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1 Abstract

The assembly of neural circuits during development is shaped by both intrinsic genetic
programs and extrinsic environmental conditions. In insects, brain development undergoes
extensive remodeling during metamorphosis, and temperature is a key environmental
determinant of ectothermic development. However, how temperature-dependent changes in
neuronal growth translate into circuit wiring and function remains poorly understood. Therefore,
in this dissertation, I address four central questions: (1) how developmental temperature
influences wiring in the Drosophila melanogaster olfactory system; (2) whether temperature-
induced changes in wiring alter olfactory processing; (3) how changes in wiring due to
temperature can be mechanistically linked to biophysical effects on growth; and (4) which
developmental and molecular pathways mediate temperature-dependent effects on neural
circuits. 1 show that developmental temperature systematically scales olfactory receptor
neurons connectivity within the olfactory pathway, altering synaptic organization and neural
growth. Odor representations remain robust, even as network connectivity is rescaled. In
contrast, odor-driven behavior is stronger in flies developed at lower temperatures, which could
be explained by a modified connectivity to the next downstream area. To explain these findings,
I introduce a biophysical model in which temperature-dependent differences in metabolic
reaction rates across cell types generate temporal mismatches during development, leading to
predictable changes in neural wiring. At the molecular level, I find that temperature-induced
rewiring does not arise from major changes in systemic developmental timing signals. Instead,
temperature modulates the timing of downstream transcriptional programs: ecdysone-
responsive transcription factors and genes involved in central energy metabolism are expressed
earlier at lower temperatures. These results suggest that temperature shapes developmental
outcomes by altering the temporal coordination of transcriptional and metabolic programs.
Together, this work provides a multi-level view of how temperature influences neural
development, linking environmental conditions to metabolism, developmental tempo, and
circuit organization. It highlights how layers of the nervous systems can remain functionally
robust while retaining flexibility in wiring to environmental variation, offering new insights

into the effects of temperature into brain development.



2 Zusammenfassung

Die Bildung neuronaler Schaltkreise wihrend der Entwicklung wird sowohl durch intrinsische,
genetische Programme, als auch durch extrinsische Umgebungsbedingungen beeinflusst. Bei
Insekten unterliegt die Gehirnentwicklung wéhrend der Metamorphose einer umfassenden
Umgestaltung, wobei die Temperatur ein entscheidender Umweltfaktor fiir die Entwicklung
von Ektothermen ist. Wie sich temperaturabhingige Verdnderungen im neuronalen Wachstum
jedoch auf die Vernetzung und Funktion der Schaltkreise auswirken, ist ungekldrt. Daher
befasse ich mich in dieser Dissertation mit vier zentralen Fragen: (1) Wie beeinflusst die
Entwicklungstemperatur die Vernetzung im Geruchssystem der Fliege? (2) Beeinflussen
temperaturbedingte Verdnderungen in der Vernetzung die Geruchsverarbeitung? (3) Wie
konnen temperaturbedingte Verdnderungen in der Vernetzung mechanistisch mit
biophysikalischen Auswirkungen auf das Wachstum in Relation gesetzt werden? (4) Welche
Entwicklungs- und Molekularwege vermitteln temperaturabhingige Auswirkungen auf
neuronale Schaltkreise? Ich zeige, dass die Entwicklungstemperatur die ORN-Konnektivitét
iiber die Geruchsbahnen hinweg systematisch skaliert und dabei die synaptische Organisation
und das neuronale Wachstum veréndert. Die Geruchsreprdsentationen bleiben robust, auch
wenn die Konnektivitit neu skaliert wird. Jedoch ist das geruchsgesteuerte Verhalten bei
Fliegen, die bei niedrigeren Temperaturen entwickelt wurden, stirker ausgeprigt, was durch
eine verdnderte Konnektivitdt zum néchsten nachgeschalteten Bereich erkldrt werden konnte.
Um diese Ergebnisse zu erklédren, stelle ich ein biophysikalisches Modell vor, in dem
temperaturabhéngige Unterschiede in den Stoffwechselreaktionsraten verschiedener Zelltypen
zu zeitlichen Diskrepanzen wéhrend der Entwicklung fithren, was vorhersehbare
Verdnderungen in der neuronalen Vernetzung zur Folge hat. Auf molekularer Ebene stelle ich
fest, dass die temperaturbedingte Neuvernetzung nicht auf groBere Verdnderungen der
systemischen Entwicklungssignale zuriickzufiihren ist. Stattdessen moduliert die Temperatur
den Zeitpunkt der nachgeschalteten Transkriptionsprogramme: Ecdyson-responsive
Transkriptionsfaktoren und Gene, die am zentralen Energiestoffwechsel beteiligt sind, werden
bei niedrigeren Temperaturen frither exprimiert. Dies suggestiert, dass die Temperatur die
Entwicklungsergebnisse beeinflusst, indem sie die zeitliche Koordination von Transkriptions-
und Stoffwechselprogrammen verdndert. Insgesamt liefert diese Arbeit eine mehrschichtige
Sichtweise darauf, wie die Temperatur die neuronale Entwicklung beeinflusst, und verbindet
Umweltbedingungen mit Stoffwechsel, Entwicklungstempo und Schaltkreisorganisation. Sie
zeigt, wie die Schichten des Nervensystems funktionell robust bleiben und gleichzeitig ihre
Flexibilitdt in der Vernetzung gegeniiber Umweltverdnderungen bewahren konnen, und bietet
neue Einblicke in die Auswirkungen der Temperatur auf die Gehirnentwicklung.



3 Introduction

The dramatic transformations that convert a caterpillar into a butterfly or a tadpole into a frog
have fascinated naturalists for centuries, raising fundamental questions about how complex
biological systems are built and remodeled. In the early eighteenth century, the German
naturalist Maria Sibylla Merian produced some of the earliest integrated life-history studies,
recorded in Metamorphosis insectorum surinamensium, a book that established a new standard
in natural history (Etheridge, 2011; Merian, 1705). Her depictions of insects across

developmental stages, presented alongside their host plants, combined meticulous observation

with detailed illustration, laying the groundwork for future studies in ecology and entomology

(Figure 1) (Etheridge, 2011; Merian, 1705).

Figure 1. Detail from an illustration by Maria Sibylla Merian depicting metamorphosis.

Adult Arsenura armida (family Saturniidae) alongside the flowering tree Erythrina fusca,



illustrating Merian’s metamorphosis studies. The larvae shown belong to different species, not

described in Merian’s work.

Building on this long-standing interest in developmental transformation, this dissertation
examines how environmental conditions shape the assembly and function of neural circuits
during development. Specifically, I investigate how developmental temperature influences the

assembly and function of a sensory circuit in the fruit fly’s brain.

To provide the necessary context for this work, this introduction first defines metamorphosis,
with a focus on holometabolous insects, and outlines the hormonal mechanisms that regulate
major developmental transitions. I then describe how the insect brain is extensively remodeled
across metamorphosis, transitioning from larval to adult circuits. Next, I discuss plasticity in
neural wiring during development, highlighting the roles of intrinsic and extrinsic factors,
before narrowing the focus to temperature as a key environmental determinant of brain
development. Finally, I introduce Drosophila melanogaster as a model organism, outlining its
experimental advantages, current knowledge of temperature-dependent development in this

species, and the organization and assembly of its olfactory system.
3.1 Metamorphosis

Metamorphosis, defined as a change (meta) in form (morphg), is widespread across animal taxa.
This developmental strategy has evolved independently on multiple occasions, including in fish,
amphibians, and insects, where it satisfies common criteria yet varies substantially in the degree

of morphological transformation (Truman, 2019; Werner, 1988).

The most dramatic metamorphoses occur in insects, a group accounting for more than 60% of
described animal species. Insects dominate ecosystems in abundance, diversity and biomass
(Berenbaum, 2017; Grimaldi & Engel, 2005). Insects can be categorized as hemimetabolous or
holometabolous based on the extent of metamorphic change during development.
Hemimetabolous insects undergo gradual metamorphosis, with nymphs resembling miniature
adults. Holometabolous insects — including beetles, butterflies, bees, and flies — undergo total
metamorphosis, with four distinct developmental stages: egg, larva, pupa, and adult. More than
80% of all insect species are holometabolous, highlighting the evolutionary success of complete

metamorphosis (Grimaldi & Engel, 2005).

The fruit fly is a holometabolous insect, with three distinct stages in their post-embryonic life

cycle: larva, pupa, and adult. After hatching from the egg, the animal enters first larval instar.



The larva growth is characterized by two molts, each producing a new cuticular covering for
the body. At the end of each molt, the old cuticle is shed in a process called ecdysis. These
molts divide the larval stage into three instars, the 1%, 2° and 3™ larval instars that each last

approximately 48h at 25°C (Fig. 2).

The larva is a fully functional organism with differentiated organs — including a complex
nervous system and endocrine organs — that support its feeding, behavior, and growth. The larva
contains rudimentary epithelial structures, called imaginal discs, which will proliferate and
differentiate during the pupal stage to form most adult body organs. Therefore, in

metamorphosis, the previous larval structures are destroyed while the adult ones are generated.

i —

Embryo
3.5-4.5 days 1 day
Life cycle of | : .
Drosophila melanogaster 1t |nstar
‘ N/ B
Pupa
2.5-3 days = ::v
1 day 2" |nstar
Larva

3™ Instar
Larva

Figure 2. Life cycle of the fruit fly Drosophila melanogaster at 25°C. Following mating,
fertilized eggs develop as embryos for one day before hatching into first-instar larvae. Larval
development consists in three instars, each lasting one day. After 2.5-3 days, late third instar
larva pupariates and enter the pupal stage. In the pupa most larval tissues are degraded and adult
structures formed. Pupal development takes 3.5-4.5 days, after which the adult fly ecloses.
(Drawings: Adobe Stock # 387850389).

At the end of third instar (L3), the larva switches from feeding into leaving the food and

searches a site for pupariation. In the first minutes of puparium formation, the pupa is still white



(white prepupa — WPP). This stage is used as a time reference to pupa development, marking
hour zero of the pupa — Oh after puparium formation (Oh APF). As pupa development proceeds,
the cuticle begins to tan, and becomes a protective shell around the metamorphosing insect. At
25°C, the whole developmental process takes 10 days. The duration of development is
temperature-dependent, proceeding faster at higher temperatures and more slowly at lower

temperatures (Davidson, 1944).
3.2 Developmental transitions are tightly regulated

Insect metamorphosis is tightly regulated through developmental programs: transitions between
life stages are controlled by endocrine signaling pathways that coordinate growth, tissue
remodeling, and maturation across the organism. These hormonal systems ensure that
developmental progression occurs at the appropriate time and in response to both internal and

external cues (Jindra et al., 2013; Koyama et al., 2025; Yamanaka et al., 2013).

In insects, postembryonic growth, metamorphosis, and many other developmental processes
are controlled by Ecdysone (E), a hormone derived from cholesterol (Nakagawa & Henrich,
2009; Riddiford et al., 2003). Ecdysone function has been thoroughly dissected using the fruit
fly, Drosophila melanogaster. It regulates developmental timing and its transitions through six
steps: biosynthesis, secretion, circulation, transport, modification and gene expression
regulation. Ecdysone is produced in the larval prothoracic gland, through Cytochrome P40
monooxygenases, encoded by Halloween genes, which convert cholesterol into Ecdysone
(Phantom, Disembodied, and Shadow) (Chavez et al., 2000; Niwa et al., 2004; Warren et al.,
2002, 2004).

In the intestine and fat body, Ecdysone is modified into its active form, 20-hydroxyecdysone
(20E), by Shade, an enzyme also encoded by a Halloween gene (Petryk et al., 2003). The
developmental effects of ecdysone are ultimately mediated through its active form, 20-
hydroxyecdysone (20E), with transitions between developmental stages marked by pulses of
elevated ecdysone titers that regulate stage-specific gene expression (Fig. 3A) (Bond et al.,

2010; Schwedes & Carney, 2012).

20E regulates gene expression via its receptor heterodimer, which consists of the ecdysone
receptor (EcR) and Ultraspiracle (USP) (Nakagawa & Henrich, 2009; Yao et al., 1993). The
EcR/USP heterodimer binds to specific DNA sequences. Without 20E binding to EcR/USP, the

receptor acts as a repressor of gene expression, in addition to recruiting other co-repressors as



histone deacetylases. However, once 20E binds to ECR/USP the co-repressors are released. This
way, 20E binding to ECR/USP can can lead to relief of the repression — via releasing the co-
repressors — or lead to a strong gene expression (Beatty et al., 2006; Devarakonda et al., 2003).

fertilization L1-L2 molt pupation
A | hatching L2-L3 molt pupariation; pupa-adult apolysis eclosion

20E titre
i

' 1=t larval 2™ larval . ! ' '
- embryo . 39 larval instar =~ pupa pharate adult
instar instar prepupa
B Ecdys'|ceroids
Low 20E/E
Early genes il
(high threshold)
Eip74A, Eip75B
| T ¢ | Earlyllate \ 4

g Hr3, Hr4
Early genes
(low threshold) \H

Eip74B

v v v v

Tissue- and stage-specific effector genes

Figure 3. 20-hydroxyecdysone dynamics during development and its regulation of gene
expression. (A) Temporal dynamics of 20-hydroxyecdysone (20E) during Drosophila
development, with major developmental transitions and key events indicated. Adapted from
Scanlan et al. (2023) (B) The Ashburner model, illustrating the hierarchical transcriptional
cascade triggered by ecdysteroids. The binding of 20E to the ecdysone receptor (EcR) initiates
a sequential activation of early transcription factors, which regulate one another and further

control the expression of downstream effector genes. Adapted from Truman & Riddiford (2023).

Upon binding, a gene expression cascade is induced, described by the Ashburner model (Fig.
3B) (Ashburner, 1974). In this model, first we have the expression of a few early genes, that
encode transcription factors. Early genes can be divided into high threshold (e.g., Eip744,



Eip75B) or low threshold (e.g. Eip74B) depending on 20E reaching its concentration threshold
that leads to gene transcription activation. Early genes then trigger feed-forward and feedback
targets that turn off early response gene and increases the expression of multiple late
downstream genes (e.g., Hr3, Hr4, fiz-fI). This way, target genes are regulated throughout

development with different temporal patterns.

Despite uniform 20E pulses, there are spatial and tissue-specific developmental outcomes.
Those could arise from either tissue-specific ecdysone receptor isoforms expression or
activation of tissues-specific effector genes. The ecdysone receptor has three ecdysone isoforms
(EcR-A, EcR-B1, and EcR-B2), expressed in different tissues and timepoints (Talbot et al.,
1993; Truman et al., 1994). For example, in the nervous system, B-isoforms mediate pruning
of larval neurons at metamorphosis (Lee et al., 2000), whereas EcR-A expression regulates cell

death of ventral cord neurons upon adult emergence (Robinow et al., 1993).

Regarding tissue-specific effects, ecdysone signaling has been shown to terminate the
proliferation of neural stem cells by reprogramming their energy metabolism (Homem et al.,
2014). This process occurs through the Mediator complex, which assist embryonic stem cell to
maintain pluripotency by binding to large regulatory regions (super-enhancers) and activating
the transcriptional programs that sustain the stem cell state (Kagey et al., 2010; Whyte et al.,
2013).

Ecdysone signaling can also carry out sex-specific consequences. In males, it contributes to the
development of male-specific neurons in the brain, by interacting with FruBM-dependent
transcriptional programs (Zhang et al., 2018). Meanwhile in females, the ecdysone-response

factor E78 controls the niche formation and follicle survival in the ovary (Ables et al., 2015).
3.3 Brain development throughout metamorphosis

During metamorphosis, the larval brain is extensively remodeled: some larval neurons die,
others prune and regrow new processes, and a large population of adult-specific neurons are
generated, resulting in an adult brain with circuits and neuron types specialized for adult
behaviors, as courtship and mating (Thum & Gerber, 2023; Truman & Riddiford, 2023;
Winding et al., 2023).

Neuron types that persist through metamorphosis often undergo neuronal remodeling. In this
process, most or all larval dendrites and/or axon branches are pruned, followed by

developmental regrowth that forms the foundation of adult specific connections, completely



overriding the previous larval connectivity. Neuronal remodeling happens on different scales:
small scale pruning (e.g. single synapses) occurs via retraction, while large scale pruning occurs
via localized degeneration of axons and dendrites (Low & Cheng, 2006; Luo & O’Leary, 2005;
Schuldiner & Yaron, 2015). However, even within the same neural structure, not all axons are
remodeled during metamorphosis. For example, dendritic arborization neurons have their

dendrites remodeled but their axons remain intact (Shimono et al., 2009).

The mushroom body (MB) is one of the major Drosophila neuropiles to undergo neuronal
remodeling during metamorphosis. The MB is involved in learning and memory of olfactory
cues in both larva and adults (Heisenberg, 2003), and consists of three types of neurons — v, o/
and a’/p’ — out of which only the y neurons undergo remodeling (Lee, Lee, Arthur, et al., 1999;
Truman et al., 2023) (Fig. 4). The MB y neurons are one of the most studied neurons during
metamorphosis, with a well described process and mechanism. As such, they will be presented

as an illustrative example of neuron remodeling.

In the early phases of pupation, y neurons dendrites undergo complete pruning, while its axons
retract back to a characteristic branch point. Axonal fragmentation is typically finished by 18
hours after puparium formation (APF). By 24 h APF, axonal regrowth becomes detectable, and
around 48 h APF, y neurons have extended their axons again to establish a new, adult-specific
medial lobe, accompanied by the emergence of a new dendritic arbor (Hakim et al., 2014;

Rabinovich et al., 2015).
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Figure 4. Mushroom body y neurons undergo stereotypic remodeling at metamorphosis.
At larval stage, Mushroom body (MB) y neurons project a single axon that branches to form
dendrites (den), a tightly bundled axon peduncle (p) that bifurcates to form the dorsal (d) and
medial (m) lobes. Cortex glia (yellow) and astrocytes (green) instruct MB axon pruning. At 12

h APF, axon fragmentation is apparent, finished at 18 h APF. At 24 h APF, the MB vy neurons



begin to regrow toward the adult targets, forming the adult y lobe. Modified from (Yaniv &

Schuldiner, 2016).

3.3.1 Pruning regulation

Neural pruning is a tightly regulated processes, governed by both cell-autonomous mechanisms
and interactions with neighboring cells. In the mushroom body (MB), the ecdysone receptor
EcR-B1 together with its partner Ultraspiracle (USP) is required for pruning and subsequent
axon extension (Lee, Liqun Luo, et al., 1999; Liou et al., 2018; Schubiger et al., 1998).
Expression of EcR-B1 in the MB is tightly controlled, present only at the onset of pruning (Lee
et al., 2000). This transcriptional control is regulated by multiple upstream pathways, including
the cohesin complex, the nuclear receptor FTZ-F1, and TGF-f signaling (Boulanger et al.,
2011; Schubiger et al., 1998; Schuldiner et al., 2008). The ecdysone pathway also relies on
proper hormone delivery: ecdysone must be transported into the brain through the Ecl receptor,

expressed on the surface of glial cells (Okamoto et al., 2018).

Building on this hormonal control, downstream cellular machinery drives the remodeling of
MB y neurons in response to ecdysone signaling. The ubiquitin—proteasome system is
cell-autonomously required for y-axon pruning, as loss of the E1 enzyme or proteasome
subunits in MB neurons blocks pruning (Watts et al., 2003). In addition, endocytic and
endolysosomal pathways, including UVRAG-class III PI3K complexes and localized
endocytosis that regulates receptor and membrane turnover, have been shown in Drosophila
sensory neurons to mediate dendrite pruning and are thought to act in analogous ways during
axon and dendrite remodeling in other neurons (Issman-Zecharya & Schuldiner, 2014). In
parallel, destabilization of cell-adhesion molecules such as Fasciclin II, for example via
JNK-dependent down-regulation, facilitates axon branch withdrawal, highlighting a
complementary mechanism that lowers axon—axon adhesion to permit pruning (Bornstein et al.,

2015).

Different neuron types use overlapping but non-identical pruning machinery. For example,
class IV dendrite arborization (C4da) sensory neurons in Drosophila have their remodeling
driven by localized endocytosis, which promotes local loss of cell-adhesion molecules and

membrane, leading to dendrite thinning and compartmentalization. This compartmentalization
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allows localized calcium signaling and subsequent calpain activation, which execute dendrite

degeneration (Kanamori et al., 2013, 2015).

Beyond cell autonomous mechanisms for dendrite pruning, neurons also interact with
surrounding glia throughout the pruning process. Glia secrete the TGF- ligand Myoglianin,
which activates Baboon/Smad signaling in MB v neurons and upregulates EcR-B1 expression
(Awasaki et al.,, 2011; Hakim et al., 2014). Interestingly, astrocytes themselves require
ecdysone signaling for their maturation into phagocytes and for effective infiltration of the MB
v neurons during metamorphosis (Tasdemir-Yilmaz & Freeman, 2014). Astrocytes then clear y
neurons debris following pruning by engulfing the fragments and degrading them through an

endosomal-lysosomal pathway (Tasdemir-Yilmaz & Freeman, 2014).

3.3.2 Regrowth regulation

After pruning, regrowth takes place. Regrowth of neurons is regulated by a unique program,
different from the neuronal growth during initial neurogenesis. In MB neurons, the nuclear
receptor UNF, the target of rapamycin (TOR), and the ecdysone inducible protein Eip75B are
involved in regrowth after pruning, but not in the initial neurogenesis (Marmor-Kollet &
Schuldiner, 2016; Rabinovich et al., 2016; Yaniv et al., 2012). Both UNF and Eip75B function
as nuclear receptor dimers in order to promote axon regrowth in MB y axons , and exert its
function via the TOR pathway (Rabinovich et al., 2016). Recent studies have identified the
IGF-II mRNA-binding protein (Imp) as a key regulator of profilin mRNA trafficking and
localization during the regrowth phase. As profilin plays a central role in actin polymerization
(Prokop et al., 2013), these findings suggest that modulation of actin dynamics may facilitate

axonal regeneration.

The transition between pruning and regrowth occurs quite rapidly, with nitric oxide (NO) as a
possible switching mechanism in the MB neurons. Both UNF and Eip75B are activated by NO,
demonstrated by the fact that both receptors bind a heme moiety — a sensor for monovalent
gases, such as NO (de Rosny et al., 2008; Raghuram et al., 2007; Reinking et al., 2005).
Moreover, Eip75B exhibits context-dependent activity in different NO environments by
modulating its affinity for interacting partners (Caceres et al., 2011; Johnston et al., 2011). A
rapid decrease in NO levels, produced by neuronal nitric oxide synthase (NOS), is in fact

necessary to permit axon regrowth. Experimental evidence indicates that reduced NO facilitates
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the formation of a stable UNF—Eip75B complex, which is thought to activate a cohort of genes
that drive the regrowth program (Rabinovich et al., 2016).

