required for a much more

precise assembly and annotation of the FAFB dataset, which is currently underway.

Figure 23: SELK neurons EM-reconstruction using Flywire. (A) Anatomy of the SELK
neurons (right in cian and left in magenta) reconstructed in the FAFB brainmesh template in
Flywire, and Zoom in to the SEZ (B). IDs from Flywire are indicated: 720575940632407826 ID for
the right SELK (GNG.246) and 720575940623529610 for the left SELK (GNG.276). Scale bars:
50 um.

We wondered about the upstream and downstream neurons connected to the
SELK neurons, so with BrainCircuits, we computationally characterized both pre- and
postsynaptic neurons as SELK neurons. Moreover, we compared this analysis with the
molecular retro-Tango and trans-Tango methods. However, we never tried to find the
possible identities of the LHLK neurons in the FAFB as they are not the focus of the
present study, so all this computational comparative analysis will focus exclusively in the
SELK located in the SEZ. Thus, some differences between both methods, molecular and
computational, were expected as we could not differentiate the signal from LHLK or

SELK neurons in the retro-Tango and frans-Tango experiments.
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To look for the upstream (presynaptic) neurons to SELK neurons we used the
molecular transsynaptic tool retro-Tango (Sorkag et al., 2023) (Figure 24A), a retrograde
transsynaptic technique that employs similar transsynaptic mechanisms as frans-Tango
but in the retrograde direction, and computationally with BrainCircuits (Figure 24B). We
only considered those presynaptic partners with 210 synaptic connections (84
presynaptic candidate neurons in total) to discard any signal from segments close to
SELK arborizations but without any real connection. We need to consider that
presynaptic SELK candidate neurons need to be proofread by the Flywire community to
have a more consistent result. Moreover, we could not detect retro-Tango signal in the
proboscis, so we did not see the Gr64f°®N and Gr66a®R" labeled with mtdTomato (Figure
S6).

Figure 24: Presynaptic neurons to SELK. (A) Anatomy of the Lk neurons (SELK and LHLK)
labeled with anti-GFP (green) connected synaptically with their presynaptic neurons labeled with
anti-RFP (magenta) by retfro-Tango technique. Brain structure (blue) was labeled with anti-nc82.
(B) SELK presynaptic candidate neurons reconstructed in the FAFB brainmesh template in
Flywire. Only presynaptic candidate neurons with 210 synaptic points with SELK neurons are
shown (84 presynaptic candidate neurons). Scale bars: 50 um.

Regarding the postsynaptic output from SELK neurons, we compare the
BrainCircuits downstream candidates' output with the trans-Tango signal. The majority
of the postsynaptic partners of SELK neurons localize in the SEZ, with some projections
to the dorso-medial region of the CB. This region contains IPC neurons that project to
the tritocerebrum in the SEZ, where a significant concentration of fibers can be
appreciated in the frans-Tango immunohistochemistry (Figure 25A). Those results
coincide with previous observations suggesting Lk neurons as IPC neurons' presynaptic
partners (Zandawala, Yurgel, et al., 2018). It is essential to notice that the number of
postsynaptic partners of Lk neurons is much larger when looking at the FAFB-derived
results (174 postsynaptic candidate neurons with 210 synaptic connections) (Figure
25B) compared to frans-Tango. Besides, SELK neurons could be connected to the
premotor feeding program as they seem to integrate both bitter and sweet information

as well as the metabolic state of the fly (Al-Anzi et al., 2010).
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Figure 25: Postsynaptic neurons to SELK. (A) Anatomy of the Lk neurons (SELK and LHLK)
labeled with anti-GFP (green) connected synaptically with their postsynaptic neurons labeled with
anti-RFP (magenta) by frans-Tango technique. Brain structure (blue) was labeled with anti-nc82.
(B) SELK postsynaptic candidate neurons reconstructed in the FAFB brainmesh template in
Flywire. Only postsynaptic candidate neurons with 210 synaptic points with SELK neurons are
shown (174 postsynaptic candidate neurons). Scale bars: 50 um.

In summary, we found two central SELK candidate neurons with the Flywire
software, including the FAFB dataset's EM. Although we consider our results solid
(identifying the SELK candidates in the FAFB) we cannot yet prove definitively that those
neurons are in fact Lk neurons. The differences between the Braincircuits analysis and
trans- and retro-Tango are due to different factors. First, both trans- and retro-Tango
label only the pre- and postsynaptic partners to a certain level, so they only capture a
fraction of their partners. Regarding Braincircuits, although the FAFB is done, only a
fraction of the neurons are annotated and proofread, so we are missing many pre- and
postsynaptic partners. However, the identification of the SELK in Braincircuits, will give
us access to possible split Gal4 lines that could label specifically SELK neurons and not
LHLK or ABLK, so we could test the role of those neurons in feeding behavior

independently of the others.

4. Leucokinin neurons modulate feeding behavior

We have shown that SELK neurons are postsynaptic neurons to Gr64f®®N and
Gr66a®RN (Figures 20, 21 and S5), indicating their apparent role as integrators of
contradictory information. Gr64f®"N neurons collect sweet information that initiates
feeding, while Gr66a®®N neurons transduce bitter information that inhibits feeding
(Dweck & Carlson, 2020; Weiss et al., 2011). All animals must evaluate the food's quality
and integrate it with their metabolic needs. While bitter tastants typically induce rejection,
depending on the context, food laced with low amounts of bitter compounds can appeal
if starvation or sucrose concentrations are high. Previous studies have demonstrated

interactions between sweet and bitter taste modalities at the level of sensory neurons,
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pointing to the existing interaction between those neurons to regulate feeding (French et
al., 2015; Hiroi et al., 2004). For example, some GABAergic neurons collecting bitter
information from GRNs inhibit sweet GRNs to avoid feeding (Chu et al., 2014). At the
level of the sensilla, the odorant binding protein 49a (OBP49a), which is expressed in
accessory cells, binds bitter tastants to regulate sweet responses (Jeong et al., 2013).
Regarding how starvation modulates sweet-bitter interaction, there are inhibitory
mechanisms to decrease the activity of two octopaminergic-tyraminergic interneurons
(OA-VL neurons) that integrate bitter information from GRNs when flies are starved,
promoting bitter acceptance (LeDue et al., 2016). Also, in mammals, it has been reported
that a local inhibitory circuit for bitter-sweet integration exists (Jin et al., 2021). Other
studies have elucidated the role of different gustatory interneurons that participate in
processing bitter and sweet tastes to drive the activation or not of premotor neurons in
the sensorimotor program (Inagaki et al., 2014; Shiu et al., 2022). Altogether, those
results highlight the evolutionary importance of balancing the hunger state with the
attractiveness of sweet tastes against the aversion to bitter tastes to decide whether to
feed finally. However, the precise mechanisms downstream neurons modulate appetitive

feeding behaviors in response to sweet and bitter taste detection remains unclear.

SELK neurons are located at the caudal part of the SEZ (Figures 16 and 23). As
they are postsynaptic neurons to Gr64f°®N and Gr66a°®N, we hypothesize that SELK
neurons might participate in feeding behavior by integrating different value information
when flies are exposed to sweet and bitter stimuli. To address this possibility, we decided
to silence the activity of SELK neurons and test the effect on feeding behavior using TNT
to block the function of the Lk neurons. The tetanous toxin cleaves the synaptic vesicle
protein synaptobrevin, a protein involved in the formation of vesicles during exocytosis,
so those neurons expressing TNT are not able to release neurotransmitter vesicles into
the synapse cleavage (Sweeney et al., 1995). As a control, we used a mutated version
of TNT, the tetanus toxin impaired (TNT™F), that does not cause any defect in synaptic
transmission in the neurons. We used the Lk-Gal4 driver to express UAS-TNT or
UAS-TNTMF transgenes, to silence all Lk neurons, including the SELK neurons. With
both transgenes, we could compare the effect of nonfunctional SELK neurons with
functional ones in the feeding paradigm and test how SELK neurons integrate sweet and
bitter information simultaneously. However, we must consider that those transgenes
expressed the Gal4 in all Lk neurons (SELK, LHLK, and ABLK neurons), so any
difference between both groups was carefully analyzed. In addition, as the metabolic
state of the flies modulates the gene expression profile of the GSONs (Figures 11 and

12), including Lk gene expression in the SELK neurons (Figures 15B, 17 and 18), and
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that hunger state modulates Gr64f°RN and Gr66a°®N activity (Inagaki et al., 2012; Weiss
et al., 2011), starvation was used not only as a strategy to motivate flies to feed but to
study the function of the SELK neurons in both metabolic paradigms, fed and starved
(Yurgel et al., 2019).

4.1. Modulation of the feeding initiation behavior in response to sweet and bitter
stimuli

Animals evaluate internal nutritive state and food quality to decide whether to
initiate feeding (Trisal et al., 2023). To investigate how food quality alters feeding
initiation, we examined how the detection of bitter compounds is integrated with sugar
taste information in the feeding initiation circuit using the PER assay upon proboscis
stimulation. Briefly, PER measures the total extension or not of the proboscis in response
to a stimulus. Extension of the proboscis is associated with an attractive behavior. For
example, flies showed higher PER responses when exposed to higher concentrations of
sucrose and significant starvation times (Trisal et al., 2023; Yapici et al., 2016). However,
flies showed lower PER response when exposed to bitter tastants as they are related to
toxic compounds in nature (Inagaki et al., 2014). The strategy to use PER upon proboscis
stimulation assured us that only the two SELK neurons, and not other Lk neurons, were
receiving this sensory information from stimulating Gr64f®fN and Gr66a®R™ in the
labellum, as these GRNs project to the SEZ and not other regions where LHLK neurons,
or the ABLK neurons, arborize (de Haro et al., 2010; Scott, 2018; Z. Wang et al., 2004).

We decided to use sucrose to activate Gr64f°RN and caffeine to activate Gr66a®™N

(Jiao et al.,, 2007; Y. Lee et al., 2009). Before the analysis of the behavior of
Lk-Gal4>UAS-TNT and Lk-Gal4>UAS-TNTMF transgenic flies, we decided to analyze
the response of w'’"® flies to sucrose and caffeine to set the appropriate concentrations
of the tastants (Figure 26). All tastants used during the Thesis were diluted in miliQ water
to avoid any repulsion or attraction effect from tap water composition. For all PER
experiments, flies were immobilized in P200 tips, and water was provided ad libitum

before the test (see materials and methods for more detail).

We performed a PER dose-response curve of starved w'’’® flies to increasing
concentrations of sucrose, from 6.25 mM to 800 mM (Figure 26A). The PER to sucrose
exhibited a proportional increase from 6.25 mM to 100 mM. Notably, at 100 mM sucrose,
the flies demonstrated a complete PER response, indicative of saturation, plateauing
with subsequent concentrations (ranging from 200 mM to 800 mM), yielding saturated

PER responses. Once the response to sucrose in our flies was established, the next step

88



Results

would be to find the right concentration of sucrose so we could test the response to

caffeine.

To select the right sucrose concentration, it was imperative to avoid saturating
the PER response while ensuring a sufficient range to discern any decrease in PER
when combined with varied concentrations of caffeine. Given that the ECso (half maximal
effective concentration, the theoretical concentration eliciting a response in 50% of the
tested flies) for w''’® flies, derived from the sucrose PER response curve (Figure 26A),
was determined to be 25.04 mM of sucrose via non-linear regression modeling, it was
decided that concentrations of 30 mM and 50 mM of sucrose would best serve our
objectives. These concentrations, exceeding the calculated ECso, afford a suitable range
to observe the effects of caffeine on PER response without inducing saturation from
sucrose PER. Thus, they were deemed optimal for subsequent PER assays involving

the combination of sucrose and caffeine.

In the same way, to establish the appropriate concentration of caffeine, various
concentrations (1, 5, 10, 20, and 50 mM) were combined with 30 mM and 50 mM of
sucrose. As anticipated, the PER was notably higher in starved flies tested with the 50
mM sucrose mixtures than those tested with the 30 mM sucrose mixtures (Figure 26B).
Specifically, statistically significant differences were observed between them in the 20
mM and 50 mM caffeine mixtures. Based on these results, we concluded that employing
a concentration of 50 mM sucrose would be optimal, rather than 30 mM, because it
provided the necessary dynamic range in response when combined with various

concentrations of caffeine.

To test that the hunger state also modulates the PER response to sweet and
bitter stimuli with our methodology, w'’*® flies were tested in three metabolic states: fed,
12h starved, and 24h starved. We decided to test only four mixtures: 50 mM of sucrose
alone and 50 mM of sucrose mixed with 5, 10, and 20 mM of caffeine. These mixtures
gave us the possibility to compare not only between metabolic states but also among
sweet-bitter value coding. Flies starved for 24h showed the highest PER for all mixtures,
and the fed condition showed the lowest PER, the 12h starvation PER response between
them (Figure 26C). Even though only the 10 mM and 20 mM caffeine mixtures were
significant, the tendency was that the hunger state of the fly impacted PER proportionally
for all mixtures. Furthermore, it is essential to note that for the fed state there was a non-
PER saturation for the 10 mM and 20 mM caffeine mixtures which indicated that bitter

stimuli at concentrations higher than 10 mM of caffeine suppressed PER.
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Figure 26: Proboscis extension response assay in w''’® flies. (A) PER to increased
concentrations of sucrose in w’'*é flies that have been starved for 24 hours. (B) PER to increased
concentrations of caffeine mixed with 50 mM (yellow) and 30 mM (blue) of sucrose in w8 flies
that have been starved for 24 hours. (C) PER to increased concentrations of caffeine mixed with
50 mM of sucrose in w8 flies in three different metabolic states: fed (blue), starved for 12 hours
(vellow) and starved for 24 hours (red). All x-axis represents the concentrations of mixtures
delivered in the PER and the y-axis the percentage (%) of flies that showed PER. n=30 for all
concentrations and metabolic states tested. The statistical test was a binomial regression model;
error bars represent the standard error of the proportion; only significant differences are shown:
***p<0,001.