In contrast, elevated NO levels — produced by neuronal NOS in conjunction with calmodulin —
are necessary for the normal progression of axon pruning. The transition from high NO during
pruning to low NO during regrowth is developmentally controlled and occurs rapidly with
precise temporal regulation (Rabinovich et al., 2016). Nevertheless, how NOS activity is finely
tuned, and the mechanisms by which high NO promotes pruning, remain unresolved questions

— and similar gaps in knowledge extend to other aspects of brain remodeling.
3.4 Neurodevelopment in the connectome era

The endpoint of the developmental process is the adult brain. In recent years, substantial effort
has gone into generating brain-wide connectomes in both adult and larval flies — comprehensive
reconstructions of all neurons and connections in the central brain of the fruit fly. A major
milestone came in 2018, when the first complete Drosophila brain connectome was produced
using electron microscopy (EM) imaging (Zheng et al., 2018). Ever since, increasingly
comprehensive datasets have become available. A connectome encompassing half of the fly
brain — comprising roughly 25,000 neurons and ~ 20 million synaptic connections — was
published in 2020 (Scheffer et al., 2020), together with a full reconstruction of the olfactory
system connectome (Bates et al., 2020). The FlyWire consortium subsequently released a
complete female Drosophila brain connectome, containing ~140,000 neurons and 54.5 million
connections (Dorkenwald et al., 2024). This was followed by a full nervous system connectome
that includes all ~160,000 neurons in the fly, including the ventral nerve cord (Bates et al.,

2025).

A reconstruction of the fly larval brain was also released, allowing the comparison of larval and
adult brain features (Winding et al., 2023). The adult brain displays a more modular
organization than the larval brain, characterized by an expansion of specialized compartments
with distinct functions. This specialization is accompanied by a reduction in overall network
density, indicating that the adult brain has structural domains that operate as functional hubs
(Yadav et al., 2025). In addition, the adult network has scale-free properties, enhancing
robustness to failures while simultaneously reducing wiring costs through decreased density

(Yadav et al., 2025).
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Despite recent developments, there are still limitations in connectomes. Notably, electrical
synapses have not yet been characterized in Drosophila connectomes. Because the resolution
of electron microscopy (EM) is insufficient to reliably identify electrical synapses, they are
absent from current datasets (Scheffer et al., 2020; Zheng et al., 2018). Moreover,
methodological differences across published connectomes may also introduce variability and

affect particular features of the reconstructions.

Although it is now possible to reconstruct neural wiring at nanometer resolution, generating
connectomes remains extremely costly, and their application to questions of individuality — or
to understanding environmental influences on connectivity — is still in its infancy. Sample sizes
remain very limited, complicating efforts to evaluate biological variability and individual
differences. Finally, while most EM datasets are derived from animals reared at 25 °C — which
facilitates comparison — this uniformity also constrains the scope of inference, excluding brains

that developed under alternative environmental conditions.
3.5 Developmental plasticity in brain wiring

Brain development is highly plastic and emerges from a dynamic interplay between intrinsic
developmental programs (e.g., genetic control of development), experience-dependent
processes (e.g. spontaneous activity), and environmental influences such as nutrition and

temperature (Boyce et al., 2020).

Experience-dependent processes (spontaneous or externally driven neuronal activity) play a
central role in shaping neuronal structure and connectivity. Changes in activity levels in
embryonic-born Drosophila olfactory projection neurons (Prieto-Godino et al., 2012) and in
larval and adult motoneurons (Duch et al., 2008; Hartwig et al., 2008) modify dendritic size
and complexity, thereby directly impacting synaptic connectivity. Likewise, manipulating
neural activity in larval motoneurons alters presynaptic neuromuscular junction size and arbor
complexity and changes presynaptic bouton morphology (Berke et al., 2013; Lnenicka et al.,
2003; Mosca et al., 2005). At a finer scale, neurotransmission at newly formed synapses plays
critical roles for subsequent circuit development (Bleckert et al., 2018; Bleckert & Wong, 2011).
For example, GABAergic neurotransmission has been shown to affect cortical development

through balancing excitation and inhibition in developing networks (Warm et al., 2022).

Beyond internal factors, environmental factors can also impact circuit connection and brain

development. Nutrition has a big impact in circuit formation: for example, the variation in larval
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diet that gives rise to queen versus worker female honey bees acts at least in part through DNA
methylation changes in both the head and peripheral tissues (Kucharski et al., 2008; Shi et al.,
2013; Wang et al., 2020). Additionally, a high conspecific density during development has been
shown to increase the size of neuropiles in both flies and wasps (Groothuis & Smid, 2017;

Heisenberg et al., 1995).

Together, these findings demonstrate that brain development is shaped by interacting intrinsic
and environmental factors, with distinct features exhibiting varying levels of robustness and
plasticity. Building on this, the following section focuses on temperature as a major

environmental determinant of development.
3.6 The role of the environment: the case of temperature

Temperature is among the most influential environmental regulators of development, affecting
biological processes from molecular kinetics to organismal function (Angilletta Jr., 2009;
Hochachka & Somero, 2002). The development of ectotherms — organisms whose body
temperature is largely determined by the surrounding environment — is particularly sensitive to

thermal conditions.

The biological effects of temperature are usually explained by dependency of rates of
biochemical reactions and biological processes on ambient temperature (Gillooly et al., 2001).
Rates of biochemical reactions typically increase exponentially with temperature. This
relationship is described by the Van’t Hoff-Arrhenius law (Arrhenius, 1889). The relationship
between metabolic rate and temperature has since been demonstrated in many ectothermic taxa,
with metabolic rate typically increasing by a factor of 2-3 for every 10°C increase in
temperature (known as the Q10 value) (Clarke, 2017; Havird et al., 2020; Seebacher et al.,
2015).

Developmental temperature dictates the pace of growth in ectothermic animals (Angilletta et
al., 2004; Gillooly et al., 2002). The duration of development depends on temperature, taking
longer at lower temperatures (Gillooly et al., 2002). The Universal Temperature Dependance
(UTD) model proposed that growth rate is linked to temperature through metabolism (Gillooly
et al., 2001), being limited by its slowest reaction (rate limiting reaction), which determines the

overall tempo of a process.

Developmental temperature is also a major driver of developmental plasticity. By modifying

metabolic activity, temperature can shift the coordination and timing of developmental events
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across tissues, effectively compressing or extending critical windows during which cells
proliferate, differentiate, and form functional connections. For example, the developing
zebrafish notochord is more sensitive to temperature increases than other tissues, most likely
due to higher secretory activity and reliance on the unfolded protein response compared to other

cell types (Dorrity et al., 2023).

These adjustments place increasing demands on the mechanisms that normally buffer
development against perturbation—a phenomenon known as canalization, which promotes
stable phenotypes despite environmental or genetic variation. Under substantial thermal stress,
however, this buffering capacity can be weakened (decanalization), leading to greater
variability in gene expression and, consequently, broader phenotypic diversity arising from the
same genotype (Chen et al., 2015a). Consistent with this idea, developmental temperature has
been shown to influence adult behavior across multiple modalities. In many ectotherms,
individuals raised at higher-than-typical temperatures are smaller and display reduced
locomotor performance (Sheridan & Bickford, 2011). Temperature during development also
shapes exploration and thermal preference in frogs (Fan et al., 2021; Ohmer et al., 2023);
locomotion and thermoregulation in lizards and skinks (De Jong et al., 2023); and learning and
cognition in multiple reptile species (Amiel et al., 2014; Amiel & Shine, 2012). Comparable
effects are observed in invertebrates: developmental temperature modulates mating and social
behaviors in butterflies (Bear & Monteiro, 2013), as well as locomotion and foraging in flies

(Manenti et al., 2021; Schou et al., 2017).

3.6.1 Effect of temperature on brain development

As behavior is driven by the brain, long-lasting behavioral changes imply that temperature has
impacted also the brain (i.e. the specific neural circuits that control that behavior) — in its wiring
or function. Brain development itself is strongly modulated by external factors, and temperature
is among the most significant of these modulators (Cheung & Ma, 2015; Takesian & Hensch,
2013).

Cold-induced hibernation in ground squirrels triggers dendritic spine retraction in the
hippocampus, illustrating that temperature shifts can rapidly reshape neural structures (Popov
& Bocharova, 1992). Comparable patterns emerge during development across a range of

ectotherms. In lizards, high temperatures (32.5 vs 26°C) upregulate genes involved in myelin
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production and neurite outgrowth (Pallotta et al., 2017). In Xenopus laevis, motor neuron
differentiation and activity is dependent on environmental temperature: exposure to warmer
developmental temperatures reduce the differentiation and survival of motor neurons, while
colder temperatures increase the number of spinal motor neurons, in part by increasing Ca**

spike frequency in embryonic spinal cord neurons (Spencer et al., 2019).

Temperature can also affect brain structure, for example with elevated temperatures reducing
the size of the brain in lizards (Amiel et al., 2014; Falibene et al., 2016). In honey bees (4pis
mellifera), modest deviations in brood temperature during pupation impact MB microglomeruli
numbers (Groh et al., 2004). In the beehive, brood temperature is normally tightly regulated
through social thermoregulation. Controlled manipulations of brood temperature revealed that
even small deviations from the colony-typical temperature during pupal development result in
long-lasting alterations to the synaptic architecture of the mushroom body calyces. Bees reared
at the natural brood temperature exhibit a higher density and more regular organization of
synaptic complexes (microglomeruli), whereas individuals reared at slightly cooler
temperatures show reduced synaptic density and disrupted MB organization (Groh et al., 2004).
These structural changes have functional consequences, as altered brood temperature has been
linked to impairments in odor learning performance (Jones et al., 2004; Tautz et al., 2003).
These findings suggest that temperature can reshape neural structure during development, with

potential consequences for sensory processing and behavior.

Despite the strong temperature dependence of cellular and synaptic processes, neural circuits
can generate stable functional outputs across broad thermal ranges. In crustaceans, Marder and
colleagues demonstrated that rhythmic motor patterns are preserved over large temperature
shifts, even as the intrinsic membrane properties and synaptic interactions underlying these

patterns change substantially (Marder, 2011; Tang et al., 2010).

A more detailed dissection of the effects of temperature in neural circuits and synapse formation
has been done using the fruit fly, Drosophila melanogaster. D. melanogaster is a classic model
organism in biology for more than a century, owing to its short generation time, easy husbandry,
and the ability to screen large numbers of individuals in parallel (Hales et al., 2015). A major
strength of the system is the availability of sophisticated molecular tools that allow proteins to
be expressed in defined cell types with precise spatial and temporal control, for example, binary
expression systems such as GAL4/UAS, LexA/LexAop and QF/QUAS (Caygill & Brand,
2016; Riabinina & Potter, 2016). These established toolkits enable targeted neuronal
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manipulation, activity monitoring and neural circuit mapping, and they can be used across many

genotypes and rearing conditions (Honda, 2022).

In Drosophila, flies developed at high temperatures present increased axonal arborization of
neurons at the neuromuscular junction and mushroom body (Peng et al., 2007; Sigrist et al.,
2003; Zhong & Wu, 2004). In Drosophila’s larval neuromuscular junction (NMJ), the number
of synaptic boutons increases when animals are reared at elevated temperatures (25-29°C or
32°C). This increase was interpreted not as a direct thermal effect on synaptogenesis, but rather
as a consequence of increased neuronal activity at higher temperatures, leading to activity-

dependent synaptic growth (Sigrist et al., 2003).

Temperature-dependent modulation of neuronal growth has also been observed in central brain
circuits. In the mushroom body (MB), axonal arborization of Kenyon cells is enhanced when
flies are reared at higher temperatures (30°C compared to 22°C) (Peng et al., 2007). Elevated
temperature induces overgrowth of MB nerve terminals in the central nervous system (CNS),
resembling the synaptic expansion seen at the peripheral NMJ (Zhong & Wu, 2004).
Mechanistically, temperature was shown to act in a largely cell-autonomous manner by
increasing neuronal excitability and spontaneous activity. This elevated activity is proposed to
drive Ca?** accumulation and activation of the cAMP signaling cascade, ultimately promoting

activity-dependent changes in neuronal excitability and growth (Peng et al., 2007).

In Drosophila, photoreceptors of flies developed at lower temperatures presented increased axo-
dendritic branching and higher synapse numbers (Kiral et al., 2021). Similar results were
observed with dorsal cluster neurons. The difference in connectivity is proposed to arise from
temperature-dependent filopodial dynamics at developing axon terminals. Filopodial dynamics
are known to mediate synapse formation and partner choice (Kiral et al., 2020; Ozel et al.,
2019). Lower developmental temperatures slow filopodial dynamics but prolong the overall
developmental period, likely extending filopodial lifetimes and the total time available for
exploratory contacts, thereby increasing the probability of synapse formation. Conversely,
higher temperatures accelerate dynamics but shorten the developmental window, reducing the
total opportunity for filopodia to sample partners and stabilizing fewer synaptic contacts. (Kiral

etal., 2021).

Collectively, these studies indicate that while individual neural components are sensitive to
temperature, developmental temperature can nonetheless shape both robust and flexible

features of brain architecture and function. In insects, temperature impacts brain development
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during metamorphosis, a period marked by extensive neural growth and large-scale circuit
reorganization. However, several key questions remain unresolved. Does developmental
temperature influence the wiring of other neural circuits, such as the olfactory system? What
are the functional consequences of temperature-dependent changes in circuit connectivity? Can
alterations in circuit architecture account for observed differences in neural processing? And

finally, why is there more connectivity?

In this dissertation, I use the fruit fly, Drosophila melanogaster, as a model to dissect how
developmental temperature during pupa metamorphosis shapes the assembly and function of
the olfactory system. To provide the necessary context for this work, the following section
introduces the organization of Drosophila’s olfactory system, focusing on the circuit

architecture and its development.
3.7 Drosophila’s olfactory system

D. melanogaster’s olfactory system contains two sensory organs (antennae and maxillary palp)
innervated by the olfactory receptor neurons (ORNs) (Bruyne et al., 1999). ORNs dendrites are
housed in protrusions called sensilla, which are divided into three morphologically distinct
categories: trichoid, coeloconic, and basiconic sensilla (Stocker, 1994). In those organs,
odorants bind odorant receptors (ORs), expressed in the ORNs. Each ORN type expresses a
single OR gene — which specifies the odor tuning of the neuron — in combination with the
odorant co-receptor, Orco. The functional receptor consists of a heterodimeric complex of a
specific odorant receptor protein and Orco (Benton et al., 2006; Neuhaus et al., 2005; Vosshall
et al., 2000).

In the brain, ORNSs innervate the antennal lobe (AL), the first odor processing center of the
insect brain. The AL is organized into approximately 50 compartments, called glomeruli. ORNs
expressing the same OR project to the same glomerulus in the antennal lobe (AL) (Vosshall et
al., 2000). ORNs make excitatory synapses with secondary order neurons — projection neurons
(PNs) (Fig. 5). Depending on how many glomeruli they innervate, PNs can be either
uniglomerular (uPNs) or multiglomerular (mPNs) (Liang et al., 2013; Stocker et al., 1990;
Strutz et al., 2014; Tanaka et al., 2004, 2012). Therefore, uPNs are postsynaptic to only one
glomerulus (and therefore to only one ORN type) and mPNs are postsynaptic to many ORN
types. Glomeruli are also interconnected by local neurons (LNs), which are mostly inhibitory,

releasing the neurotransmitter y-aminobutyric acid (GABA) (Chou et al., 2010).
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Figure 5. Schematics of the olfactory system in the Drosophila melanogaster brain. In grey:
3D projection of the nc82 stained female brain, from (Bogovic et al., 2020). Colored circles in
the left half of the brain indicate main neuropiles related to the olfactory system: antennal lobe,
mushroom body (MB) calyx and Lateral Horn. Neurons drawn represent the main neuron types
in the olfactory system. Olfactory receptor neurons (ORNSs) in black project to one glomerulus,
innervating both ipsi- and contralateral antennal lobes. Local neurons (LNs) in black, innervate
many glomeruli and are mostly inhibitory. Projection neurons are depicted separatly as
uniglomerular projection neurons (uPN, in dark blue) and multiglomerular projection neurons
(mPN, in dark pink). All those neurons have their cell bodies positioned surrounding the AL,
which is a reflect of their neuroblast. uPNs project to the lateral horn via the medial antennal
lobe tract (mALT) while mPNs use the medial lateral antennal lobe tract (mlALT). uPNs and
mPNs connect to lateral horn neurons (LHNs), which are depicted in yellow. uPNs also connect

to mushroom body intrinsic cells (Kenyon Cells) — not shown.

ORNSs provide the major source of excitation to PNs. PNs are the main output from the AL,
their combinatorial activity encodes odor identity and intensity, and this information is sent to
higher brain areas. PNs can project to these higher brain areas through three antennal lobe tracts
(ALT): the medial, medial lateral, and lateral ALT (Tanaka et al., 2012). PNs that project
through the medial antennal lobe tract (mALT ) are usually uniglomerular and excitatory, while
the ones projecting via the medial lateral antennal lobe tract (mIALT) are mostly
multiglomerular and inhibitory (Tanaka et al., 2012). Almost half of the glomeruli rely on only

one uPN to transfer olfactory information to higher brain areas (Schlegel et al., 2021).
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Projection neurons arise from different lineages, which determines by the cell body position in
relation to the antennal lobe. PN numbers, identity, and birth sequence are consistent and
predictable across and within individuals. PNs can originate from the antero-dorsal, lateral, or
ventral lineages. The antero-dorsal PN lineage (adPN) generates PNs that are born in the
embryo phase (17 neurons) and in the larval phase (22 neurons). The differentiation of the adPN
line generates notch high and notch low siblings. The notch high is always apoptotic, and the
notch low is always a PN (34 uPNs and 5 mPNs). The lateral PN lineage (IPN) are born during
the larval phase only. The notch high sibling is a local interneuron (around 80 cells), with four
different classes. The notch low is always a PN (~100, 48 types) englobing three olfactory PN
classes but also auditory and subesophageal PN classes. The ventral PN lineage (vPNs) arise
from the ventral neuroblast and, like the IPN lineage, produce a mixed lineage comprising both

PNs and local interneurons (LNs) (Lai et al., 2008; Lin et al., 2012).

PNs are crucial for antennal lobe formation, determining glomeruli position (Jefferis et al.,
2004; Sakuma et al., 2014). Coarse PN dendrite positioning is controlled by a Sema-2a/2b to
Sema-la gradient, whereas Capricious and Tartan act as glomerulus-specific recognition
molecules (Hong et al., 2009; Sakuma et al., 2014; Sweeney et al., 2011). Furthermore, precise
ORN-PN partner matching is mediated by Teneurins and Dscam (Hong et al., 2012; Sakuma et
al., 2014; Zhu et al., 2006).

Projection neurons (PNs) relay glomerulus-specific odor information from the antennal lobe to
two main neuropiles: the mushroom body — involved in learning and memory (Heisenberg et
al., 1985) — and the lateral horn (LH) — which supports innate behavior (Jefferis et al., 2001;
Marin et al., 2002; Wong et al., 2002).

In the mushroom body, PNs synapse onto its intrinsic neurons, the Kenyon cells (KCs) (Couto
et al., 2005). Each KC samples input from a small, random subset of PNs, such that partner
choice is combinatorial (Caron et al., 2013). This random connectivity allows an odor stimulus
to be projected into an even higher-dimensional space (Luo et al., 2010) such that more precise
associations can be established between an odor stimulus and a reinforcement or a context. This
architecture positions the mushroom body as a core neuropil for associative odor learning and
state-dependent modulation of odor-guided behavior (Aso et al., 2014; Devineni & Scaplen,

2021).

By contrast the lateral horn (LH) is associated with innate olfactory behavior (de Belle &

Heisenberg, 1994; Heimbeck et al., 2001), as attraction to food-related cues, avoidance of
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harmful volatiles, and pheromone-evoked courtship or aggression (Dolan et al., 2019; Frechter

etal., 2019; Strutz et al., 2014).

Consistent with the idea that ‘hardwired’ neural pathways underly these innate behaviors, the
axonal trajectory of each PN type is highly stereotyped across individuals, targeting specific
subregions of the LH (Jefferis et al., 2007; Marin et al., 2002; Wong et al., 2002). On average,
a single lateral horn neuron (LHN) receives excitatory input from ~ 6-7 PNs (Bates et al., 2020;
Jeanne et al., 2018). In general, LHNSs receive input from sparse and stereotyped combinations
of glomeruli that are co-activated by particular odors and certain combinations of glomeruli
seem to be over-represented (Fisek & Wilson, 2014; Jeanne et al., 2018; Luo et al., 2010;
Schlegel et al., 2021). However, it is still not clear weather PN-LHNs across individuals is
random — as in the PN-KCs in the MB —, stereotypic — in line with the anatomical projections

—, or if it PN-LHNs connections lays halfway.

The LH circuit anatomical and physiological characterization are not as advanced as other
neuropiles due to lack of neuron-specific and sparce transgenic lines. This has been overcome
recently with the creation of over 2400 lines that target 89 different LHN cell types (Dolan et
al., 2019). Those allowed substantial progress in the field, as the division of LHNs into LH
local neurons (LHLNs) and LH output neurons (LHONSs) (Dolan et al., 2019; Frechter et al.,
2019), and cell-type specific circuit mapping.

Those tools allowed studies that shed light into PN-LHN connections, which exhibit higher
variability and complexity than previously thought. Using the presynaptic labeling tool
BAcTrace, Cachero and colleagues revealed substantial variability in synaptic connectivity
across and within individuals. The lateral horn neuron AV1al receives input from different sets
of glomeruli across animals and even between hemispheres, indicating that projection neurons
do not form strictly stereotyped synaptic partnerships with LH neurons (Cachero et al., 2020).
This observation raises the possibility that PN-LHN connectivity is not hard-wired, but instead
variable. Whether such variability contributes to evolutionary fitness, functional flexibility, or

reflects developmental noise remains an open and testable question.
3.8 Aims of this dissertation

Despite extensive work on how developmental temperature shapes neuronal growth and

connectivity, it remains unclear how these effects influence the wiring and function of olfactory
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circuits in Drosophila. In particular, how temperature-dependent alterations in neuronal growth

translate into changes in circuit wiring and function remains poorly understood.

This work examines the effects of temperature on a defined developmental window in
Drosophila melanogaster: the pupal stage. Because the pupa is a closed, non-feeding, and
immobile system, temperature manipulations can be applied with precise temporal control. This
approach allows us to probe fundamental principles of developmental organization in

ectotherms, revealing how nervous systems are shaped by environmental temperatures.

In specific, I aim to address four central questions: (1) how developmental temperature
influences ORN and PN wiring along the olfactory pathway; (2) whether these wiring changes
impact olfactory processing; (3) how changes in wiring and biophysical properties due to
temperature can be mechanistically linked; and (4) which developmental and molecular
pathways, including transcriptional and hormonal regulation, mediate these temperature effects

on neural circuits.
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4 Materials and Methods

4.1 Experimental model and fly husbandry

To investigate how developmental temperature affects olfactory circuit assembly and function,

I used Drosophila melanogaster as a model organism. Flies were raised on standard molasses-

based food at 65% relative humidity under a 12:12 hour light-dark cycle. All flies were kept at

25°C, except during pupa development. Flies were placed at different temperatures (12°, 18°,

25°, and 31°C depending on the experiment) between the third-instar larva stage (L3) and the

end of metamorphosis. Since the length of pupa stage varies with temperature, the end of

metamorphosis (therefore adult eclosion) was defined as 100% of development. Fly genotypes

are described below (Table 1).

Table 1. Fly strains used in this work, separated by used name, full genotype and figure in

which it appears.

Name

Genotype

Figure

Or42b > trans-Tango

w+, UAS-myrGFP.QUAS-mtdTomato-3xHA;
trans-Tango / CyO ; Or42b-Gal4 / +

Fig. 6, Fig. 10D, Fig. 11

Or42b > trans-Tango w+ 10x QUAS-GCaMPé6s, trans-Tango / UAS- Fig.7

QUAS-GCaMPé6s CsChrimson; Or42b-Gal4 / +

Or42b > Brp™" GFP  ;+;UAS-BRP D3::GFP/Or42b-Gal4 Fig. 8

Or42b > mito-GFP +,; UAS-mito-HA-GFP,; Or42b-Gal4 Fig. 9

Or7a > trans-Tango  w+, UAS-myrGFP.QUAS-mtdTomato-3xHA, Fig. 10E
trans-Tango / Or7a-Gal4

Orl0a > trans-Tango w+, UAS-myrGFP.QUAS-mtdTomato-3xHA, Fig. 10F

trans-Tango / Orl0a-Gal4

isoD]

w+; ; (isoDI)

Fig. 12, Fig. 21-22, Fig.

24-31

GHI146 > GCaMPof

w+,; UAS-GCaMP6f/ GHI146-Gal4

Fig. 13, Fig. 20

Orco > GCaMP6f

w+,; UAS-GCampo6f/ +; orco-Gald / +

Fig. 13

MZ699 > GCaMPSf

w+t,; UAS-GCaMP8f/+; MZ699-Gal4/+

Fig. 14
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PD2al > retro-Tango yw+ QUAS-mtdTomato-3xHA, retro-Tango/+,; Fig. 15
10xUAS-retro-Tango/ R48F03-p65AD;
R37G11-Gal4DBD / +

PD2al/bl > BacTrace w+, QUAS-mtdTomato,UAS-CD2/+; Syb::GFP, Fig. 16B,C
VT033006-LexAp63, LexAop-minQf-noV35-
minSNAP25-HIVNES-Syntaxin/R48F03-p65AD;
UASI-B3R.PEST,B3RT-B2B3RT-

HBMBoNTa2xGFPnb, QUAS-mtdTomato::HA /
R37G11-Gal4DBD

ADIcl > BacTrace w+, QUAS-mtdTomato, UAS-CD2/+; Syb::GFP, Fig. 16E
VT033006-LexAp63, LexAop-minQf-noV35-
minSNAP25-HIVNES-Syntaxin/R55C09-GAL4;
UASI-B3R.PEST,B3RT-B2B3RT-

HBMBoNTa2xGFPnb, QUAS-mtdTomato::HA /
+

AV4al > BacTrace w+, QUAS-mtdTomato,UAS-CD2/+; Syb.:GFP, Fig. 16D
VT033006-LexAp63, LexAop-minQf-noV35-
minSNAP25-HIVNES-Syntaxin/ R34C08-
p65.AD; UASI-B3R.PEST,B3RT-B2B3RT-
HBMBoNTa2xGFPnb, QUAS-mtdTomato::HA /
R22C12-GAL4DBD)

PD2al/bl> w+; UAS-GCaMPG6f/ R48F03-p65AD ; R37G11- Fig. 17
GCaMP6f Gal4DBD / +

4.2 Immunohistochemistry and confocal imaging

Female flies (9 to 11 days after eclosion, unless stated otherwise) were anesthetized with ice
and briefly immersed in 70% ethanol. Flies were dissected on cold phosphate-buffered saline
(PBS) for no longer than 20 minutes and fixated for 50 minutes in 2% paraformaldehyde
(Polysciences, diluted in PBS) while rotating at room temperature. Pupa brains were fixated
similarly in 4% paraformaldehyde. All subsequent incubations and washes were performed
under rotation and protected from light. Brains were washed three times in PBT (PBS with
0.5% Triton X-100, Roth) for 15 minutes and then blocked for 1 hour in 5% normal goat serum
(Thermo Fisher Scientific, in 0.3% PBT). Samples were incubated in a primary anti-body
mixture (chicken anti-GFP 1:1000 and mouse anti-nc82 1:25 for all samples, rabbit anti-DsRed
1:500 when indicated) for 48 hours at 4°C, then washed in PBT (3 washes of 15 minutes) and

incubated in secondary antibody mix (goat anti- chicken Alexa Fluor 488 and donkey anti-
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mouse Alexa Fluor 647 for all samples, donkey anti-rabbit Alexa Fluor 568 when indicated, all
at 1:200) for 48 hours at 4°C. Last, brains were washed three times in PBT and mounted in

VectaShield (Biozol).

Brains were imaged using a Leica SP8 confocal microscope with 20x%, 40%, or 63% objectives,
depending on the experiment. Images for segmentation and quantification were acquired with
63x objectives. For cell body counting, acquired images were annotated manually by Pascal
Zifle using Fiji's cell counter plugin. Cell body numbers were classified according to the
position around the AL: dorsal, lateral, or ventrolateral (including both ventrolateral and ventral
clusters). Pascal Ziifle performed either the dissection, staining or image acquisition for almost

all experiments.

4.2.1 Image segmentation and quantification

4.2.1.1 Brp, nc82 and mito-GFP analysis

For both BrpS"™, nc82 and mito-GFP quantification across temperatures, the same process was
employed. Confocal images of individual DM1 glomeruli were processed using a custom code
in python, with the package pyclesperanto (https://github.com/clEsperanto). Images contained

Short

a Brp>™™ and nc82 channel. Both channels were pre-processed using Gaussian Blur (o = 1.0)

and a top-hat box filter (kernel = 20 x 20 x 1). DM1-ORNs mask were generated from the

Shert channel, by applying Voronoi Otsu Labeling and then merging the touching labels. For

Brp
the whole DM1 glomerulus mask, the DM 1-ORN volume was closed using the function closing
labels. Single nc82 puncta were labeled by Voronoi Otsu Labeling and restricted to the DM1
glomerulus mask using binary filter. The volume and mean fluorescence intensity of labeled

regions were quantified using the statistics _of labeled pixels function in pyclesperanto.

4.2.1.2 Retro-Tango quantification

Retro-Tango confocal stacks were processed using a custom python script. For each AL, a
manual mask was done to delimit the region of interest and crop the original images.
Presynaptic neurons were preprocessed by applying Gaussian Blur (¢ = 1.0) followed by top
hat box (kernel = 10 x 10 x 1). Presynaptic neurons were segmented using Gauss-Otsu
thresholding. Volumes of labeled regions were quantified using the statistics of labeled pixels

function in pyclesperanto
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4.3 Behavioral experiments

4.3.1 Spherical treadmill.

Experiments were conducted at 32°C in a closed custom arena by Néincy Benjamin with
assistance of Constantin Miiller. The spherical treadmill consisted of a 15mm diameter
polyurethane foam sphere (FR-7120 foam, General Plastics) floating on an air-column. The
sphere was coated with two layers of classic wood glue (Ponal, 25% in water) and then a random
non-uniform pattern was drawn using two layers of acrylic black paint (Black 3.0, Culture
Hustle). All coats of paint were allowed to dry overnight. The odor delivery system was similar
to the one described above for in vivo calcium imaging experiments, but with a differing airflow
rate controlled by Alicat Scientific MFCs. Continuous clean airflow was 90 mL/min and both
the odor and balancer airflows were 10 mL/min. Videos were acquired with a XIMEA xiQ
video camera, placed 10cm from the treadmill. The treadmill ball was illuminated by a panel
of 940nm LEDs (Solarox) and an extra LED on the air-column was visible in the video and

turned on simultaneously to the odor stimulus to trigger the data.

4.3.1.1 Experimental protocol

For experiments, 9-10 days old female flies were cold anesthetized and secured to a needle at
their thorax on the dorsal side using a UV-hardening glue (Bondic) and positioned on the sphere
with the help of a 3D micromanipulator. Before recording, flies were acclimatized to walking
on the sphere for 10-15 minutes with no stimulus presented. Subsequently, video recording and
the odor stimulation were started. Videos were acquired using the XIMEA CamTool software
(exposure: 10,725ms, gain: 2,6Db, framerate: 80fps). The odor stimulation was controlled
through MATLAB by an Arduino UNO Rev3 and consisted of at least 19 repetitions of 5s long

odor stimuli and 20s-long interval without odor.

4.3.1.2 Video processing and analysis

Fly moving speed was calculated a posteriori from the video recordings using the open-source
software library FicTrac (Moore et al., 2014) which provided direction and walking speed of
the animal for each frame in the video. The video recordings were also analyzed in MATLAB
to extract the stimulus trigger from the LED placed in the field of view. Finally, the output data

from FicTrac and the timepoints obtained from the video were analyzed in MATLAB so that
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the moving speed during and outside odor presentation could be quantified. Flies that had a

basal walking speed lower than 2mm/s were discarded.

4.3.2 Free-walking assay.

A free walking area was contained in a thermally controlled black box (100x45cmx45cm)
shielded from room light, fully closed with a frontal door, and equipped with a heating system
and thermostat (H-TRONIC GmbH, Product ID: 1114430). The box was heated up by an air
stream created by a fan and homogeneously distributed by a diffuser. A blue LED stripe (470nm,
Paulmann Licht GmbH, Product ID: 78979) was positioned around the walking arena to ensure
stable illumination during experiments. Videos were recorded with a Basler Camera (Basler
acA2040-90um) placed on the ceiling of the box and equipped with f12mm lens (Basler C10-
1214-2M-S), using Pylon viewer (64-Bit, 6.3.0.10295). The walking arena had 40.2 cm
diameter and 2 cm height and was composed of four stacked layers and three overlapping plates
(glass or plexiglass). The bottom layer contained six holes, arranged at the corners of a hexagon,
where 1.5mL glass vials (Fisherbrand 11565874) containing the test odor could be screwed in.
On top of this, a Teflon® coated porous sheet (FIBERFLON GmbH & Co. KG, Product ID:
408.07 P) provides a walking surface for the flies hiding the odor location. The mid arena layer
consists in a sloped (at 11°, 5 cm length) ring that defines the accessible walking area. To seal
the walking arena, we used a glass plate coated with Sigmacote® (Sigma-Aldrich Co.) to
prevent fly walking upside-down. This behavioral setup was built by the workshop of the

Biology Department at Johannes Gutenberg Universitit Mainz.

4.3.2.1 Experimental protocol

Female flies developed at 18°C or 25°C, 5-7 days post eclosion were tested by Giovanni D’Uva,
Christian Daniel with assistance of Polina Krasnova. One hour before the experiment, flies
were transferred into a vial with only a small piece of filter paper soaked in water and kept at
room temperature. For experiments carried at 32°C, the fly vials were incubated for 15 minutes
in a 32°C water bath. To create an odor gradient inside the arena, five minutes before the start
of each experiment, a 1.5mL glass vial containing ImL of test odor was placed in one of the
six possible odor positions in the behavioral setup. For each trial, a fresh odor vial was used,
and the position was pseudo-randomized. Each trial consisted of 10-15 female flies exposed to
either apple cider vinegar (102 in MilliQ water), 2-butanone (1072 in mineral oil), or tested with

empty vials. Flies were gently pushed inside the arena using a custom fly transfer tube and the
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recording was immediately started. All experimental videos were recorded at 20 fps for 15
minutes and saved in mp4 format. At the end of each trial, the flies were removed and discarded.
The initial condition was restored by removing the odor vial and the cover glass plate, replacing

the Teflon® sheet with a clean one, and letting the whole system ventilate for 5 minutes.

4.3.2.2 Video processing and analysis

All required steps to pre-process the raw videos were done using the Python 3.9.12 distribution
ANACONDA (Version 4.13.0), by Giovanni D’Uva and Christian Daniel. Scripts were
written using Virtual Studio Code (Version 1.81.1). Recorded mp4 videos were processed and
the video was tracked with the software TRex (Version 1.1.8.3) (Tristan Walter & lain D
Couzin, 2021). The output files were analyzed using custom Python and MATLAB scripts. A
threshold of Scm was chosen to determine if the fly had located the odor source, variations of
this threshold do not alter the results. Odor occupancy was calculated as the integral under the

curve in the first 7 minutes, being 1 if all flies spend 100% of the time at the odor.

4.4 In vivo calcium imaging

Flies were developed at either 18°C or 25°C during pupa stage. At 9-11 days post eclosion,
flies were anesthetized on ice and mounted on a custom holder using UV-cured glue (Bondic).
Saline solution (5SmM Hepes, 130 mM NaCl, 5SmM KCl, 2 mM MgCI2, 2mM CaCl2, 36 mM
Saccharose — pH 7.3) was added. The cuticle covering the fly's head, as well as obstructing
trachea, were removed. Functional imaging was performed using an Investigator two-photon
microscope (Bruker) coupled to a tunable laser (Spectraphysics Insight DS+) with a 25X/1.1
water-immersion objective (Nikon). The laser was tuned to 920 nm, with power kept below 20
mW at the specimen plane. Emitted light passed through a SP680 short-pass filter, a 560 lpxr
dichroic filter and a 525/70 filter. PMT gain was set to 850 V. The microscope was controlled
with the PrairieView (5.4) software. Ana Sofia de Castro Brandao collected 2photon Imaging
data for all GH146-Gal4 > UAS-GCamp6s experiments, and helped in the collection of data
for Orco-Gal4 > UAS-GCampb6s experiments.

4.4.1 Optogenetics.

For optogenetic activation, light from a 625nm LED was directed using an optic fiber to the

fly's antenna. The LED was synchronized with the imaging software via an Arduino interface,
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enabling simultaneous image acquisition and light stimulation. The light stimulus protocol
consisted of 5s series of light pulses, presented 5 times with intervals of 30s. Stimulus intensity

was measured at the fly position with this protocol.

4.4.2 Odor delivery.

Flies were exposed to a continuous clean air airflow (1L/min), in which either an odor stream
(100mL/min) or a clean balancer airflow (100 mL/min) was redirected through a solenoid valve
(LEE), so that the final airflow reaching the fly was 1.1L/min. For creating the gas dilutions,
four mass flow controllers were used (Analyt-MTC) and controlled using a custom MATLAB
(MathWorks) script and an Arduino board. Odors were prepared as a SmL 10 volumetric
dilution in 20mL glass vials (2-butanone and benzaldehyde in mineral oil, apple cider vinegar
in MiliQ Water). The final volumetric gas dilution used was 107. Odor stimulation consisted

of three repetitions of a 5 seconds, with 30 seconds intervals in between.

4.5 Connectome analysis

The Hemibrain dataset (hemibrain:v.1.2.1) was used for connectome analysis. For the DM1
glomerulus, we considered all synapses from the Or42b-ORNs of the left and right antenna
within the glomerulus of the right hemisphere, which were selected by clustering the synapses
based on their 3D coordinates. The analysis was restricted to synapses of the right hemisphere,
as postsynaptic partners are fully reconstructed only on this side. We calculated the number of
synapses between each individual ORN and each individual post-synaptic neuron. Connections
with less than 3 synapses from a single ORN were discarded. Moreover, postsynaptic neurons
that received less than 10 total synapses were discarded. The number of synapses was
normalized to the total number for this ORN type. Postsynaptic neurons were sorted based on
the number of synaptic inputs they receive. The same procedure was used for DL1 and DLS.
The percentages of LNs and mPNs are lower bounds, as calculated from the available

annotations.

4.6 [Ecdysteroids quantification

For ecdysteroids quantification, all flies (isoD1) where kept at 25°C until white pre pupae (PO).

Pupa at PO were identified, added to a clean food vial and then then transferred to the
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experimental temperature (12°C, 18°C, 25°C or 31°C) until its respective developmental time
(Table 2). Six developmental percentages were selected — 20, 35, 50, 65, 80 and 95% of
development, in each of the four tested temperatures. Developmental percentage was calculated
as having the eclosion time as 100% and the PO collection as 0%. Each sample was collected
in six replicates (each with n = 10 animals). At the correct developmental time, pupa were flash

frozen using liquid nitrogen and stored at -80°C until until extraction.

Table 2. Summary of duration of development percentages across temperatures. Separated by
different temperatures, considering the correspondent pupa development (0% being white
prepupa, and 100% eclosion). Time after PO indicate how many ours each sample was kept at

the correspondent temperature until being processed.

Developmental Pupa Time after PO
temperature development (hours)
12°C 20% 103
12°C 35% 181
12°C 50% 258
12°C 65% 335
12°C 80% 413
12°C 95% 490
18°C 20% 43
18°C 35% 76
18°C 50% 108
18°C 65% 140
18°C 80% 173
18°C 95% 205
25°C 20% 19
25°C 35% 34
25°C 50% 48
25°C 65% 62
25°C 80% 77
25°C 95% 91
31°C 20% 17
31°C 35% 29
31°C 50% 42
31°C 65% 55
31°C 80% 67
31°C 95% 80
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Tissue extraction and LCMS-MS was performed using an adapted protocol from (Lavrynenko
et al., 2015), as following. Frozen pupae were homogenized with a pestle in 200 uL of cold
100% methanol containing 0.5 pmol Muristerone A as an internal standard. The pestle was
rinsed with additional 800 pL of the solution. Samples were vortexed and kept rotating
overnight at 4°C. For a first methanol extraction, samples were centrifuged (20xg for 15
minutes at 4°C), and the supernatant was collected. The pellet was resuspended in 100%
methanol, vortexed and kept rotating for 40 minutes. Samples were centrifuged and
resuspended two more times, with all supernatants combined into a glass vial and dried using
liquid nitrogen. For a hexane/methanol extraction, samples were resuspended in 3mL of
methanol, vortexed, and 3mL of hexane was added. After 20 minutes the lower fraction was
transferred into a glass vial. This process was repeated one more time and the lower fractions
combined. The solvent was evaporated under liquid nitrogen. Finally, ecdysteroids were
purified and concentrated from the extract using a solid-phase extraction using a 96-wells C18
endcapped Chromabond column (Macherey Nagel. #738011.100M). The columns were pre-
washed using 100% methanol followed by 70% methanol. Samples were resuspended in 70%
methanol and added to the columns. The flowthrough was collected and dried using liquid
nitrogen. Samples were then resuspended in 30uL. of methanol 70% and kept at -20°C until
further processing.

Targeted metabolite analysis was done with assistance of Dr. Martin Schiifer (Xu Lab, iomE)
by Liquid Chromatography Tandem Mass-Spectrometry (LC-MS/MS). Before injection, all
samples were centrifuged at 4500 rpm at 4°C for 15 minutes. Mass spectrometry was performed
in a triple quadrupole mass spectrometer LCMS-8060 (Shimadzu) for all samples. Peaks from
all molecules were integrated with LabSolution Insight Version 4.0 SP6 (Shimadzu). The
amount of 20-hydroxyecdysone and Makisterone A were calculated by normalizing the area
under the curve (AUC) of the selected fragment ion (Table 3) by the AUC of the standard’s

selected fragment ion, Muristerone A.
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Table 3. Molecules quantified by LC-MS/MS, with precursor and fragment ion. Bold indicates

the quantified fragment ion.

Precursor ion, Fragment ion,
Molecule
m/z m/z

371.29

20- 445.20
481.32
hydroxyecdysone 165.30
427.15
371.10
357.05
179.15
441.30
425.25
443.10
279.10

309.20

Makisterone A 495.33

Muristerone A 497.31

4.7 RT-qPCR assays

4.7.1 Total RNA extraction

Total RNA was extracted using TRIzol (Invitrogen) following the manufacture’s
recommendations. Each sample consisted of 10 pupae developed at 18°C or 25°C at five
developmental percentages: 25, 30, 40, 58 and 85% of pupa development. Pupa were collected,
kept at the correct temperature until the correct time. The tissue was then macerated using a
pestle and 500 uL. of TRIzol. Samples were vortexed for 1 minute and kept at -80°C until all

samples were ready for the next step.

Samples were vortexed and centrifuged (12,000 x g, 10 min, 4 °C), followed by addition of 100
uL chloroform:isoamyl alcohol (24:1). Samples were again vortexed and left for 5 minutes at

room temperature to reach phase separation. The homogenate was again centrifuged for 10
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minutes to separate organic and aqueous phases. The upper aquous phase was transferred into
a new tube for DNAse treatment. DNAse treatment was done with DNAse and RNAse
inhibitors and incubated at 37°C for 30. RNA clean up was performed using RNeasy MinElute

Cleanup Kit (Qiagen) following manufactor instructions.

4.7.2 cDNA synthesis

For cDNA synthesis, 200ng of RNA of each sample were mixed to 50 uM Oligo(dT) 20 primer
and 10 mM dNTP mix and incubated for 5 minutes at 65°C. In addition cDNA synthesis mix
was added (RT buffer, 25 mM MgCI2, 0.1 M DTT, 40U RNAse Out and 200U SuperScript I11
RT). The mix was incubated for 50°C for 50 minutes, and the reaction was terminated at 85°C
for 5 minutes, cooled in ice. Afterwards, 1uL. of RNase H was added and incubated for 20

minutes at 37°C.

473 RT-qPCR

Gene expression was quantified by real-time quantitative PCR (RT-qPCR). Primers were
designed based on the genes sequence (FlyBase release B2023 05) and aligned against D.
melanogaster genome to verify there was no overlap with other regions. Primers were designed
by Giovanni D’Uva (except Rpl15, which was kindly provided by Simone Renner) (Table 4).

As an endogenous control, the gene for ribosomal-like protein 15 (Rpl15) were used.

qPCR reactions were done simultaneously for target genes and housekeeping genes (Rp/15) in
a 384-well plate, with n = 3 per group and technical triplicates. For each reaction consisted of
10uL. ORA TM gPCR Mix, 200 nM of each primer pair, 20ng of cDNA template and MiliQ
water to complete 20uL. The PCR reaction was carried out in a QuantStudio 5 Real-Time PCR
System (Thermo) provided by the IMB Equipment Core Facility as follows: initial denaturation
95°C for 2 minutes, denaturation 40 cycles (95°C for 5 seconds) and annealing / extension 40

cycles (60°C for 30 seconds).

Cycle threshold (CT) values were determined automatically by QuantStudio 5 software as the
first cycle showing a significant increase in fluorescence. CT values were used to calculate
target mMRNA expression in relation to the housekeeping gene (Rp/15). CT values were used for

quantification according to the Livak and Schmittgen method (Livak & Schmittgen, 2001),
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determined by 2"*2¢T where CT = cycle threshold, ACT = target gene CT — housekeeping gene
(Rpl15) CT, AACT = ACT of sample — ACT of normalizing sample.