Considering these results, the final mixtures chosen (50 mM sucrose alone and
50 mM sucrose with 5, 10, and 20 mM caffeine) for experiments involving Lk transgenic
flies were deemed suitable for comparing metabolic stages and identifying potential
deficiencies in PER due to the absence of Lk gene expression in the fed condition.
Additionally, 50 mM sucrose with 1 mM caffeine was added to the mixtures to reference
the PER with a diluted bitter mixture.

4.2. SELK neurons are involved in the feeding initiation behavior

We have tested that sucrose enhances PER response as concentration
increases (Figure 26). A bitter compound such as caffeine elicits a reduction in the PER
elicited by a sweet compound, indicating the existence of a value coding behavior in
feeding initiation as previously reported (Inagaki et al., 2014). To test the function of the
SELK neurons in the feeding initiation behavior, Lk-Gal4>UAS-TNT and
Lk-Gal4>UAS-TNTMF transgenic flies were assayed with labellar stimulation PER only

to measure the SELK role and not other Lk neuron implication, as previously explained.

Previous studies reported that mutant flies for the Lk gene induced a decrease in
PER response to sucrose by labellar stimulation (Zandawala, Yurgel, et al., 2018). This
may indicate that SELK neurons are involved in the response to sucrose. To evaluate
this possibility, we assayed the Lk-Gal4>UAS-TNT and Lk-Gal4>UAS-TNTMF transgenic
flies with the same sucrose concentrations as Figure 26. We did not see differences
between Lk-Gal4>UAS-TNT or Lk-Gal4>UAS-TNT™F in their capability to respond to
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sucrose at all concentrations tested, indicating that, in our hands, Lk neurons do not
modulate per se the response to sucrose at the concentrations tested (Figure 27).
Consistent with the results obtained with w'’*® flies, at 50mM sucrose approximately 50%
of the flies responded to sucrose, both control (Lk-Gal4>UAS-TNT™F) and experimental
(Lk-Gal4>UAS-TNT) conditions, indicating that this was an appropriate sucrose
concentration to test flies with the different concentrations of caffeine previously

established.

24h Starvation
1007
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Figure 27: Role of SELK neuron during proboscis extension response to sucrose. PER to
increased concentrations of sucrose of flies in which TNT is expressed under the control of Lk
promoter (in pink). Comparisons are made with control animals expressing and impaired version
of this toxin (TNT™™P) (in grey). All flies were starved for 24 hours. n=30 for all concentrations and
transgenic lines tested. The statistical test applied was a binomial linear regression model; error
bars represent the standard error of the proportion; no significant differences were obtained.

The addition of caffeine to sucrose decreases the PER in a concentration-
dependent manner (Figure 26B). We found that silencing of Lk neurons with TNT
decreased the ability of the flies to respond to sucrose + caffeine, making this effect more
dramatic with longer starvation times (Figure 28). In detail, we found that when flies are
fed, the response of control and experimental conditions was similar to the different
mixtures, indicating that the reduction in Lk gene expression by SELK neurons,
according to data shown above (Figure 28A), makes that neuron noncapable to

participate in the sensory integration of bitter and sweet information.

Contrarily, when Lk-Gal4>UAS-TNT and Lk-Gal4>UAS-TNT™ flies undergo a
12-hour period of starvation, we hypothesized that Lk gene expression increases and
may alter how sweet and bitter information is processed. Our findings suggest that while
blocking synaptic transmission of SELK neurons with TNT did not affect the PER
response to sucrose alone and with low concentrations of caffeine, silencing the SELK
neurons with TNT decreased the PER response at higher concentrations of caffeine
compared to control TNT™P at 12h starvation (Figure 28B). This observation implies that

SELK neurons might modulate the attractiveness of stimuli based on the metabolic state
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and the intensity of bitter stimuli. However, when SELK neurons were blocked with TNT,
they appeared to lose this ability to encode combinatory sweet-bitter information, thus
potentially devaluing the hunger state by reducing the PER response at higher

concentrations of caffeine.

When flies were subjected to a 24-hour starvation period, the levels of Lk gene
expression increased compared to fed and 12-hour starved flies (Figure 28C). This
resulted in higher differences in PER responses between control flies and the
experimental condition across all mixtures of sucrose and caffeine, unlike the response
observed with 50 mM sucrose alone in previous experiments (Figure 27). Our analysis
revealed that the differences between control and experimental conditions were
statistically significant at 5, 10 and 20 mM of caffeine with 50 mM sucrose (Figure 28C).
Moreover, these differences increased gradually in proportion to the concentration of
caffeine. This observation suggests that as the bitterness of the stimuli increases, the
positive value coding mediated by Lk-Gal4>UAS-TNT flies diminishes, as evidenced by

lower PER response levels.

These findings suggest that SELK neurons are critical in integrating sweet and
bitter sensory information. The ability to respond to a mixture of sucrose and caffeine
was reduced when the Lk neurons were silenced. This effect was particularly significant
when flies were under conditions of increased starvation. This implies that the activity of
SELK neurons is essential for processing and responding to combined sweet and bitter

stimuli, especially in situations where food availability is limited.
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Figure 28: Role of SELK neurons in proboscis extension response to sweet and bitter
tastants for three different metabolic states. PER to increased concentrations of caffeine
mixed with 50 mM of sucrose of flies in which TNT is expressed under the control of Lk promoter
(in pink) for three different metabolic states: fed (A), starved for 12 hours (B) and starved for 24
hours (C). Comparisons are made with control animals expressing and impaired version of this
toxin (TNT™P) (in grey). All flies were starved for 24 hours. n=30 for all concentrations, metabolic
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states and transgenic lines tested. The statistical test was a binomial regression model; error bars
represent the standard error of the proportion; only significant differences are shown: *p<0,05,

*k%k,

0<0,01, ***p<0,001.

Despite the differences found between the control and experimental conditions
for all metabolic states tested, all results were analyzed with both sexes mixed, so we
did not know clearly if these differences might be the effect of males and females or
maybe only one of them. Several studies support the idea that males and females differ
in integrating gustatory information. First, the gustatory receptor neurons' distribution is
sexually dimorphic (S. et al., 2001). This may suggest the different feeding needs
between both sexes. For example, males prefer feeding rather than courting upon
starvation (Cheriyamkunnel et al., 2021). Females prefer to feed on protein sources
rather than sweet or fatty acid food, compared to males (Steck et al., 2018). These
differences may reflect the nutrient demands of females from egg production according

to their reproductive state.

To see if the SELK effect found in the PER experiments resulted from male or
female behavior, we analyzed the PER responses to the mixtures in both sexes when
they were starved for 24 hours. We saw that the differences between control and
experimental conditions were maintained in males and females (Figure 29). If we focus
on males (Figure 29A), we can see that there is a tendency in PER response similar to
both sexes mixed (Figure 28C). The ability to respond to mixtures with higher
concentrations of caffeine decreases in the Lk-Gal4>UAS-TNT flies. This is also seen if
we focus on the PER response for mated females (Figure 29B), especially for 10 mM
and 20 mM caffeine mixtures. It is important to note that there were visual differences
between males and females. Despite both results are not statistically compared to each
other, we saw that females showed less PER response compared to males in both
control and experimental conditions (Figures 29A and 29B). This is also consistent with
previous results, which indicate that females are less sensitive to sweetness due to the

metabolic differences associated with mated status (Munch et al., 2022).

On the other hand, the mating status of females is a crucial factor that modulates
decision-making processes by altering the chemosensory processing of food stimuli and
influencing nutrient-specific appetites (Munch et al., 2022). For instance, while male and
non-mated female flies typically prefer sugar over yeast, mated females exhibit a shift
towards preferring yeast (Kahsai et al., 2010; Ribeiro & Dickson, 2010). Moreover, low
protein intake in mated females triggers a compensatory appetite for yeast, mediated by
direct neuronal nutrient sensing mechanisms that enhance taste perception (Henriques

et al., 2020). These findings suggest that the brain integrates internal states, such as
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mating status, to assess the value of external sensory information from potential food
sources. Ultimately, this guides food choice and maintains nutrient and energy
homeostasis (Carvalho-Santos et al., 2020). Building upon this, it was hypothesized that
the mating status of females could impact the normal function of SELK neurons,
potentially leading to variations in the perception of bitter and sweet information as

observed in the PER assay (Figure 28).

To assess this, we tested 7-day-old non-mated females (virgin females) that were
raised separately from males to avoid copulation and that were starved for 24h. We saw
that PER response from control and experimental conditions were similar except when
there was a large concentration of caffeine (20 mM caffeine) (Figure 29C). This may
reflect that SELK neurons are probably integrating also indirect information from the
reproductive state of the fly, leading to a general decrease in the ability to sense sucrose
and caffeine. Furthermore, non-mated females seem to show less PER response for
50 mM sucrose. This is consistent with previous studies that found a lack in the sweet
perception of non-mated females compared with mated ones (Minch et al., 2022).
Non-mated females presented a milder slope in the curve across all sucrose + caffeine
mixtures, indicating that they presented more tolerance to bitter than mated females
(Figure 29B and 29C).

@ Lk-Gal4>UAS-TNTM [ Lk-Gal4>UAS-TNT

A 8 24h Starvation B 80 24h Starvation C 80 24h Starvation
Males Mated Females Non-mated Females
60 60 60
o 40 e o 40- o 40
w wi * i
o o o
20+ 204 204
0 T T T T T 0 T T T T — 0 T T T T T
0 1 5 10 20 0 1 5 10 20 0 1 5 10 20
Caffeine (mM) + Caffeine (mM) + Caffeine (mM) +
50 mM Sucrose 50 mM Sucrose 50 mM Sucrose

Figure 29: The role of SELK neurons in proboscis extension response to sweet and bitter
tastants during starvation is dependent on sex and reproductive state. PER to increased
concentrations of caffeine mixed with 50 mM of sucrose of flies in which UAS-TNT is expressed
under the control of Lk promoter (Lk-Gal4) (in pink) for three different sex and reproductive states:
males (A), mated females (B) and non-mated females (C). Comparisons are made with control
animals expressing an impaired version of this toxin (UAS-TNT™P) (in grey). All flies were starved
for 24 hours. n=30 for all concentrations and transgenic lines tested. The statistical test was a
binomial regression model; error bars represent the standard error of the proportion; only
significant differences are shown: *p<0,05, ***p<0,01, ***p<0,001.
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In summary, all these results suggest that Lk may be involved in the sensory
processing of labellar sweet and bitter information via SELK neurons. These SELK
neurons integrate this combined gustatory information to finally initiate or not feed

according to the food source's bitterness and hunger state.

4.3. Role of Leucokinin neurons during two-choice feeding decisions

We have tested the role of SELK neurons in the initiation of feeding when flies
are exposed to sweet and bitter tastants in different metabolic states with the PER assay
(Figure 28). These PER experiments revealed that blocking the synaptic transmission
of SELK neurons with TNT led to a loss of tolerance to bitter compounds when flies were
food-deprived. Still, we did not see any effect in the initiation of feeding when flies were

exposed to only sucrose (Figure 27).

A free-moving and feeding assay is necessary to test the role of Lk neurons in a
more natural paradigm. To achieve that, we decided to perform a set of flyPAD
experiments. In this feeding assay, we were able to measure different feeding
parameters in free-moving flies when exposed to two food sources, each connected to
one electrode that registers all fly interactions (Figure 30A). These experiments have
the difficulty that there are so many variants that may affect the feeding behavior as flies
can touch the food sources with the leg tarsi, explore the entire arena without interacting
with the food drop, or just be influenced by any odor or pheromone, even though all
arenas and electrodes are carefully cleaned with alcohol and sterile water. Moreover, by
using the Lk-Gal4 driver, we were silencing all Lk neurons and not only the SELK
neurons, so with this flyPAD experiments, we could not differentiate the effect of just
blocking SELK neurons among all Lk neurons effect because flies could contact food

with other taste organs apart from the proboscis.

For the two-choice feeding assay, we decided to test flies' ability with silenced Lk
neurons with two different experiments (Figure 30B). The first one (Experiment 1), to
choose between two concentrations of sucrose: 20 mM versus 100 mM of just sucrose.
The second one (Experiment 2), to test their ability to choose between a source of
sucrose (20 mM Sucrose) versus a high concentration of sucrose with caffeine (100 mM
sucrose + 50 mM caffeine). By analyzing the total number of sips between both control
(Lk-Gal4>UAS-TNT™P) and experimental (Lk-Gal4>UAS-TNT) transgenic lines, no
differences were detected for any of the two experiments (Figure 30C). However, the
total number of sips done in Experiment 1 was slightly higher than in Experiment 2. This
fact may reflect the avoiding effect of bitter (caffeine) when mixed with sweet (sucrose).