Table 4. Primer sequence of the evaluated genes, containing Forward and Reverse strands for

each gene.

Gene Sense Primer Frleg)gl)ent
Blimp-I Forward GCAGTCGCAGTCGAAGTCGC 315
Reverse AGCGCGCCTTATTCTTATCATTGGG
Eip71CD Forward ACCACGCCCATCAAGAGGCA 301
Reverse TAAACTGCTCGATGCCGCCG
Eip75B Forward TGCGATCCAGAACGGAGCCA 300
Reverse TTCTCGGTGTGCAGGGTGCT
103 Forward CGGCGTGCATTACGGAGTGA 316
Reverse CGAGGGCGTCTGTGTGTCGTA
Nrv] Forward CGATGTGCCCTGCGATCACG 310
Reverse GGCTGGCGGGTGCGAAAATA
Forward CCGCAGTCCGAGCAGTTGGA
RhoGAPIOOF g o\ erse GCGAGGCCAACGTTTCCAGT 290
Liprin-alpha Forward TGGCCGAGCAGGAATGGGAA 301
Reverse CCGCGAGCCAGCAGGTTTAC
Brp Forward CGGTCCCCAACAGGCACAG 314
Reverse CGCCCCTGACCTTCTCCAACT
cac Forward CCGAGGTGAAAGGCGGTTCG 306
Reverse CGTTCCAATCTTCGCCAGTGAGG
Eip93F Forward CTTGAACTCTACAAGCTGCTGACCC 305
Reverse ACGGACTTCACATCGCCGCTAA
i1 Forward GCACGGGCGGTGTTATAGCC 311
Reverse GCCAGAATCGAAGCACAATTTCGAG
Eip63F Forward GGGCATAAACGTGAGTGACGAACT 296
Reverse GCTCGTTCAAGGGCTCCCCA
RpllS Forward AGGATGCACTTATGGCAAGC 137
Reverse GCGCAATCCAATACGAGTTC

4.8 Bulk RNA-seq

For bulk transcriptome during pupa development, flies were collected as described for
ecdysteroids quantification. Allflies (isoD1) where kept at 25°C until white pre pupae (PO).
Pupa at PO were identified, added to a clean food vial and then then transferred to the
experimental temperature (12°C, 18°C, 25°C or 31°C) until its respective developmental time
(Table 2). Six developmental percentages were selected — 20, 35, 50, 65, 80 and 95% of

development, in each of the four tested temperatures. Developmental percentage was calculated
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as having the eclosion time as 100% and the PO collection as 0%. Flies at L3 and PO stage — at
25°C, before changing temperature — were also added. Each sample was collected in triplicates
(each with n = 3 animals). At the correct developmental time, pupa were flash frozen using

liquid nitrogen and stored at -80°C until processing.

RNA extraction and sequencing were performed by Novogene following their in house protocol.
Preprocessing was done by Dr. Federico Marini (IMBEI), including read abundance

quantification — performed using Salmon (Patro et al., 2017).
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5 Results

In the following sections, I first present results describing how developmental temperature
affects ORN connectivity patterns within the AL (Section 5.1). I then examine the functional
consequences of these connectivity changes on olfactory processing within and downstream of
the AL (Section 5.2). Next, I introduce a model that integrates these findings with biophysical
principles to elucidate how temperature-dependent alterations in connectivity could arise during
development (Section 5.3). Finally, I explore the developmental and molecular mechanisms
underlying these effects, focusing on transcriptional changes revealed by RNA-seq and

hormonal regulation assessed through analytical chemistry (Section 5.4).
5.1 Developmental temperature shapes ORNs connectivity and synaptic

architecture

Developmental temperature impacts synaptic connectivity in Drosophila melanogaster, as
demonstrated by Kiral et al., 2021. In this study, lower developmental temperatures increased
the number of postsynaptic partners of photoreceptors and dorsal cluster neurons, and also
affected dendritic development of descending neurons and motor neurons (Kiral et al., 2021).

The inverse was found at flies developed at higher temperatures.

These findings raise a central question addressed in this present work: whether inverse scaling
of connectivity with temperature represents a general principle across sensory modalities and
circuit layers, or whether it manifests in circuit-specific manner. In this section, I examine if a
similar scaling occurs in the first layer of the olfactory system and assess its impact on the

circuits synaptic architecture.

5.1.1 ORN connectivity scales across developmental temperatures

To determine the effect of developmental temperature in synaptic connectivity in the olfactory
system, I used trans-Tango — a transsynaptic tracing tool (Talay et al., 2017). This tool enables
visualization of downstream neurons by expressing a reporter in postsynaptic cells and requires

only a Gal4 driver to targets the presynaptic population.
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I first evaluated postsynaptic partners of olfactory receptor neurons (ORNs) expressing the
Or42b odorant receptor, which innervate the glomerulus DMI1. In these experiments (Or42b-
Gal4 > UAS-trans-Tango), presynaptic neurons expressed the trans-Tango components
together with GFP, while postsynaptic partner neurons were labeled with dsRed (Fig. 6A° —
See Methods, Section 4.1 for all genotypes used).

Al = B 18°C

18C
- L 25C =,
’.'- "
N
D
10 days a8 25°C

number of cel bodles

Figure 6. Development at 18°C increases the number of postsynaptic partners of DM1-
ORN:Ss detected by trans-Tango. (A) Schematic of temperature manipulation. Flies were kept
during pupa stage at either 18 or 25°C. After eclosion, flies were kept at 25°C for 10 days before
experiments. (A’) Schematic of the trans-Tango system showing presynaptic Or42b-ORNs and
post-synaptic partners. dsRed is expressed the membrane of postsynaptic neurons, allowing
quantification of labeled cell bodies surrounding the antennal lobe (AL). (B-C) Representative
brains from flies Or42b-Gal4 > UAS-trans-Tango developed at 18°C (B) and 25°C (C), stained
for GFP (green, Or42b-Gal4), dsRed (red, postsynaptic neurons), and nc82 (blue, stains the
presynaptic protein Bruchpilot). Arrows indicate the medial lateral antennal lobe tract (mlALT).
Side panels show higher magnification of the LH and AL, where postsynaptic partners
innervate. (D) Quantification of dsRed-positive cell bodies for the left (L) and right (R) ALs of
flies developed at 18°C (blue) and 25°C (red). Flies reared at 18°C displayed more postsynaptic
partners (p < 1077, Kruskal-Wallis test, n = 10 per group).

To isolate the developmental effects of temperature, manipulations were restricted to the pupal
stage (18°C or 25°C, Fig. 6A), during which the fly does not feed or exhibit behavioral activity.

In all other stages, including the 10 days between eclosion and dissection, flies were maintained
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at the standard rearing temperature of 25°C. Data collection and analysis was performed by
Pascal Ziifle. This approach allowed us to visualize temperature-dependent differences in the

number and distribution of postsynaptic partners in the DM1 glomerulus.

Fly brains were dissected and stained using antibodies against GFP (labeling DM1-ORNS5s),
dsRed (labeling their postsynaptic partners) and nc82, which marks the neuropil structure by
staining the presynaptic protein bruchpilot (BRP) (See Methods, Section 4.2). Postsynaptic
partners were quantified by counting dsRed-positive cell bodies surrounding the antennal lobe

(AL), where all ORN target neurons are present.

Flies developed at 18°C displayed visibly denser postsynaptic labeling in both the AL and LH
compared to those developed at 25°C (Fig. 6B,C). Quantification of ds-Red positive cell bodies
confirmed this observation. Flies reared at 18°C presented approximately twice as many
postsynaptic partners as those reared at 25°C (Fig. 6D). This result indicates that lower
developmental temperature leads to an increase in the number of postsynaptic partners formed

by DM1-ORNs.

5.1.2 DMI1-ORNs partners reported by trans-Tango at 18°C are functionally connected

To determine whether the postsynaptic partners identified by trans-Tango are functionally
connected to DMI-ORNs, I adapted the system to combine optogenetic activation of
presynaptic neurons with calcium imaging in their postsynaptic partners. Specifically, DM1-
ORNSs expressed CsChrimson — a red-shifted, light-gated cation channel — while postsynaptic
neurons expressed GCaMP6s, a genetically encoded calcium indicator (Fig. 7A) (See Methods,
Section 4.4.1).

Three regions of interest (ROIs) were defined for imaging and analysis: the DM1 glomerulus,
adjacent glomeruli (referred as ‘rest of the AL’), and the medial lateral antennal lobe tract
(mlALT). To determine the appropriate stimulation intensity, increasing light (0.02, 0.05 and
0.1 mW/mm?) were tested while monitoring calcium transients in postsynaptic neurons in the
DMI1 ROI. Activity in this ROI mostly reflects the response from the uniglomerular DM1
projection neuron, which receives most of the ORNs input. In all intensities tested, calcium
response within the DM1 glomerulus were consistent across developmental temperatures (Fig.
7B,C), suggesting that either the uPN connectivity remains constant or that the uPN activity is

compensated by more inhibitory inputs.
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Figure 7. Postsynaptic partners of DM1-ORNs developed at 18°C are functionally
connected. (A) Schematics of the modified trans-Tango system, expressing CsChrimson in the
presynaptic DM1-ORNs and GCamp6s in their postsynaptic neurons. (B) Representative
calcium imaging responses from flies developed at 18°C and 25°C. Color gradient indicates
AF/F for each pixel. White outlines indicates the region of interest (ROIs) used for
quantification in the AL: the DM1 glomerulus and adjacent AL glomeruli. (C) Optogenetically
evoked calcium response to 0.05-0.1 mW/mm? light stimulation in the DM1 glomerulus. (D)
Calcium responses to 0.05 mW/mm? light stimulation quantified in adjacent AL glomeruli and
the medial lateral antennal lobe tract (mlALT). (E) Boxplot showing mean AF/F during the 9 s
following stimulus onset (0.05mW/mm?2). Significant differences were observed in the AL (p
= 0.02, Kruskal-Wallis test, n =4 at 18°C; n =7 at 25°C) and in the mlALT (p=0.01,n=4 at
18°C; n=7 at 25°C)

For subsequent experiments, a 0.05 mW/mm? stimulus was used. Upon red light stimulation,
flies developed at 18°C exhibited larger calcium transients than those developed at 25°C in both
the surrounding AL and the mlALT (Fig. 7D,E). This pattern is consistent with more
postsynaptic neurons receiving functional input from the DM1-ORNs at the 18°C. A higher
response in the AL could indicate the recruitment of either more local neurons or
multiglomerular projection neurons. A higher response in the mlALT suggests an increase of
activity and connection from ORNSs to multiglomerular inhibitory PNs, that project to the LH
through this tract (Tanaka et al., 2012; Wang et al., 2014). This is in agreement with notably
more postsynaptic neurons in this tract at 18°C (Fig. 6B,C). Therefore, these results suggest
that the increase in postsynaptic partners observed anatomically corresponds to an increase in

functional connectivity.
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5.1.3 DMI1-ORNs present more active synaptic zones when developed at 18°C

The increase in functional partners observed could result either from a greater number of
presynaptic active zones, a redistribution of synapses across postsynaptic partners, or a
combination of both. To determine whether the number of active zones increased, I analysed
data collected by Pascal Ziifle, in which he expressed BRP-short®"? (Chen et al., 2014) in DM1-
ORNSs (Or42b-Gal4 > UAS-BRP-shortS™), providing a readout of presynaptic sites specifically
within these neurons (See Methods, Section 4.2). However, the BRP-short" seemed blobby
and did not look like resembling real synapse size, and therefore we decided to stain and
quantify endogenous BRP. The endogenous BRP (nc82) was stained using anti-nc82. This
allowed us to also quantify synapses in the whole DM1 glomeruli and separate ORN synapses

from other neuron types present in the neuropil (LNs and PNs).

Using a custom Python script and the pyclesperanto package, confocal images of the DM1
glomerulus were pre-processed, segmented and analyzed for synaptic quantification. The
expression of BRP-short“f* in DM1-ORNs was used to generate a 3D mask delineating the
neuronal volume (Fig. 8A). The total volume of DM1-ORNs innervation did not differ across
developmental temperatures (Fig. 8B). Within this mask — corresponding to DM 1-ORNs axons
— I quantified individual nc82-labeled puncta. Both the number, average size and intensity of
nc82 puncta was significantly higher in flies developed at 18°C compared with those developed

at 25°C (Fig. 8C,D).
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Figure 8. Or42h-ORNs display more and bigger synapses when developed at 18°C. (A) 3D
representation (left to right) of DM1-ORNSs expressing BRP-short®? (Or42b-Gald > UAS-
BRP-short“?) in flies developed at 18°C (top) and 25°C (bottom); the corresponding binary
mask delimiting DM1-ORNs volume; and segmented representations of endogenous nc82
(grey) and nc82 limited to the DM1 mask (blue and yellow). (B) Total volume of presynaptic

DMI1-ORNs is unchanged across developmental temperatures. Quantification of segmented
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BRP-short®" mean fluorescence intensity. (C) Quantification of segmented endogenous nc82
puncta fluorescence intensity measured within the DM1-ORN mask (defined from the BRP-
short“*? expression on DM1 ORNSs) and within the DM1 glomerular volume (defined as the
expansion of the DM1-ORN mask). (D) Number of nc82 puncta within the DM1-ORN mask
and their average volume. Error bars indicate SEM. Statistical significance was determined
using the Kruskal-Wallis test (* indicates p <0.05, ** p <1072, *** p <[ (3, ###** p <10, n =
16 hemibrains at 18°C; n =25 at 25°C).

To assess whether this effect extended beyond DM1-ORNs, the initial mask was further
expanded to approximate the entire DMI1 glomerular volume. Using this volume, the
endogenous BRP (nc82) signal in the whole DMI1 glomerulus was used for puncta
quantification. A similar increase in puncta intensity was in the presynaptic active zones of flies
developed at 18°C both within DM1 glomeruli and within DM1-ORNs (Fig. 8D). Due to the
spatial resolution of confocal microscopy, the larger puncta may reflect aggregates of multiple
active zones that cannot be resolved. However, puncta quantification remain comparable across

experimental conditions.

These findings demonstrate that a lower developmental temperature leads to an increase in both
the number and size of presynaptic active zones in the first layer of the olfactory system. This
is consistent with findings in DCN neurons, which present more BRP puncta when flies are

developed at lower temperatures (Kiral et al., 2021).

5.1.4 DMI1-ORNs present more mitochondria when developed at 18°C

The increased number and size of presynaptic active zones at lower developmental
temperatures could cause a higher energetic demand for those neurons. Therefore, I next
examined whether this structural change was accompanied by differences in mitochondrial
abundance within DM1-ORNSs (Fig. 9A). For that, I analyzed images acquired by Pascal Ziifle.
Mitochondria were visualized by expressing mito-GFP in DM1-ORNs (Or42b-Gal4 > UAS-
mito-GFP), and the number of mitochondrial structures was quantified using a similar method

for the BRP quantification (See Methods, Section 4.2.1).

Consistent with the increase in connectivity and synapse size and number, flies developed at
18 °C exhibited increased mitochondria numbers compared with those developed at 25 °C (Fig.

9B). This strong correlation between the number of active zones and mitochondrial content
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could suggest an enhanced energetic support for synaptic function at lower developmental
temperatures, potentially reflecting increased metabolic demands associated with greater
synaptic connectivity. However, both active zones and mitochondria are quantified after the
flies have been exposed to a common temperature (25°C) for 10 days after eclosion. Therefore
the higher number of mitochondria of flies developed at 18°C could also be due to an adaptation
response of those individuals to a new, higher temperature, in order to ‘keep up’ with

differences in mitochondrial activity or efficiency.
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Figure 9. DM1-ORNs contain more mitochondria when developed at 18 °C in comparison
to 25°C. (A) Representative images of DM 1-ORNs expressing mito-GFP (Or42b-Gal4 > UAS-
mito-GFP) in flies developed at 18 °C (top) and 25 °C (bottom). Left: three-dimensional
projection of mito-GFP fluorescence signal. Right: segmentation of mitochondrial volume used
for quantification. (B) Quantification of mitochondrial number across developmental
temperatures. Flies developed at 18 °C exhibit a significantly higher number of mitochondria

compared with those developed at 25 °C (P <0.0001, t-test. n= 14 at 18°C; n= 16 at 25°C).

Additionally, an increase in mitochondria number does not necessarily result in more ATP
production — for example when there is proton leak, and the protos migrate to the mitochondrial
matrix independent of ATP synthase, not producing ATP. Therefore, future works quantifying
not only the amount of mitochondria, but also its activity will be informative. Many techniques
might be used as proxy for mitochondrial function, as oxygen consumption measurements and
live imaging approaches using pyruvate or NAD+/NADH FRET sensors (Bulusu et al., 2017;
Hemalatha et al., 2025).

42



5.1.5 Connectivity of other ORNSs also scale with developmental temperature

To determine whether temperature-dependent connectivity changes are generalizable to other
glomeruli, we examined the connectivity of two other glomeruli. Following the same approach
described above, Pascal Ziifle used trans-Tango to investigate the effect of temperature in the
connectivity of Or7a and Orl0a ORNs, which target DL5 and DL1 glomeruli (See Methods,
Section 4.2).

These glomeruli have a similar synaptic distribution to DM1, as shown by an analysis of their
partners using the hemibrain connectome (Fig. 10A, see Methods, Section 4.5). We hypothesize
that the effect of developmental temperature in connectivity would follow the same magnitude
across the antennal lobe. In this case, the increase of partners across temperatures should be
comparable across glomeruli. Consistent with this, flies reared at 18 °C showed the same fold
change in postsynaptic partners across all three glomeruli compared to flies developed at 25 °C

(Fig. 10B).

We then examined the identity of the postsynaptic partners of these ORNs. Despite a similar
scaling, the identity of postsynaptic partners could vary across glomeruli — depending on the
available neurons within the glomerulus. As a starting point, we analyzed the connectome to
account for which neuron types are postsynaptic partners to DM 1, DL1 and DL5 ORNs at 25°C.
More mPNs innervate the DM1 glomerulus compared to DL1 or DLS5, which instead contain a

higher proportion of mostly inhibitory LNs (Fig. 10C).

To understand if this impacts the identity of postsynaptic partners when flies are raised at lower
temperatures, we used trans-Tango. To distinguish cell types in the trans-Tango data, we
separate the postsynaptic neurons by the position of their cell bodies surrounding the AL (cell
body clusters — dorsal, lateral and ventral) (Sakuma et al., 2014). In this case, cell body position
can be used as a proxy for cell type, as it reflects the neuroblast from which the cell originated.
Uniglomerular PNs originate from anterodorsal, lateral and ventral neuroblasts — which have
correspondent cell body location in relation to the AL (Jefferis et al., 2001). LNs are also but
not exclusively produced by the lateral and ventral lineages (Das et al., 2008; Lai et al., 2008;
Lin et al., 2012).
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Figure 10. Temperature-dependent scaling of postsynaptic partners across olfactory
glomeruli. (A) Connectomic (hemibrain) analysis of postsynaptic partners for the three tested
glomeruli, showing the number of synapses for each postsynaptic neuron (x-axis), sorted in
descending order of number of synapses. (B) Fold change in the number of postsynaptic
partners reported by trans-Tango in flies developed at 18°C in relation to 25 °C for all three
glomeruli. (C) Proportion of postsynaptic partners identified in the connectome that are local
neurons (LNs, left) or multiglomerular projection neurons (mPNs, right) for each glomerulus.
(D) Left: schematic showing the position of the DM 1 glomerulus within the antennal lobe (AL)
and cell body clusters position. Right: quantification of postsynaptic cell bodies in flies
developed at 18 °C (blue) and 25 °C (red), separated by cluster position (dorsal - D, lateral - L,
or ventral - L) across left and right ALs (* indicates p < 0.05, ** p < 1072, ##% p < [ (3, #kioksk
p < 107, Error bars indicate SEM. Kurskal-Wallis test, n = 20 at 18°C; n = 23 at 25°C). (E)
Same as A for DL5-ORNs (Or7a-Gal4 > trans-Tango, n = 10 at 18°C and 25°C). (F) Same
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analysis for DL1-ORNs (Orl0a-Gal4 > trans-Tango, n = 10 at 18°C and 25°C). Boxplots

indicate median and quartiles, whiskers indicate maximum and minimum values.

Trans-Tango labeling revealed that, when developed at 18°C, DM 1-ORNs form more synapses
with neurons located in the ventral and ventrolateral clusters (Fig. 10D), which contain the
soma of approximately 66.6% of all multiglomerular projection neurons (mPNs) (Bates et al.,
2020) including ventral PNs (Liang et al., 2013; Shimizu & Stopfer, 2017; Strutz et al., 2014).
This is consistent with the pattern we observe in the connectome at 25°C (Fig. 10C). This
pattern suggests that DM 1-ORNs may drive stronger activity within this neuronal population
when flies develop at 18 °C compared to 25 °C. Consistently, we observed increased calcium
activity in the mlALT, the tract used by these neurons to project to the lateral horn (Fig. 7D,E,
100).

In contrast, DL5 and DL.1 ORNs displayed a prominent increase in connectivity with neurons
in the lateral cluster (Fig. 10C,E,F), which contains a large population of LNs, and mPNs mostly
of unknown function (Lin et al., 2012). This probable increase in LNs is consistent to the
postsynaptic partners found in the connectome at 25°C for those glomeruli, indicating that
developmental temperature could have distinct effects across circuits, depending on the

spatially (and temporally) available partners.

For instance, R7 photoreceptors in flies reared at lower temperatures establish connections with
postsynaptic partners that are not observed at 25 °C. Importantly, these partners are the same
as those recruited when the principal synaptic target of R7 is unavailable, suggesting a shared
compensatory wiring strategy (Kiral et al., 2021). Overall, lower temperatures are expected to
increase local inhibition throughout the antennal lobe. In the case of DM1-ORNs, more input

into mPN's might lead to a stronger modulation of the lateral horn, potentially affecting behavior.

5.1.6 DMI1-ORNs connectivity scales exponentially across developmental temperatures

Having observed that the number of postsynaptic partners of DMI1-ORNs approximately
doubled between 25 °C and 18 °C, we next investigated whether this scaling continues across
a broader range of developmental temperatures. To define the limits of this analysis, we first
considered the known thermal boundaries for Drosophila melanogaster reproduction (Pétavy
et al.,, 1997; Trotta et al., 2006), which range from approximately 11 °C to 31 °C. This

experiment was done and analyzed by Pascal Ziifle. Flies were reared under standard conditions
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(25°C) until pupariation and then maintained at either 12, 18, 25 or 31°C for the total duration
of pupal development (See Methods, Section 4.2).
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Figure 11. Developmental temperature modulates the number of postsynaptic partners in
DM1-ORNs exponentially across temperatures. (A) Innervation pattern of DM1-ORNSs in
flies developed at 25°C. (B) DM1-ORNs project radially from DMI1 (anterior, top) and
innervate VA2 glomerulus (posterior, bottom). (C) Quantification of the mistargeting
phenotypes at 12°C. (D-E) Representative trans-Tango labeling of DM 1-ORNs (Or42b-Gal4 >
trans-Tango) in flies developed at 12 °C (D) and 31 °C (E). Presynaptic neurons (Or42b-ORNs)
are shown in green (GFP), postsynaptic partners in red (dsRed), and neuropiles in blue (nc82).

(F) Quantification of postsynaptic cell bodies across developmental temperatures, showing a
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strong increase in the number of partners at lower temperatures. (G) Number of DM1-ORNs

cell bodies (counted in the antennae) across developmental temperatures.

At 12°C, DM1-ORNs grew axonal extensions radially from the DM1 glomerulus, and also
innervated the VA2 glomerulus (Fig. 11A-C). Both of those phenotypes are not seen at 25°C.
Correct ORN-glomeruli innervation is specified during development, ensured by precise ORN-
PN partner matching (mediated by Teneurins and Dscam) (Hong et al., 2012; Sakuma et al.,
2014; Zhu et al., 2006). Therefore, an increase in axonal innervation in a non-canonical
glomerulus could be a result of mistargeted ORN-PN synapses during development — for

example, between DM1-ORNs and VA2 PNs.

Using the trans-Tango system, we examined the postsynaptic partners of DM1-ORNs in flies
developed at these extreme temperatures to assess whether the temperature-dependent increase

in synaptic connectivity observed at 18 °C extends to the full range.

Flies developed at 12 °C exhibited a substantial increase in postsynaptic labeling, whereas those
developed at 31 °C showed markedly fewer partners (Fig. 11D-F). At 12 °C, additional
postsynaptic neurons were observed projecting toward the saddle region of the subesophageal
zone (SEZ) —aregion that is typically not innervated by neurons postsynaptic to ORNs at 25 °C.
At 31°C, ORNSs synapse into a ‘minimal’ circuit, consistent of the single uPN of DM, few
mPNs and LNs.

This shift in reported connectivity could be due to different cell numbers being labeled by the
Or42b-Gal4 driver, which would bias our results. To ensure the number of DM1-ORNs
remained consistent across all developmental temperatures, we verified it by counting Or42b-
Gal4 cell bodies in the antennae (Fig. 10G), with data acquisition and quantification by Pascal
Ziifle. Therefore, at very low developmental temperatures, synaptic connectivity may extend
beyond canonical olfactory circuits, potentially reflecting the recruitment of novel postsynaptic
populations. Conversely, at very high temperatures, connectivity may be reduced to a minimal
circuit backbone. Such core connections are likely evolutionarily conserved, ensuring reliable

circuit assembly and function across a wide range of temperatures and supporting survival.

In summary, our data show that developmental temperature impacts the wiring of the
Drosophila olfactory system, as ORN postsynaptic partners scale exponentially with
developmental temperature. This is reflected in a greater number of synaptic partners, increased

presynaptic active zone abundance, and elevated mitochondrial presence, consistent with higher
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synaptic and energetic investment. Importantly, these changes are observed across multiple

glomeruli, suggesting that temperature could have a global effect in scaling brain wiring.

5.2 Functional consequences of changes in wiring

The structural analyses presented in the previous section show that developmental temperature
markedly reshapes the organization of olfactory circuits, resulting in increased ORN
connectivity at lower temperatures. This observation naturally leads to the question of how such
anatomical remodeling affects the circuit’s functional properties and behavioral output.
Therefore, in this section, I investigate the consequences of temperature-dependent wiring

changes on behavior and neuronal activity.

5.2.1 Odor-driven behavior is impacted by developmental temperature

To determine whether the wiring consequences of developmental temperature affects odor-

driven behavior, we tested flies developed at 18°C and 25°C in two behavioral paradigms.

In the first approach, flies were tethered to walk on a spherical treadmill in experiments
conducted and analyzed by Ana Sofia Brandao, Néncy Benjamin and Constantin Miiller (See
Methods, Section 4.3.1). Individual flies, 10 days after eclosion, were tethered to walk on a
spherical treadmill while their locomotor response to odor stimulation was recorded (Fig. 12A).
On average, a puff of 2-butanone elicited a stronger increase in walking speed in flies developed
at 18°C compared to those developed at 25°C (Fig. 12B). Results were also confirmed with

vinegar as an odorant (see Ziifle et al., 2025).

To test whether these findings were biased due to the assay, and to better understand the effect
of developmental temperature on walking behavior, we employed a “free-walking” paradigm.
These experiments were conducted and analyzed by Giovanni D’Uva, Christian Daniel and
Polina Krasnova (See Methods, Section 4.3.2). In this setup, flies were allowed to explore a
large circular arena (40 cm in diameter) containing a hidden odor source placed at a random
position (Fig. 12C). At all times, more flies raised at 18°C visited the odor source and spent
more time at the odor than flies raised at 25°C (Fig. 12D). The difference in behavior between

flies developed at different conditions was more prominent in the first seven minutes of the
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assay, when the odor landscape was novel. Similar results were obtained using vinegar as an

odorant and when testing the flies at a higher assay temperature of 32°C (see Ziifle et al., 2025).
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Figure 12. Impact of developmental temperature in odor-driven behavior. (A) Odor
response was tested at 32°C on a spherical treadmill. (B) Odor response was calculated as
change in moving speed as a function of time in response to 5s stimulation (A mov speed =
speed - basal speed); bar plot, mean change in moving speed within the first 2 s of stimulation
(n=13 at 18°C and 25°C). (C) Odor-driven behavior was tested at 25°C in a free walking assay
consisting in a circular arena of 40-cm radius with an odor source randomly placed in one of
six possible locations. Flies were tracked for 15 min (D) Average percentage of flies at the odor
source and odor occupancy (bar plot). Shaded area and error bars indicate SEM (*** indicates

p <1073, **** indicates p < 107>, n =19 at 18°C and n = 20 at 25°C).

Together, these results argues that flies developed at lower temperatures display a higher
approach behavior towards 2-butanone than flies developed at the reference 25°C. Such
behavioral outcome suggests that there is a difference in odor perception and how they are acted

upon.

Those behavioral changes provide evidence for functional consequences of the temperature-
dependent circuit rewiring (Section 5.1). Notably, these effects are observed in flies after a 10
day re-adaptation to a reference temperature of 25 °C, indicating stable, developmentally
encoded alterations rather than transient physiological states. However, behavioral changes do
not directly reveal the underlying neural dynamics. To address this, I next examined how

developmental temperature influences odor-evoked activity within the olfactory pathway.
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5.2.2 Odor coding in the antennal lobe is impacted by developmental temperature

As we have a change in behavior, we hypothesized that there are changes in the odor signaling
pathway across developmental temperatures. To assess this, I measured odor-evoked calcium
responses in ORNSs and in projection neurons (PNs), which are postsynaptic to ORNs and relay

sensory information from the antennal lobe to higher brain centers.

Calcium imaging was performed in four glomeruli — DM1, DM4, DL1, and DL5 — while
presenting three odors: benzaldehyde (aversive) and the appetitive odors vinegar and 2-
butanone (See Methods, Section 4.2). This was done with the help of Ana Sofia de Castro
Brandao. DM1 and DM4 ORNs from flies developed at 18 °C exhibited stronger calcium
transients in response to appetitive odors than those developed at 25 °C, whereas responses to
the aversive odor were comparable across temperatures (Fig. 13A). This enhanced ORN
activity at 18 °C parallels the increase in synaptic partners and presynaptic structures observed
anatomically. From the tested odors, DL1 and DL5 ORNs respond only to benzaldehyde.
Across temperatures there was no increase in responses to benzaldehyde, which could suggest

that the circuits for aversive odors might be more robust to shifts in developmental temperature.

The number of action potentials for DM1 and DM4 ORNSs did not differ with temperature — see
Ziifle et al., 2025. Therefore, the increase in calcium transients would be caused by more and
bigger synapses (Fig. 8), which would activate the corresponding uPNs more strongly at the
onset of an odor stimulus. Surprisingly, uPNs displayed calcium responses that were consistent
across developmental temperatures in all tested glomeruli (Fig. 13B, experiments performed by

Ana Sofia de Castro Brandao).

This temperature independence suggests that odor-evoked activity is normalized within the
antennal lobe, likely through inhibitory network mechanisms mediated by local interneurons.
Consequently, the temperature-dependent differences in ORN response magnitude do not

appear to propagate through the immediate downstream circuit.
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Figure 13. Odor-evoked calcium responses of ORNs are enhanced at lower developmental
temperatures, while PN responses remain consistent. (A) Calcium responses recorded from
olfactory receptor neurons (ORNs) (Orco-Gal4 > UAS-GCaMP6f) in flies developed at 18 °C
(blue) and 25 °C (red). Traces show normalized fluorescence changes (AF/F) for four
glomeruli—DM1, DM4, DL5, and DL1—during stimulation with three odors: benzaldehyde
(aversive), 2-butanone, and vinegar (both appetitive). Boxplots to the right of each panel show
the quantified peak AF/F values for each glomerulus and odor (* p <0.05, P value calculated
for the average activity during the first second of the stimulus, n = 6 at 18°C; n = 10 at 25°C).
(B) Same analysis for projection neurons (PNs) (GH146-Gal4 > UAS-GCaMP6f), showing that
PN calcium transients are consistent across developmental temperatures (n = 16 at 18°C; n =

18 at 25°C). Shaded areas indicate SEM.

Next, I examined the odor-evoked activity of multiglomerular projection neurons (mPNs),
which convey integrated olfactory information from multiple glomeruli to the lateral horn (LH).
mPNs have been shown to shape innate discrimination of closely related odors (Parnas et al.,
2013) and encode both odor valence and intensity information to the LH (Strutz et al., 2014).
Importantly, multiglomerular projection neurons (mPNs) form a parallel olfactory pathway to
uniglomerular projection neurons (uUPNs), which were examined previously using GH146-Gal4.
Although no differences in odor coding were detected at the level of uPNs, this does not exclude
potential temperature-dependent effects in mPNs. Given that mPNs integrate input from
multiple glomeruli, in contrast to the single-glomerulus input characteristic of uPNs, they may
be particularly sensitive to developmental perturbations. Therefore, I next examined how

developmental temperature influences odor-evoked functional responses of mPNs.
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To address this question, [ used Mz699-Gal4 > UAS-GCaMP8f flies (see Methods, Section 4.4).
The Mz699-Gal4 driver (Ito et al., 1997) labels a subset of PNs from the ventral lineage (vPNs)
that project through the medial lateral antennal lobe tract (mlALT) and are not labeled by
GHI146-Gal4 (Lai et al.,, 2008). These vPNs labeled by Mz699-Gal4 are predominantly
multiglomerular and GABAergic (Parnas et al., 2013; Shimizu & Stopfer, 2017).

Previous work has shown that Mz699-Gal4 labeled mPNs exhibit region-specific odor
responses within the lateral horn (Strutz et al., 2014). Due to lack of landmarks in the neuropile,
I performed calcium imaging in three distinct regions of interest (ROIs) within the LH, defined
according to the spatial subdivisions described by (Strutz et al., 2014): LH-AM (anterior
medial), LH-PM (posterior medial), and LH-AL (anterior lateral).

Similar to uPNs, calcium transients in mPNs were largely consistent across dev temp, indicating
that the overall integrative output of the AL remains stable despite temperature-dependent
changes observed in upstream connectivity (Fig. 14). The only exception was a decrease in
responses to benzaldehyde within the posteromedial (PM) region of the LH in flies developed

at lower temperatures.
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Figure 14. Multiglomerular projection neuron activity in the lateral horn is similar across

Lateral Horn

PM

developmental temperatures. (A) Schematic of the lateral horn (LH) showing the three
regions of interest (ROIs) analyzed: AM (anterior medial), PM (posterior medial), and AL
(anterior lateral), as defined in (Strutz et al., 2014b). (B) Odor-evoked calcium responses (AF/F)
recorded in flies developed at 18 °C (blue) and 25 °C (red) for benzaldehyde, 2-butanone, and

vinegar. Traces represent average fluorescence changes for each ROI. Across developmental
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temperatures, calcium transients were comparable in all regions, except for a slight reduction
in benzaldehyde responses in the PM region at 18 °C, indicating that overall mPN inputs to the
LH activity remains robust to developmental temperature variation. * indicates p < 0.05. P value
calculated for the average activity during the first second of the stimulus, n =6 at 18°C; n= 10

at 25°C. Shaded areas indicate SEM.

Therefore, the odor representations from the AL to higher brain areas is robust to changes in
developmental temperature, shown by the same response of uniglomerular and multiglomerular
PNs across developmental temperatures. However, since Mz699-Gal4 labels only ventral
lineage mPNs, it is unknown whether other mPN populations are equally robust to

developmental temperature changes.

5.2.3 Lateral horn neurons connectivity to PNs is affected by developmental

temperatures

Since the measured output activity of the AL is invariant to developmental temperature, the
different behavioral phenotypes observed should result from differences downstream of the AL.
I therefore examined the synaptic connections between PNs and lateral horn neurons (LHNS),

the primary targets of PNs that integrate olfactory information in higher brain regions.

5.2.3.1 Pd2al/bl presents more presynaptic partners at lower developmental temperatures

To quantify the PNs-LHNs connectivity across developmental temperatures, I first focused on
the PD2al/b1 lateral horn neurons (LHNs), which were shown to be functionally connected to

DMI1 (Jeanne et al., 2018)

Using the retro-Tango system — a retrograde transsynaptic labeling tool that targets presynaptic
partners of genetically defined postsynaptic neurons — we mapped all the presynaptic neurons
connected to PD2al/bl across developmental temperatures (Fig. 15A). Here we focused on
PNs, which cell bodies surround the AL in clusters defined by position (See Methods, Section

4.2). Cell bodies were manually counted and clustered by Pascal Ziifle.

Consistent with findings from earlier stages of the olfactory pathway, flies developed at 18°C
displayed approximately twice as many presynaptic partners as those developed at 25°C (Fig.
15B). The change in connectivity was larger in the ventral cluster, which contains mPNs (Fig.

15B).
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Figure 15. Lower developmental temperature increases PN-LHN connectivity. (A)
Schematic representation of the retro-Tango experiment labeling presynaptic projection
neurons (PNs) connected to PD2al/bl lateral horn neurons (LHNs). (B) Quantification of
presynaptic neuron cell bodies surrounding the antennal lobe (AL) in flies developed at 18 °C
(blue) and 25 °C (red), grouped by cluster position (dorsal, lateral, and ventral/ventrolateral) (p
<10 n =12 hemibrains at 18°C; n =11 at 25°C). (C) Total area (in pixels squared) of the AL
innervated by presynaptic partners at 18 °C and 25 °C. (D) Variation in total innervated area
between left and right hemispheres, showing reduced bilateral variability at 18 °C. Variation
was calculated as 100*(volume left—volume right)/(2*total volume) (p < 0.0001, t-test). (E)
Number of PD2al/b1 LHN cell bodies across developmental temperatures. (F) Representative

z-projections of binarized presynaptic neurons in flies developed at 18 °C (left) and 25 °C

(right)
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To quantify AL innervations, I binarized the 3D image correspondent to the staining of
presynaptic neurons in both hemispheres and accounted for its volume (See Methods, Section
4.2.1). Symmetry in AL innervation was calculated as the difference between the presynaptic
neurons volume in the left AL vs. right AL, divided by double of the total volume. This was
then calculated as a percentage. At 25°C, presynaptic neurons presented striking asymmetries

across hemispheres and patchy innervations of the AL (Fig. 15B,C,F).

At 18°C, PD2al/bl neurons receive synapses from the AL in a denser and more symmetric way
across hemispheres, in comparison to 25°C (Fig. 15 C,D). This would be consistent with a more
reliable recruitment of mPNs at lower temperatures, which innervate bigger areas of the AL. to
verify that these results are not due to a boas in expression, Pascal Ziifle counted the number of
PD2al/bl neurons labelled in flies developed at different temperatures. Flies developed at
either temperatures presented the same amount of PD2al/bl cell bodies expressed by the

chosen driver (Fig. 15E).

5.2.3.2 Connectivity of PNs-LHNs is affected by developmental temperatures

PD2al/b1 neurons had more presynaptic partners across developmental temperatures, however,
with retro-Tango it was not possible to distinguish which PNs (from which glomeruli) were
connected at different temperatures. Therefore, we could not discern if there was only an
increase in presynaptic PNs or if the combinatorial nature of these inputs was also modified
across developmental temperatures. As we see a difference in behavioral output but a robust
odor response from PNs across temperatures, the difference in behavior could arise from

changes in the connectivity partners in a higher brain area.

To obtain a more detailed view of the identity of the glomeruli connect to the PD2al/bl lateral
horn neurons (LHNs), I employed the BacTrace system, which enables the identification of
presynaptic partners of genetically defined postsynaptic neurons (Fig. 16A) (See Methods,
Section 4.2). Using the VT033006-LexA line, which labels uPNs from approximately 27 out of
51 antennal lobe glomeruli (Cachero et al., 2020), I mapped the PN-LHN connectivity profiles

across developmental temperatures.

The lateral horn (LH) is thought to mediate innate olfactory behaviors; therefore, its
connectivity with PNs would be expected to be highly conserved across individuals. Contrary
to this expectation, I observed substantial variability in PN-LHN connectivity both across
hemispheres and among individuals. At 25 °C, the most frequently connected PN (DM5) was
detected in only ~60% of hemibrains (Fig. 16B,C). At 18°C, a similar variability was observed.
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However, the probability of specific PN-LHN connections varies across temperatures
(significantly for the VM2 glomerulus). This suggests a temperature-dependent bias in PN-
LHN connectivity likelihood rather than circuit identity.

PD2a1/b1
A BacTRace LH neuron _
UPNs presynaptic to PD2a1/b1 m_ - - = E -
v - = = =

) —_ m -
- - —_—- " -
[ T -y -
= - _ -
m L - = = -
- _= m = =
-5 "m =

]

>

(i

- e’

3 E

c

Aconn conn. prob.
o

E #

B presynaptic uPNs o
e ° » e L 0.2
]
o Pt 0 = .
- TR ™ ¢« b 0.2
fly 1 TN eT YNNI ;S YRYIZIees
v fly 2 fly 3 5823335355555, 333850005883 82227
> TE
£
D Avdal E Apic

S o
o o N
DA1
DC3
DLA1
DL3
DL4
DL5
DM1
DM2
DM3
DM4
DM5
DV6
VA1d
VA1v
VA2
VA3
VA4
VAS
VATI
Ve
ve3
VC4
VM1
VM2
VM3
VM4 *
VM5d
VM5V
VM6
mPN-me
mPN-la
o .
DA1
DC3
DL1
DL3
DL4
DL5
DM1
DM2
VM5d
VMSEv
VM6
mPN-me
mPN-la

Figure 16. BacTrace reveals temperature-dependent variability in PN-LHN connectivity.
(A) Schematic of the BacTrace approach showing presynaptic uniglomerular projection
neurons (uPNs) connected to defined postsynaptic lateral horn neuron, PD2al/bl. Right:
Confocal image of uPNs presynaptic to PD2al/bl in the left and right hemispheres, with
colored schematic glomeruli indicating identified presynaptic inputs. (B) Example illustrating
interindividual variability in PD2al/bl connectivity patterns across flies. (C) Connectivity
matrices for PD2al/bl in flies developed at 18 °C (blue) and 25 °C (red). Each row represents
a single hemibrain and each column a glomerulus. The bar plot below shows the connection
probability for each glomerulus, and the lower panel displays the difference in connectivity
(25 °C = 18 °C) across glomeruli (* indicates p <0.05, ** p<0.01, chi-square test, n = 32 at
18°C; n =26 at 25°C). (D-E) Equivalent analyses for AV4al (n= 12 at 18°C; n = 20 at 25°C)
(D) and ADlcl1 (E) lateral horn neurons (n = 10 at 18°C; n = 20 at 25°C).

To determine whether this variability is a general property of LHN connectivity, I extended the
analysis to two additional LHNs, AV4al (Fig. 16D) and ADIcl (Fig. 16E). Similar patterns

56



emerged: the identity of connected PNs remained largely consistent, but the relative connection
probabilities differed across temperatures. Specifically, PD2al/b1 received fewer inputs from
the VM2 glomerulus at 18 °C compared with 25 °C, while AV4al showed reduced connectivity
with VM4 and ADl1c1 with VMS5d under cooler developmental conditions.

5.2.3.3 Developmental temperature selectively alters the activity of PD2bl subtype, but not
PD2al

To assess how temperature-dependent differences in PN-LHN connectivity influence neural
activity, I performed calcium imaging in PD2al/b1 lateral horn neurons (LHNs) (See Methods,
Section 4.4). To separate al and b1 subtypes, two regions of interest (ROIs) were analyzed: one
within the lateral horn (LH), where both PD2al and PD2b1 subtypes project, and another within
the mushroom body (MB) calyx, which receives input exclusively from the PD2b1 subtype.
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Figure 17. Calcium response of PD2a1/b1 neurons in flies developed at 18 and 25°C. Top:
3D reconstruction from electron microscopy data showing the skeletons of PD2al/b1 lateral
horn neurons (LHNSs), with PD2b1 subtypes in green and PD2al in red. Bottom: odor-evoked
calcium responses (AF/F) in flies developed at 18 °C (blue) and 25 °C (red) for four odors:
vinegar, methyl butyrate, 2-butanone, and benzaldehyde. Traces represent average normalized

fluorescence over time. Bottom left: calcium responses recorded in the mushroom body (MB)
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calyx, innervated by the PD2b1 subtype. Bottom left: responses recorded in the lateral horn
(LH), where both PD2al and PD2bl subtypes project. PD2bl neurons exhibit stronger
responses at 25 °C, whereas activity within the LH remains comparable across developmental
temperatures. * indicates p < 0.05. P value calculated for the average activity during the first

second of the stimulus, n = 15 at 18°C; n= 15 at 25°C.

In flies developed at 25 °C, the PD2bl subtype exhibited a higher odor-evoked calcium
response in the MB calyx compared to flies developed at 18 °C, whereas calcium transients
within the LH remained similar across temperatures (Fig. 17). These findings indicate that
developmental temperature selectively alters the activity of the PD2b1 subtype, potentially
reflecting the temperature-dependent changes in its presynaptic PN connectivity observed in
the anatomical analyses. Therefore, while a general scaling of connectivity occurs across the
brain, functional consequences are circuit specific and depend on the type of synaptic partners

recruited.