When analyzing the preference index for both experiments, in Experiment 1 there was a
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preference to feed from the higher concentration of sucrose (100 mM sucrose) compared
to the lower (20 mM sucrose), showing that the experimental flies (Lk-Gal4>UAS-TNT)
were significantly more attracted to 100 mM sucrose than control flies
(Lk-Gal4>UAS-TNT™F) (Figure 30D left). This difference disappeared when caffeine
was added to the highest concentration of sucrose (100 mM sucrose + 50 mM caffeine),
flies with Lk neurons silenced (Lk-Gal4>UAS-TNT) felt as repelled by the combination of
sucrose plus caffeine as controls (Lk-Gal4>UAS-TNT™F), without showing any clear

tendency to feed from any source of food (Figure 30D right).

Altogether, those data indicate that SELK neurons may be involved in integrating
sweet and bitter information to initiate feeding upon starvation, but when flies were
exposed to a free-moving feeding test we could not attribute any role to the SELK
neurons as more taste organs could direct or indirectly communicate with other

implicated Lk neurons.

Figure 30: Role of Lk neurons during feeding behavior in two-choice flyPAD assay. (A)
Schematic representation of the two-choice flyPAD assay, where free-moving flies can choose
between two sources of food connected to electrodes and the feeding microstructure parameters
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that can be measured (adapted from ltskov et al., 2014). (B) Mixture of tastants delivered to each
electrode for each of the flyPAD experiments carried out; Experiment 1: 20 mM of sucrose versus
100mM sucrose, Experiment 2: 20 mM of sucrose versus 100 mM sucrose with 50mM caffeine.
(C) Total number of sips for Lk-Gal4>UAS-TNTM® (grey, control condition) and
Lk-Gal4>UAS-TNT (pink, experimental condition) flies. (D) Preference index for 100 mM sucrose
(Experiment 1) and 100 mM sucrose with 50 mM caffeine (Experiment 2) versus 20 mM sucrose.
All flies were starved for 24 hours. Only flies with >2 bouts and >25 sips were included in the
analysis (Experiment 1: Lk-Gal4>UAS-TNTMP (n=48) and Lk-Gal4>UAS-TNT (n=59); Experiment
2: Lk-Gal4>UAS-TNTMP (n=20) and Lk-Gal4>UAS-TNT (n=25)). The statistical test applied was
a Wilcoxon rank sum test; ns: not significant, *p<0,05.

5. SELK neurons express other neurotransmitters

Leucokinin is expressed in four neurons in the CB: two of them are located in the
LH (LHLK) and the other two are located at the ventral part of the SEZ (SELK) (Figure
16). These SELK neurons are postsynaptic neurons to sweet and bitter GRNs (Figures
20, 21 and S5), so these are Gr64f°S°N and Gr66a®S°N even though Lk was only seen to

GSON

be highly expressed in the Gr66a when flies were food deprived (Figure 15B).

As Figure 14 and Figure 15 show, there are several neurotransmitters and
neuropeptides and their receptors that are also highly expressed in the Gr64f ®=°N and
Gr66a®S°N populations. For example, Gad?1 and Ddc were highly expressed in GSON
populations for both metabolic states, indicating that gustatory information may be
integrated by GABAergic and dopaminergic circuits (Figure 14B). For example,
dopaminergic neurons are required for increased sucrose taste sensitivity by glutamine
diet and in the induction of PER (S.-S. Li et al., 2024; Marella et al., 2012). Further,
GABAergic neurons convey, upstream to the motor neurons, an inhibitory tone on
ingestive behavior required to regulate taste quality and satiety state (Cheung & Scott,
2017; Pool et al., 2014; Zhao et al., 2022). Other neurotransmitters like 5-HT are involved
in feeding behavior through serotonergic pathways that integrate bitter information to
initiate gastric motility and induce insulin release via IPC neurons to limit sugar
consumption (Yao & Scott, 2022). Also, the dopaminergic neurons interact with the

insulin-producing neurons to enhance sweet taste sensitivity (Q.-P. Wang et al., 2020).

In summary, many neurotransmitters and neuronal pathways are involved in
gustatory integration and feeding behavior. Several studies have focused on finding Lk
co-expression with other neuropeptides in the LHLK and ABLK neurons. Still, little is
known about the molecular nature of the SELK neurons that could be modulating their
role during gustation (Nassel & Wu, 2021). To further characterize how gustatory
information is processed in the CNS, and more specifically, how GSONs may be

integrating this information, we wondered if some of the neurotransmitters and receptors
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analyzed in the RNAseq (Figure 14) could also be expressed in the SELK neurons. We
focused on some neurotransmitters, especially: GABA, dopamine, glutamate,
acetylcholine, serotonine, octopamine and tyrosine. First, we performed
immunohistochemistry of some driver lines for them (Figure 31) to test how many
neurons in the CB may be expressing each of the neurotransmitters and, more
specifically, if most of these neurons were surrounding the SEZ, where the GSONs
populations analyzed (Figure 6) fall in. We saw the same labeling patterns as previously
described (Deng et al., 2019) for each of the neurotransmitters tested (Figure 31). Some
of these neurons labeled fallen within the SEZ, where SELK neurons are located,

suggesting that some of those neurons could be GSONs analyzed in the RNAseq.

Figure 31: Neurotransmitter expression pattern in the central brain. Anatomy of the different
neurotransmitter expression patterns by expressing UAS-CD8::GFP (labeled with anti-GFP
(green)) via different Gal4 promoters: Ddc-Gal4 (dopaminergic neurons) (A), Gad1-Gal4
(gabaergic neurons) (B), VGlut-Gal4 (glutamatergic neurons) (C), Tdc2-Gal4 (octopaminergic
and tyraminergic neurons) (D) and Trh-Gal4 (serotoninergic neurons) (E). Brain structure (blue)
was labeled with anti-nc82. Scale bars: 50 ym.

As we wanted to focus on analyzing which is the expression pattern of the SELK
neurons, we focused our effort on trying to find neurotransmitters, or their receptors,
expression in the SELK neurons by co-localizing the signal of the anti-LK antibody with
the expression of GFP under the control of different neurotransmitters and
neurotransmitter receptors promoters (Figures 32 and 33, respectively). As we can see
in Figure 32, for the six sets of neurons tested with the promoters VGlut (Vesicular

glutamate transporter) for glutamatergic neurons (Figures 32A-A’), SerT (Serotonine
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transporter) and Trh (tryptophan hydroxylase) for serotonergic neurons (Figures 32B-B’
and C-C’), Gad1 for GABAergic neurons (Figures 32D-D’), TH (Tyrosine hydroxylase)
and Tdc2 (Tyrosine decarboxylase 2) for dopaminergic neurons (Figures 32E-E’ and F-
F’), and ChAT (Choline cetyltransferase) for acetylcholinergic neurons (Figures 32G-
G’), we only saw co-localization with the SELK neurons for the ChAT promoter (Figures
32G-G’), indicating that SELK neurons may also be cholinergic neurons. Nevertheless,
the expression pattern of ChAT in the central brain is so dispersed that confirmation with
another Gal4 line for cholinergic neurons may be necessary. Moreover, further GABA
driver lines should be tested as the FAFB dataset indicated that both SELK candidate

neurons are potential GABAergic neurons.

Figure 32: Co-localization between SELK neurons and several neurotransmitters tested.
Colozalization of the SELK neurons labeled with anti-LK antibody (blue) with the anatomy of the
different neurotransmitter expression patterns studied by expressing UAS-CD8::GFP (by Gal4
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drivers) or LexAop-mCD8::GFP (by LexA drivers) (labeled with anti-GFP (green)) via different
driver lines: VGlut-Gal4 (glutamatergic neurons) (A and A’), SerT-LexA (serotorinergic neurons)
(B and B’), Trh-Gal4 (serotoninergic neurons) (C and C’), Gad71-Gal4 (GABAergic neurons) (D
and D’), TH-Gal4 (dopaminergic neurons) (E and E’), Tdc2-Gal4 (dopaminergic neurons) (F and
F’) and ChAT-Gal4 (acetylcholinergic neurons) (G and G’). White arrows indicate co-localization
between anti-LK signal and GFP. Scale bars: 50 ym.

Focusing on the expression of some neurotransmitter receptors in SELK neurons
(Figure 33), we decided to test some Dopamine and GABA receptors using the
Dop2R-Gal4 (Figures 33A-A’), Dop1R2-Gal4 (Figures 33B-B’), GABA-BR2-Gal4
(Figures 33C-C’) and GABA-BR3-Gal4 (Figures 33D-D’) promoters. For these four
driver lines tested, we did not see any co-localization between their expression pattern
and the SELK neurons labeling with anti-LK antibody. Anyway, further Gal4 promoter
lines for GABA and dopamine receptors should be tested in order to see any possible

co-localization to them with the SELK neurons.

Figure 33: Co-localization between SELK neurons and the dopamine and GABA receptors.
Co-localization of the SELK neurons labeled with anti-LK antibody (blue) with the anatomy of the
different neurotransmitter expression patterns studied by expressing UAS-CD8::GFP (labeled
with anti-GFP (green)) via different Gal4 promoters: Dop2R-Gal4 (A and A’), Dop1R2-Gal4 (B
and B’), GABA-BR2-Gal4 (C and C’) and GABA-BR3-Gal4 (D and D’). Scale bars: 50 ym.

All these results suggest a possible co-expression of Lk and ChAT in the SELK
neurons, indicating that the integration of gustatory information, specifically sweet and
bitter, may also be processed by acetylcholinergic circuits. Anyway, further
characterization of the expression of SELK neurons for neurotransmitters and its
receptors may be done with other Gal4 drivers and by browsing big datasets as the single
cell dataset Scope (H. Li et al., 2022). These genomic datasets, in combination with the
novel electron microscopy reconstruction of the FAFB, will facilitate the research not only

in neuroscience but in all scientific fields.
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Discussion

Animals constantly process massive amounts of sensory information to drive
appropriate behavioral responses to ensure their survival. Thus, it is essential to
integrate the information they sense from the environment and the animal's internal state

to drive the correct decisions.

In this Thesis, | have contributed to understanding how gustatory and metabolic
information are integrated into the central brain of D. melanogaster. By using novel
transsynaptic labeling techniques like trans-Tango, we were able to label most of the
GSONSs within the SEZ that receive direct input from sweet, bitter, and mechanosensory
GRNs, and by FACS isolate each of them. By analyzing the transcriptomic profile of three
GSONSs population in two different metabolic states, fed and starved using RNAseq, we
have found that each of the GSONSs is molecularly different according to the taste
modality they receive and that starvation significantly alters the gene expression levels
for each of the GSONs populations. Moreover, we have found specific transcriptomic
patterns for several neuropeptides and neurotransmitters and their receptors that might
be involved in the hunger and gustatory integration within the SEZ. One of the most
characteristic transcript patterns was leucokinin, which showed higher expression for the
bitter Gr66a°S°N in starvation. Previously, it was reported that the Lk-producing neurons
in the central brain (SELK and LHLK neurons) regulated flies' physiologic state, which
finally impacts feeding behavior, sleep activity, and stress responses (Nassel & Wu,
2021; Yurgel et al., 2019; Zandawala, Yurgel, et al., 2018). Consistent with this notion,
we wonder if SELK neurons collected bitter information and could be involved in bitter

tolerance in starved conditions.

One of the most intriguing discoveries of this Thesis is that, after performing
molecular and computational validation of the connectivity of the SELK neurons with the
GRNSs, SELK neurons are receiving direct input from sweet and bitter GRNs (Gr64f RN
and Gr66a°™N). This is the first time we demonstrate that single neurons collect taste
information of opposite valences, sweet and bitter. According to that, we tested the
functionality of these SELK neurons during feeding initiation behavior by PER and two-
choice feeding behavior in free-moving flies by flyPAD with different taste stimuli and
metabolic states. Altogether, our results suggest that SELK neurons are involved in the
tolerance of bitter taste during starvation, but we did not see any differences in sweet
taste behavior. To the best of our knowledge, our work reveals the molecular
transcriptomic profile from two metabolic states of three different taste GSON
populations for the first time, highlighting behaviorally the essential role of SELK neurons

in directly integrating the sweet and bitter taste information.
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1. Labeling of the qustatory second-order neurons by trans-Tango and
FACS technique

The decision to use the Gr64f-Gal4, Gr66a-Gal4, and NompC-Gal4 driver
transgenic lines to label all the sweet, bitter, and mechanosensory GRNs was crucial to
label the correct GSONs populations of interest further. We did not use other taste
modalities because we were interested in using two opposite taste modalities (sweet as
attractive and bitter as repulsive) and another that modulated the feeding behavior. By
using others like salt or fatty acid sensing, we could not obtain such simple stereotyped
behaviors because the complexity of their taste detection would have hindered the study
of gustatory integration (Ahn et al., 2017; Jaeger et al., 2018; Zhang et al., 2013). We
used the Gr64f-Gal4 and Gr66a-Gal4 driver lines for sweet and bitter GRNSs,
respectively, instead of Gr5a-Gal4 (driver line for sweet GRNs) or Gr33a-Gal4 and
Gr93a-Gal4 (driver lines for bitter GRNs) because these last ones could be broadly
expressed in other gustatory neurons and are less used by the community (Scott, 2018).
Moreover, NompC-Gal4 transgenic line labels specifically mechanosensory neurons in
the gustatory sensilla, projecting their axons to the SEZ (Sanchez-Alcaiiz et al., 2017;
Shearin et al., 2013). Altogether, using these Gal4 drivers we could see the axonal

terminals into the SEZ segregating by taste modality.

The ability to label synaptically connected neurons using novel genetic tools has
provided fundamental advances in how neurons process information. Our frans-Tango
experiments allowed us to label most GSONs for each taste modality tested: sweet,
bitter, and mechanosensory. However, the frans-Tango technique may have some
limitations. The number of synaptic connections needed to induce the expression of the
second reporter in the postsynaptic neuron is unclear. Similar novel transynaptic
techniques like retro-Tango, developed by the same laboratory as trans-Tango, could
not label presynaptic neurons with less than 17 synaptic connections (Sorkag et al.,
2023). Further, our results showed some GSONSs in which the soma is dispersed in other
regions of the CB, but we were not sure about the possible implication of these GSONs
in gustatory processing. We decided to focus our efforts on studying interneurons located
in the SEZ as this is the main gustatory processing center (Amrein & Thorne, 2005; Scott,
2005). Another issue to take care of was the growth temperature of the trans-Tango flies,
as it was critical for the number of GSONSs labeled. Previous experiments reported that
higher temperatures (25°C) decrease the number of postsynaptic neurons labeled
compared to lower temperatures (18°C). Still, at low temperatures (18°C), the possibility
of labeling false-positive postsynaptic neurons increases (Talay et al., 2017). Because

of that, and to the fact that the formation of synapses increases at lower temperatures
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but the final adult behavioral activity remains relatively stable (Kiral et al., 2021), we
decided to use only 18°C in the adult stage to raise the trans-Tango flies (and 25°C in

the larval stage) and collect only those GSONs from the SEZ area (Figures 6 and 7).

To do the FACS of the GSONs surrounding the SEZ and avoid any false-positive
neurons with very low fluorescence, we applied several stringent filters to the GSONs
according to their morphology and mtdTomato fluorescence. First, before the FACS
procedure, the dissection and disaggregation were restricted only to the SEZ tissue, and
any GSONs from other regions of the CB were manually discarded. In that process, the
amount of tissue used for each enzymatic digestion was critical as an over-saturation of
the enzymes might be reflected in a low yield in the GSON sorting. So far, after testing
several preparations and comparing the number of GSONs registered by
immunohistochemistry (Figure 7) to those sorted, we decided to prepare samples of just
40 SEZs, considering the dissection time. Second, we only sorted those GSONs whose
fluorescence fell in the far red area of the filtering (Figure 10). This strategy was applied
after noticing that some cells could be sorted by their autofluorescence, so this filter
allowed us only to sort GSONs and not other cells. Finally, to maximize the yield of the
posterior RNA isolation for the RNAseq, we sorted several FACS experiments of the
same GSON population in the same tube and directly to the lysis buffer to avoid any

GSON loss while pipetting.

Finally, isolating the mRNA to sequence was critical as the total amount of mMRNA
obtained for each replicate was low. For the fed condition samples, we used a total of
approximately 21,000 GSONs in each replicate (Figure S$1). Still, the number of SEZs
dissected was not the same because of the variability efficiency of the digestion before
FACS. On the other hand, for the starved condition, we sorted 23,000-27,000 neurons
for each replicate (Figure S2). These differences in the number of neurons collected per
replicate were due to the better experience in the protocol after performing the fed
condition and to ensuring that we had enough neurons to isolate sufficient mRNA for the
sequencing. Nevertheless, the low amount of mRNA isolated, but with a high-quality

range, was enough to perform a normalized ultra-low input RNAseq with 40x10° reads.

In summary, labeling and sorting the different GSON populations allowed us to

obtain low, but high-quality, mRNA of those GSON populations.
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2. Transcriptional analysis of the gustatory second-order neurons in two

different metabolic states

Our results suggest that each of the GSONs analyzed is molecularly different. By
considering the PCA, we saw that all replicates clustered by taste modality and metabolic
state (Figure 11), which indicated that GSONs are integrating the hunger state of flies
to modulate how gustatory information is processed. This, in relationship with the
previous characterization of some groups of secreting neurons like the Hug-producing
neurons or the NPF-producing neurons that surround the SEZ and participate in the
regulation of starvation and feeding, could raise the possibility that these neurons pertain
to the GSONs analyzed (Feng et al., 2021; Krashes et al., 2009; Melcher & Pankratz,
2005; Schlegel et al., 2016; Thorne et al., 2004). However, the fact that we analyzed the
total population of GSONs from each taste modality by bulk RNAseq and not by single-
cell RNA sequencing (scRNAseq) does not allow us to establish a direct relationship as
to whether any of those secreting neurons could pertain to the GSONs populations
analyzed. Thus, a scRNAseq analysis could be done to determine, more specifically, the
nature of each of the GSONSs that receive direct input from GRNs, but this is much more

time-consuming and expensive.

We saw many genes up and downregulated by analyzing the gene differential
expression between fed and starved for each GSON population (Figure 12). In
particular, the expression of some genes changed in all GSON populations during
starvation (Figure 34). Several were involved in DNA transcription or nervous system
development, such as the Leukocyte-antigen-related-like (Lar), which is involved in
embryonic motor axon guidance and also sleep (Agrawal & Hardin, 2016; Hakeda-
Suzuki et al.,, 2017). However, most were uncharacterized genes, so their role is
unknown. Further, some long non-coding RNAs (IncRNAs) showed a change in
expression for all the populations. Still, their specific function remains unknown. INcCRNAs
have been implicated in various biological processes and diseases as critical regulators
of gene expression at the epigenetic, transcriptional, and post-transcriptional levels (K.
Li et al., 2019). For example, the antisense RNA (asRNA) asRNA:CR46486 has the
opposite matching sequence to the 1A-2 protein tyrosine phosphatase (1A-2) gene, which
encodes a protein involved in DILP secretion, so it could be involved in facing starvation
by modulating the DILP release by IPCs (Harrison et al., 2021; J. Kim et al., 2008).
Moreover, to our surprise, other highlighting INcRNA was the IncRNA:CR44834, located
in the same locus as the Lk gene. Despite its transcriptomic profile being not particular,
when we saw its expression pattern carefully (Figure S7), we realized an increased

expression for the fed condition compared to starvation for all GSON populations. So far,
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we have not been able to relate any clear role of IncRNA and asRNA to the GSONs
during starvation. Their implication in neurodevelopment, disease and behavior need
further study. However, their study in our GSONs context may open an exciting research
line to elucidate how not only neuromodulators process gustatory sensory information
but also those non-coding RNA species integrate both gustatory information and

metabolic state to manipulate the functionality of neural circuits.

Our RNAseq analyses revealed many neurotransmitters, neuropeptides, and their
receptors, whose gene expression levels were changed upon starvation (Figures 14 and
15). Although it was impossible to directly associate our GSONSs to any neuromodulatory
set of neurons previously described, the screening of neurotransmitters and
neuropeptides allowed us further to characterize the nature of each of the GSONs
analyzed. Regarding the expression of neurotransmitter receptors, all the populations
highly expressed the nAChRbeta1, indicating that GSONSs receive acetylcholine input.
This is consistent with previous results that characterized the GRNs as acetylcholinergic,
so its receptor in the GSONSs validated that the RNAseq analysis was correct (Jaeger et
al., 2018). However, we cannot confirm that all GSONs express the nAChRbeta1 as
these analyses are from a bulk RNAseq. Similarly, the expression of Ddc and Gad1
suggested the interplay of dopaminergic and GABAergic signaling during gustatory
processing, and probably some GSONs are involved in the indirect inhibition of sweet
GRNs by bitter compounds (Chu et al., 2014; Harris et al., 2015; LeDue et al., 2016).
The same happens with the expression patterns for neuropeptides, which indicate that
within the GSON populations, an extensive range of neurons that express sNPF, EcR,
Dh44, Npip1, or AstA-R1, among others, are involved in the neuromodulation of feeding
upon starvation. These insights showed a possible connection between presynaptic
GRNs and postsynaptic NPF-producing neurons to integrate gustatory information and

potentiate sweet sensitivity upon starvation (Feng et al., 2021; Krashes et al., 2009).
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Discussion

3. SELK neurons overexpress Lk upon starvation and collect gustatory

information of opposite valence

Our RNAseq data indicated that Lk was only upregulated in starved conditions in
the Gr66a®S°N. The fact that Lk was upregulated upon starvation was also validated by
gPCR from FACS-sorted GFP* Lk-producing neurons and by anti-LK fluorescence
intensity. Our gained experience with FACS and RNA isolation from frans-Tango
experiments for the RNAseq allowed us to perform a gPCR from only the SELK and
LHLK neurons. Both analyses, from all CB (SELK and LHLK neurons) and SEZ (only
SELK neurons), revealed that Lk is upregulated in starved conditions (Figure 17). This
was also validated by the higher fluorescent signal of anti-LK upon starvation of SELK
and LHLK (Figure 18).

However, despite our predictions being validated, when we further analyzed the
co-localization of anti-LK signal with frans-Tango labeling, we saw that SELK neurons
were labelled by anti-LK antibody and trans-Tango from Gr64f-Gal4 and Gr66a-Gal4
driver lines, indicating that SELK neurons were Gr64f°S°N and Gr66a®°N at the same
time (Figure 20). This result was validated by GRASP and BAcTrace experiments. With
GRASP, we saw that both Gr64f°RN and Gr66a®*N were synaptically connected to SELK
neurons (Figure 21). This result could be attributed to GRASP employing two candidates
to express each portion of the GFP molecule but does not discriminate which neuron
may be the pre- and the postsynaptic (Feinberg et al., 2008). On the other hand,
BAcTrace concluded that effectively SELK neurons were receiving direct input from
Gr64f°RN and Gr66a®RN (Figure S5). The question now is why we could not see the
upregulation of Lk in the Gr64f®S°N in our RNAseq analysis. A possible explanation for
this question might derive from the capacity of trans-Tango to label all postsynaptic
neurons to a particular presynaptic neuron, as happens with retro-Tango, indicating that
possibly the number of synaptic connections between Gr64f°®N and SELK neurons is not
large enough. This could be justified by the number of GFP dots labeled by GRASP,
which is possibly higher for the Gr66a°®N with SELK than for Gr64f°?N with SELK neurons
(Figure 21), but this is not conclusive as other experiments with specific synapse
markers must be done. Moreover, the presence of GFP signal with GRASP does not
mean functionality. Other experiments with an active version of GRASP, which is only
reconstructed in active synapses, could be done to find functional synapses between
GRNs and SELK neurons (Macpherson et al., 2015).

The fact that the number of putative synapsis from a particular neuron is

temperature-dependent in ectothermic animals like D. melanogaster could have altered
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the trans-Tango labeling from Gr64f°fN to SELK neurons by our growth protocol for the
RNAseq (Kiral et al., 2021). Nevertheless, we compared the number of neurons labeled
by trans-Tango in flies raised at different temperatures, and we found that indeed, the
number of neurons labeled varied; our protocol labeled the most number of neurons
(Figure 7). The last reason we wondered was that the FACS protocol used was quite
stringent. We only sorted those events filtered within the high red fluorescence group,
discarding those with low fluorescence intensity (Figure 10). Despite that, we balanced
the stringency of the protocol, and it was better to lose GSON fluorescent outliers instead

of sequence neurons that did not pertain to the GSON population.

Figure 35: Schematic representation of sweet gustatory second-order neurons FACS
sorting. Sweet GSONs labeled by trans-Tango (A) within the SEZ were FACS sorted by applying
a stringent sorting protocol for mtdTomato* cells (B). This stringency discarded some mtdTomato*
cells like SELKs possibly due to their low fluorescence, only being sorted within the Gr66a®SoN
population for the RNAseq (C).

To further validate that SELK neurons receive direct input from Gr64f®fN and
Gr66a®RN, we employed the recently published FAFB connectome with Flywire. Even
though we only screened the postsynaptic candidates to sweet and bitter GRNs of the
right hemisphere, we could find the left SELK candidate neuron by visual comparisons.
Then, we found the right SELK neuron using the Flywire Codex, which morphologically
compared both SELK neurons. This right SELK neuron has synaptic connections with
the sweet GRNs. Each of them only has 2-3 synaptic connections with the Gr64f°~N and
Gr66a®RN analyzed, so it is necessary to perform proofreading of those neurons to
characterize them better computationally, as probably more synaptic connections can be
traced. However, this proofreading needs to have polished computational skills to avoid

errors.

Altogether, we considered that the discrepancy between our RNAseq data and the
connectivity analysis points to an imbalance in the number of synaptic inputs onto Lk
neurons from Gr64f°®N and Gr66a®RN. Possibly, SELK neurons receive more synaptic
input from Gr66a®®N than from Gr64f°RN, indicating that the connectivity of bitter GRNs
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is much more robust to Lk neurons than that of the sweet GRNs. So far, our model
suggests that SELK neurons are collecting information directly from sweet and bitter
GRNSs, which is the first time a single neuron in the SEZ is directly collecting information
of opposite valence, sweet (attractive) and bitter (repulsive), at the same time (Figure
36).