In summary, in Section 5.1 we observed that developmental temperature induces shifts in
ORN-PN connectivity, and in Section 5.2, we saw corresponding impacts on behavior. Here,
we extend these findings to functional responses: while ORN calcium responses vary with
developmental temperature, the responses of the next circuit layer — both uPNs and mPNs —
remain largely unchanged across conditions. Examination of PN-LHN connectivity revealed
that PN partner choice in the lateral horn is temperature-dependent, and at the level of the MB
neuropile the LHN PD2b1 also show functional changes. Together, these observations suggest
that the relative robustness of PN responses does not constrain temperature’s effects on
downstream circuits or their behavioral output. Beyond, behavioral alterations observed may
arise from temperature-dependent changes in connectivity downstream of PNs, and the precise

players will need to be dissected in future works.

5.3 A metabolic theory explains brain wiring at different developmental

temperatures

In the previous sections we saw that developmental temperature affects behavior, physiology
and connectivity. To understand the influence of developmental temperature in brain

connectivity, we took a modeling approach.
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We started from the observation that temperature determines developmental time, defined here
as the time from pupa formation until the eclosion of the adult. Developmental temperature
dictates the pace of growth in ectothermic animals (Angilletta et al., 2004; Gillooly et al., 2002).
The duration of development depends on temperature, taking longer at lower temperatures

(Gillooly et al., 2002) (Fig. 18A).

The Universal Temperature Dependance (UTD) model proposed that growth rate is linked to
temperature through metabolism (Gillooly et al., 2001). The rate of any growing process is
limited by its slowest reaction (rate limiting reaction), which determines the overall tempo of a

process. Therefore, this model postulates that the rate of development scales with temperature

E
proportionally to the Boltzmann factor (e XTk) of a hypothetical rate-limiting metabolic

reaction (Gillooly et al., 2002) with E being its activation energy.

Following this framework, we then assumed that flies eclose at a similar mass across

temperatures (described in detail in Ziifle et al., 2025), and reached a simple model that

E
. . ——(T~Tp)
postulates that developmental time ¢ should scale with the temperature T asti =e Ko
0

Here, t, indicates the developmental time at a reference temperature T, (in our conditions T =
25°C); E is the highest activation energy of the rate limiting reaction; K is the Boltzmann

constant; and T, is the water freezing point (273K).

To verify this model with experimental data, Pascal Ziifle measured the duration of
developmental time (from puparium formation until eclosion) for flies developing at 12, 18, 25
and 31°C. The duration of pupa development increased exponentially with the temperature, and

the model fits the data (Fig. 18B,C).

As both the developmental timing and number of postsynaptic partners scale exponentially with
temperature, those phenomena could arise from the same first principles (Fig. 18D,E). This way,
both the overall speed of growth and the formation of synaptic partners could be regulated by
different metabolic rates, which accelerates with an increase in temperature (and decreases with

a decrease in temperature).
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Figure 18. Temperature dependence of DMI1-ORN postsynaptic connectivity and
developmental timing. (A) Hypothetic growth curve showing effects of developmental
temperatures in the duration of pupa development. Time of eclosion is indicated by dotted lines.
(B) Developmental time for the four temperature regimes (days from puparium formation to
adult eclosion). (C) Fold change in developmental time with respect to the temperature
difference from 25°c and exponential fit (n = 8 to 20). Developmental time in days expressed
relative to 25 °C and plotted against developmental temperature normalized to 25 °C. Red line
indicates the corresponding exponential fit. (D) Boxplot of the number of postsynaptic partners
labeled by trans-Tango from DMI olfactory receptor neurons (ORNs) across developmental
temperatures. (E) Single data points as in (D) normalized by the mean number of neurons
connected at a reference temperature (25°C) and plotted as a function of the difference from

the reference temperature (n = 20 to 38 hemibrains). Line indicates the exponential fit.

To account for the temperature-dependent wiring patterns observed in our data, we formulated
the following hypothesis: if neural development were governed by the same underlying reaction
rate as whole-organism ontogenesis ( E ), then the resulting connectivity should remain
consistent across temperatures . Under this assumption, the developmental trajectories of both
the nervous system and the organism would scale similarly in time across temperatures, leading
to similar connectivity profiles. However, if the rate-limiting step in neural development was
limited by a lower activation energy than that of general ontogenesis (E’ < E), temperature
changes would alter the pace of neural development in a different way, ultimately allowing
distinct connectivity patterns. Previous results show that connectivity does, in fact, vary with

developmental temperature (Fig. 18D,E). Therefore, we infer that nervous system development
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is constrained by a reaction with lower activation energy than the other tissues. As a result, the
nervous system would progress at its own, faster developmental rate, while the overall
duration of development would still be determined by the pace of ontogenesis, resulting in more

synapses.

To model the processes of nervous system development (i.e. axonal growth and synaptogenesis),
we apply Kleiber’s law, which postulates that in an organism, metabolic rate scales as the %
power of their mass. In this case, the mass would be a proxy for the stage of development, i.e.
how advanced the developmental process is and the metabolic rate, its speed. The characteristic
¥4 scaling emerges from the transport of nutrients through hierarchical branching networks — as
the tracheal system in insects or the cardiovascular system in vertebrates (West et al., 1997).

We assume that a similar scaling principle may apply to the nervous system development.

Based on this assumptions, we derived an analytical function for quantifying the scaling of

)

AE
. . . . 4—(T-T . ..
synaptic connectivity with temperature: ni —e K% " withAE=E—E’ (see Ziifle et
0

al.,, 2025). We define g = 4ATE

w2 3 the scaling factor for synaptic connectivity. The model
accurately captures the number of postsynaptic partners formed by DMI1-ORNs at all
developmental temperatures (with f =0.133(£0.011), Fig 18E), as well as for flies developed

under temperature cycles (see Ziifle et al., 2025).

Taken together, our results show that both synaptic connectivity and developmental duration
scale exponentially with temperature. We established a first-principles framework that accounts
for the scaling observed in these two traits, and predicts the nonuniform temporal scaling of
neural development across temperatures. Moreover, predicts brain wiring under development
at constant temperatures (shown in this section) and at temperature cycles (see Ziifle et al.,

2025).
5.3.1 Developmental temperature induces a non-uniform scaling of neuronal growth

Another prediction of the model concerns the relative speed of brain and body development.
The duration of pupal developmental depends on temperature and can be normalized by
defining pupariation (P0) as 0% and eclosion as 100% of development (as defined before).
Using this normalization, we consider that the whole pupa (i.e, body) development scales

uniformly across temperatures (Fig. 19A).
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Figure 19. Example of uniform and non-uniform scaling. (A) Hypothetic growth curve
showing effects of developmental temperatures in the duration of pupa development. Time of
eclosion is indicated by dotted lines. (B) Representation of uniform scaling of a growth curve
as in (A), normalized by the developmental time. (C) Representation of non-uniform scaling

across developmental temperatures.

The developmental tempo of specific tissues (i.e. brain) may either follow the same uniform
scaling, or exhibit non-uniform scaling patterns (Fig. 19B,C). As mentioned before, the model
predicts that the increase of synaptic partners at lower temperatures is due to the nervous system
progressing at its own, faster developmental rate. This would be in line with the nervous system
following a non-uniform scaling in relation to the pupa developmental duration at different

temperatures (Fig. 20A,B).

To test this model prediction in the fly, we examined the development of projection neurons
(PNs) across pupal stages corresponding to 25%, 50%, and 75% of total pupal duration at 18 °C
and 25 °C (Fig. 20C,D) (See Methods, Section 4.2). Previous studies (Jefferis et al., 2001)
established that PNs begin to innervate the lateral horn (LH) around 30% of pupal development
(30h APF). Consistent with these reports, PNs in flies developed at 25 °C did not reach the LH
until after this stage (Fig. 20C’). In contrast, at 18 °C, PN axons were already observed
innervating the LH as early as 25% of pupal development (Fig. 20D”).
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Figure 20. Temporal scaling of projection neurons development across developmental
temperatures. (A) Schematics of the growth model showing percentage of development as a
function of time for the brain and whole animal at two developmental temperatures. Parameters
of the growth dynamics are hypothetical. (B) Brain growth curved scaled by body
developmental time. (C) Staining of PNs labeled by GH146-Gal4 at three developmental times
corresponding to 25, 50, and 75% of pupa development at 25°C. Arrow indicates the lateral
horn (LH). (C’) Probability that PN axon terminals innervate the LH (n = 6 to 10 hemibrains).
(D and D’) same as C and C’ for 18°C.

These findings indicate that neural development at 18 °C progresses proportionally faster than
at 25 °C, providing anatomical evidence that the brain develops slightly ahead of the body under
lower temperatures. This supports the idea that neural tissues follow a distinct, non-uniform

temporal scaling relative to the rest of the organism — consistent with the model predictions.

5.4 Molecular correlates of temperature-dependent circuit remodeling

The previous sections demonstrated that developmental temperature alters the wiring and
function of olfactory circuits, and described evidence suggesting that brain development
proceeds faster than overall body development, indicating a non-uniform scaling of brain
developmental speed across temperatures. At the same body developmental percentage (25%),
projection neurons displayed more advanced branching in the lateral horn at 18°C than at 25°C.

However, the molecular basis of this observation remains unclear. This exciting finding
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motivated me to test whether molecular regulators of development also scale uniformly — or
non-uniformly — with temperature. To address this, I quantified levels of the developmental

hormone ecdysone and analyzed gene expression patterns.

5.4.1 Ecdysone signaling regulates gene programs controlling circuit wiring

The duration of pupal development depends on temperature and can be normalized by defining
pupariation (P0) as 0% and eclosion as 100% of development. Most biological process are
expected to be slower at lower temperature, but we ask how they scale when we normalize the
time to the total pupa development. Individual processes may follow the same uniform scaling

or exhibit non-uniform scaling patterns (Fig. 21A).

Ecdysone, a steroid hormone derived from cholesterol, regulates developmental transitions in
insects. It is converted into its active form, 20-hydroxyecdysone (20E), by the Halloween gene
family (Chavez et al., 2000; Gilbert, 2004). 20E binds to the heterodimer of two nuclear
receptors, — ecdysone receptor (EcR) and ultraspiracle — inducing downstream genes expression
(Beckstead et al., 2005; Song et al., 2003). Among other functions, these target genes regulate
wiring programs across the developing visual system, as shown by single-cell RNA-seq of the
optic lobe (Jain et al., 2022). Since wiring varied across developmental temperatures, I
hypothesized that the expression of these wiring-related genes might also be developmentally
shifted, and therefore aimed at quantifying their expression across development at different

temperatures.

I first examined whether the temporal dynamics observed in the optic lobe single-cell RNA-seq
dataset could be reproducible using whole pupa samples. To this end, I performed RT-qPCR
with the assistance of Giovanni D’Uva (See Methods, Section 4.7). We assayed flies developed
at 25°C at five developmental time points (25, 30, 40, 50 and 80%). Out of the six genes
observed to display the same temporal profile throughout all cells in the developing optic lobes
(Jain et al., 2022), we choose four genes (transcription factors) with the most remarkable
temporal profiles (Blimp-1, Eip75B, Hr3, and fiz-f). Beyond that, we also selected two other
classic ecdysone-inducible genes: Eip63F-1 (early inducible gene) and Eip93F (regulates adult
differentiation) (Cruz et al., 2024; Thummel, 2002).

Therefore, six genes downstream of 20E (Eip63F-1, Hr3, fiz-f1, Blimp-1, Eip93F and Eip75B)

were selected for temporal expression quantification and comparison to the RNA-seq dataset.
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Code for the analysis of the single cell RNA-seq dataset was kindly provided by Dr. Joachim
Fuchs (see methods). Whole-pupa expression profiles recapitulated most of the temporal
dynamics previously observed in the developing optic lobe (Fig. 21B). Even though there are a
few differences in dynamics, seen in the expression of Eip63F-1 and Eip75B, the overall
similarity indicates that the characteristic 20E-driven transcriptional program is also detectable

when pooling multiple tissues.
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Figure 21. Conceptual model of temperature scaling and validation of ecdysone-
responsive gene expression profiles. (A) Schematic representation of possible scaling of gene
expression across developmental temperatures (18°C shown in blue, 25°C in red). Gene
expression may scale uniformly with total pupal duration or non-uniformly, advancing or
lagging relative to normalized developmental time (PO = 0%, eclosion = 100%). (B) Expression
of ecdysone pathway target genes at 25°C throughout pupa development. For each gene: (Left)
RT-qPCR profiles from whole pupa, indicating fold change in relation to the first

developmental time point; (Right) gene expression in the developing optic lobe, single-cell
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RNASeq. Each trace displays the level of gene expression (log(reads)) for each cell cluster,
with black line displaying the mean value across cells. Data plotted from (Jain et al., 2022).

Having established this reference profile at 25°C, I proceeded with comparing their temporal
profile to pupa developed at 18°C. Samples were collected at corresponding developmental
percentages, and two independent biological replicates were analyzed. Expression patterns for
each replicate are shown in Figure 22 (top panel). While fold changes differed across replicates,
the temporal profiles were consistent— therefore replicates are displayed separately to preserve

within-replicate structure.
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Figure 22. Comparison of temporal gene expression at 18 °C and 25 °C during pupal
development. RT-qPCR of whole pupae across development at 18°C (blue) and 25°C (red).
Each gene (enclosed by a rectangle) is represented by two independent biological replicates
(left and right). Each time point presents three technical replicates for each temperature
(represented as points). Fold change in gene expression was calculated using the 22T method
(Livak & Schmittgen, 2001), with Rpl15 as the housekeeping gene. Fold change was calculated

in relation to the first developmental time point at 25 °C.
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When comparing across temperatures, overall expression levels tended to be higher at 18°C
than at 25°C. Moreover, four out of six tested genes (Eip63F-1, ftz-fl, Hr3, and Eip75B)
displayed an earlier increase in expression at 18°C. This result indicates that the activation of
some 20E-responsive genes does not scale uniformly with overall pupal developmental timing.
Instead, transcriptional activation of these genes appears to occur earlier (relative to body
development) at lower temperatures, consistent with the hypothesis of non-uniform temporal

scaling.

Since there are more synapses in the DM1 glomerulus at 18°C in relation to 25°C, as previously
shown by quantification of BRP (nc82) puncta (Fig. 8C,D), I next examined whether genes
involved in synaptogenesis or synaptic function exhibit temperature-dependent differences in
expression. | quantified transcript levels of genes associated synaptic seeding (Liprin-alpha and

RhoGAPI100F) and synaptic active zones (Nrx-1, brp, and cac).

In contrast to ecdysone-responsive genes, these synaptic genes did not display a clear increase
or temporal shift in expression between developmental temperatures (Fig. 22, bottom panel).
This finding was unexpected, given the high number of synapses observed in adults developed
at 18°C — where upregulation of gene expression might be anticipated. As we quantify synapses
in 10 days old adults, this increase might be due to shifts in gene expression after 80% of pupa
development — or alternatively this might not be related to gene regulation at the level of
transcription but at translation (Formicola et al., 2021; Schuman et al., 2006; Thomas et al.,
2014) . More broadly, this indicates that the non-uniform scaling observed for the selected
ecdysone pathway genes is not a global feature of all developmental gene programs, but rather

a specific property of some pathways, one being the hormonal.

Based on these results, I pursued two complementary approaches. First, I investigated whether
the temporal shift observed in genes downstream of ecdysone originated at the level of the
hormonal regulator itself. Second, I used bulk RNA sequencing to identify genes across the

whole genome that scale uniformly or non-uniformly across developmental temperatures.

5.4.2 Temporal scaling of ecdysteroids levels is conserved across developmental

temperatures

To obtain the temporal profile of ecdysone across developmental temperatures, I used liquid

chromatography coupled to mass spectrometry (LC-MS/MS) to quantify three ecdysteroids in
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a targeted manner. These experiments were done in collaboration with Dr. Martin Schéfer (Xu
lab, iomE, JGU). We selected four ecdysteroids for the analysis: ecdysone, 20-
hydroxyecdysone (20E), Makisterone A (MaA) and Muristerone A (MuA). 20E is the active
form of ecdysone, synthesized from cholesterol and responsible for triggering developmental
transitions. Makisterone A, derived from campesterol, is a structural analog of 20E that can also
act as a signaling molecule in Drosophila. Muristerone A, another plant-derived analog and not

present in flies, was used as an internal standard.

This approach allowed me to test whether the timing or amount of ecdysone differs across
developmental temperatures, potentially explaining the non-uniform scaling observed in

ecdysone-responsive gene expression.

Shortly, ecdysteroids were quantified in pupae collected at six developmental stages and four
rearing temperatures (12, 18, 25 and 31°C) (See Methods, Section 4.6). All animals were kept
at 25°C from embryo to pupariation (P0) and subsequently transferred to one of the four test
temperatures until the desired developmental stage (20, 35, 50, 65, 80 and 95% of pupa
development). Developmental percentages were calculated based on the total pupal duration at
each temperature (Fig. 23). Tissues were stored at -80°C until extraction, which was performed
by liquid-liquid fractioning with methanol and hexane, followed by solid-phase extraction of
apolar compounds on a C18 column (see Methods, Section 4.6). Muristerone A was added as
an internal standard during the first extraction step. Quantification of ecdysone, 20E, MaA and
MuA was carried out using targeted liquid chromatography coupled to mass spectrometry (LC-
MS/MS), with ion selection based on (Lavrynenko et al., 2015). Following mass spectrometry,

peaks were manually integrated and normalized to the internal standard for each sample.
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Figure 23. Effect of developmental temperature on pupal development duration and
experimental design. Top: Developmental progression of flies reared at four temperatures
(12 °C, dark blue; 18 °C, blue; 25 °C, red; 31 °C, yellow), with hours after puparium formation
(h APF) shown on the x-axis until eclosion. Bottom: Normalized developmental time expressed
as developmental percentage, allowing direct comparison of developmental progression across
temperatures. Larval stages (L3) were maintained at 25 °C in all conditions. Pupae (P0O) were

transferred from 25 °C to the indicated developmental temperatures.

Ecdysone could not be properly quantified in our samples, as in most samples it was not above
the detection limit, being confused with noise (not shown). The detection and quantification of
the other ecdysteroids, 20E, MaA, and MuA was successful, and we followed with the analysis

of those compounds.

Across all temperatures, both 20E and MaA exhibited broadly similar dynamics and appeared
to scale uniformly with pupal development. Their concentrations peaked approximately at 35%
of development and declined to near zero by 65% of development (Fig. 24) — consistent with
previous reports. An exception was observed at 12°C, where both 20E and MaA showed a
secondary increase around 80% of development- The cause of this secondary ‘peak’ remains
unclear, but may reflect delayed clearance or altered feedback regulation of ecdysteroid

metabolism at very low temperatures.

Temporal profiles of both molecules were generally bell-shaped, with a peak around 35% of
development. Higher temporal resolution would be necessary to fully resolve the dynamics of

ecdysteroid accumulation and clearance around the peak value. The current sampling interval
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of 15% of developmental time likely underestimates subtle differences in peak timing across

temperatures.
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Figure 24. Temporal profiles of ecdysteroids across developmental temperatures.
Quantified levels of 20-Hydroxyecdsone (top) and Makisterone A (bottom) in pupae reared at
12, 18, 25 and 31°C. Plots show (left to right) normalized values across across developmental
time, area under the curve (AUC) and estimated half-life (percent of pupa development) values
for each temperature. Each time point is composed of 6 independent replicates, each containing

6 pooled animals.

To estimate the amount of ecdysteroids produced throughout pupal development, I calculated
the area under the curve (AUC) of normalized 20E and MaA levels for each temperature (Fig.
24). For 20E, pupae reared at 12 °C exhibited the highest overall levels — likely reflecting the
secondary peak — whereas those at 31 °C had the lowest AUC. In contrast, MaA levels followed
an opposite trend, increasing with temperature. These results indicate that developmental

temperature differentially affects the abundance of 20E and MaA.

Although both molecules peaked at approximately 35% of development, their rates of decline

may vary across temperatures. To assess this, | modeled normalized 20E and MaA levels as an

70



exponential decay over developmental time using nonlinear regression. I first fit a general decay
model, then allowed temperature to modulate the decay rate, and finally fit separate models for
each temperature. Each fit estimates a time decay constant (k), which I converted into half-life
values (log2/k). Because samples represented independent populations at each developmental
time point, the estimated decay parameters describe population-level dynamics rather than

repeated measures from the same individuals.

For both 20E and MaA, pupae reared at 18°C showed the smallest half-life value, indicating a
faster decline in its levels relative to other temperatures. Overall, 20E displayed an apparent
similar temporal pattern across temperatures, suggesting that the overall coordination of body
development remains conserved. This contrasts with the earlier increase of ecdysone-
responsive genes observed in the RT-qPCR experiments, implying that the transcriptional shift
is unlikely to arise directly from changes in ecdysteroids concentration. Instead, it could reflect
temperature-dependent modulation of other regulatory downstream processes or tissue-specific

transcriptional regulation.

5.4.3 Temporal scaling of gene expression across developmental temperatures

To investigate temperature-dependent transcriptional dynamics during pupal development, we
performed bulk RNA sequencing (RNA-seq) of whole pupa across four rearing temperatures
(12, 18, 25 and 31°C) and six developmental times, corresponding to those used for ecdysteroid
quantification. In addition, samples from the late third instar (L3 wandering stage) and
pupariation (P0) were included to capture the gene expression dynamics prior to temperature
treatment. RNA extraction and RNA sequencing was performed by Novogene (See Methods,
Section 4.8). Sequencing preprocessing, cleaning and preparation of the DESEq2 object was

done by Dr. Federico Marini (see Methods, Section 4.8).

5.4.3.1 Validation of ecdysone-related gene expression by gPCR

I first compared the temporal gene expression profiles obtained by RT-qPCR with those derived
from the RNA-seq dataset RNASeq. Although the two methods measure expression differently
(fold change for RT-qPCR and normalized read counts for RNA-seq), most genes downstream
of 20E presented similar temporal dynamics across 18 and 25°C in both datasets (Fig. 25).
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Figure 25. Comparison of RNA-seq and RT-qPCR temporal profiles for ecdysone
downstream genes across developmental temperatures. Temporal expression patterns of
ecdysone downstream genes obtained from RNA-seq (reads normalized by library size) and
RT-gPCR (fold change in relation to first time point of 25°C). Developmental stages correspond
to 20%, 35%, 50%, 65%, 80%, and 95% of pupal development for RNA-seq, and 25%, 30%,
40%, 55%, and 80% for RT-qPCR. Colors indicate rearing temperature: dark blue, 12 °C; blue,
18 °C; red, 25 °C; orange, 31 °C.