4. SELK neurons integrate gustatory information and the metabolic state to

modulate feeding behavior

Our results suggest that SELK neurons integrate gustatory information by their
connection with the sweet and bitter GRNs as well as the metabolic state of the fly by
overexpressing Lk upon starvation. Previously, different studies showed that peptidergic
neurons were involved in integrating the metabolic state and the modulation of taste
processing. For example, NPF neurons were implicated in the modulation of sweet and
bitter sensing in hungry flies to enhance feeding (Feng et al., 2021; Inagaki et al., 2014;
Krashes et al.,, 2009). Similarly, Hug neurons mediated the tolerance to aversive
compounds upon starvation by their connection to bitter GRNs (Melcher & Pankratz,
2005; Schlegel et al., 2016; Thorne et al., 2004). Thus, we wondered about the possible
role of SELK neurons in regulating sweet and bitter taste processing by integrating the

hunger state of flies differently.

Previous studies in other species, such as the cockroach Leucophaea maderae,
reported many Lk-expressing cells, suggesting a wide range of functions for this
peptidergic system (Winther et al., 1996). In D. melanogaster, Lk regulates water
retention, desiccation, sleep, starvation, and food intake (Y. Liu et al., 2015; Nassel &
Wu, 2021). Their role in facing starvation and restoring homeostasis may be due, in part,
to their connectivity with the IPCs and ion transport peptides (ITP) neurons (Crocker et
al., 2010; Erion et al., 2012; Galikova et al., 2018; Galikova & Klepsatel, 2022; Yurgel et
al., 2019). The trans-Tango and FAFB reconstruction experiments reinforced the
possible postsynaptic connectivity from SELK neurons to IPCs and ITPs neurons by
comparing the localization of both sets of neurosecretory neurons with the position of
postsynaptic neurons to SELK neurons (Figure 25). This hypothesis is reinforced by the
fact that both neurosecretory cells express the Lkr (Yurgel et al., 2019; Zandawala,
Yurgel, et al., 2018). However, to confirm that SELK neurons are integrating the
metabolic state of the fly via the IPCs and ITPs requires the functional characterization

of those connections.
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Next, we hypothesized that SELK neurons could regulate the tolerance to bitter
compounds when flies are starved. To confirm this, we decided to test behaviorally the
role of SELK neurons during feeding behavior. The main problem in testing their role
during feeding behavior is that there was not any driver line specifically for the SELK
neurons, as we used the Lk-Gal4, which drove the expression of UAS-TNT and
UAS-TNTMF in all Lk neurons (SELK, LHLK and ABLK neurons). However, we decided
to use the PER assay in which we only tested the role of SELK neurons by stimulating

only the GRNs from the labellum that only connect to SELK and not other Lk neurons.

Similar experiments previously reported that a lack of SELK activity reduced PER
to sucrose (Zandawala, Yurgel, et al., 2018). We did not observe any defect in the
sensitivity to sucrose when SELK neurons were silenced with TNT (Figure 27). These
discrepancies could arise from the different PER protocols used, as we only stimulated
flies with one single touch instead of three to avoid any extra PER from habituation.
Further, we used ice instead of CO; to anesthetize flies as CO, toxicity could impact flies’
behavior (Bartholomew et al., 2015; Verspoor et al., 2015). Then, using 50 mM of
sucrose with different concentrations of caffeine allowed us to activate the sweet GRNs
with increasing levels of bitter GRNs activation. Our observations showed that
differences between the experimental condition (Lk-Gal4>UAS-TNT) and the control
(Lk-Gal4>UAS-TNT™P) only appeared when flies were starved, and those flies that lost
the SELK neurons activity showed decreased PER to higher concentrations of caffeine
(Figure 28). We wondered if this effect might result from SELK neurons modulating the
avoidance of bitter compounds, so when flies are starved, they tolerate better bitter
tastants. This insight is in correlation with previous studies of peptidergic neurons that
modulate the bitter tastant processing upon starvation to promote feeding (Bader et al.,
2007; Melcher & Pankratz, 2005; Thorne et al., 2004). So far, we do not know how sweet
and bitter gustatory information modulates the activity of SELK neurons, as we only
reported that Lk levels increase upon starvation (Figures 17, 18 and 36). However, other
studies reported that starvation does not seem to affect SELK neuron activity, contrary
to the LHLK neurons, which are more active during starvation due to the loss of
circulating glucose (Yurgel et al., 2019). Thus, further experiments might be required to
test the functionality of SELK neurons upon activation of sweet and bitter GRNs by
different tastants during starvation. In that line, our laboratory is working on standardizing
an in vivo calcium imaging protocol that allows us to see both SELK neurons in vivo while
stimulating GRNs from the labellum with different tastant mixtures. Currently, we have
tried it by expressing the UAS-GCaMP?7 in the SELK neurons with the Lk-Gal4. Still, its

fluorescence was not stable as the SELK somas were not always labeled, and the
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location of the SELK neurons in the ventral part of the SEZ, while stimulating the

proboscis, was difficult to register.

Figure 36: SELK neurons integrate sweet and bitter gustatory information to promote
feeding initiation upon starvation. Feeding initiation is modulated by sweet-bitter taste
integration via Lk expression by SELK neurons. When flies are fed, they are not attracted to bitter
compounds, so they avoid them (A). However, when flies are starved, SELK neurons overexpress
Lk, which is related to higher tolerance to bitter compounds and initiation of feeding (B).

On the other hand, we decided to test SELK transgenic flies in a two-choice assay.
The internal state of flies is integrated into SEZ-specific regions to shape feeding
decision-making behaviors (Minch et al., 2022). Regarding this, we wondered if the
activity of SELK neurons when flies need to choose between two food sources in a free-
moving arena like flyPAD is enough to drive decisions. For this porpoise, we employed
a mix of sweet and bitter sources. However, as flies could move freely in the arena,
tastants were sensed by different GRNs spread in the legs and proboscis and the
ovipositor system in females. We did not see any effect from inhibiting Lk neurons with
TNT. This could be because, during decision-making processes in that paradigm, the
other Lk-producing neurons (LHLK and ABLK) and other neurons may be involved and
could buffer the SELK inhibition effect. To further test the possible role in free-moving
flies, optogenetic activation or inhibition of SELK neurons by expressing CsChrimson or
GtACR2 in Lk neurons could be an excellent strategy to test feeding behavior changes
when flies touch with the proboscis, the food source in the optoPAD (Moreira et al.,

2019).

5. Are SELK neurons expressing other neurotransmitters?

Our RNAseq analysis revealed that a wide range of neurotransmitters,
neuropeptides, and receptors were expressed in the GSONs. This suggested that
neurons of diverse natures could be involved in different pathways among those

populations, highlighting the complexity of gustatory processing.

One of the main disadvantages of our bulk RNAseq analysis was that we could not
attribute the molecular nature to a small group of neurons, as each GSON population

was composed of at least 70-80 neurons. A scRNAseq analysis would have provided a
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more detailed characterization of the individual molecular nature of those GSONs. We
found two single neurons that receive integrated sweet and bitter gustatory information
from GRNs and overexpress Lk during starvation. Further, these SELK neurons
participate in bitter tolerance during feeding upon starvation (Figure 36). Despite the
described role of SELK neurons during feeding upon starvation, it was necessary to note
that our strategy was based on eliminating synaptic transmission with TNT, which
inactivates the hole SELK neurons and not only the Lk expression and release. Thus,
testing their implication in feeding behaviorally by inhibiting Lk expression with specific
LKRVA" could demonstrate precisely which could be the role of Lk in the SELK neurons.
So far, we could understand if some other neuromodulators are necessary for the SELK's

normal function.

Notably, many GSONs were either GABAergic or dopaminergic (Figure 14), so we
wondered about the possible nature of SELK neurons to express those neurotransmitters
or even their receptors. Moreover, according to previous morphology comparisons, the
Flywire community classified the SELK neurons as strong GABAergic candidates
(Eckstein et al., 2023; Schlegel et al., 2023). The relatively recently published Fly Cell
Atlas has provided a massive transcriptomic dataset of the adult fruit fly from distinct
tissues (H. Li et al., 2022). It is accessible with the software Scope, where we found cells
expressing Lk and compared them to those expressing GABA or dopamine and their
receptors. This strategy was also used by Zandawalla et al. (Zandawala, Yurgel, et al.,
2018). However, although some cells could be co-expressing Lk with some
neuromodulators (dopamine receptors (Dop2R and Dop2R1)), knowing which cells
expressing Lk represented the SELK or even the LHLK neurons was impossible. Further,
we employed the same strategy as done previously with the anti-LK antibody to compare
the anti-LK labelling with the expression of GFP reporter by different Gal4 drivers for
neurotransmitters and receptors. We did not see co-localization between anti-LK labeling
and Gad71-Gal4>UAS-CD8::GFP, so this result suggests that SELK neurons are not
GABAergic (Figure 32). However, the Gad7-Gal4 driver line used for GABAergic
neurons is not enough conclusive as it labels so many dispersed neurons in the brain
and other Gal4 lines for GABAergic neurons should be analyzed. We saw only a weak
co-localization of the anti-LK signal with the ChAT-Gal4>UAS-CD8::GFP reporter signal,
indicating that SELK neurons probably express acetylcholine. GSONs express the
acetylcholine receptor nAChRbeta1 (Figure 14) as GRNs were characterized as
cholinergic (Jaeger et al., 2018), so possibly the SELK neurons are also presynaptic
neurons to some GSONs analyzed as several SELK postsynaptic neurons were

surrounding the SEZ (Figure 25). This hypothesis raises a model where local processing
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of gustatory information may occur. However, it is so risky to think about a possible model
where SELK neurons could be part of some previous simple models of local
depotentiation of bitter taste processing to tolerate further avoiding compound upon
starvation (Chu et al., 2014; Harris et al., 2015; LeDue et al., 2016). Moreover, although
we know that gustatory information derived from sweet and bitter-sensing GRNs arrives
segregated to the SEZ, the SEZ does not show any particular anatomical structure that
might indicate its possible function or integration hinders this task. It remains to be
explored how gustatory information is integrated and processed in the central brain, what
is more complex and sophisticated, and how external sensory information and internal

state deal with each other to face proper feeding decision-making processes.
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Conclusions

Gustatory second-order neurons located in the SEZ collecting different type of
gustatory sensory information (sweet, bitter and mechanosensory) can be

differenciated molecularly according to their gene expression profile.

Gustatory second-order neurons integrate the metabolic state of the fly by modulating

their transcriptomic profile upon starvation.

Lk neurons located in the SEZ (SELK neurons) express Lk in a metabolic-dependent

manner, and it is more expressed when flies are starved.

SELK neurons are gustatory second-order neurons that collect sweet and bitter
information from sweet and bitter gustatory receptor neurons located in the labellum,

respectively.
SELK neurons are involved in integrating sweet and bitter taste in a metabolic-
dependent manner to modulate the tolerance to bitter compounds in the feeding

initiation behavior.

SELK neurons might co-express other neurotransmitters, and acetylcholine is a

strong candidate for co-expression.
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Conclusiones

Las neuronas gustativas de segundo orden localizadas en el SEZ que colectan
informacion gustativa de diferente tipo (dulce, amarga y mecanosensitiva) pueden

diferenciarse molecularmente de acuerdo a su perfil de expresion génica.

Las neruonas gustativas de segundo orden integran el estado metabdlico de la mosca

a través de la modulacion de su perfil transcriptdmico frente al ayuno.

Las neuronas Lk localizadas en el SEZ (neuronas SELK) expresan Lk en funcién de
su estado metabdlico, siendo este mas expresado cuando las moscas estan en

ayuno.

Las neuronas SELK son neuronas gustativas de segundo orden que colectan
informacién dulce y amarga proveniente de las neuronas gustativas sensoriales

dulces y amargas localizadas en el labellum, respectivamente.
Las neuronas SELK estan involucradas en integrar el saber dulce y amargo en
funcion del estado metabdlico para modular la tolerancia a compuestos amargos en

el comportamiento de inicio de la alimentacion.