Specifically, Eip63F-1, Hr3 and fiz-fI showed an earlier increase in expression at 18°C relative
to 25°C in both assays, consistent with a possible temperature-dependent acceleration of their

transcriptional activation.
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I then examined the temporal dynamics of those genes across all four temperatures (12, 18, 25
and 31°C). Among the genes tested, Eip63F-1 and fiz-f1 displayed the clearest temporal profiles,
with Eip63F-1 peaking during mid-pupal development and fiz-f1 showing a marked increase
towards the end of metamorphosis. For both genes, lower temperatures were associated with an
apparent earlier rise in expression, followed sequentially by higher temperatures. This pattern
may indicate that transcriptional programs responding to ecdysone pulses are temporally shifted
depending on developmental rate. For Eip63F-1 and fiz-fI we can see that for 12 and 18°C,
there is an earlier increase in expression, followed by the 25 and 31°C. Eip63F-1 encodes an
ecdysone-inducible transcription factor involved in developmental timing and neuronal
differentiation (Berndt et al., 2015; Syed et al., 2017), whereas fiz-fI encodes a nuclear receptor
that regulates late ecdysone-response genes during tissue maturation and metamorphic
transitions (Broadus et al., 1999; Woodard et al., 1994). These genes therefore serve as broad
indicators of developmental progression but are not tissue-specific, limiting our ability to
distinguish differences between neural and non-neural developmental scaling across

temperatures.

Together, these analyses confirm the temperature-dependent expression dynamics of ecdysone-
responsive genes and demonstrate strong agreement between the RT-qPCR and RNA-seq

datasets.

5.4.3.2 Expression dynamics of olfactory system genes

The development of projection neurons exhibited a non-uniform temporal shift between 18 °C
and 25 °C (as shown in Section 5.3.1). To determine whether a similar temperature-dependent
effect occurs in olfactory receptor neurons (ORNs), I examined the temporal expression profile
of the odorant coreceptor Orco. Orco is expressed exclusively in olfactory sensory organs and

serves as a reliable molecular marker for ORN development.

Orco expression increased progressively throughout pupal development at all temperatures (Fig.
26A). Across temperatures, its temporal dynamics followed the predicted non-uniform scaling
pattern, with transcription rising first at 12 °C, followed by 18 °C, 25 °C, and 31 °C. These
results provide clear evidence that developmental temperature modulates the timing of Orco
expression, revealing a measurable shift in the onset of ORN differentiation even within bulk

RNA-seq data.

73



To explore this further, I examined individual odorant receptor (Or) genes to assess whether
they showed similar temperature-dependent trends. Most OR genes exhibited low read counts
(fewer than 100 normalized reads), consistent with their expression in a limited number of
antennal neurons and with their expected late onset during pupal development. To test for
overall temperature effects, I pooled expression values across developmental stages for each
temperature and performed a Kruskal-Wallis test followed by Dunn’s post-hoc pairwise
comparisons with Bonferroni correction. Out of the 34 ORs analyzed, six (Or22b, Orla, Or42a,
Or71a, Or85c, and Ori9b) showed significant temperature-related differences in expression
(Fig. 26B). However, given their low expression levels and lack of consistent directionality,

these differences might reflect sampling variability rather than a robust temperature effect.

In addition to odorant receptors, several ionotropic receptors (/rs) contribute to olfactory
detection. Most /r genes exhibited similar temporal expression levels and dynamics across all
four temperatures. Some ionotropic receptors (IRs) also act as co-receptors, analogous to Orco.
I therefore examined the expression of IR co-receptors known to contribute to different sensory
modalities: /r8a (olfaction), Ir93a (thermosensation), and /r25a and Ir76b (thermosensation
and gustation). Among these, /r25a showed the highest overall expression levels but displayed
a distinct temporal pattern compared to Orco. Specifically, Ir25a transcripts tended to be higher
at 12 °C and 18 °C than at 25 °C and 31 °C, although these differences were not statistically
significant. The remaining IR co-receptors showed no notable temperature-dependent changes

in transcript levels (Fig. 26C).

Overall we conclude that while global ORN development timing shifts with temperature, the
expression of individual receptor subtypes remains largely stable — or not detectable through

bulk RNA-seq.
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Figure 26. Temporal expression profiles of olfactory and ionotropic receptor genes across
developmental temperatures. (A) Temporal expression profile of the odorant coreceptor Orco
across four developmental temperatures. (B) Temporal dynamics (left) and total expression
(right, represented as area under the curve, AUC) of individual odorant receptor (OR) genes.
(C) Ionotropic receptors (IRs) analyzed in the same manner, including co-receptors involved in
olfaction (Ir8a), thermosensation (Ir93a), and thermosensation/gustation (Ir25a and Ir76b).
Colors indicate rearing temperature: dark blue, 12 °C; blue, 18 °C; red, 25 °C; orange, 31 °C.
Statistical differences in AUC were assessed using a Kruskal-Wallis test followed by Dunn’s
post hoc pairwise comparisons with Bonferroni correction. Asterisks denote significance levels

(* p <0.05; **p <0.01; **** p <0.0001).
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5.4.3.3 Expression of genes involved in energy metabolism (glycolysis, TCA cycle and
electron transport chain)

From the model, we infer that the metabolically limiting rates of brain and body may differ
across developmental temperatures. Motivated by this potential metabolic mismatch, I next
examined the overall expression patterns of genes involved in central energy metabolism:
glycolysis and the tricarboxylic acid (TCA) cycle. Glycolysis is a process that happens in the
cell cytoplasm, and consists in transforming glucose into Pyruvate through 11 enzymes.
Remarkably, all genes coding for those glycolytic enzymes were upregulated at lower
developmental temperatures, starting to rise earlier in development at 12°C, followed by 18, 25
and 31°C (Fig. 27). The concurrent increase in glycolytic enzymes suggests enhanced

availability of pyruvate for entry into the TCA cycle.

The pyruvate formed through glycolysis is then metabolized into Acetyl-CoA, which is
transported from the cytoplasm to the mitochondrial matrix to fuel the tricarboxylic acid cycle
(TCA). In the mitochondrial matrix, the TCA cycle produces NADH that will be used to transfer
electrons to the electron transport chain (ETC), finally generating ATP. All enzymes in the
TCA cycle were also upregulated at lower developmental temperatures, similarly to glycolysis

enzymes.
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Figure 27. Coordinated upregulation of glycolytic and TCA cycle enzymes across

developmental temperatures. Bulk RNA-seq data showing temporal expression patterns of
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key enzymes in glycolysis (top) and the tricarboxylic acid (TCA) cycle (bottom) across pupal
development. Expression levels increase earlier and reach higher values at cooler
developmental temperatures (12 °C and 18 °C) compared with warmer conditions (25 °C and
31 °C), suggesting temperature-dependent enhancement of metabolic activity. Temperature

color scheme: dark blue, 12 °C; blue, 18 °C; red, 25 °C; orange, 31 °C.

The mitochondrial electron transport chain (ETC) is a central component of oxidative
phosphorylation process (OXPHOS). It consists of four main electron-transporting complexes
(complexes I-IV) and ATP synthase (complex V). Electrons flow from NADH and FADH2
through complexes I and II to ubiquinone, then to complex III, cytochrome ¢ and finally
complex IV, where they reduce molecular oxygen — the terminal electron acceptor of the chain.
As aresult of this transport, complex I, I1I, and IV pump protons from the mitochondrial matrix
to the intermembrane space, generating a proton motive force that is then used to generate ATP

at the level of complex V (ATP synthase).

Following up on this, I next observed the transcription of genes of the core subunits of each
complex. All core subunits of the ETC had a remarkable increase in gene expression similar to
glycolysis and TCA cycle (Fig. 28), increasing first throughout development at 12°C, followed
by 18°, 25° and 31°C.

The parallel upregulation of TCA and ETC components indicates that oxidative
phosphorylation is also elevated, potentially leading to greater ATP production in pupae
developing at lower temperatures. This pattern could reflect compensatory metabolic
adjustments to maintain energy homeostasis under cooler conditions. For example, flies
acclimated at 15°C show the highest activity of key metabolic cycle enzymes (hexokinase,
glucose-6-phosphate dehydrogenase and cytochrome oxidase) when assayed at 25°C,

compared with flies acclimatized at 25°C or 30°C (Burnell et al., 1991).

Cold acclimation reshapes both metabolome and transcriptome in adults (MacMillan et al.,
2016). Flies lean harder on glycolysis during acute cold stress (Enriquez & Colinet, 2019;
Williams et al., 2014). This is consistent with metabolomic quantifications of flies either
developed or adapted to lower temperatures, in which sugars and classic energy-carrying
molecules (NAD, NADP and AMP) are depleted (Hariharan et al., 2014; Schou et al., 2017).
This could indirectly also indicate that at lower temperatures the pathways involved with those
molecules (mostly glycolysis and TCA cycle) do not have only more transcripts, but are more

active.
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Figure 28. Coordinated upregulation of electron transport chain genes across
developmental temperatures. Top: Schematic diagram of the electron transport chain
showing its five major complexes (from left to right): Complex I (NADH dehydrogenase),
Complex II (succinate dehydrogenase), Complex III, Complex IV, and Complex V (ATP
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synthase). Each complex consists of core catalytic subunits and additional accessory
components. Complex II is also of the tricarboxylic acid (TCA) cycle. The electron transport
chain uses reducing equivalents (NADH) generated by the TCA cycle to drive proton
translocation across the inner mitochondrial membrane, establishing an electrochemical
gradient that powers ATP synthesis by Complex V. The ETC is located between the
mitochondrial matrix and the intermembrane space. Bottom: Coordinated upregulation of
electron transport chain core subunits across developmental temperatures, separated by ETC
complex. Expression levels increase earlier and reach higher values at cooler developmental
temperatures (12 °C and 18 °C) compared with warmer conditions (25 °C and 31 °C),
suggesting temperature-dependent enhancement of metabolic activity. Temperature color

scheme: dark blue, 12 °C; blue, 18 °C; red, 25 °C; orange, 31 °C.

On the other extreme, hot-evolved flies have lower baseline expression of TCA, glycolysis and
oxidative phosphorylation (OXPHOS) genes than cold-evolved flies (Mallard et al., 2018).
Similar decrease was also reported in transcriptomics of hot-evolved flies under fluctuating
warm regimes (Aggarwal et al., 2025) and proteomics of flies developed at 31°C (Kristensen
et al., 2019). Therefore, the increased transcripts at lower temperatures could indicate an

‘adaptation’ to the lower kinetics that the flies face during development.

5.4.3.3.1 Expression of mitochondrial-encoded electron transport chain genes

Only a few mitochondrial-encoded genes were detected in the dataset, all corresponding to ETC
subunits. Interestingly, their expression profiles at 31°C followed a different dynamics than the
expected from the previously shown nuclear encoded ETC genes (Fig. 29). Flies developing at
31°C presented an increase in the expression of those genes, which was not seen in the nuclear
encoded ETC enzymes (Fig. 28). However, other temperatures followed a similar pattern as
before. This divergence could reflect either temperature-specific disruption of mitochondrial

transcription or an independent regulatory mechanism distinct from nuclear gene control.
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Figure 29. Expression of mitochondrial-encoded electron transport chain (ETC) genes
across developmental temperatures. RNA-seq expression profiles of mitochondrial-encoded
ETC genes are shown across developmental time. The x-axis represents developmental time,
and the y-axis indicates normalized gene counts (adjusted by library size). Colors correspond
to developmental temperatures as in previous figures (12 °C, dark blue; 18 °C, blue; 25 °C, red;
31 °C, yellow). At 31 °C, expression increases earlier in development compared to other

temperatures, a pattern not observed for nuclear-encoded ETC genes in Figure 28.

5.4.4 Expression of genes involved in lipid metabolism (B-oxidation and lipogenesis)

To understand if other main metabolic pathways had the same pattern in expression across
developmental temperature, I next investigated pathways associated with lipid metabolism.
Both B-oxidation (in which fat acids are oxidized into Acetyl-CoA, used in the TCA cycle) and
de novo lipogenesis (which produces new triacylglycerides) showed less pronounced
temperature-dependent effects (Fig. 30). From the enzymes in these pathways, only Acs/ and

Gdphl exhibited similar profile as glycolysis and TCA cycle enzymes.

Acsl (Acyl-CoA synthetase long-chain) is important in the first step of B-oxidation, catalyzing
the breakdown of fatty acids into Acyl CoA. The resulting Acyl CoA can be used for lipid
synthesis, fatty acid degradation or membrane lipid remodeling (Mashek et al., 2007).
Interestingly, Acsl regulates the composition of fatty acids and membrane lipids, which affects

neuromuscular junction synapse development (Huang et al., 2016). Acs/ also regulates axonal
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transport of synaptic vesicles and is required for synaptic development and transmission (Liu

etal., 2011).

Beta-oxidation

Acsl bgm whd Mead
Acsl bgm . =n :
TAG — Fatty Acid ?-iir Acyl CoA ) . an
Coh whd Cyloplasm - . N -
Acyl Coa Mitochondrial mgtris i— o -
;i Mcad Echst Mipalpha Mipbeta wp2

enoyl Coa .
| Echstmez ﬂ ﬁé
hydroy-acyl CoA e —f - v

;1 scu, Mipalpha, Mipbeta
keto-acyl CoA scu

in2, ala
Acetyl-CoA  2C shorter Acyl Coa h ?
TCA Cycle
Lipogenesis
Gpdh ! Gpofl
. _F-'hinc_hu—m:l_ns_l rjsin:_ - _c_"'ft_":_:m-_mg wonsoorter r / j
- [sea) 4 s f m
G I p
R Citrate ! v
| AP FASN1 FASNZ FASN3
Acetyl-CoA _
~L ACC =
Malonyl-CoA : ; =
pdh? | Fasnia Was !

DHAP —» gap  Fatty acyl-CoA Agpatt Agpat? Agpaﬂ Asrpatd
N/ Agpati-4
Triglycerides " - 2 N
P, . % -3 i

Figure 30. Temporal expression of genes involved in lipid metabolism across
developmental temperatures. Top: B-oxidation pathway. Left: schematic overview of the -
oxidation process. Right: RNA-seq expression profiles of B-oxidation genes, with normalized
gene counts (y-axis) plotted over developmental time (x-axis) for each temperature. Bottom:
Lipogenesis pathway. Gene names with a grey box around (Gpdh! and Gpol) are also involved

in ETC ions shuttling.

Gpdhl (glycerol-3-phosphate dehydrogenase 1) generates glycerol-3-phospate (G3P), which
can be used in triacylglycerol synthesis in the fat body and as an oxidative substrate for electron
transport in the adult flight muscle (Li et al., 2019; Merritt et al., 2006; Wojtas et al., 1997). In
the latter, GP3 is used to shuttle electrons into the ETC for ATP synthesis. This is done in
conjunction with the mitochondrial enzyme glycerophosphate oxidase 1 (GPO1), and supports

the intense energy demands of insect flight (Carmon et al., 2010; Merritt et al., 2006; O’Brien
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& Shimada, 1974). Gpol expression pattern follows a similar temporal profile as Gpdh 1, which
could suggest that both enzymes are being co-regulated, increasing the outcome of the same
pathway. This way, the upregulation of Gpdhl and Gpol would also contribute to the
generation of ATP.

Distinguishing whether this overall increase in energetics metabolism represents a true global
metabolic increase or an earlier activation of developmental programs would require also
sequencing flies after eclosion, for later time points. Given that the current time points finish at
95% of development, it remains unclear whether the elevated expression at low temperatures
reflects a sustained upregulation or a temporal shift preceding comparable expression levels at
higher temperatures. Moreover, tissue-specific transcriptomics and proteomics could be used
to determine the effect of temperature across tissues. Such dataset would also allow to
disentangle temporal aspects of gene regulation from proper gene upregulation, giving more

insight into the metabolic constraints different tissues are subject to.

5.4.5 Expression of genes involved in heat and cold stress responses

A classic example of temperature in gene expression is the activation of heatshock proteins
(Hsp) genes upon exposure to high temperatures, with the Hsp70 and Hsp90 families the most
prominent (Feder et al., 1997; Mirault et al., 1978). Those proteins are chaperones, buffering
environmental stresses by being involved in protein homeostasis. In D. melanogaster,
expression of Hsp genes is not only rapidly up-regulated under environmental stresses, but is
also regulated during normal development (Mason et al., 1984; Pauli et al., 1989). For example,
Hsp68 and Hsp70 are expressed at very low levels in most developmental stages, but they are
at higher concentration in pupae (Mason et al., 1984). Hsps are mostly present in the nucleus,
endoplasmatic reticulum and cytosol (Li & Srivastava, 2004; Mayer & Bukau, 2005). In
Drosophila, specific Hsp isoforms are mitochondrial chaperones (mtHsp70, Hsp60, Hsp 10, and
Hsp22) (Bottinger et al., 2015; Morrow et al., 2016; Voos & Rottgers, 2002) .

82



Hsp60A Hsp60B Hsp60C Hsp60D

S 20000 2000

18000

oo Ny o

¥

Hsp22 Hsp23 Hsp26 Hsp27
..... A\, =A AN
Hsp67Ba Hsp678c¢ Hsp68 Hsp70Aa
G000 /A\\h 00 &\\‘ 0000 . \(n‘ { E ||

Hsp70Ab Hsp70Ba Hsp708Bb | Hsp708bb

Ao 37 000 20
{000

Ll

rrrrrrr

oD

f
>

Hsp70Bc Hsp83

150000

30000
20000 100000
000 S0

e \ e

Figure 31. Temporal expression of heat shock protein genes is mostly upregulated at lower

|
.

temperatures. Expression of heat shock protein genes across development and temperatures,
with normalized gene counts (y-axis) plotted over developmental time (x-axis) for each

temperature.

Therefore, we next analyzed all Hsp genes present in our dataset (Fig. 31). Most Hsp genes
were impacted by temperature, with Hsp60A having a temporal dynamics with a peak of
expression that shift in time from 12°C, to 31°C — similar to what was observed with metabolic
genes. Only a few Hsp genes did not present a temperature related phenotype (Hsp60B, Hsp60C
and Hsp60D), which has also been reported in a previous study (Chen et al., 2015b).

Intuitively, one would expect that most Hsp genes would be mostly expressed at higher
temperatures (31°C). However, most of those genes were expressed the highest at 12°C during
development, and not at 31°C (Fig. 31). This effect is in agreement with previous studies, which
have shown that from the 15 temperature related Hsp genes we have in the dataset, 12 of those
have been described to be Hsp genes that can be cold induced (Colinet et al., 2010; MacMillan
et al., 2016; Qin et al., 2005).
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Hsp60A shows the most interesting dynamics possibly of relevance for developmental
coordination across the full range of viable temperatures. Hsp60A is a mitochondrial chaperone,
with a role in normal Drosophila development, most notably in the embryo (Baena-Lopez et
al., 2008). Mitochondrial chaperones ensure oxidative phosphorylation is functional during
cold exposure in insects, and their activity is linked to ROS management (Lubawy et al., 2022)
and mitochondrial DNA replication and transmission (Jebara et al., 2017). Therefore, Hsp60A
(rather than other broad cytosolic Hsps) could be more sensitive to changes in temperature
during pupa development — relaying the appropriate modulation of oxidative phosphorylation

in accordance to the temperature.
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6 Discussion

In insects, temperature strongly modulates brain development during metamorphosis, a stage
characterized by extensive neural growth and circuit reorganization. Perturbations in pupal
temperature can alter the development and connectivity of neural circuits, resulting in persistent
behavioral effects. Holometabolous insects thus serve as a powerful model for understanding
how environmental variables are integrated into developmental programs to produce stable yet

adaptable neural circuits.

Here, we propose that if developmental speed is constrained by varying metabolic reactions
across cell types, then temperature manipulation could potentially disrupt the temporal
coordination of their developmental programs. We demonstrate that this temporal mismatch
can explain the change in neural growth and connectivity induced by developmental
temperature. Although temperature shapes odor-driven behavior, it does not alter odor
responses or sensitivity across glomeruli. Odor encoding is therefore preserved, even as
network connectivity is scaled. In contrast, the organization of inputs onto LH neurons is

modified, with possible consequences for behavior.

At the molecular level, we find that this rewiring does not arise from major changes in systemic
developmental timing cues. Ecdysteroid hormone dynamics remain broadly conserved across
temperatures. In contrast, downstream ecdysone-responsive transcription factors and metabolic
gene programs are advanced at lower temperatures, revealing temperature-dependent
modulation of transcription during development. While the endocrine dynamics appear largely
conserved across temperatures, temperature-dependent shifts in transcriptional and metabolic

timing may contribute to differences in developmental progression across tissues.
6.1 Temperature-dependent modulation of neural connectivity during

pupal development

My investigation shows that developmental temperature exerts a strong and systematic
influence on the formation and organization of synaptic connections in the olfactory system.
Flies reared at lower temperatures develop more ORN synaptic partners (see Section 5.1.1),
accompanied by an increase in presynaptic active zones (5.1.2) and mitochondrial content
(5.1.3), suggesting enhanced synaptic capacity and metabolic support. These effects are not

restricted to a single glomerulus but follow a consistent scaling across multiple olfactory
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channels (5.1.4) and temperature ranges (5.1.5), pointing to a general developmental principle

governing temperature-dependent wiring.

Collectively, prior studies have framed the effects of developmental temperature on neural
wiring primarily through the lens of activity-dependent growth, with elevated temperatures
often associated with synaptic or axonal overgrowth in both peripheral and central circuits.
Developmental temperature has been shown to influence synaptic growth and organization
across multiple neural systems, although the direction and underlying mechanisms of these
effects vary by circuit and context. At the larval neuromuscular junction (NMJ) in Drosophila,
the number of synaptic boutons increases when animals are reared at elevated temperatures
(25-29°C or 32°C) (Sigrist et al., 2003). Importantly, this increase was interpreted not as a
direct thermal effect on synaptogenesis, but rather as a consequence of increased neuronal
activity at higher temperatures, leading to activity-dependent synaptic growth. Instead, our data
indicate that developmental temperature acts as a developmental parameter that constrains
wiring outcomes (see Section 5.3), revealing latent variability in circuit organization that is not

captured by models based solely on neuronal activity or excitability.

Temperature-dependent modulation of neuronal growth has also been observed in central brain
circuits. In larva, elevated temperature induces overgrowth of MB nerve terminals in the CNS,
resembling the synaptic expansion seen at the peripheral NMJ (Sigrist et al., 2003; Zhong &
Wu, 2004). In temperature manipulations in adults, axonal arborization of MB Kenyon cells is
enhanced when flies are exposed to higher temperatures (30°C compared to 22°C), from 1 to 6
days post-eclosion (Peng et al., 2007). In the antennal lobe ORNs, developmental temperature
modulates growth in a different way, with overgrowth of DM1-ORNs at lower developmental
temperatures, instead of higher ones. One possible explanation for these differences is the
timing of the temperature manipulation. In our data, temperature was manipulated exclusively
during the pupal stage, a developmental period during which the animal is an energetically
closed system. As a result, temperature acts directly on developmental processes, without

secondary effects arising from changes in behavior or feeding.

Mechanistically, in the MB, exposure to higher temperatures was shown to act in a largely cell-
autonomous manner by increasing neuronal excitability and spontaneous activity. This elevated
activity is proposed to drive Ca** accumulation and activation of the cAMP signaling cascade,
ultimately promoting activity-dependent changes in neuronal excitability and growth (Peng et

al., 2007). In our data, the adult ORNs have the same spike counts across developmental
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temperatures (18 and 25°C), without an increase in neuron excitability (see Ziifle et al., 2025).
The increase in neuronal excitability by Peng et a., therefore likely reflect acute effects of

temperature exposure which we have not considered in our study.