Las neuronas SELK pueden estar coexpresando otros neurotransmisores, siendo

acetilcolina un fuerte candidato.
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ANNEX 1: SUPPLEMENTARY FIGURES

145



146



Annex 1: Supplementary figures

Figure S1: RNA quality and quantity evaluation of FACS sorted gustatory second-order
neurons populations in fed conditions. (A) GSONs fed triplicate samples with the number of
brains dissected and cells sorted for each of them. (B) RNA loading gel with the ladder and the
different fed GSONs samples analyzed. (C-E) Representative electropherogram for each sweet
(C), bitter (D) and mechanosensory (E) fed GSONSs triplicate where the y-axis represent
fluorescence intensity [FU] and the x-axis fragment size [nt], and the total RNA concentration in

pg/ul.
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Annex 1: Supplementary figures

Figure S2: RNA quality and quantity evaluation of FACS sorted gustatory second-order
neurons populations populations in starved conditions. (A) GSONs starved ftriplicate
samples with the number of brains dissected and cells sorted for each of them. (B) RNA loading
gel with the ladder and the different starved GSONs samples analyzed. (C-E) Representative
electropherogram for each sweet (C), bitter (D) and mechanosensory (E) starved GSONs
triplicate where the y-axis represent fluorescence intensity [FU] and the x-axis fragment size [nt],
and the total RNA concentration in pg/pl.
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Annex 1: Supplementary figures

Figure S3: Gene set enrichment analysis. Graphical representation of the GO terms obtained
from the GSEA, grouped by the GO category: Cellular Compartment (A), Molecular Function (B)
and Biological Process (C). The data represent the fold enrichment with a heatmap and the

number of genes included in each GO term by size for all GSONs and metabolic states analyzed.
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Annex 1: Supplementary figures

Figure S4: FACS sorting of leucokinin GFP positive neurons. Lk-Gal4 promoter drove the
expression of UAS-CD8::GFP in the Lk neurons. Filtering (A) of CB disaggregated cells from
debris (B), dead cells using a DAPI labeling approach (C) and clustering single cells by
morphology (D) and complexity (E) to finally separate the GFP* populations according to its green

fluorescence (F and G).
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Annex 1: Supplementary figures

Figure S5: BAcTrace for the SELK neurons with the sweet and bitter gustatory receptor
neurons. Sweet (A) and bitter (B) GRN axonal terminals (green, anti-GFP) innervating the SEZ
and the BAcTrace signal (magenta, anti-mtdTomato) between from SELK neurons to sweet (A’)
and bitter (B’) GRNs. Merge and Zoom in from both signals, GRNs axons and BAcTrace, and co-
localization between them in white (white arrows) for sweet (A””) and bitter (B””) GRNs may
indicate that SELK neurons are postsynaptic neurons to Gr66a®RN and Gr64f RN, Brain structure
(blue) was labelled with anti-nc82. Scale bars: 50 um.
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Annex 1: Supplementary figures

Figure S6: Presynaptic neurons to Lk neurons labelled with retro-Tango in the proboscis.
Anatomy of the Lk neurons (A) located in the proboscis labeled with anti-GFP (green). mtdTomato
(labeled with anti-RFP (magenta)) from refro-Tango transgene was expressed by using the
Lk-Gal4 driver transgenic lines to see the presence of presynaptic neurons in the proboscis (B).
(C) Shows merge image. Scale bar: 50 um.
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Annex 1: Supplementary figures

Figure S7: Expression levels for the IncRNA:CR44834. The IncRNA that match with the Lk
gene sequence is overexpressed in fed conditions compared to starvation for all GSON
populations. Boxplots represent total TPM taking into account the three replicates for each of the
GSON populations and metabolic condition. Statistical analysis: f-test between fed and starved
condition: *p<0.05, **p<0,01.
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Among individuals, behavioral differences result from the well-known interplay of nature
and nurture. Minute differences in the genetic code can lead to differential gene
expression and function, dramatically affecting developmental processes and adult
behavior. Environmental factors, epigenetic modifications, and gene expression and
function are responsible for generating stochastic behaviors. In the last decade, the
advent of high-throughput sequencing has facilitated studying the genetic basis of
behavior and individuality. We can now study the genomes of multiple individuals and infer
which genetic variations might be responsible for the observed behavior. In addition, the
development of high-throughput behavioral paradigms, where multiple isogenic animals
can be analyzed in various environmental conditions, has again facilitated the study of the
influence of genetic and environmental variations in animal personality. Mainly, Drosophila
melanogaster has been the focus of a great effort to understand how inter-individual
behavioral differences emerge. The possibility of using large numbers of animals, isogenic
populations, and the possibility of modifying neuronal function has made it an ideal model
to search for the origins of individuality. In the present review, we will focus on the recent
findings that try to shed light on the emergence of individuality with a particular interest
in D. melanogaster.

Keywords: behavior individuality, Drosophila melanogaster, animal personality, neurobiology, stochasticity

1. INTRODUCTION

Individuality, temperament, behavioral syndromes, or animal personality are terms used to define
the display of specific behavioral traits that are stable over time (Dall et al., 2004; Sih et al., 2004;
Bell, 2007). At the population level, animals tend to show homogeneous behavior. However, if
analyzed in more detail, it is clear that individuals within a group show behavioral patterns that
differentiate them from the average. For example, in humans, food perception is highly personal,
and it depends on the combination of both sociocultural experience and genetic polymorphisms
that affect the function of gustatory (Kim et al., 2003) and olfactory receptors (Wysocki and
Beauchamp, 1984; Kowalewski and Ray, 2020). This interindividual variation is not exclusive to
humans and is generally observed in all living beings. For example, bacteria grown in the laboratory
display variations in swimming behavior due to changes in gene expression, indicating that even
in populations with the same genetic background and grown in similar conditions, heterogeneous
behaviors can be observed (Davidson and Surette, 2008). Experiments with the clonal fish Poecilia
formosa show that individuals grown in standardized conditions in isolation after birth display
considerable differences in their behavior (Bierbach et al., 2017). Those results would suggest
that stochastic developmental events lead to high variability in behavior. For example, variations
in mushroom body size in D. melanogaster, affecting aggression, lifespan, and sleep, have been
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linked with polymorphisms in more than 100 genes (Zwarts
et al,, 2015). It is important to remark that those variations
in behavior are consistent over time. We are not referring
to just an acute change in their behavioral pattern or the
minor variations resulting from the “noise” in the system that
might induce temporary changes in a particular behavior (Faisal
et al., 2008). Other stochastic events, inherent to any biological
system, such as changes in gene expression or development,
will have a more profound impact on the outcome of the
behavior, contributing to persistent variations in behavior and the
emergence of individuality (Honegger and de Bivort, 2018).

The genetic background of the organism and the
developmental history of an individual dramatically affect
how the animal will express this individuality (Dall et al,
2004; Sih et al., 2004; Wolf and Weissing, 2010). Although
animals of the same species share the same genome, subtle
changes during development (i.e., axon guidance) can have
severe effects on the final connectivity of the neurons due
to stochastic events altering specific behaviors (Linneweber
et al,, 2020; Kiral et al., 2021). In addition, environmental
factors during growth and epigenetic changes will modify gene
expression. It is important to remark that although animal
personality defines the animal and shows specific stability,
it has certain levels of plasticity, as happens with foraging
behaviors on a day-to-day basis (Anreiter and Sokolowski, 2019).
Previous experiences, growth and developmental conditions,
and epigenetic factors form a complex milieu where behavior
and individual differences emerge.

D. melanogaster is an outstanding model to study behavior
individuality for several reasons. For example, it is possible
to dispose of a large number of individuals to analyze per
experiment; there is an extensive collection of isogenic lines
available with sequenced genomes, and we can manipulate flies
at the genetic level (Casillas and Barbadilla, 2017). Moreover,
with only 100,000 neurons in the central brain (Raji and Potter,
2021) and a large collection of tools to manipulate neural circuits,
D. melanogaster is an excellent model system to understand the
genetic and neural basis of behavior heterogeneity.

The present review presents the scientific advances in the
study of behavior individuality in D. melanogaster. We will cover
the knowledge gained in genetics, development, epigenetics, and
the methods used to study individual behavior in flies.

2. GENETIC BASIS OF ANIMAL
INDIVIDUALITY

Animal behavior and, ultimately, animal personality results
from the interaction of genetic and non-genetic factors.
Indeed, animals combine genetic and environmental traits
to promote specific adaptation to available resources from
the environment and their gene expression adapts to the
circumstances (Figure 1A) (Honegger and de Bivort, 2018;
Koyama et al., 2020). However, neither nature nor nurture in
isolation can explain how and why animals behave the way
they do, as each of the two components has its weight. Even
more, the expression of specific genes is not constant over

time but can change through the life course of the animal,
causing modifications in the personality of an individual (Juneja
et al, 2016; Lin et al, 2016). Hence, genes are in constant
communication with non-genetic factors coupling complex and
sensitive networks that will finally define the personality of an
individual in response to natural pressure.

The advent of genomics during the last decades has
revolutionized the field of behavioral neuroscience, providing
evidence on how genes can face natural dynamic variation
between individuals and affect different behavioral outputs
contributing to population performance (Jin et al., 2001; Ueno
and Takahashi, 2020). How, when, and where a gene or genes
are expressed and modulate brain activity and processing, could
explain why two individuals from the same species, similar
genetic backgrounds, and raised in similar conditions behave
differently. For example, in D. melanogaster genetic variation
in olfactory receptors (Or22a/Or22b, Or35a, and Or47a) affect
different odor guidance perceptions among individuals of the
same population (Richgels and Rollmann, 2011). Also, variation
in odor guidance to 2,3-butanedione showed genes associated
with neural development and the later processing in the central
nervous system which might be related to that behavioral
variation (Brown et al., 2013). This genotypic variation is seen
not only at the behavioral level but also, for example, in lifespan
or morphological and anatomical traits as brain, wing, thorax, or
eye size (Carreira et al., 2016; Buchberger et al., 2021).

In behavioral neuroscience (and neuroscience in general),
the use of inbred lines can reduce phenotypic variability.
However, even in highly controlled experimental conditions,
high levels of variability can be observed both in mice and D.
melanogaster (Honegger and de Bivort, 2018). Many animals
available and short reproductive time made it possible to generate
numerous collections of isogenic lines. The Drosophila Genetic
Reference Panel (DGRP) are a set of fly populations derived from
subsequent inbred generations producing lines with sequenced
genomes and all its polymorphisms annotated (Mackay et al.,
2012). As the genome of each of those fly lines is sequenced,
it is possible to test the variations in behavior for each line to
later search for the genetic basis responsible for such behavior.
Also, studies in simple stereotyped behaviors have found complex
genetic architectures involved in the final output performance
of specific behaviors that differ between individuals. Thirteen
genes are involved in the flight performance in D. melanogaster
where the variation in the expression and regulation of these
genes may reflect the variation in the flight performance among
individuals. Among them, polymorphisms at the regulatory
region of the transmembrane tyrosine kinase, Egfr, showed
the largest behavioral variation affecting wing shape (Spierer
et al., 2021). Other studies have used DGRP lines to search
genetic variation in aggressive behavior, virgin egg retention,
or immune response against pathogens (i.e., Coxiella burnetii)
(Akhund-Zade et al., 2017; Guzman et al., 2021). Interestingly,
interindividual variation can also be observed in D. melanogaster
mating behavior. During courtship, male flies execute a series of
stereotyped and progressive behaviors that culminate in mating
(Hall, 1994). Even in behavior as stereotyped as courtship,
which must avoid interspecies mating, studies made in natural
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(Ayroles et al., 2015).

FIGURE 1 | (A) Cumulative and relative contribution of different sources of interindividual variability from early development stages to adult life experience. Individuality
emerges from the combination of genetic factors, environmental factors, and stochastic factors. (B) Variance distribution for a given phenotypic trait evoking variability
among individuals within a population (Buchanan et al., 2015). (C) Variance distribution of phenotypic handedness is inherited to next generations within a population

populations have observed variability in male courtship behaviors
toward mated females (Ruedi and Hughes, 2008). Genome-Wide
Association Studies (GWAS) performed in the inbred collection
of DGRP flies showed the influence of genetic variation in
courtship variability. Particularly, the transition from copulation
to no engagement was associated with SNPs in Serrate and
Furin-1 genes (Gaertner et al., 2015).

A key question in behavior individuality is why animals show
this range of erratic behaviors. A possible explanation derives
from the natural variability in the surrounding environment.
A genetically uniform population might be desirable in a
stable environment with no threats, as individuals diverting
from the average might not be well-adapted. However, in an
ever-changing environment, animals must develop strategies
to survive. One option would be phenotypic plasticity, where
individuals have developed the ability to change their behavior
upon environmental requirements. For example, fruit flies adapt
their diet to environmental temperature. D. melanogaster feeds
primarily from yeast, but if the temperature drops below 15°C,
flies change to a plant-based diet. Plants provide the flies with
unsaturated fatty acids, increasing cell membrane fluidity and
lifespan (Brankatschk et al, 2018). Phenotypic plasticity can
also be observed in overwintering Drosophila, winter morphs,
where flies display different phenotypic plasticity to adapt to low
temperatures (Panel et al., 2020; Stockton et al., 2020).

Another possibility is to hedge their options or diversified
bet-hedging. In this scenario, a single genotype produces a
distribution of phenotypes, assuring that at least some individuals
within the population will be well-adapted to cope with any

environmental change (Honegger and de Bivort, 2018). Under
those circumstances, individuals show heterogeneous natural
behavior. This natural variability would be heritable, causing
the behavioral individuality observed. Experiments using wild-
type and inbreed lines exploring the animal idiosyncrasies have
studied the mechanistic behind animal handedness or better
performance using left or right hand. This behavior can be
observed in D. melanogaster when it is forced to choose to go
left or right in an arena with no other stimulus. In this paradigm,
flies showed considerable variability in this particular trait, which
relates to specific genotypes (Ayroles et al., 2015; Buchanan
et al,, 2015). The authors showed that although each population
averaged a 50% chance of turning either right or left, some were
more variable, with more individuals either turning left or right
(Figure 1B). Thus, the turning bias of individual flies was not
heritable but was the degree of variability of the population.
Furthermore, crossing two “righty” or two “lefty” individuals did
not produce hybrids all “righty” and “lefty;” respectively, as the
F1 progeny would show average turn vias of 50%. However, the
variability of the particular line would be inherited (Figure 1C).
A gene encoding an axon guidance molecule, Tenascin-a, has
been proposed as a candidate involved in the observed behavior
heterogeneity (refer to next section) (Ayroles et al., 2015;
Buchanan et al., 2015). This distribution of phenotypes observed
might be an evolutionary strategy, diversified bet-hedging, to
guarantee that at least some individuals will be well-adapted
when facing unpredictable environments. Bet-hedging could be
the possible source of variation in the phototactic behavior of
flies in two populations of flies from two different climates.
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Flies from very stable tropical regions where day/light time is
relatively stable would show less variability in a phototactic
choice assay than the ones from a nordic region, where seasonal
changes in light/dark are more dramatic. Serotonin variation
among the populations could be the source of such variation
as feeding flies with serotonin would decrease variability (Kain
et al., 2012; Krams et al., 2021). To reinforce this idea, other
studies focused on other species such as Caenorhabditis elegans
show that in isogenic sibling individuals raised under the
same conditions, serotonin might regulate behavioral variability.
Complete depletion of serotonin (tph-1) or some of the G-protein
coupled receptors (SER-1, SER-4, and SER-7) induce changes in
the individual roaming behavior across development (Stern et al.,
2017).