In our view, temperature does not merely modulate the extent of growth, but actively
participates in specifying how circuits are assembled. This perspective is consistent with
findings by Kiral et al. (2021), which reported that lower developmental temperatures increased
the number of postsynaptic partners of photoreceptors and dorsal cluster neurons. Kiral
attributes this effect to a difference between the scaling of neural and animal growth rates,
analyzed by filopodia dynamics (Kiral et al., 2021). We formalize this interpretation in a
mathematical growth model, demonstrating that Drosophila developmental time scales
exponentially with temperature, as predicted by models assuming metabolic constraints on

growth (see Section 5.3).

Although this model offers a coherent explanation for temperature-dependent differences in
circuit architecture, it is important to consider the limitations of the experimental methods used
to infer synaptic connectivity. First, trans-Tango depends on the specificity and expression
strength of the driver system, which may introduce bias in the labeling of synaptic partners.
However, Talay et al. demonstrated that trans-Tango expression itself is not temperature-
dependent, as assessed by receptor quantification (Talay et al., 2017). Second, it remains
unclear whether the synaptic partners detected in the adult represent only stable connections
formed throughout development or also transient contacts established during earlier stages.
Approaches such as activity-dependent GRASP may provide complementary validation by
more selectively reporting functional synaptic contacts (Shearin et al., 2018). However, in the
case of ORN—PN connections examined here, we demonstrate that the postsynaptic neurons
identified by trans-Tango are functionally connected, supporting the validity of this approach

in this context (see Section 5.1.2).

In summary, we analyzed the effects of developmental temperature during pupal development
and identified temperature-dependent differences in synaptic partner choice within the olfactory
system. Importantly, these effects may not be uniform across circuits, and the scaling properties
of connectivity could vary between different neural systems. A comprehensive assessment of
this phenomenon would benefit from future analyses of connectomes from flies reared at
different temperatures, using approaches such as light-microscopy-based connectomics

(LICONN) (Tavakoli et al., 2025).
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6.2 Functional robustness of the antennal lobe to changes in developmental

temperature

Flies developed at lower temperatures presented an increase in ORN postsynaptic partners
within the AL, which are functional and vary across glomeruli (Section 5.1). Next, to evaluate
the effect of this increased connectivity on odor coding, we then imaged four glomeruli at the
level of ORNs and PNs (Section 5.2.2). We observed that in flies developed at lower
temperatures, ORNs responded to an odor stimulus with a higher calcium transient than flies
developed at 25°C. Because ORNSs are cholinergic, this increased presynaptic activity could
lead to higher excitatory responses in postsynaptic PNs that send odor information to higher

brain areas.

However in PNs (both uni- and multiglomerular) odor coding was robust to developmental
temperatures, being constant across conditions (Section 5.2.2). This suggests that there is a
compensation between the transmission of odor information between the ORNs to the PNs.
This compensation might rely on inhibitory LNs that are recruited in larger numbers at lower

temperatures.

The balance between excitation and inhibition is key for the function of healthy brains, and
there is evidence that this balance is achieved developmentally during synapse formation (Cline,
2005). In the fly olfactory system, y-aminobutyric acid (GABA) mediated inhibition is
distributed at both pre- and post-synapses in ORN-uPN connections (Olsen & Wilson, 2008;
Root et al., 2008). Additional ORN postsynaptic partners recruited at 18 °C include a substantial
fraction of local interneurons, which are predominantly inhibitory, and multiglomerular
projection neurons, many of which are GABAergic (Bates et al., 2020). This expansion of both
excitatory outputs and inhibitory circuitry is consistent with a coordinated scaling of synaptic
resources that maintains network balance rather than simply amplifying excitation. Presynaptic
inhibition could therefore explain why in some glomeruli (DL1 and DLS) calcium transients
are already compensated at the ORN axon terminals, although this remains to be confirmed
experimentally, for example, by manipulating GABA receptors or local interneuron activity
while measuring ORN calcium signals across developmental temperatures. Last, inhibition
could be one component of a broader homeostatic mechanism that counter balancers
developmental changes — in synapse strength, release probability, or intrinsic excitability

(Bohme et al., 2019; Frank et al., 2020). Overall, we conclude that within a range of
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temperatures, the peripheral olfactory system compensates for the developmental effects on

circuit wiring and keeps odor information invariant to this environmental factor.

So far, our functional analyses were restricted to two developmental temperatures (18 and
25°C), whereas the anatomical analysis reveal drastic effects on circuit connectivity also for
extreme temperatures (12 and 31°C). Extending this approach to additional temperatures and
glomeruli — given that odor responses are combinatorial and involve the activity of multiple of
those units — will be necessary to determine the full extent of temperature-dependent effects.
Answering this question will be important to understand the evolutionary relevance of the
developmental plasticity, specifically in the context of generating diversity in odor-driven

behavior.

6.3 Developmental temperature shapes pn—lhn connectivity and behavioral

responscs

Although odor representations in the antennal lobe (AL) remain remarkably robust,
developmental temperature strongly modulates behavioral responses to appetitive odor cues
across two independent assays (Section 5.2.1). Flies reared at 18 °C display stronger attraction
to the appetitive odor 2-butanone (and vinegar, see Ziifle et al, 2025) than those developed at
25 °C in both tethered and free-walking assays. This suggests that temperature-dependent
scaling of brain connectivity is not fully compensated at the functional level, and that odor-
evoked activity in circuits downstream of the AL retains a dependence on developmental

temperature.

Innate odor preference is computed in the lateral horn (LH), where projection neurons (PNs)
synapse onto LH neurons (LHNs). LHNs then integrate inputs from subsets of glomeruli tuned
to ecologically related odors (Dolan et al., 2019; Jeanne et al., 2018). Retro-Tango mapping
indicates that PD2al/bl LHNSs receive roughly twice as many PN inputs at 18 °C, accounting
for both uPNs and mPNs (Section 5.2.3). The innervation density and AL symmetry observed
in this dataset also suggests that more mPNs are connected to PD2al/bl at lower temperatures.
However, this is was not comparable to the BacTrace analysis, as the driver line used labels

only 2-3 mPNs (Cachero et al., 2020).

By focusing on the identity of glomeruli connected to the LHNs, the BacTrace analysis
indicates temperature-dependent shifts in the likelihood of specific PN-LHN connections

(5.2.3). However, as our dataset includes only about half of the uniglomerular PN types (due to
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the specificity of the BacTrace driver) other additional, functionally important connections may
not have been captured — such as those involving mPNs. Moreover, other LHN types that were
not investigated in this study could also undergo parallel changes in wiring or odor responses,

potentially contributing to the temperature-dependent functional effects.

Retro-Tango and BacTrace present similar limitations as trans-Tango (see Section 6.1). Both
methods are dependent on driver specificity, and it remains uncertain whether they exclusively
report functional, mature, synaptic connections. As trans-Tango, retro-Tango functions through
a signaling cascade initiated by a ligand-receptor interaction. Those receptors are expressed
exclusively in the synaptic zone, achieved by using the mouse intracellular adhesion molecule
ICAMI (in trans-Tango) and ICAMS (in retro-Tango) (Sorkag et al., 2023; Talay et al., 2017).
In BacTrace, presynaptic neuron labeling is achieved through both ligand-receptor interaction
and targeted neurotransmitter vesicles — which provides additional specificity but however does
not fully guarantee that all labeled connections are functional (Cachero et al., 2020). For this
reason, using multiple complementary synaptic tracing methods provides a more robust and

reliable view of circuit connectivity.

In a functional analysis of PD2al/b1 neurons in flies developed at different temperatures, the
PD2bl subtype shows reduced odor-evoked responses in its mushroom-body—projecting
branch at lower temperatures (Section 5.2.3.3). Meanwhile, PD2al/b1 neurons maintains a
stable calcium response in the lateral horn. PD2al/b1 neurons are required for memory retrieval
(Dolan et al., 2018), yet their contribution to innate behavior is context dependent, varying with
internal state and stimulus conditions (Lerner et al., 2020). Behaviorally, PD2al/b1 neurons are
associated with approach toward appetitive odors, but their activation alone does not elicit
behavior (Dolan et al., 2019). Such findings suggest that PD2al/bl neurons operate
synergistically or redundantly with other LHNs — whose connectivity may also be temperature
dependent — within a circuit which organizing logic remains to be resolved. Behaviorally
relevant differences therefore emerge not from wholesale reorganization but from subtle,

circuit-specific rewiring and branch-specific tuning in higher-order neurons.

Finally, odor information reaches higher brain centers through both uniglomerular PNs (uPNs)
and multiglomerular PNs (mPNs), the latter projecting to the LH and protocerebrum. We find
that, likely, mPN connectivity to both ORNs and LHNSs is likewise shaped by developmental
temperature. Despite representing more than half of all PNs, the functional roles of mPNs

remain poorly understood. Approximately half of mPNs are predicted to be GABAergic (Bates
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et al., 2020), and these inhibitory neurons influence odor preference and discrimination, and
their silencing reduces approach to appetitive odors (Liang et al., 2013; Parnas et al., 2013;
Strutz et al., 2014). The remaining mPNs are predicted to be cholinergic (Bates et al., 2020),
but their contributions to downstream processing and behavior are still unclear. A more
complete understanding of mPN function and LH circuit organization will therefore be essential

for linking temperature-dependent circuit plasticity to the behavioral changes we observe.

While certain computations in the olfactory system are robust, the circuit appears to have
evolved to exploit developmental plasticity to generate adaptive phenotypes. Our experiments
to date have examined only two developmental temperatures and a limited set of neurons. In
this context, our measurements from a limited set of neurons represent only an initial step;
whole-brain functional imaging across developmental temperatures will be an invaluable tool

for understanding the effect of temperature across in overall stimulus coding.
6.4 Developmental tempo and circuit assembly: linking body growth to

brain wiring

The development of a functional organism relies on the tightly coordinated growth of body
tissues and the parallel assembly of synaptic connectivity in the brain. Because these
developmental programs unfold within a precisely regulated temporal program, temperature-
dependent changes in developmental speed raise fundamental questions about how such

coordination is maintained.

Based on the observation that flies reared at lower temperatures exhibit an increased number of
synaptic partners, Kiral et al. proposed that this effect arises from a mismatch between the
growth rate of the nervous system and that of the organism as a whole. Here, we formalize this

idea using a mathematical model of growth.

We show that total developmental time scales exponentially with temperature, in agreement
with theories that assume that the growth rate has a temperature-dependent metabolic constraint
(Section 5.3). Subsequently, we applied our model to neural growth and synapse formation,
which successfully predicts brain wiring (i.e., postsynaptic partners number) under

development at constant temperatures and at temperature cycles (see Ziifle et al., 2025).

These findings raise important questions about the scaling of developmental tempo across

tissues. Specifically, the brain may either follow a uniform scaling with the rest of the organism
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or exhibit non-uniform scaling. Our model predicts that the increase in synaptic partners
observed at lower temperatures arises because the nervous system progresses at its own intrinsic
rate, faster than the overall pupa developmental duration. This interpretation suggests that
neural development may not simply scale uniformly with body growth, but instead follows a
distinct trajectory, which could have important implications for understanding how

environmental factors such as temperature shape circuit assembly and connectivity.

While PN development at 18 and 25 °C supports the model’s prediction of developmental
tempo shifts, further experimental validation across other neural tissues and temperatures is still
required. This could be addressed by quantifying the growth progress of defined neural
populations across pupal development and a range of temperatures, for example in ORNS.
Alternatively, to more directly assess potential mismatches between brain and body
developmental tempo, one could compare the developmental trajectories of different tissues
across time and temperature. Tissue-specific drivers targeting thoracic and peripheral organs —
such as the wing, gut, or Malpighian tubules — could serve as proxies for overall body

development, and compared with the brain tempo.

We propose that this disparity between brain and body developmental timing arises from
differences in metabolic constraints, although direct experimental evidence for this hypothesis
is currently lacking. However, Recent studies have highlighted a connection between
developmental pace and metabolic rate. For instance, species-specific differences in
developmental timing have been linked to variations in mitochondrial metabolism (Diaz-
Cuadros et al., 2023; Iwata & Vanderhaeghen, 2024) and experimental manipulations of

metabolic activity can directly alter the rate of development (Diaz-Cuadros et al., 2023).

Beyond this, several experimental approaches can be used to test this hypothesis. One
possibility is to manipulate the metabolism of the brain specifically, for instance by targeting
key neuronal energetic pathways. Candidate targets include the glucose transporter Glutl,
alanine aminotransferase (Alat), and lactate dehydrogenase (Ldh), which mediate either the

transfer or conversion of energetic substrates into pyruvate, supporting neuronal metabolism.

Finally, it is important to note that this metabolic hypothesis is grounded in biophysical
principles and, as such, has limitations — such as not accounting for adaptation. Nevertheless, it
provides a useful conceptual basis, generating testable predictions and new hypotheses, and
serves as a valuable starting point for exploring the relationship between metabolism,

developmental tempo, and neural circuit assembly.

92



6.5 Temporal dynamics of ecdysteroid are temperature-independent

Ecdysteroids are central regulators of developmental timing, coordinating both body growth
and neural circuit assembly during pupal development. Their influence on metabolism and
tissue-specific remodeling makes them a natural target to investigate how temperature shapes
the coordination of development. Targeted quantification of 20-hydroxyecdysone (20E) and
Makisterone A (MaA) across pupal development revealed broadly conserved temporal profiles
across temperatures (Section 5.4.2). This suggests that major systemic signaling via ecdysone

continues to follow the developmental pace independently to temperature.

Previous work in Bicyclus anyana reported temperature-dependent shifts in the peak of 20-
hydroxyecdysone, with butterflies developed at higher temperatures presenting an earlier peak
of the ecdysteroid (Oostra et al., 2011). In contrast, we did not observe a temperature-dependent
shift in Drosophila. This discrepancy may reflect differences in developmental timing: pupal
development in Drosophila is considerably faster (~4 days at 25 °C, ~20 days at 12 °C) than in
B. anyana (~30 days at 25°C), which could limit the temporal window over which hormonal
fluctuations can occur. Differences in sampling resolution might also contribute, as their study
quantified ecdysteroids every 5% of development, whereas we quantified every 15% of

development.

In contrast to the largely temperature-invariant dynamics of ecdysteroids levels, several
ecdysone-responsive transcription factors that regulate neural wiring programs (Eip63F-1,
ftz-f1, Hr3, Eip75B) exhibit earlier and often higher expression at lower temperatures (Section
5.4.1 and 5.4.3.1). These effects are unlikely driven solely by ecdysteroids levels, but rather by
temperature-dependent regulation of downstream signaling, tissue-specific transcription,
altered cellular sensitivity to ecdysteroids or cell intrinsic growth rates. Ecdysone thus provides
a conserved temporal blueprint for development, while additional mechanisms fine-tune tissue-

specific growth and coordination and circuit assembly.
6.6 Regulation of metabolic pathways by developmental temperature

The pace of neuronal development is tightly coupled to metabolic activity, particularly the rates
of'the TCA cycle and mitochondrial oxidative phosphorylation (Iwata & Vanderhaeghen, 2024).
Metabolic rate represents a major source of temporal variability and is well suited to regulate
developmental speed: it impacts nearly all biochemical reactions while also being adjustable

locally to modulate tempo in specific regions, tissues, or cell types. Environmental temperature
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profoundly influences the coordination of growth and neural circuit assembly, likely by altering

these underlying metabolic processes.

Importantly, temperature affects not only the transcriptional control of metabolic enzymes but
also the overall metabolic rate: consistent with Arrhenius kinetics, adult Drosophila metabolic
rate increases with temperature (Jensen et al., 2014; Klepsatel et al., 2019). Yet how
temperature shapes the transcriptional dynamics of metabolic pathways throughout

development has remained largely unexplored.

To address this, we examined the transcriptional dynamics of key metabolic pathways across
pupal development (Section 5.4). Development at lower temperatures lead to an earlier increase
in the expression of genes involved in central energy metabolism, including glycolysis, the

TCA cycle, and nuclear-encoded electron transport chain components (5.4.3.3).

This coordinated upregulation could suggests a compensatory response to maintain ATP
production under slower developmental conditions, potentially offsetting the kinetic constraints
imposed by cold. In cold-acclimated flies, Hexokinase, GPDHI1 and Cytochrome Oxidase
activities are increased to compensate for reduced kinetic energy at low temperatures and keep
flux through glycolysis and the mitochondrial electron transport chain in comparison to warm-
acclimated flies (Burnell et al., 1991). These findings suggest that temperature shapes
developmental tempo not only by slowing or accelerating growth, but also by modulating the
timing of metabolic programs, providing a potential mechanistic basis for differential scaling

between tissues such as brain and body.

Temperature-dependent differences in the transcription of metabolic genes have been reported
previously, though these studies do not capture the dynamic shifts across development in
response to different rearing temperatures, as we do here. Nonetheless, examining the overall

effects of temperature on metabolic gene expression provides valuable context.

Similarly to our findings, cold- and hot-adapted flies displayed a change in transcription of
TCA cycle genes. In flies evolved at high temperatures, genes involved in the TCA cycle,
oxidative phosphorylation, and key glycolytic enzymes are consistently downregulated in both
D. melanogaster and D. simulans (Hariharan et al., 2014; Mallard et al., 2018). Metabolomic
analyses confirm this transcriptional pattern, showing reduced levels of TCA intermediates,
indicating a coordinated decline in both enzyme expression and metabolic flux under warm

conditions (Hariharan et al., 2014). In contrast to heat-acclimated flies, cold-acclimated ones
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exhibit extensive reorganization of both the transcriptome and metabolome, with pronounced
upregulation of genes in carbohydrate and TCA pathways. Metabolite profiling mirrors these
changes, suggesting that transcriptional adjustments are closely linked to altered flux through

central metabolic pathways (MacMillan et al., 2016).

While these studies illustrate temperature-driven shifts in transcription and metabolic flux at
the organismal level, our model predicts that brain and body may respond differently to
temperature due to their distinct metabolic rates. Consequently, bulk transcriptional changes
likely represent an average across tissues, potentially obscuring tissue-specific adaptations in
metabolism and energy allocation. Beyond global temperature effects, different cell types and
tissues exhibit distinct metabolic challenges, and therefore likely face different metabolic
constraints. As a result, temperature may impact tissues in specific and heterogeneous ways.
Even within the brain, metabolism is uniquely organized: neuronal energy demands are tightly
coupled to glial support, making the brain metabolically distinct from the rest of the body. For
example, glucose metabolism is spatially organized within the brain, with astrocytes exhibiting
higher glycolytic activity than neurons. This arrangement creates a lactate gradient from
astrocytes to neurons, enabling neurons to prioritize glucose use for maintaining redox balance
rather than directly for energy production (Dienel, 2018; Miyamoto & Amrein, 2019).
Importantly, the brain may be buffered against developmental temperature effects due to its
unique metabolic requirements and the phenomenon of brain sparing. Under limited resources,
energy allocation may prioritize the brain, allowing neuronal development to proceed at a

relatively stable pace while other tissues adjust more flexibly (Maurange & Lanet, 2014).

Therefore, while our dataset captures transcriptional dynamics across the entire pupa, resolving
tissue-specific differences remains an important next step. Our model predicts that the effect of
temperature on metabolic rates and therefore developmental speed may vary between tissues,
particularly between the brain and the rest of the body. Therefore, conclusions about tissue-
specific metabolic effects of temperature would benefit from tissue-specific data. Future studies
could, for example, separately profile the brain and body of flies reared at different temperatures
to quantify gene expression in each compartment. Alternatively, bulk RNA-seq combined with
FACS-based isolation of the brain could distinguish transcripts originating from neural versus
non-neural tissues. An intriguing possibility is that metabolic regulation varies even further at
the level of individual cell types, particularly neurons, though this remains to be determined.

Supporting this idea, recent single-cell transcriptomic analyses in zebrafish revealed cell type—
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specific effects of developmental temperature on proteostasis, with potential implications for

the pace of development (Bourn & Dorrity, 2024; Dorrity et al., 2023).

Finally, an important open question is how temperature affects the balance between
bioenergetic and biosynthetic demands: although we observed earlier upregulation of genes
encoding key energetic enzymes, it remains unclear whether this leads to more ATP production
or supports other cellular processes. Temperature modulates mitochondrial efficiency via
influencing the non-ATP producing respiration (Chamberlin, 2004; Hardewig et al., 1999;
Martinez et al., 2017). For example, Manduca sexta developed at elevated temperatures display
a higher proportion of substrate that is used without generating ATP, which reduces cellular
energy budget and indirectly increases costs of maintenance (Martinez et al., 2017). However,
transcriptomic data alone provide only a partial view of metabolic activity in the intact animal.
A more complete understanding of energy allocation and expenditure could be gained through
calorimetry, oxygen consumption measurements, extracellular flux assays, or live imaging
approaches using pyruvate or NAD+/NADH FRET sensors (Bulusu et al., 2017; Hemalatha et
al., 2025). These complementary approaches will be crucial to determine the functional

consequences of temperature-dependent transcriptional changes in metabolism.

Beyond the analyses presented here, this dataset can serve as a foundation for further studies
investigating the regulatory logic and temporal coordination of temperature-sensitive genes
during development. For example, genes could be grouped according to their temporal
expression dynamics and how these patterns shift across temperatures, potentially revealing
biologically meaningful clusters of temperature-sensitive genes. More sophisticated statistical
modeling could identify overarching regulatory trends or infer gene networks. Investigating the
transcription factors controlling these genes could further illuminate how developmental
temperature modulates gene regulatory programs. To our knowledge, this is the first dataset
tracking transcription throughout pupal development across multiple temperatures, making it a
valuable resource for understanding how temperature influences developmental processes and,

ultimately, adult phenotypes.
6.7 Concluding remarks

In conclusion, our study provides a unique, dynamic view of how temperature shapes
development and brain outcome. Two main insights emerge from this work. First, we
demonstrate a link between developmental temperature and metabolic regulation; as well as a

link between developmental tempo and brain wiring. Second, despite those pronounced
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temperature-dependent changes in developmental tempo and circuit wiring, core sensory
computations remain functionally robust, while behavioral outputs retain flexibility. This
combination of robustness and plasticity suggests that evolution has shaped developmental
programs that buffer essential neural functions yet preserve the capacity for adaptive behavioral

variation in response to environmental conditions.

Importantly, our analyses focus on acute temperature effects, assessed after re-adaptation to
25 °C. Many questions remain about how sustained or fluctuating thermal conditions influence
development, particularly when considering potential adaptive roles of metabolism that extend
beyond purely biophysical constraints. Future work combining transcriptional, metabolic, and
functional assays will be key to fully understanding how temperature interacts with intrinsic

developmental programs.
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