As we have seen, some of those genes affect the
development of specific neural circuits. In contrast, others affect
neuromodulatory networks, such as serotonin in locomotor
behavior in C. elegans. In other cases, mutations in particular
alleles affect particular gene regulatory networks, ultimately
affecting neuronal function. For example, it is the case of the
chaperone heat shock protein 90 (HSP90), involved in the folding
and maturation of other proteins. HSP90 mutants show high
levels of interindividual morphology variation (Rutherford and
Lindquist, 1998). In addition, recent studies have shown that
HSP90 mutant flies display a high interindividual variation in
circadian motor control (Hung et al., 2009). Daily cycles of light
and darkness can entrain the circadian clock. Once established, a
gene network can keep it oscillating without environmental cues
(Williams and Sehgal, 2001). While wild-type flies showed low
variations in their rhythmic activity, flies with decreased activity
of the chaperone HSP90 showed variation between individuals,
from rhythmic and arrhythmic to other complex behaviors.
Those results indicated that HSP90 could be acting as a capacitor
of behavior individuality, affecting the degree of variation in
circadian behavioral activity (Hung et al., 2009).

All these studies support the idea that in flies from the same
population, there is an accumulation of polymorphisms due
to spontaneous mutations, natural pressure, or simple genomic
diversification from the average of the population, conferring
different behavioral personalities among them. Consistent
individual differences can result from intra-genotypic variations
among individuals and differences in the value of state variables
such as metabolic rate, growth rate, or energetic reserves (Amat
et al,, 2018). Also, stochastic gene expression may underlie the
phenomenon of partial penetrance of mutations and variability
that may interfere in individual personality (Topalidou and
Chalfie, 2011).

3. DEVELOPMENTAL AND GROWTH
CONDITIONS SHAPE ANIMAL
PERSONALITY

In the previous section, we have discussed the genetic basis for
behavioral variability. However, we also mentioned the critical
role of the developmental process and growth in individual
behaviors. We refer to the variations of behavior that are

non-genetic as intragenotypic variation. This variability derives
from stochastic microenvironmental effects such as temperature,
isolation, or food sources that force individuals to adapt
phenotypically to the environment (Becher et al., 2010).

Temperature is a wide-ranging environmental factor that flies
can experience and must manage to maintain their homeostasis.
In D. melanogaster, the life cycle takes longer at low temperatures
and accumulates more fat energy stores as a mechanism to cope
with possible future starvation periods (Klepsatel et al., 2019,
2020). Previous studies have shown that there is gene expression
variation in response to low temperatures in D. melanogaster
due to plasticity phenomena (Fry, 2008). Whole-genome
sequencing in fly populations evolved in different temperatures
has revealed the role of different genes in the recombination
rate divergence between populations (Winbush and Singh, 2021).
The transcription factors chimo and eve show different levels
of expression between flies reared at different temperatures
(25 vs. 17°C). This variation modifies the arborization of
sensory neurons inducing interindividual variability perceiving
temperature (Alpert et al, 2020; Huang et al,, 2020). Those
temperature changes affect synaptic connectivity in the D.
melanogaster visual system, as flies grown at low temperatures
(19°C) have more synapse numbers than the ones grown at
higher temperatures (25°C) (Kiral et al., 2021). Furthermore,
phenotypic plasticity in front of temperature variation is not
exclusive of drosophilids as other social insects as honey bees
show different learning abilities related to labors within the
colony depending on the larvae developmental temperature
(Tautz et al., 2003; Jeanson, 2019). Those results indicate that
temperature is a major source of phenotypic plasticity and
interindividual variability within a population.

Environmental factors can dramatically influence the
development of the animal and condition its growth, modifying
its behavior. Flies raised in stimulating naturalistic environment
vials vs. vials without any enrichment that could match natural
environments showed significant differences in fitness. Enriched
populations showed higher intragenotypic variability for most
of the behavioral traits measured, concluding that enrichment
stimuli environment is one of the central sources of variability for
behavior traits crucial to surviving (Akhund-Zade et al., 2019).
Also, gene expression noise varies depending on the specific
gene function, suggesting that variance in gene expression noise
in order to evoke phenotypic plasticity may be beneficial for
survival to environmental changes (Blake et al., 2006; Newman
et al.,, 2006; Viney and Reece, 2013).

Even in conditions where genetic background and
environment are kept constant, similar individuals can develop
non-heritable idiosyncratic behaviors, morphology, and gene
expression profiles evoking variability that could be consistent
with development and life. Stochastic development wiring
or minute differences in growth conditions can contribute
to the trait under study. Identical populations of pea aphids
and flies grown in identical environmental conditions display
heterogeneous behaviors, eliminating the role of any internal
factor (Schuett et al., 2011; Kain et al., 2012; Ayroles et al.,
2015). Therefore, the role of those non-heritable traits in
brain development and, therefore, in individual behavior is
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gaining importance in neuroscience. Studies carried on the
visual orientation behavior in D. melanogaster showed that
the Dorsal Cluster Neurons axonal projections within the
medulla brain are a predictor of visual orientation, suggesting
that stochastic variation in brain wiring evoke non-heritable
behavioral variations (Linneweber et al., 2020). We mentioned
in the previous section that different populations of flies
showed variations in their handedness behavior. Tenascin-a
encodes a cell surface protein involved in axon guidance and
synaptogenesis. GWAS studies of the DGRP lines showed that
this protein participates in the wiring of the neural circuits
involved in locomotor behavior. Presumably, variations in the
protein function might affect the synaptic connectivity of the
neurons in the Central Complex of the fly brain, creating the
high individual to individual variations, which ultimately will
affect the apparent random choice, left or right, creating a bias in
specific individuals (Ayroles et al., 2015; Buchanan et al., 2015).
These studies indicate how intricate the relation between genes
and environment is, showing that the genetic background of
a population would determine the observed variability level,
becoming heritable. However, the stochastic neuronal wiring in
individuals can also be the source of particular behaviors.

These findings support the idea that stochastic variation in
brain wiring and gene expression combined with different genetic
traits are determinants of such behavior variability.

4. HOW EPIGENETICS INFLUENCE
BEHAVIOR

Epigenetics involve any biological mechanisms that regulate the
expression of genes without changing the DNA sequences,
becoming the crossroad between the genetic and the
environmental factors leading to a biological impact upon
gene expression (Heard and Martienssen, 2014; Schuebel et al.,
2016; Schiele and Domschke, 2018). Different factors influence
epigenetic modifications such as diet, experience, characteristics
of the ecosystem, lifestyle, and the physiological state of the
individuals, impacting on disease outcome, social organization,
and individual behavior, among others (Waterland and Jirtle,
2003; Cunliffe, 2016; Dawson et al., 2018; Baenas and Wagner,
2019).

Epigenetic modifications affect animals at the individual and
social level, modifying the role of individuals inside specific social
contexts (Anreiter et al., 2017; Sara et al., 2019). For example,
honey bees display DNA methylation after intruders encounter,
leading to aggressive behavior (Herb et al., 2018). Differential
histone 3 (H3) acetylation (H3K27) affects morphologically
and behaviorally Camponotus floridanus ant workers. Those
modifications induce differences in foraging and scouting
behaviors leading to high levels of task distribution (Simola
et al,, 2013, 2016; Yan et al, 2014). Epigenetic modifications
also alter parasocial insects like the fruit fly behavioral,
developmental, and physiological traits. For example, a low-
protein diet induces H3K27 heterochromatin trimethylation
shortening the lifespan of flies. In addition, acetylation of
H3K27 by blocking the Drosophila Polycomb gene induces a

dysregulation of the repression of homeotic genes (Tie et al,
2009, 2016). Furthermore, epigenetic regulation affects foraging
behavior by histone methylation of the for (foraging) gene
promoter pr4 establishing a polymorphism between sitters and
rovers behaviors in D. melanogaster (Anreiter et al., 2017). Other
studies showed that euchromatin histone methyltransferase
activity affects non-associative learning and courtship memory in
Drosophila (Kramer et al., 2011).

5. INDIVIDUALITY IN COLLECTIVE
BEHAVIOR

Animals coordinate their behavior with other individuals for
benefits, including increased opportunities to mate, greater
migratory and foraging efficiency, less chance of being attacked,
and better energy costs (Handegard et al., 2012; Berdahl et al.,
2013; Jolles et al., 2019). Several researchers have focused their
research on the study of the neurogenetic bases of collective
behavior in order to understand how individuals can form
complex social networks among themselves, improving their
survival as occurs in social animals like fishes, ducks, bees, or flies
(Becher et al., 2010; Bialek et al., 2014; Ramdya et al., 2017).
Behavior individuality within a colony can emerge from
self-organization and social interactions benefiting host
hospitalization and decision-making processes (Jeanson, 2019).
Individual roles within an animal social network can change over
time as an evolutionary method to decrease disease transmission
(Stroeymeyt et al,, 2018). In other cases, biological roles can
be persistent for each individual, such as birds taking turns as
alarm-calling sentinels in the colony or the task distribution in
ant colonies, respectively (Nagy et al., 2010; Yan et al., 2014;
Ramdya et al.,, 2017; Friedman et al., 2020). Individuals in social
networks experience social encounters to spread information
from informed to uninformed to transmit beneficial information
for survival and relevant future decision-making processes
(Canright and Engg-Monsen, 2006). Different studies revealed
that fruit flies coordinate their oviposition sites based on
the information shared by experienced flies through social
encounters. Those experiments suggest that highly clustered flies
show a high potential to spread information among individuals
(Pasquaretta et al., 2016). Besides, flies are aware of the number
of individuals and adjust their interactive behavior to the group
size (Rooke et al., 2020). Other studies have shown that collective
aggregation depends on external stimuli. For example, the Poxn
transcription factor and Orco co-receptor are involved in the
chemical detection of fly cuticle hydrocarbon pheromones that
may be involved in clustering mechanisms (Schneider et al,
2012b). In addition, the mechanoreceptor NompC is involved
in collective behavior as NompC mutant flies only avoid noxious
CO; when are clustered with wild-type flies compared with
isolated NompC mutant ones. These results indicate that there
is spread of information from wild type flies to NompC mutants
(Ramdya et al., 2015). These studies, in addition to others,
support the idea that fruit flies integrate sensory information in
order to drive appropriate collective behavior and facilitate social
learning and foraging decisions in larvae and adulthood to buffer
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efficiently environmental stress (Tinette et al., 2004; Billen, 2006;
Lihoreau et al., 2016; Dombrovski et al., 2017; Jolles et al., 2017;
Jiang et al., 2020).

Despite all the benefits derived from the establishment of
social networks within a group of individuals, D. melanogaster
has a parasocial organization where collective and individual
behavior remains cohesive. Each group member behaving
differently could explain that the cascade of group motion likely
emerges from specific individual patterns of behavior (Rosenthal
et al., 2015). Nevertheless, there is no evidence that some
individuals act as leaders beginning the clustering within groups
of fruit flies. However, the aggregation process grows as more
flies join the pioneer ones, affecting information spreading (Jiang
et al., 2020).

Even if D. melanogaster organization does not fit in a eusocial
pattern where there is specific and hierarchical task distribution,
the presence of individual behavior heterogeneity may drive
crucial collective behavior beneficial for both the individual and
the conspecifics individuals. Thus, understanding the dynamics
of collective behavior in the fruit fly may guide understanding
the neurogenetic bases involved and how the behavioral patterns
of animal societies arise.

6. METHODS TO STUDY BEHAVIOR
INDIVIDUALITY

D. melanogaster has emerged as an excellent model to study
behavior individuality for several reasons: the small size and
short breeding time allow us to obtain large quantities of
animals to test in small setups in short periods of time;
there is a large number of inbred lines with sequenced and
annotated genomes to search for the possible genetic basis
of individuality, and; finally, the possibility to manipulate the
genome and neurons of the flies allow us to test ultimately how
the candidate genes (and neural circuits) affect the generation
of behavioral variation (Venken et al., 2011). The number of
behavioral paradigms developed to study Drosophila (and in
general animal behavior) have blossomed in the last years due
to an increase in computer capacity and the development of
machine learning algorithms dedicated to it. In Figure 2, we
describe some hardware (with custom associated software) used
to study behavior in individual flies. For example, the classic Y-
maze, where flies can choose between two paths, is scaled up to
allow multiple simultaneous recordings of individual flies. With
this high-throughput system, the behavior of 25,000 individuals
was analyzed and permitted the study of the neural and genetic
basis of handedness in flies, identifying candidate genes and
neurons (Buchanan et al, 2015) (Figure2A). As mentioned
in previous sections, animals, and particularly D. melanogaster
display idiosyncratic behavioral responses to odors. To study
this behavior, Honegger et al. build a paradigm arena where
individual flies could choose between two odors emanating from
opposing ends of a corridor. By video tracking the fly behavior, it
was possible to show how neuromodulation was involved in the
preferential choice of individuals (Figure 2B) (Honegger et al.,

2019). Other innate behaviors like object orientation responses
can be analyzed in a high-throughput manner using multiple
Buridian paradigm arenas and video tracking (Figure 2C).
Using this set up, the authors demonstrated that stochastic
developmental events were altering the Dorsal Cluster Neuron
circuits of different individuals, leading to idiosyncratic behaviors
in flies (Linneweber et al., 2020). Finally, it is also possible to
study feeding in D. melanogaster. FlyPad is an automated high-
throughput method to study fly ingestion in individual flies.
This system would allow the analysis of behavior individuality
in, for example, the ability of flies to choose between two types
of foods (Itskov et al., 2014) (Figure 2D). Recently, an upgrade
in FlyPad named OptoPad allows optogenetically modifying the
activity of selected circuits in real-time by ectopically expressing
channelrhodopsins in those neurons. With this method, it is
possible to couple the feeding activity of the fly with the
modification of the neural activity in a closed-loop manner
(Moreira et al., 2019).

The previously described methods are focused on the analysis
of individual flies. However, the social context is lost, and
although flies are non-eusocial insects, flies can aggregate both
in vitro (Jiang et al., 2020) and in the wild (Soto-Yéber et al.,
2019). The formation of Drosophila clusters is motivated by
the presence of mating partners or food, with pheromones like
cis-Vaccenyl acetate (Bartelt et al., 1985) and neuromodulators
like serotonin (Sun et al., 2020) playing an essential role. As
shown in the previous section, individuality can affect collective
behavior. For example, within a group, some individuals display
“bold” or “shy” behaviors. Newer software, like idtracker.ai, can
identify each individual unequivocally in large groups (i.e., up
to 70 flies), track overtime their trajectory, and the interaction
with other members of the group (Romero-Ferrero et al,
2019). Finally, it is essential to mention that all those methods
require standardized procedures, which start with the breeding
conditions. Different mediums to homogenize the growth of
flies can decrease variability due to external conditions (Piper
et al., 2014). Table 1 contains a thorough description of many
hardware and software developed in recent years that are applied
or can be applied to study behavior individuality. Most of the
software and hardware listed are open source and shared with
any laboratory that requests its use. We indicate the species for
which they were designed or most used. However, researchers
can modify the published versions to adapt them to their
model system of interest. We apologize in advance for the
methods we forgot to mention or did not find, as many appear
constantly.

After describing the behavior of interest, we need to
understand such behavior’s genetic and neural basis. The
advancement of genomic tools like Next Generation Sequencing,
QTL, and GWAS is helping to understand how genes relate to
behavioral traits (Bengston et al., 2018) (Figure 1E). Furthermore,
we have seen the advantage of working with already sequenced
collections of isogenic lines (Mackay et al.,, 2012). In addition,
now we can do experiments to study large natural populations
of flies and sequence all individuals with excellent coverage depth
at low cost.
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FIGURE 2 | High throughput analysis of behavior variance. (A) Schematic set up for study locomotor handedness variability by Y-maze (Ayroles et al., 2015;
Buchanan et al., 2015). (B) Schematic setup for study olfactory guidance variability. Adapted from Honegger et al. (2019). (C) Schematic Buridian arena to study
visual orientation variability (Colomb et al., 2012). (D) Schematic FlyPAD set-up to study feeding microstructure variability (Itskov et al., 2014). (E) Genome-Wide
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Finally, the study of the neural circuitry involved in behavior,
D. melanogaster, is an excellent system as many different
transgenic lines have been created to label, trace, and analyze
complete neural circuits (Jenett et al., 2012). Similar to C.
elegans, we aim to map all synaptic partners in the brain of D.
melanogaster through electron microscopy (EM). Although we
still need to map the whole brain, the connectome for the central
brain already exists (Scheffer et al., 2020). So far, those data
provide a standalone image of the Drosophila brain. However,
it would be desirable to have a full EM reconstruction of each
individual’s brain analyzed, although this looks right now as an
impossible effort. Even for smaller organisms, it is a daunting
task, but it could be beneficial as a recent work where EM
reconstruction of eight C. elegans brains showed variations in
synaptic connectivity between them, making each brain unique
(Witvliet et al., 2021). As we learn more about the circuitry
involved in particular behaviors, it might be possible in the future
to focus our EM reconstruction efforts on small regions of the
brain known to control particular behaviors. We could then
reconstruct those regions synaptically for multiple individuals,

gaining excellent knowledge regarding neural circuit variability
between individuals.

7. CONCLUSIONS

How do heritable (genetic) and non-heritable (stochastic
events) factors interact to shape behavior? It could be possible
that individuals carrying particular polymorphisms might be
more susceptible to environmental changes, leading to enough
variations among individuals to show specific individual
persistent behaviors. It would not be easy to differentiate between
the genetic and non-genetic basis of such behavior as there is a
constant interplay in this particular case. To add more complexity
to the problem epigenetic modifications, alter gene function. It
means we cannot just focus our efforts on finding particular
genetic sequences as the final goal, as we need to understand
how genomes change along with the life of an individual. Finally,
from a behavioral point of view, we are constantly talking about
individuality. At the same time, animals modify their behaviors
during their lifetime as they interact with other conspecifics. All
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TABLE 1 | Overview of automated and high throughput software and hardware for animal behavior analysis.

Hardware/software Utility Software/ Programming Species” References
hardware language

AnTrax Tracking software for color-tagged individuals of Software Matlab Ooceraea biroi Gal et al., 2020
small species

Automated Drosophila Automated software and hardware system to study Software and Arduino and Drosophila Jiang et al., 2016

Olfactory Conditioning olfactory behavior coupled with learning and Hardware Labview melanogaster

System memory assessment

BEEtag Image tracking software to track labeled identified Software Matlab Apis mellifera Crall et al., 2015
individual bees or anatomical markers

Buritrack Tracking software either in the presence or in the Software and R Different species Colomb et al.,
absence of visual targets in a Buridian paradigm Hardware 2012
setup

ClockLab Analysis of circadian locomotor activity data Software Matlab Drosophila Pfeiffenberger
collected using DAM system melanogaster etal., 2010

CTrax Tracking software for automatically quantify Software Matlab Drosophila Branson et al.,
individual and social behavior of fruit flies melanogaster 2009

DAM Drosophila Activity Monitor . System from Trikinetics Hardware None Drosophila www.trikinetics.
for locomotion, sleep and circadian rhythms activity melanogaster com
quantification

DART Drosophila Arousal Tracking. Hardware and Software and Matlab Drosophila Faville et al., 2015
software that reports locomotor and positional Hardware melanogaster
activity data of individual flies in multiple chambers

DeeplLabCut Markerless pose estimation based on machine Software Python Mus musculus Mathis et al., 2018
learning with deep neural networks that achieves and Drosophila
excellent results with minimal training data to study melanogaster
behavior by tracking various body parts

DeepPoseKit Machine learning software for deep estimation of Software Python Different species Graving et al.,
pose location to analyze specific behavior 2019
parameters

DIAS Dynamic Image Analysis System. Tracking software Software Matlab Drosophila Slawson et al.,
to analyze locomotor behavior in the adult fruit fly as melanogaster 2009
in other individuals

Drosophila 1sland Algorithm that quantify locomotor and flight activity Software Fiji and R Drosophila Eidhof et al., 2017
behavior from fruit flies on specific Island platforms melanogaster

Ethoscopes Machine learning software to track and profile Software R Drosophila Geissmann et al.,
behavior in real time while trigger stimulus to flies in melanogaster 2017
a feedback-loop mode

Expresso Automated feeding hardware to measure individual Hardware Matlab Drosophila Yapici et al., 2016
meal-bouts with high temporal and volume melanogaster
resolution

FIM / FIMTrack FTIR-based Imaging Method. Tracking hardware Software and C++ Drosophila Risse et al., 2013
and software to study locomotion behavior based Hardware melanogaster
on internal reflection of infrared light (FTIR) operating
at all wavelengths allowing in vivo detection of
fluorescent proteins

FLIC Fly Liquid-Food Interaction Counter. Automated Software and Matlab Drosophila Ro et al., 2014
hardware to detect and quantify physical contact Hardware melanogaster
with liquid food to study feeding behavior in fruit flies

Flyception Retroreflective based tracking coupled with imaging Hardware C++ Drosophila Grover et al., 2020
brain activity on free walking fruit flies melanogaster

FlyGrAM Fly Group Activity Monitor. Software for monitoring Software Python Drosophila Scaplen et al.,
real-time group locomotion based on background melanogaster 2019
subtraction

FlyMAD Fly Mind-Altering Device. Infrared laser targeting Hardware None Drosophila Bath et al., 2014
hardware for accurately thermogenetic silencing or melanogaster
activation on freely walking flies

FlyPAD Fly Proboscis and Activity Detector. Detailed, Software and Matlab Drosophila ltskov et al., 2014
automated and high-throughput quantification of Hardware melanogaster

feeding behavior based on capacitance data

(Continued)
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TABLE 1 | Continued

Hardware/software Utility Software/ Programming Species” References
hardware language

FlyPEZ High-throughput hardware system to rapidly analyze Hardware Matlab Drosophila Williamson et al.,
individual fly behavior with tracking and controlled melanogaster 2018
sensory or optogenetic stimulation

Flywalk Automatic olfactory preference tracking hardware Hardware Matlab Drosophila Steck et al., 2012
for screening individual flies melanogaster

|dtrackerai Individual tracking of all trajectories from small and Software Python Different species Romero-Ferrero
large collectives with high identification accuracy etal., 2019

Imaging system for Three-camera imaging system hardware to image Hardware None Danio rerio Richendrfer and

zebrafish larvae zebrafish larvae behavior in front of visual stimuli Créton, 2013

behavior analyses provided by specific slides in a high-throughput
manner

JAABA Machine learning-based system for automatically Software Matlab Different species Kabra et al., 2013
quantify different animal behavior parameters

Machine learning Machine learning-based tracking software for Software None Insects Wario et al., 2017

tracking software individual trajectories inside a group

pySOLO Sleep and locomotor activity software analyzer of Software Python Drosophila Gilestro, 2012
multiple isolated flies melanogaster

RFID Radiofrequency identification based tracking Hardware Matlab Different species Schneider et al.,
hardware on individual ID infrared detection by 2012a; Torquet
antennas etal., 2018;

Reinert et al., 2019

RING Rapid Iterative Negative Geotaxis. Digital Hardware Scion Image - Drosophila Gargano et al.,
photography based hardware to measure negative Pascal melanogaster 2005
geotaxis in individual or collective animal groups
simultaneously

The Tracked Program Tracking of small movements at any location on a Software Java Drosophila Donelson et al.,
DAM set up to study sleep behavior and structure melanogaster 2012

WormFarm Integrated microfluidic hardware to quantify different Hardware None Caenorhabditis Xian et al., 2013
behaviors such as survival from images and videos elegans

*Species for which the hardware or software was initially designed. Nevertheless, most of them can be adapted to other species.

this information indicates that the emergence of individuality or
animal personality requires the study at different levels.

The latest advancements and development of high-
throughput sequencing have finally opened the door to
looking for the genetic basis of animal individuality and how
the environment affects gene expression. We know individual
animals show particular personalities, from flies to mice,
monkeys to humans. However, at this very moment, we can
start thinking to move from pure ethological studies to the
molecular dissection of those behaviors. Neural circuitry tracing
and reconstruction through electron microscopy are helping to
build a map of the neural connections of the brain. So far, we do
not have more than a few individuals. However, understanding
and dissecting those circuits might help us finally understand
how the expression of particular genes during a particular period
or the subtle variations in connectivity could lead to a deeper
understanding of individuality.

It is intriguing that nervous systems, like many other
biological systems, are plastic within certain boundaries, so
we can expect that personal individuality will be expressed
deferentially over time or under certain environmental
circumstances. D. melanogaster offers an excellent model
system as we can test our hypothesis in large groups of animals in
a short period of time (Buchanan et al., 2015). In addition, we can

control to a large degree the genetic variation of our population
by using inbred lines (Ayroles et al., 2015; Linneweber et al,
2020). The generation of the DGRP lines has helped advance this
field, as controlling the genetic variation of the populations of
interest can help us narrow down the candidate genetic variants,
if any, or discard the genetic variation and ascribe it to stochastic
developmental processes.

We have focused on the genetic and epigenetic changes that
alter individual behavior. We have also studied how stochastic
developmental processes alter neural connectivity leading to
interindividual variation. However, another possible source of
potential behavioral variability might come from the interaction
of individuals with environmental microbes, from Wolbachia
infections to changes in the gut microbiome. In this particular
case, no genetic variation or neural circuit alteration would
be responsible for the change in behavior. It is known that
Wolbachia infection affects different D. melanogaster behaviors
such as sleep (Bietal., 2018), temperature preference (Truitt et al.,
2019), or aggression (Rohrscheib et al., 2015). Alteration in the
gut microbiome can affect aggression in Drosophila males (Jia
etal,, 2021) or sleep and memory (Silva et al., 2021). Those results
point to the interaction of individuals with microorganisms as
another potential source of interindividual behavior variability
that must be taken into consideration.
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Finally, from an evolutionary point of view, individuality
might play an essential role in providing an adaptative
advantage. For example, we have described that animals
might use diversified bet-hedging as a mechanism to produce
high levels of variation within a population to ensure that
at least some individuals will be well-adapted when facing
unpredictable environments. Although more experimental
evidence accumulates to support this theory, without any
doubt, we are in front of a growing field of knowledge that will
evolve soon.
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